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Foreword

This publication, Contaminated Sediments: Evaluation and Remediation Techniques is the
proceedings of the Third International Symposium on Contaminated Sediments, held in Shi-
zuoka, Japan from May 23 to 25, 2006. This symposium was sponsored by the D18 Committee
on Soil and Rock, ASTM International.

The symposium chairman was Dr. Masaharu Fukue, Tokai University, the symposium co-
chairmen were Dr. Ronald. C. Chaney, Humbolt State University and Dr. Masami Ohtsubo,
Kyushu University, and the symposium secretary was Dr. Katsutoshi Kita, Tokai University.
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Overview
This Special Technical Publication is a compilation of technical papers which were reviewed for
the On-line Journal of ASTM International and used as the proceedings of the 3rd International
Symposium on Contaminated Sediments held in Shizuoka, Japan from May 23 to 25, 2006.
Papers and presentations were targeted to deliver information on current knowledge in scientific
and engineering topics. Emphasis on remediation technology is a key feature of the symposium.
This volume is also part of the overall technical program of ASTM Committee D18 on Soil and
Rock.

Since the Industrial Revolution, surface water including sediments and benthos has been exposed
to a wide variety of contaminants, such as organic compounds and metals. Recent research has
shown that sediments play an important role in the preservation of surface water quality and thus
the sediments must be protected to ensure a safe environment for life through the food-chain and
to avoid the biological concentration of contaminants. Eutrophication in enclosed and semi-
enclosed lakes, estuaries and bays due to the leaching of nutrients from the beds is another
subject relating to sediments. Thus, the objective of the symposium is to acquaint the attendees
with the latest advances in the fields of environmental science and underwater engineering
related to sediments, and to determine the various courses of future research.

The symposium covers the areas of characterization, evaluation, mitigation, restoration and
management of contaminated sediments in the fields of oceanography, limnology, sedimentology,
geochemistry, marine geotechnology, environmental science and civil engineering, etc. The sub-
jects also include physical, chemical and biological aspects of sediments. There are many ad-
vances presented in the papers which are separated into four sections; �1� monitoring and field
investigation in relation to the quality of sediments and water, �2� physical properties of sedi-
ments, which also affect the fate and transport of contamination, �3� specific topics and issues
concerning heavy metals and �4� different, potentially more sustainable, approaches for reme-
diation technology including capping of contaminated sediments and cement stabilization of
dredged contaminated materials.

The subjects vary from physico-chemical interactions between substances and sediments or
suspended particles to global environmental problems, which are often difficult to solve. How-
ever, it is emphasized that future courses are indicated through the presentations by authors and
the discussion by panelists in the special discussion session.

Finally, the editors would like to thank all authors for their contribution. We also would like to
thank the members of the Organizing Committee, International Advising Committee, ASTM
International �Committee D-18�, Tokai University and Marine Geoenvironmental Research As-
sociation, for their strong cooperation and support. The editors are very grateful to Mrs. Crystal
Kemp for her dedication towards ensuring the completion of this Special Technical Publication.

Masaharu Fukue
Tokai University

Katsutoshi Kita
Tokai University

ix



SECTION I: MONITORING AND FIELD
INVESTIGATION
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ironmental Monitoring of the Sediment Pollution along
Thai:Laos Mekong

ABSTRACT: The Mekong is an essential source of water and protein for the denizens of Thai Laos
countries. However historic pollution is adversely affecting the water and sediment quality that threatens the
short- and long-term supply/use of this major river system. This can have a major impact on the health and
population of the marine life and ultimately adversely affect human health and the economy for both
countries. As a first stage in the assessment of the scale and extent of the pollution problem, an in-depth

Journal of ASTM International, Vol. 3, No. 7
Paper ID JAI13374

Available online at www.astm.org
program of sampling and analysis has been carried out for both water and sediments for three seasons
since 2000. A range of water quality parameters were measured from ten sampling stations. These in-

cluded the PolyAromatic Hydrocarbons �PAHs� initially measured as chrysene equivalents, then as indi-
vidual compounds of fluorene, phenanthrene, anthracene, fluoranthene, pyrene, benzo�a�anthracene, chry-
sene, benzo�b�fluoranthene, benzo�k�fluoranthene, benzo�a�pyrene, dibenzo�a,h�anthracene,
benzo�g,h,i�perylene, and indeno�1,2,3,cd�pyrene. A range of heavy metals were measured including chro-
mium, cadmium, mercury, copper, zinc, lead, and titanium. This paper presents the results of the field study
to date and provides a preliminary evaluation of the extent of the pollution and potential for bioaccumulation
within the local food chain.

duction

ekong River rises in Tibet and travels 4425 km south through China, Myanmar, Thailand, Laos, and
odia before discharging to the South China Sea via the delta in Vietnam. It is the eleventh longest in
orld and more than sixty million people inhabit the environs of the river. The river is essential to
de water, protein, electricity, and other valuable resources. Pollution of the quality of both the water
ediments may adversely impact on wildlife and human health. The objective of this study is to
ure various parameters in both water and sediments in the Thai:Laos Mekong and relate the values

to environmental quality and impact assessment. This paper is particularly concerned with 13
romatic hydrocarbons �PAHs� and a range of metals in the Thai:Laos Mekong for several seasons
2000. PAHs are known persistent organic pollutants �POPs� characterized by their hydrophobicity
a capacity to persist in the environment with concomitant bioaccumulation and biomagnification
ts.
sing a persistence, bioaccumulation, and toxicity profiler �Environmental Science Center 2004� sev-
arameters for each of the PAHs were obtained. These included the percentage of the compound
ted in each environmental compartment �calculated from the chemical and physical properties of the
ound� the bioconcentration factor �BCF� and the fish chronic value �ChV�. Using �ECOSAR�
PA 2000� the predicted 14 day lethal concentration 50 �LC50� for fish was also obtained.
ater and sediment samples were analyzed using optimized methodology already developed by the

rs �Songsasen et al. 2004� reference standards were used to calculate the efficiency of the method-
. The results were collated to give average annual concentrations at each sampling station.
amples for metal analysis were analyzed using an acid digest inductively coupled plasma �ICP�
od. The values obtained were assessed in terms of sediment quality guidelines and probable effect
as pollution indicators, as there are currently no sediment quality guidelines in either UK or Thailand,
anadian values were used �Canadian Environmental Quality Guidelines 2003�.

cript received May 10, 2005; accepted for publication September 28, 2005. Presented at ASTM Symposium on Contami-
Sediments: Evaluation and Remediation Techniques on 23–25 May 2006 in Shizuoka, Japan; M. Fukue, K. Kita,
tsubo, and R. Chaney, Guest Editors.
Engineering, University of Strathclyde, Glasgow, Scotland.

lty of Science, Kasetsart University, Bangkok, Thailand.

ght © 2006 by ASTM International, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959.
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he location of the sampling stations �1–10� are shown in Fig. 1. At each station, samples �water and
ent� for analysis were taken from the river edge.
owever due to the seasonal changes these points are not identical but as closely related as physically

ble. The reasons for the choice of sampling stations are listed in Table 1 below.

ods of Analysis

enrichment of water samples was carried out using C18 solid phase extraction tubes, the eluted
ounds were analyzed for each PAHs by �HPLC� �EPA 8310� using standard additions methodology.
or the analysis of the sediments, the samples were sonicated for 50 min using an optimized solvent
f cyclohexane:acetone 3:2 as the extracting solvent. The concentration of each PAH was determined
PLC �EPA 8310�. A certified reference sediment �Laboratory of Government Chemist, London,
6188� was analyzed to determine the extraction efficiency �%� of each PAH present.
he values of the analysis were collated, averaged and tabulated �N=10�. The values obtained by
sis were recalculated to adjust for the extraction efficiency of each compound. The actual water
ntration was multiplied by the BCF for each compound to define a potential bioaccumulation value.
was compared to the ChrV and LC50 �14 day� values for fish.

FIG. 1—Sampling stations on the Thai: Laos Mekong.

TABLE 1—Sampling points along the Thai:Laos Mekong.

Station No. Rational for sampling at specific locations
1 Golden Triangle—Mekong River enters Thailand
2 Wat Jam Pong—Mekong leaves Thailand into Laos �mountain range then forms the

border until station 3�
3 Chiang Karn—Mekong reenters Thailand
4 Nong Khai—Thai-Laos friendship bridge �currently only bridge that joins the two

countries�
5 Phonpisai—near a large town
6 Wat ArHong—the deepest point of Mekong
7 Sri Song Kram—Sri Song Kram River meets Mekong
8 Dhat Panom—busy port between Thai-Laos
9 Wat Khongchiampurawat—river from Laos meets Mekong
10 Khong Chaim—the last point before Mekong leaves Thailand into Laos and Cambodia
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or metals the samples were analyzed by Standard Method �Eaton et al. 1995� 3120B which involved
digest followed by ICP. All samples were analyzed wet and using the moisture content �sample oven
at 105°C� was recalculated to a dry basis.

lts

lly the extraction efficiency for each PAH was calculated from the triplicate analysis of the certified
nce standards �N=3�.
he results obtained from the metal analysis �dry weight mg-kg−1� were compared to the Environ-
al Quality Guidelines for freshwater sediment in Table 2 to assess pollution levels. The data presented
sequent Tables 3–7 for sampling between 2000 and 2002 are shaded in two different tones to indicate

e concentration levels exceed either the interim sediment quality guideline �ISQC� or probable effect
�PEL�. The darker shading refers to the PEL values.

ssion

esults show that the PAHs were successfully analyzed qualitatively and quantitatively for both water
ediment samples. Using reference standards the extraction efficiency was found to be different for

TABLE 2—Environmental quality guidelines (metals) for freshwater sediment.

TABLE 3—Trace element composition of sediments (mg-kg−1-dry-wt) November 2000.

TABLE 4—Trace element composition of sediments (mg-kg−1-dry-wt) April 2001.

KEENAN ET AL. ON SEDIMENT POLLUTION 5
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PAH analyzed as shown in Table 8. The quicker sonication method produces variable results although
ethod is reproducible. As each PAH is a component of a single sample the experimental methodology
sistent and the range of efficiencies may be due to the different chemical and physical properties of

AHs. The more volatile hydrophilic PAHs may be lost during the procedure �Napthalene was dis-
ed from the study as reproducible efficiencies were not obtained� the more hydrophobic PAHs are

TABLE 5—Trace element composition of sediments (mg-kg−1-dry-wt) December 2001.

TABLE 6—Trace element composition of sediments (mg-kg−1-dry-wt) April 2002.

TABLE 7—Trace element composition of sediments (mg-kg−1) August 2002.

TABLE 8—Recovery (%) of PAHs calculated from reference materials (N=3).

PAHs Water percent Solids percent
Fluorene 73.42 38.76±3.85
Phenanthrene 75.32 69.22±14.94
Anthracene 70.23 78.09±5.34
Fluoranthene 63.98 58.46±2.26
Pyrene 51.36 54.49±0.81
Benzo�a�anthracene 53.88 33.27±5.86
Chrysene 49.78 89.42±3.62
Benzo�b�fluoranthene 58.41 112.48±0.30
Benzo�k�fluoranthene 64.58 163.99±0.98
Benzo�a�pyrene 63.18 44.79±8.36
Dibenzo�a,h�anthracene 67.38 53.02±1.01
Benzo�g,h,i�perylene 65.98 82.27±3.10
Indeno�1,2,3,cd�pyrene 68.61 61.42±3.56

Note: The efficiency of the extraction �percent recovery� was taken into account for subsequent calculations.

NTAMINATED SEDIMENTS
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ult to remove from glassware and to reconstitute. Where efficiencies are �100 % as occurred with
enzo fluorane isomers, this may be due to poor automated integration of peaks on the chromatograms.
ver the study is valid as each PAH was reproducible as seen by the standard deviation ��n-1�. The
rs have further optimized the methodology since the production of this work �Songsasen et al. 2005�.
ith regard to the results measurable quantities of PAHs were detected in both water �Tables 9 and 10�

ediments �Tables 11 and 12� at most stations. Generally water concentrations were lower in the wet
n than the dry, this is due to dilution by the greater volume of water in the wet season.
s expected the more hydrophobic the PAH the greater the BCF �Table 13� and the greater the percent
ioning to solids, this is associated with lower aquatic concentrations for the ChrV and LC50 values.
igher BCF values will increase the biomagnification, thus very low levels of PAHs in water may
adverse physiological effects through the food chain.
lthough the ChrV and LC50 values relate to toxic concentrations in water these were used compara-
with the potentially accumulated concentrations. Toxicity tests for accumulated PAHs are difficult to

s due to variation in BCFs for each PAH and each species of fish. Further work on this project has
nstrated a correlation between PAHs and adverse physiological effects in fish dosed with various

TABLE 9—Relationship between Caq and Cbio Compared with the ChrV and LC50 values for average results
from each sampling station (N=10) of PAHs (April 2003, dry season).

PAHs
Caq

�mean ppb�
Cbio

�mean ppm�
ChrV/LC50

�ppm fish�
Fluorene 1.67 0.55 ↑/↓
Phenanthrene 0.23 0.12 ↓/↓
Anthracene 0.26 0.14 ↓/↓
Fluoranthene 1.15 2.19 ↑/↑
Pyrene 1.35 1.49 ↑/↑
Benzo�a�anthracene 5.60 30.24 ↑/↑
Chrysene 2.69 15.87 ↑/↑
Benzo�b�fluoranthene 1.22 6.83 ↑/↑
Benzo�k�fluoranthene 1.23 12.30 ↑/↑
Benzo�a�pyrene 2.10 21.00 ↑/↑
Dibenzo�a,h�anthracene 1.54 33.88 ↑/↑
Benzo�g,h,i�perylene 1.06 26.50 ↑/↑
Indeno�1,2,3-cd�pyrene 1.18 34.22 ↑/↑

Note: Caq�BCF=Cbio �potential bioaccumulation�.
ChrV: chronic value, LC50 lethal concentration 50 �14 days�.
↑: Cbio values above threshold for water.
↓: Cbio values below threshold for water.

TABLE 10—Relationship between Caq and Cbio Compared with the ChrV and LC50 values for average results
(N=10) of PAHs (August 2003, wet season).

PAHs
Caq

�mean ppb�
Cbio

�mean ppm�
ChrVLC50

�ppm fish�
Fluorene 0.22 0.07 ↓/↓
Phenanthrene 0.14 0.08 ↓/↓
Anthracene 0.27 0.14 ↓/↓
Fluoranthene 0.50 0.95 ↑/↑
Pyrene 0.58 0.64 ↑/↓
Benzo�a�anthracene �dl … …
Chrysene �dl … …
Benzo�b�fluoranthene 0.18 1.01 ↑/↑
Benzo�k�fluoranthene 0.14 1.4 ↑/↑
Benzo�a�pyrene �dl … …
Dibenzo�a,h�anthracene �dl … …
Benzo�g,h,i�perylene 0.27 6.75 ↑/↑
Indeno�1,2,3-cd�pyrene 0.15 4.35 ↑/↑

Note: Caq�BCF=Cbio �potential bioaccumulation�.
ChrV: chronic value, LC50: lethal concentration 50 �14 days�.
↑: Cbio values above threshold for water.
↓: Cbio values below threshold for water.

KEENAN ET AL. ON SEDIMENT POLLUTION 7
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�Phanwichien 2004�. In this investigation the potential accumulative values for PAHs almost always
d the ChrV and LC50 values for water �Tables 9 and 10�. This is particularly true for the dry season
water volume levels are low. High sediment concentrations may have a greater impact and associ-

adverse physiological effects in bottom dwelling fish such as the giant catfish.
he fugacity model �Table 13� shows that most of the PAHs partition into sediment with the exception
enanthrene and anthracene. However this is based on a default model where the values are obtained
chemical and physical properties and not experimental data. Work on this project has shown that the
ng sediments are low in total organic carbon �TOC� with all stations having values of �5 %, this

lead to elevated concentrations in water concomitant with greater bioaccumulation. Also hydrophobic
ounds that strongly adhere to solids are less bioavailable therefore persisting in the sediments and
transported downstream. Experimental data, particularly the partitioning between water and the

ic carbon of the sediment �Koc� would define the model more accurately.
he concentration of PAHs in sediment always exceeds the ISQG �Tables 11 and 12� regardless of the

TABLE 11—Comparison of Csed and quality standards of PAHs average values (N=10) (April 2003 dry
season).

Csed actual Standards ��g ·kg−1 ·dry ·wt�

PAHs ��g ·kg−1 ·dry ·wt� ISQG PEL
Fluorene 52.85 21.2 ↑ 144
Phenanthrene 153.35 41.9 ↑ 515
Anthracene 82.78 46.9 ↑ 245
Fluoranthene 180.67 111 ↑ 2355
Pyrene 79.30 53 ↑ 875
Benzo�a�anthracene 32.77 31.7 ↑ 385
Chrysene 13.98 57.1 862
Benzo�b�fluoranthene 34.60 nv nv
Benzo�k�fluoranthene 79.26 nv nv
Benzo�a�pyrene 30.34 31.9 782
Dibenzo�a,h�anthracene 55.08 6.22 ↑ 135
Benzo�g,h,i�perylene 101.30 nv nv
Indeno�1,2,3-cd�pyrene 7.66 nv nv

Note: ISQG: Interim sediment quality guideline.
PEL: Probable effect level � Canadian environmental quality guidelines �freshwater sediment�.
↑ Csed actual value above guideline. Csed actual=Csed measured�100/ recovery %.
nv: No value.

TABLE 12—Comparison of Csed and quality standards of PAHs average values (N=10) (August 2003 wet
season).

Csed actual Standards ��g ·kg−1 ·dry ·wt�

PAHs ��g ·kg−1 ·dry ·wt� ISQG PEL
Fluorene 70.72 21.2 ↑ 144
Phenanthrene 377.11 41.9 ↑ 515
Anthracene 209.53 46.9 ↑ 245
Fluoranthene 290.57 111 ↑ 2355
Pyrene 85.84 53 ↑ 875
Benzo�a�anthracene 35.16 31.7 ↑ 385
Chrysene 18.38 57.1 862
Benzo�b�fluoranthene 16.11 nv nv
Benzo�k�fluoranthene 85.05 nv nv
Benzo�a�pyrene 28.03 31.9 782
Dibenzo�a,h�anthracene 61.62 6.22 ↑ 135
Benzo�g,h,i�perylene 88.55 nv nv
Indeno�1,2,3-cd�pyrene 12.25 nv nv

Note: ISQG: Interim sediment quality guideline.
PEL: Probable effect level � Canadian Environmental Quality Guidelines �freshwater sediment�.
↑ Csed actual value above guideline.
Csed actual=Csed measured�100/ recovery %.
nv: No value.
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n, the exceptions being chrysene and benzo�a�pyrene. The PEL was never breached, however as
ioning is mainly to sediments the accumulative values may increase. This may impact directly on
dwelling and bottom feeder fish.
AHs are only one group of a range of POPs present in the river system. Adverse physiological effects
exposure to these chemicals may include: mutagenic, teratogenic, carcinogenic, and endocrine dis-
g processes. The additive and synergistic effects of groups of chemicals may also have to be

dered.
or metals in sediment the values obtained by analysis were compared to the Canadian Quality
elines �Table 2�. The silt and clay fraction ��63 m fraction� of the sediment, is a primary carrier of
bed chemicals, especially phosphorus, chlorinated pesticides and most metals.
ables 3–7 show the mean values obtained at different times. Table 3 for samples taken in November
, show levels of Cr, Cu, Zn, and Pb above the ISQG for most stations sampled, the levels of Cd
ded the PEL values for all stations. April 2001 �Table 4� showed concentrations in the sediments had
ed but all stations still exceeded the PEL for Cd. For December 2001 �Table 5� mercury had been
to the suite of metals measured and was found to exceed the PEL at every station. Again high

ntrations of Cd were found at most stations. Tables 5–7 all show both Cd and Hg at levels above the
From December 2001 to August 2002 consistently high values �above the PEL� for chromium were
oted but only in the south most stations suggesting that this pollutant �and others� may be transported
stream. It is difficult to find clear association between the seasons and the data obtained, this is not
ising considering the variables involved. The river undergoes vast changes in volume and flow rate
o the monsoonal type climate, this affects the amount and transportation of sediment. Transformation
anisms �volatalization, biodegradation, etc.� ensure that pollutant levels are never static. Additionally
urces and quantities of pollutants entering the river are extremely variable. However, generally the
problematic �elevated� concentrations measured were for Cd and Hg, which exceed the PEL by

al orders of magnitude. Mercury salts and compounds are commonly used in agriculture and may be
jor source of this pollutant. Cadmium is used mainly in industry and since there are no major
tries on the Thai:Laos Mekong, this suggests that the high levels of cadmium are inherited pollution,
ver it is difficult for downstream countries to exert any control over inherited pollution.
he presence of aquatic metals particularly cadmium and mercury adversely affects fish health, par-
rly those mechanisms that protect against diseases �Rand 1995�. This results in a depletion of fish
s and would be devastating for the 60 million inhabitants of the Mekong as fish is the major source
otein. Biomagnification that occurs through the food chain may attain levels dangerous for the
mer, although the animal exposed may not exhibit adverse physiological effects. The most docu-

ed evidence of this comes from two episodes of mercury poisoning in Japan �FDA consumer 1995�
esulted in many human fatalities. Such levels as found in the Mekong may result in similar scenarios.

TABLE 13—Bio concentration factors, percent PAH predicted in each environmental compartment and ChrV
and LC50 values (from PBT profiler and ECOSAR).

PAHs BCF
Partitioning �scenario 6�a

ChrV�mg/L�/
LC50�mg/L� �Fish�Percent solid Percent air Percent liquid

Fluorene 330 82 2 16 0.28/3.88
Phenanthrene 540 47 0 53 0.16/2.15
Anthracene 530 47 0 53 0.16/2.15
Fluoranthene 1 900 81 0 19 0.055/0.76
Pyrene 1 100 70 0 30 0.055/0.76
Benzo�a�anthracene 5 400 93 0 7 0.019/0.263
Chrysene 5 900 94 0 6 0.019/0.263
Benzo�b�fluoranthene 5 600 94 0 7 0.006/0.089
Benzo�k�fluoranthene 10 000 96 0 4 0.006/0.089
Benzo�a�pyrene 10 000 96 0 4 0.006/0.089
Dibenzo�a,h�anthracene 22 000 97 0 3 0.002/0.03
Benzo�g,h,i�perylene 25 000 97 0 3 0.002/0.03
Indeno�1,2,3-cd�pyrene 29 000 97 0 3 0.002/0.03

aScenario 6 derived from 100 % discharged to water.

KEENAN ET AL. ON SEDIMENT POLLUTION 9
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lusions

the study undertaken and by comparison to the guidelines used it is clear that the Thai:Laos Mekong
be considered polluted for some of the parameters measured. PAHs, Cd, and Hg levels are of
ular concern due to their adverse physiological effects on both animals and humans. Canadian
ent standards should be used with caution and the findings treated as indicative because the guide-
are developed specifically for the country in which they were developed and the species used in
ing the guidelines may have different sensitivities to those in the Mekong. Also variations in climate
ghout the year may have to be considered, particularly river water temperature as this affects the
ical and physical properties of pollutants and their rate of removal. Thailand or the Mekong River

ission should develop their own guidelines for sediment quality.
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nitoring Heavy Metal Transport in Aquifer Based on
ctrical Property Measurements

ABSTRACT: Monitoring the movement of subsurface contamination using the electrical properties of soils
has the economical merits of providing continuous and automated soil profiles. However, identification on
the sensitivity of this property in reflecting both the presence and concentration of different contaminant
types has been validated for soils under static conditions. For application, electrical properties of soils must
be verified under an active state where contaminant migration by means of groundwater migration is
considered. The objective of this study is to provide the groundwork required in applying the electrical
properties of soil as a means of monitoring contaminant migration by performing column tests. Two param-
eters representing the electrical property of materials are examined in this study; the electrical resistivity
and the dielectric constant. Measurements for these parameters are performed at a low frequency range
where the spatial polarization takes place and increases the sensitivity of the electrical property against the

Journal of ASTM International, Vol. 3, No. 6
Paper ID JAI13330

Available online at www.astm.org
presence of the contaminant. In order to detect the contaminant movement in the subsurface level, elec-

trical measurements were performed during column tests for saturated sand and weathered granite soil. In
addition, three different contaminants �aluminum, lead, and cadmium� were selected to groundwater con-
taminated by heavy metals. As a result, the relationships between the contaminant migration against the
electrical resistivity, real, and imaginary parts of the dielectric constant were derived for different time
intervals during the column tests.

KEYWORDS: electrical resistivity, dielectric constant, subsurface contamination

duction

rface contamination has the potential to pollute the groundwater through various migration mecha-
. Conventional method of monitoring the migration of subsurface contaminant involves taking rep-
tative samples in the field for laboratory analysis. However, sampling is a laborious and destructive
od which is inappropriate for continuous monitoring of subsurface contamination. In order to over-
such limitations, electrical properties of soils have become a topic of extensive research because it
e potential to provide a means of continuous and nondestructive monitoring of subsurface contami-

.
lectrical methods for contaminant monitoring is based on the concept that contaminant intrusion
the electrical properties of soil and pore water. Such changes can be perceived through fluctuations

o representative parameters: dielectric constant and electrical resistivity. Dielectric constant repre-
the ability of a material to store electrical energy through the application of an alternating current �ac�
Electrical resistivity is a basic property of a material to transmit electrical charge under the applica-
f an electrical potential. The reported studies based on laboratory tests have been focused on finding

actors that affect the dielectric constant and electrical resistivity of soils �Arulanandan and Smith
, Fukue et al. 1999�. The governing factors of the dielectric constant of soils have been reported in the
o include water content, type, and amount of electrolyte in pore water �Francisca and Rinaldi 2003,
and Fang 1997�. Keller and Frischknecht �1996� reported that porosity, electrical resistivity of the

fluid, and degree of saturation governs the electrical resistivity of soils.
lthough the sensitivity of the dielectric constant and electrical resistivity against contaminant intru-
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has been validated by many reported works, this is founded on laboratory experiments performed
static conditions. Therefore, the applicability of monitoring based on the electrical properties needs
verified under an active state where migration of contaminant is simulated similar to the field

tions such as in contaminated groundwater. The objective of this study is to monitor the electrical
rties of soils against time-dependent migration of contaminants by performing column tests. In order
del contaminant migration, silica sand and weathered granite soil were used as representative soils
heavy metals with various concentrations were selected as representative contaminants.

rimental Section

rials

kinds of soils were used in this study, the weathered granite soil and silica sand. Weathered granite
s a commonly distributed soil around the Korean peninsula, and it was collected from the vicinity of
eoul National University for this study. The soil was sieved through the No.10 sieve and oven-dried
4 h at 105°C. Index properties of the soils used in the study are shown in Table 1.
admium, lead, and aluminum were selected as representative heavy metal contaminants in this study.
ard solutions �Cica-reagent, Kanto Chemical Co. Inc., Japan� were diluted with deionized water
i-Q, Millipore Corp., Billerica, MA� to have concentrations varying between 0 and 100 mg/L.

minary Test

to the column test, preliminary tests were performed to verify the effect of heavy metal contamina-
n the electrical properties of silica sand and weathered granite soil. Measurements were performed
acrylic mold designed for this study. The acrylic mold employs the parallel plate capacitor method,

s connected to either the 4263B LCR Meter �Agilent Co., Kobe, Japan� or the 4285A LCR Meter
ent Co., Kobe, Japan� for capacitance measurements. The 4263B and 4285A LCR meters are capable
pacitance measurement under the frequency ranges of 100 Hz–100 kHz and 100 kHz–10 MHz,
ctively. The electrical resistance was calculated by measuring the electrical potential difference be-

the electrodes under the direct current �dc� of 0.1 mA by the 2400 SourceMeter �Keithley Co.,
land, OH�. Calibrations were made with solutions of known resistance and capacitance in order to

nate the fringing effect and residual impedance effect. The measured capacitance and electrical
tial difference are substituted to the following equations to calculate the real and imaginary parts of
ielectric constant and the electrical resistivity. For real and imaginary parts of the dielectric constant

�� =
C

�0 �
A
d

�1�

�� = �� tan � =
��

�RC
�2�

e A is the area of the plate electrode, d is the distance between the electrodes, � is the measurement
ency �=2�f�, C is the capacitance, R is the direct current resistance, and ��, ��,�0 are real part,
inary part of the dielectric constant, and permittivity of vacuum �=8.854�10−12 F/m�, respectively.
he electrical resistivity

TABLE 1—Index properties of weathered granite soil and silica sand.

red
te

Maximum dry
density

Coefficient
of gradation

Uniformity
gradation

Specific
gravity USCSa

�d max=1.95�t /m3� 1.3 8.1 2.56 Well graded sand

and
Maximum dry density Coefficient of gradation Uniformity gradation Specific gravity USCS

�d max=1.66�t /m3� 1.01 1.51 2.64 Poorly graded sand

d Soil Classification System.
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e � is the electrical resistivity, V is the electrical potential difference, and I is the magnitude of the
ical current.

n Test

n tests were prepared to model permeation of heavy metal contaminant in the subsurface level. As
n in Fig. 1, electrodes were installed at two different levels of the column in order to evaluate the
ical properties of the soil during contaminant movement. Two separate acryl columns with 4 cm
eter and 40 cm length were designed to calculate the dielectric constant and the electrical resistivity.
own in the cross-sections of Fig. 2, this was because two-electrode and four-electrode configurations
adopted for capacitance and potential difference measurements, respectively. These electrodes were
cted to either the LCR meter or the 2400 SourceMeter reported earlier in this study.
arasnis �1975� introduced a simple experimental setup for determining the electric resistivity of a
ole core, as shown in Fig. 2. The electrical resistivity of cylindrical core measured from point
odes that are � degrees apart from the source electrodes is given by

� =
b

k

V

I
�4�

FIG. 1—Schematic diagram of the column test fixture.

2—Electrical resistivity measurement of borehole core proposed by Parasnis (1975). M and N are the
urement electrodes reading the difference in voltage (V) of the specimen, and C marks the source
odes that provide direct current.
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k =
1

�
ln

1 + cos �

1 − cos �
�5�

e b is the length of current electrode. Similar to Eq 3, V is the electrical potential difference, and I is
agnitude of the electrical current. The specimens in the columns prepared for this study have an

ical geometry to the drill core samples. Therefore, Eq 4 proposed by Parasnis was used to calculate
ectrical resistivity in order to take the geometry of the four-electrode configuration into consideration.
eal and imaginary parts of the dielectric constant were calculated using the equation described in the
inary test section.

igure 1 is a schematic diagram of the test fixture. Prior to the actual test, effluent solutions were
ted for ion chromatography �IC� analysis during a tracer test using Cl− solution. From the break-

gh curves obtained, the time required for the outflow of one pore volume at a constant inflow rate of
/min was estimated to be 95 and 120 min for silica sand and weathered granite soil, respectively.
fore, electrical measurements were performed in 5 min intervals for a time period of 120 min. Lead,
ium, and aluminum solutions with 50 ppm concentration were used as the influent solutions, and an
w was induced by peristaltic pumps �MasterFlex, Coleparmer Co., Vernon Hills, IL� at a rate of
/min. �See Fig. 3.�

Results

minary Test

lts of the preliminary tests are shown in Fig. 4. Results for weathered granite soil and those for lead
luminum are omitted since their results show identical tendencies to that of cadmium. Both the real
maginary part of the dielectric constant decreased with increasing frequency and increasing heavy
concentration. Dielectric constant of soils show dispersed behavior against frequency because dif-

t polarization mechanisms are operative at different frequency ranges. Space charge polarization
anism which is operative only at low frequencies �	100 kHz� account for the increase in the real part
dielectric constant with decreasing measurement frequency. In addition, increase in the heavy metal

ntration leads to a greater amount of polarized ions, which in turn increases the real part of the
tric constant.
he imaginary part of the dielectric constant increased and the electrical resistivity decreased with
asing heavy metal concentration. This can be understood in terms of increased energy loss by the
ctive heavy metal ions. Increase in the amount of conduction loss for increasing heavy metal
ntration leads to a increase in the imaginary part of the dielectric constant. In addition, heavy metal

which act as charge carriers increase the electrical conductivity of the medium, which in turn de-
es the electrical resistivity.

n Test

tions in the measured dielectric constant and electrical resistivity during column tests for the two soils
in this study are plotted against time in Figs. 5 and 6. Results for lead and aluminum are omitted since
results showed identical tendencies to that of cadmium. The real and imaginary parts of the dielectric

FIG. 3—Cross-sections of columns with two-electrode and four-electrode configurations.
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ant were calculated for measurement frequencies of 10 and 100 kHz. All of the values are plotted
ding their measurement location: either the top or the bottom pair of electrodes In addition, results for
inum and lead showed similar behavior to that of cadmium.
he real part of the dielectric constant for a column test performed on silica sand shows no significant
ncy of increase or decrease according to the movement of influent cadmium solution. Although the
at which variations start to take place for both the bottom and the top electrodes are similar to that

in the results of the electrical resistivity, random fluctuations continue to have no significant impor-
beyond this point. This could be attributed to the continuous movement of pore water in soils during
lumn test which may have an adverse effect in capacitance measurement. Capacitance measurements
in literature were generally performed in a closed volume and are considered to be sensitive to the

ct of investigation and measurement environment. Although the real part of the dielectric constant

4—Variations in the real and imaginary parts of the dielectric against cadmium concentration for
sand.

5—Variations in electrical resistivity against cadmium concentration for weathered granite soil and
sand.
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ed random fluctuations, this value remained almost consistent for the first 20 and 60 min of the
n test for bottom and top pairs of electrodes, respectively. Therefore, random fluctuations may

ate that change in the compositional property of the subject under measurement is taking place.
tions occur almost concurrently with the electrical resistivity, which demonstrates that the real part of
ielectric constant is sensitive to the movement of cadmium ions. Therefore, the real part of the
tric constant is sensitive to the influent cadmium ions in pore water but shows no qualitative

lation against time.
rom the results of preliminary tests, presence of heavy metal ions in pore water was found to give a
n the imaginary part of the dielectric constant in all measurement frequencies. Therefore, an increase

imaginary part of the dielectric constant for silica sand shown in Fig. 4 can be understood as a result
vement in cadmium ions. Movement of influent cadmium ions increases the amount of ions that act

arge carriers, consequently increasing the conduction loss and thus the imaginary part of the dielectric
ant. Although the bottom and the top pair of electrodes did not give recurring identical curves, a clear
ase was notable in both measurements, indicating possibilities of monitoring the movement of heavy

ions based on the imaginary part of dielectric constant. Further research is required to validate
er such increases took place at accurate time intervals considering the different mechanisms of
ort in pore water.
he electrical resistivity of soil is sensitive to heavy metal contamination, owing to the highly con-
ve characteristic of heavy metal ions present in pore solution. As a result, a decrease in the measured
ical resistivity was evident in the column tests performed on silica sand. Figure 6 shows a decrease
ctrical resistivity with a magnitude of over two-orders for measurements made at both the bottom and
airs of electrodes. Although the points of fluctuation vary for the electrical resistivity and the imagi-
part of the dielectric constant, this may be due to the fact that these measurements were made on
ate columns with discrete levels of compaction and different pore structure. In addition, the steady
ase observed for the measurements made with the top pair of electrodes can be attributed to diffusion

6—Variations in real and imaginary parts of the dielectric constant and electrical resistivity during
n test for silica sand with cadmium migration.
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ispersion mechanisms which bring about a gradual increase in cadmium concentration. Varying
s of electrical resistivity for the two pairs of electrodes at the beginning and the end of the test may
result of geometrical differences that arise in electrode configuration, even with error compensation
gh electrode calibration. Nonetheless, sensitivity against heavy metal movement was found to be
ent, verifying the applicability of electrical resistivity measurement for monitoring heavy metal
mination in a qualitative basis.
esults for column tests performed on weathered granite soil shown in Fig. 7 are similar to that of
sand. The real part of the dielectric constant did not give a clear correlation against varying cadmium
ntration in the pore water. An increase in the imaginary part of the dielectric constant was evident for
ered granite soil, but its magnitude was clearly smaller than that of silica sand. This may be attrib-

to the presence of fine particles in weathered granite soil which brings about conduction loss prior to
ss due to the increase in cadmium concentration. Results for electrical resistivity in weathered granite
ere analogous to that for silica sand. However, the exceeding rate of decrease in the electrical

ivity measurements made on the top pair of electrodes must be validated.

lusion

ollowing conclusions are drawn based on the preliminary tests and column tests performed in this
.
he value of the real part of the dielectric constant varied from the introduction of heavy metal ions in
water, which indicates that it may be sensitive to migration of contaminants. However, it did not show
ar tendency of increase or decrease against cadmium migration in the column tests performed.
ugh the real part of the dielectric constant showed a clear tendency of increase against cadmium
ntration in preliminary tests, its applicability for monitoring heavy metal contaminant may be limited
situ conditions.

maginary part of the dielectric constant and the electrical resistivity showed a clear correlation against

7—Variations in real and imaginary parts of the dielectric constant and electrical resistivity during
n test for weathered granite soil with cadmium migration.
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18 C
ort of heavy metal contaminant. Increase in imaginary part of the dielectric constant and a decrease
ctrical resistivity was clear in both silica sand and weathered granite soil. This can be interpreted as
lt of increased conductivity loss and a greater number of ions that act as charge carriers. Therefore
two parameters may have a potential applicability for monitoring the migration of ionic contami-

.

owledgment

work was supported by Grant No. R-2002–B-257 from the Korean Electrical Engineering & Science
rch Institute.

ences

nandan, K. and Smith, S. S., 1973, “Electrical Dispersion in Relation to Soil Structure,” Journal of
Mechanics and Foundations Division, ASCE, 99�SM12�, 1113–1133 �1973�.

isca, F. M. and Rinaldi, V. Á., “Complex Dielectric Permittivity of Soil-Organic Mixtures �20 MHz–
GHz�,” J. Environ. Eng., 129�4�, 347–357 �2003�.

e M., Minato T., Horibe M., and Taya N., “The Micro-Structures of Clay Given by Resistivity
easurements,” Eng. Geol. (Amsterdam) 54, pp. 43–53 �1999�.
, A. and Fang, H. Y., “Identification of Contaminated Soils by Dielectric Constant and Electrical
nductivity,” J. Environ. Eng. 123�2�, 169–177 �1997�.
r, V. George, and Frischknecht, C. Frank, Electrical Methods in Geophysical Prospecting, Pergamon
ess Ltd., Headington Hill Hall, Oxford, 1996.
nis, D. S., Mining Geophysics, Elsevier Scientific Publishing Company, Amsterdam, Netherlands,
75.

ONTAMINATED SEDIMENTS



Yosh
Yasu

Sea
the

Intro

There
partic
stanc
the f
depos
horm
Sants
suspe
toxic
result
al. 20

S
cloud
shelte
when
essen

T

Manus
Sedim
R. Ch
1 Profe
2 Profe
3 Asso
4 Profe
5 Senio

Copyri
io Sato,1 Masaharu Fukue,2 Kuniaki Yasuda,1 Katutoshi Kita,3 Shozo Sawamoto,4 and
hito Miyata5

water Quality, Suspended Solids, and Settling Particles in
Wood Pool Area of Shimizu Port, Japan

ABSTRACT: The transport and contamination of suspended solids in a wood pool were quantitatively
studied as a case study for the environmental assessment of an enclosed sea area. To assess the present
contamination of Shimizu Port �Japan�, seawater, suspended solids, and settling particles were collected
from three rivers, the wood pool, and Shimizu Port. Physical and chemical properties of the samples were
analyzed. In addition, tidal currents were observed to investigate the transport process of chemical sub-
stances by suspended solids. The results showed that the amount of lithogenic particles discharged into
Shimizu Port was approximately 12 000 kg/day. Suspended solids discharged from rivers and the biologi-
cal particles produced in the port caused a reduction in seawater transparency and an increase in chemical
oxygen demand. Trace metals, such as Mn, Co, and Pb, were highly concentrated in suspended solids.
Tributyltin adsorbed onto settling particles was approximately 300 �g/kg. Concentration factors for Mn, Fe,

Journal of ASTM International, Vol. 3, No. 7
Paper ID JAI13346

Available online at www.astm.org
Cd, and Pb from water and settling particles are comparable to those of plankton. Hydroxides were found
in suspended solids from the wood pool, which locates in the inner part of Shimizu Port. The results showed

that these suspended particles could accumulate metals from seawater as effectively as biogenic particles.
After particle deposition, trace metals are regenerated into seawater under anaerobic conditions. This
process plays an important role in the accumulation of chemicals in seawater and sediments, especially in
enclosed sea areas.

KEYWORDS: seawater quality, suspended solids, sediment quality, trace metals, TBT

duction

are various types of suspended solids of different origins. Chemicals, which are dissolved solutes or
ulate substances, are leached from land into the sea. Dissolved chemicals become particulate sub-
es if ingested by plankton in the euphotic layer. In turn, phytoplankton is ingested by zooplankton and
ecal pellets excreted. These biogenic particles are mixed with particles discharged from land and
ited on the sea bottom. These sediments can adsorb hazardous substances, such as exogenic
one-disrupting chemicals, trace metals, etc. �Rozan and Benoit 1999; Takada and Yanagi 2000;
chi et al. 2001; García-Ruelas et al. 2004�. These particles are ingested by benthic invertebrates, i.e.,
nsion feeders. These suspension feeders include bivalves, polychaetes, ascidians, etc. Therefore,
substances are accumulated in these invertebrates and, subsequently, animals feeding on them. As a
of this accumulation, an increase in imposex and cancer is to be feared �Hashimoto 2000; Okuda et
00�.
uspended organic solids, including algal blooms, damage the ecosystem in two ways. First, they
the water and block sunlight, causing seagrasses to die. Because these seagrasses provide food and
r for aquatic animals, spawning and nursery habitats are destroyed, and waterfowl have less to eat
grasses die off. Second, when organic matter decomposes, oxygen is exhausted. Dissolved oxygen is

tial to most organisms living in an aquatic environment.
o investigate chemical contamination of sediments, it is necessary to understand the cycle and role of
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20 C
nded particles in transporting these materials �Hoshika et al. 1994; Yanagi 1997; Tanimoto et al.
�. In this study of Shimizu Port, the physical and chemical properties of suspended solids were
zed to understand the role of suspended solids in the contamination process. Similarly, the properties
ttling particles in the wood pool were also analyzed.

tigation and Methods

ling of Seawater

ater samples were collected from Shimizu Port and the wood pool in May, July, September, and
mber 2004. The sampling sites are indicated in Fig. 1. Water samples were obtained using a Van Dorn
ler at depths of 0, 2, and 5 m. Water temperature, salinity, dissolved oxygen �DO�, chemical oxygen
nd �COD� and suspended solids of the samples were measured. Trace metals in the surface seawater
analyzed by �ICP–AES�, after preparation using chelating resin disks.

rvation of Water Current

vestigate the exchange of seawater in Shimizu Port and the wood pool, water currents were observed
electromagnetic current recorders �Alec Electronics Co.Compact-EM� at depths of 0.5 and 4 m, near

pening of the wood pool �St. C0 in Fig. 1�. Simultaneously, salinity and temperature were also
ured with conductivity recorders �Alec Electronics Co., Compact-CT�. Recordings were carried out at
tervals for 48 h. The velocity components of the flow direction, into and out from the wood pool,
determined using the water current data. To neglect the effects of waves and swells, data of the axial

1—Sampling sites for seawater, suspended solid and settling particles, and observation sites for
currents.
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ity components and salinity were smoothed through a humming filter with a bandwidth of 1 min.
ermore, the change in tidal period was separated from the seiche, which usually occurs in Shimizu
by passing through a 60-min band filter. The typical seiche has a period of about 40 min. Salt flux
alculated using the changes in water velocity and salinity. To confirm the vertical profile of salinity,
d around the wood pool, the salinity obtained at the eight sites �i.e., Sts, C1–C8 in Fig. 1� in
mber 2004 was used. Data were obtained with temperature and conductivity recorders �Alec Elec-
s� at 0.5-m intervals of depths between 0.5 and 3 m and at 1-m intervals at depths below 3 m.

ling of Plankton

ton was collected from five sites, at the surface and bottom �1 cm above the bottom�, in the wood
To collect zooplankton, seawater was pumped and filtered through a cone net with mesh size of 0.1
The volume of water filtered varied between 26 and 40 L. The Zooplankton collected were identified
lassified in detail. To collect phytoplankton, seawater was obtained using the Van Dorn sampler; 1 L
hen filtered through a 25-�m mesh and concentrated into 10 mL. A 0.1-mL aliquot was used for
ification of phytoplankton, which were classified to species level, if possible.

nded Solids and Settling Particles

alyze the element concentration of suspended solids �SS� in the Tomoe, Ohashi, and Hamada rivers,
he wood pool, 4 L of water was filtered through a 0.4-�m nuclepore filter. After removal of sea salt,
nded solids were weighed and digested in a sealed Teflon vessel �Noriki et al. 1980�. Settling
les in the wood pool were collected using containers with a height of 30 cm and volume of 1000 cm2.
ontainers were installed on the flat bottom of the wood pool at a depth of 4 m and collected by a
3, 6, and 9 months later. Sediments in the containers were subjected to physical and chemical

ses, after removal of sea salt. The salt was washed out by 3 % �NH4�2CO3.
race metals �Mn, Fe, Ni, Cu, Zn, Cd, Pb� were analyzed using ICP-AES, and tributyltin �TBT� was
ured with �GC-MS�. Samples were dried at 110°C and about 0.1 g of dried samples ere digested in a
d Teflon vessel with a mixture of 2 mL perchloric acid, 2 mL 65 % nitric acid and 0.6 mL hydrofluoric
at 150°C for 5 h. Texture and components of suspended solids and settling particles were analyzed
an electron probe microanalyzer �EPMA–JEOL, JXA8900R�. Measurements of TBT and tributyltin

� were performed following the GC-MS method of Takahashi et al. �1999�.
hemical oxygen demand �COD� was measured following Japanese Industrial Standard �JIS K 0102�,
potassium permanganate.

otal nitrogen �T-N� and total phosphorus �T-P� were measured following the methods described in the
ture �Grasshoff et al. 1983�, and widely used for monitoring seawater quality.

lts and Discussion

ater in Shimizu Port

himizu Port area is approximately 1560 ha and is fed by five rivers, i.e., the Hatauchi, Ihara, Tomoe,
da, and Ohashi Rivers. The volume of water flow from the Tomoe, the largest of the five rivers, is
ximately 10 m3/s. This is more than ten times the total volume of the other four rivers. Since the
e river runs through urban and industrial districts, the discharged water is contaminated with organic
r from municipal and industrial waste. The amounts of COD and SS from the Tomoe river are 5400
8600 kg/day, respectively. Treated water from the three sewage plants, i.e., at Hokubu
00 m3/day�, Seisei �15 000 m3/day�, and Nanbu �30 000 m3/day�, is also discharged into Shimizu
Biochemical oxygen demand �BOD� and SS are 20 and 30 mg/L, respectively. Therefore, the
nt of SS, which is discharged daily into Shimizu Port, is approximately 12 000 kg. Assuming that, in
izu Port, the average water depth is 10 m, the amount of SS discharged can be estimated at
mg/L/day.
he wood pool, which is located in the inner part of Shimizu Port, has an area of 35 ha and an average
depth of 4.7 m. This wood pool has been used for the pest control of wood since 1927. The average
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22 C
rates of the Ohashi and Hamada rivers are 0.6 and 0.1 m3/s, respectively, and discharges of COD and
om the two rivers are 600 and 400 kg/day, respectively. The amount of SS from the rivers is
lated to be approximately 0.3 mg/L/day.
bservations on water current were carried out at the opening of the wood pool in December 2004.

oximately 20 cm/s flow velocity was observed at water depths of 0.5 and 4 m. However, the average
velocity from the bay was −2.5 cm/s at a water depth of 0.5 m, and about 1.6 cm/s in the inner bay
epth of 4 m. The tidal current was less than 5 cm/s. The strongest current flow was due to the short
e with a period of 40 min.
verage flow velocity, salinity and salt flux for the two tidal periods �58 h and 38 min� are presented
ble 1. Average salt fluxes in upper and lower layers are −0.718 and 0.554 kg/m2/s, respectively.
st all fluxes are due to the average flow and salinity; however, the contribution due to tidal currents,
are almost zero in the upper and lower layers, is extremely low.

alinity was recorded at eight sites in and around the wood pool, in September 2004. The vertical
e is shown in Fig. 2, where there are double layers, separated by a halocline, corresponding to a
cline at a depth between 1 and 2 m. It is possible that there is a large difference between the double

s in September and December. However, the halocline may be different in September and December.
fore, the depths of the interface between the upper and lower layers were estimated from the average
velocities �−2.50–1.61 cm/s� in the upper and lower layers.
he interface depth, when the sum of the flow volumes in the upper and lower layers becomes zero,

TABLE 1—Salt flux at the entrance to the wood pool (St.C0).

Average value Salt flux �kg/m2/s�

Current
�cm/s�

Salinity
�psu� Average

By average
current

By tidal
current or

current with
short period

Tidal variation+Average value
Upper layer −2.50 28.50 −0.718 −0.712 −0.006
Lower layer 1.61 34.41 0.554 0.555 −0.000

Short period variation
Upper layer 0.002 0.000 0.000 0.000 0.000
Lower layer 0.006 −0.001 0.000 −0.000 0.000

FIG. 2—Vertical profiles of salinity in wood pool of Shimizu Port.
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imated to be 2.55 m. It is possible that the halocline �interface� deepens from autumn through winter.
ming double layers separated by a depth of 2.55 m, the sectional average salt flux in the entire upper
ower layers is presented in Table 2. Salt flux at the average flow �0.058 kg/m2/s� accounts for nearly
them, and the effects of tidal current and short period flow �−0.003–0.000 kg/m2/s� are relatively

.
s mentioned above, the seawater in the wood pool is exchanged mainly due to density current, but

ontribution of tidal current and short period flow is very small. The total amount of average salt flux
vertical section is estimated to be 0.055 kg/m2/s toward the inner bay, which is about one tenth of

verage salt flux in the upper and lower layers.
n general, tidal currents play an important role in the exchange of seawater within ports and harbors,
t in unique circumstances, such as floods and the rise of river water from heavy rainfall. However,

ffect of tidal currents in this study is small, as estimated by analysis, implying that the exchange of
ater of the wood pool is insignificant.
able 3 shows seawater quality in Shimizu Port. Average salinity varied from approximately 27 to 30
hrough May to December, respectively. The results indicate that a great deal of fresh water is
arged into Shimizu Port. In particular, the impact of the Tomoe River is significant inside sampling
t. 3 �Fig. 1�. As shown in Fig. 3�a�, transparency increases exponentially with decreasing SS. It seems
ransparency in Shimizu Port is low in May and high in December. The reason why transparency
ased can be described as follows:
ince DO is approximately 8.4 mg/L in May, this oversaturated condition may cause the production
ytoplankton. Therefore, a relationship between pH and DO can be described as a linear function, as
n in Fig. 3. COD value of the surface water was more than 3 mg/L, where the impact of the Tomoe
cannot be neglected and this trend was observed throughout the year. The data points deviate from

onservative dilution line, as shown in Fig. 3�c�, which means the load of COD, attributing to the
nce of phytoplankton in Shimizu Port. As phytoplankton increase in May, SS becomes relatively
However, the SS value becomes relatively low in December because activity is low. The COD has a

TABLE 2—Average salt flux in a vertical section at the breakwater (St.C0).

Average salt flux in vertical section �kg/m2/s�

Average By average current

By tidal current or
current with short

period
Tidal variation+Average value 0.055 0.058 −0.003

Short period variation 0.000 −0.000 0.000

TABLE 3—Transparency, temperature, salinity, pH, dissolved oxygen, chemical oxygen demand, suspended
solids, total phosphorus, and total nitrogen in seawater collected from Shimizu Port.

Date May July Sep. Dec.
Tr. �m� 1.5–3.0 2.0–4.0 2.0–5.5 3.0–5.5

ave. 2.0 2.7 2.5 3.9
W. Temp. �°C� 20.1–22.2 26.3–26.9 25.8–27.0 15.4–18.8

ave. 21.0 26.6 26.7 17.4
S �psu� 3.87–30.73 17.42–31.13 8.78–32.79 20.50–33.13

ave. 27.21 29.68 29.09 30.17
pH 7.68–8.41 7.82–8.41 7.48–8.37 8.11–8.40
ave. 8.28 8.35 8.17 8.34

DO�mg/L� 5.83–10.54 6.97–9.47 3.86–9.81 7.33–8.74
ave. 8.45 7.80 7.13 8.00

COD�mg/L� 1.27–4.32 1.18–4.06 1.53–3.88 0.79–4.03
ave. 2.53 2.13 2.53 2.03

SS�mg/L� 0.7–8.8 1.6–9.2 0.2–5.3 0.7–4.4
ave. 4.7 3.3 2.5 1.9

T-P�mg/L� 0.014–0.152 0.016–0.137 0.011–0.231 0.014–0.118
ave. 0.043 0.035 0.047 0.036

T-N�mg/L� 0.254–4.022 0.379–4.768 0.203–2.473 0.130–1.522
ave. 0.944 0.892 0.753 0.553
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24 C
relationship with SS, as shown in Fig. 3�d�. The particulate organic carbon �POC� concentration of
izu Port is 120 �g/L and organic content is about 12 % �Sato 1985�. Therefore, the dispersal of SS
imizu Port may be dependent on phytoplankton, with the exception of materials from the rivers.
he concentration of total phosphorus �T-P� in Shimizu Port varied from 0.011 to 0.231 mg/L, while
nitrogen �T-N� concentration varied from 0.130 to 4.768 mg/L. These values may be sufficient to
red tides if other requirements are satisfied. From the correlations between TP and salinity �Fig.
and T-N and salinity �Fig. 4�b��, it can be deduced that the T-P and T-N are supplied from the rivers.

, seawater in Shimizu Port has been contaminated with organic matter.
etal concentrations of seawaters in Shimizu Port, the wood pool, Hiroshima Bay �Hirata et al. 2002�

he open sea �Nozaki 1992� are presented in Table 4. The average concentrations of Mn, Fe, Ni, Cu,
d, and Pb in surface seawater of Shimizu Port are also presented in Table 4, which are 1–300 times

er than those in the open sea. The comparison between Shimizu Port and Hiroshima Bay shows that
oncentrations of Fe, Ni, Cu, and Zn are higher in Shimizu Port, while the concentrations of Mn, Cd,
b are higher in Hiroshima Bay.
he concentrations of trace metals in the wood pool, except Ni and Cd, are a few times greater than
imizu Port. The main reason for this is that the wood pool is an enclosed sea area, where various
of discharged materials remain for long periods inside the pool and are easily deposited. In this case,
ulation of chemical elements in suspension feeders becomes a serious problem.

3—Relationships between transparency and suspended solids (a), pH and dissolved oxygen (b),
ical oxygen demand and salinity (c) and chemical oxygen demand and suspended solids (d).
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entioned above, tidal currents contribute little to the exchange of seawater in the wood pool. There-
materials discharged from the two rivers remain as suspended solids for a long time and are deposited

wood pool. Texture and primary components of the suspended solids and settling particles were
ved using Electron Probe Micro Analyzer �EPMA�, as shown in Fig. 5. Suspended materials from the
consist of small particles �a few micrometres� and their aggregates, in which no plankton was found,

own in Figs. 5�a� and 5�b�. On the other hand, the suspended solids in the surface water and the
g particles in the wood pool contain fragments of plankton, with a size of approximately 10 �m.
great deal organic matter, which consists mainly of plankton, is contained in the suspended solids of

izu Port. Investigations on phytoplankton and zooplankton were carried out in the wood pool in
mber 2004. The results are presented in Table 5. Phytoplankton, such as diatoms and dinoflagellates
phyceae�, was sometimes found, but species numbers were very small. Though diatoms �Bacillari-

ceae� were dominant, only two species, i.e., Leptocylindrus danicus and Thalassionema nitzschioides,
found. It is noted that Skeletonema costatum and Chaetoceros spp., which are usually found in

izu Port, were not found in the wood pool.
n the other hand, zooplankton was composed of many phyla, such as Arthropoda �Copepoda, Cirri-
, and Decapoda�, Annelida, Mollusca, Chaetognartha, Echinodermata, and Chordata. These were
plankton and holoplankton, with cirriped larvae and bivalve larvae being dominant in the meroplank-
and Copepoda being dominant in the holoplankton. Paracalanidae and Oithona davisae were the
nant Copepoda.

FIG. 4—Relationships between total phosphorus and total nitrogen versus salinity.

TABLE 4—Concentration of dissolved trace metals in Shimizu Port, wood pool, Hiroshima Bay, and North
Pacific. (1) Hiroshima Bay (Hirata et al. 2002), (2); North Pacific (Nozaki 1992).

Mn Fe Ni Cu Zn Cd Pb
��10−6 mg/L�

Shimizu Port July 626–7580 1020–3090 323–1440 241–979 6600–23000 7.87–109 14.5–70.4
Shimizu Port Sep. 813–5530 1800–2920 294–587 203–985 8370–34700 11.2–25.9 22.8–74.6

Average: Ca 2580 2090 499 515 18400 37.1 35.2
Wood Pool Sep. 4770–4830 2790–3140 505–804 1740–1970 22 600–24 700 28.1–36.0 97.4–162

Average: Cb 4800 2970 652 1860 23700 32.6 131
Hiroshima Bay�1� 999–16 800 72.6–771 205–393 241–616 307–4120 50.6–253 128–3830

Average: Cc 4870 285 305 343 2000 146 1120
Seawater�2�: Cd 16.5 33.5 470 127 392 84.3 2.69

Cb/Ca 1.9 1.4 1.3 3.6 1.3 0.9 3.7
Ca/Cc 0.5 7.3 1.6 1.5 9.2 0.3 0.03
Cb/Cd 291 89 1.4 14.6 60 0.4 49

SATO ET AL. ON SEAWATER QUALITY IN SHIMIZU PORT 25
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eroplankton occupies from 16 to 40 % of the total number of zooplankton in surface water, while it
ased to approximately 15 % near the bottom. However, meroplankton was only 10 % of the total
ass, even in surface water at the opening of the wood pool. Therefore, the wood pool can be
cterized by a relatively large number of planktonic larvae �meroplankton� in the surface water.
he grain size characteristics of both the settling particles and sediments are presented in Table 6. The
g particles collected in January 2005 have a clay content greater than that obtained in November

. The reason for this can be explained by the amount of water flow from the rivers into the wood pool.
neral, heavy rainfall decreases fine content, because greater particles can be washed out. In fact,
ll was 1300 mm from July through December 2004, while it was only 100 mm from November to
ry 2005.

ical Concentrations of Suspended Solids and Settling Particles

7 shows a comparison between the physical and chemical properties of particles in the major rivers
world and data obtained in this study. The ignition loss of suspended solids in the rivers ranged from

7 %, while that of plankton at stations northwest and southwest of Puerto Rico was 30 % �Martin
�. The ignition loss of settling particles in the wood pool was 15 % and, in this area, the sedimentation
s approximately 2.0 g/cm2/year. This value is four times greater than that of the inner part of Tokyo
�Matsumoto 1983�. This difference is thought to result from the variation in the amount of SS,
ry productivity, inflow area, and the different exchange rates of seawater with the outside seawater.
ith the exception of copper, metal concentrations of suspended solids in the Ohashi and the Hamada
are comparable to the average values in the major world rivers �Martin and Meybeck 1979�.
comparison between metal concentrations in the suspended solids from the rivers and wood pool

ed that the concentrations of Mn, Fe, Co, and Pb were higher for the materials in the rivers. On the
hand, from a comparison between suspended solids in the surface water and settling particles near

ottom in the wood pool, metal concentrations were lower for suspended solids in the surface water.
may be because suspended solids in surface water include more plankton, which contain less amounts
tals �Martin 1970�.

enne �1968� pointed out that suspended solids, such as aluminosilicate, in river water were coated
oxides and organic matter. According to Gibbs �1977�, the amounts of Mn, Fe, Co Ni, and Cu, which

ulate in the oxide phase, are 50.0, 47.2, 27.3, 44.1, and 8.1 %, respectively. If the organic matter
coats suspended solids is humus, their functional groups are carboxyl �−COOH�, phenolic �−OH�,

ydroxyl �−OH�.

5—SEM images of suspended solids and settling particles. (a) Suspended solids in the Ohashi River,
spended solids in the Hamada River, (c) suspended solids in the wood pool, and (d) settling particles
wood pool.
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igure 6 shows the primary components of suspended solids �arrow in Fig. 5�c�� from the wood pool.
uld be noted that the intensity of Pd in the figure resulted from Pd-coating during sample preparation.
esults show that suspended solids contain oxides of Mn and Fe.

TABLE 5—Phytoplankton and zooplankton collected from the wood pool, Orido, Shimizu

St. 1 St. 2 St. 4 St. 6 St. 7

toplankton �cells/L� Surface Bottom Surface Bottom Surface Bottom Surface Bottom Surface Bottom
riophyceae
ylindrus danicus 39 400 14 200 6000 10 200 1500 23 400 900 2700
sionema nitzschioides 3700 no 3100 2000 3600 500 3000 1900 500 3300
yceae sample
ntrruns sp. 200

eridinium sp. 600 200
43100 ¯ 17300 8600 14000 2000 26600 2800 3200 3300

nkton �individuals/10 L�
da
aeta larvae 0.6 1.4 3.1 1.7 2.3 1.4 1.1 2.1 2.2
ca
a larvae 2.2 6.1 4.1 8.5 1.3 4.5 6.8 4.7
oda
da larvae 0.6 0.7 1.5 0.3 0.3 0.3 0.5
dia larvae 15.9 4.7 13.9 5.0 15.9 11.7 21.4 7.4 10.3 3.7
dermata
oidea larvae 0.5
ankton total 19.4 10.8 19.9 18.1 19.3 18.5 23.1 15.7 12.3 11.7
oda
siidae larvae 1.1
spp. �larvae� 1.0 4.2 0.4 1.4 0.7 2.5
idae larvae 1.9 0.6 1.2
da
anidae 13.7 26.7 21.3 38.8 20.6 49.1 10.3 39.3 68.8 59.5
lanus spp. 6.4 6.4 5.1 8.8 6.3 6.4 2.8 5.7 5.1 11.2
pages sp. 0.3

turdinata 0.6 2.4 1.7 3.8 2.7 1.9 1.4 4.8 3.1 8.5
a sp. 0.3

omori 0.7 1.4 1.9 4.3 2.3 1.0 2.3 6.2 3.5
a davisae 2.2 14.5 2.4 22.3 4.0 26.0 22.2 7.5 75.1
eus sp. 0.3 0.7 0.7 0.9 1.0 1.0
ina acutifrons 1.3 1.0 1.0 1.3 0.8 2.1 2.0 1.4
da larvae 16.2 6.8 9.5 8.5 10.6 4.9 14.8 6.8 8.2 4.5

gnatha
spp. 2.0 0.7 3.8 1.7 2.3 2.6 3.1

ta
icularia 1.9 3.0 1.0 2.3 1.0 0.8 1.0 1.1 2.4 2.5

da 0.3
Holoplankton total 42.7 65.5 43.9 96.5 52.8 95.8 34.1 90.0 107.5 169.4

Ground total 62.1 76.4 63.9 114.6 72.1 114.3 57.2 105.7 119.9 181.1

TABLE 6—Percentage finers of riverine sediments and settling particles.

Gravel
D�2 mm

�%�

Sand
2 mm�D�0.075 mm

�%�

Silt
0.075�D�0.005 mm

�%�

Clay
0.005 mm�D

�%�
Sediments

Hamada River 22.3 53.9 14.4 9.4
Ohashi River 0.0 89.8 10.2 0.0
Tomoe River 0.0 37.2 35.4 27.4

Settling particles

Nov. 2004 0.0 3.9 49.7 46.4
Jan. 2005 0.0 5.4 33.6 61.0

SATO ET AL. ON SEAWATER QUALITY IN SHIMIZU PORT 27



I
envir
Mn o
addit
Cowe
solids
partic
are lo

T
Previ
were

TAB

Suspe

Ham
Oha
Tom
W
Or

Settli

Se
No
Ja

aAverag
bAvera
cIgnitio

28 C
t was reported that the concentration of Co is dependent on the amount of Mn and Fe oxides in the sea
onment �Halbach et al. 1982; Takematsu et al. 1984�. It was also pointed out that Co is absorbed into
xides more easily than Fe oxides �Takematsu 1979a; Moorby and Coronan 1981; Sato 1989�. In

ion, it is known that Pb, as well as Co, show a scavenge-type distribution �Whitfield and Turner 1987;
n and Li 1991�. Therefore, the data on ignition loss clearly show that the reason why suspended
in the rivers contain greater concentrations of Mn, Co, and Pb is due to the coating of oxides on the

les, because of a higher redox potential. In fact, Mn, Co, and Pb concentrations of settling particles
wer in the month in which ignition loss is higher.
BT concentration of settling particles is approximately 300 �g/kg dry weight in the wood pool.
ous data showed that the TBT concentrations of sediments from Osaka Bay, Tokyo Bay, and Uwa Sea
in the range 10–2100, 4.0–180, and 9.2–930 �g/kg dry weight, respectively �Sakai et al. 2003�.

LE 7—Ignition loss, heavy metal concentration, TBT concentration, and sedimentation rate for suspended solids and settling particles.

Ig.
loss
�%� Mn Fe Co

Cu
�mg/kg� Zn Cd Pb

TBT
��g/kg�

Sedimentation
rate

�g/cm2/y�
nded Solid

ada River 2.5 2990 35 500 17.8 211 626 �0.1 175 ¯

shi River 6.9 1690 41 400 24.0 155 931 �0.1 131 ¯

oe River 2.0 1830 55 200 26.2 150 471 0.4 181 ¯

ood Pool - 737 22 700 1.7 142 419 ¯ 77 ¯

ganismsa 33b 8 882 �1 27 540 2.3 12 ¯

Riverc
¯ 1050 48 000 20 6 350 ¯ 150 ¯

ng Particle

p., 2004 15.0 847 47 100 22.0 269 825 0.5 87 310 2.3
v., 2004 15.0 840 43 500 15.6 286 678 0.4 101 270 2.0
n., 2005 16.6 525 ¯ 13.2 178 427 0.4 60 ¯ 1.7

e contents of marine organisms and world major river suspended solid �Martin and Knauer 1973�.
ge contents of marine organisms and world major river suspended solid �Martin and Meybeck 1979�.
n loss of organisms �Martin 1970�.

FIG. 6—Energy dispersive spectroscopy of suspended solids in the wood pool.
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these data, the concentration of TBT in the wood pool is considered to be relatively high. Because
velocity is relatively low and most suspended material is deposited in this area, the TBT adsorbed on

nded solids tends to remain near the origin of the pollution. Thus, the transport of substances is
ned to this area and they accumulate in sediments.
able 8 presents the concentration factors �CF� of trace metals for settling particles and plankton in the
Sea �Masuzawa 1989�, compared with the data from this study. The average trace metal concentra-

in Shimizu Port were used for the calculation of suspended solids and data from the North Pacific
n, presented in Table 4 �Nozaki 1992�, were used for settling particles and plankton.
he CF values of Mn, Fe, Cd, and Pb for settling particles in the wood pool are comparable to those
nkton. However, the CFs for Cu and Zn are considerably lower. The CFs in the Japan Sea increase

increasing depth and it is believed that this increase with depth is due to the formation of Mn and Fe
s. The CFs of Co, Cu, Zn, and Cd, to Mn and Fe are 104–106, 106–107, 104–105, and 103–104,
ctively, which are comparative to those of plankton and settling particles �Takematsu 1979b; Sato
�. Accordingly, suspended solids in the wood pool will take a longer time to be deposited on the
m. When seawater is stratified, photosynthesis is active and aerobic, from the surface to a water of
2 m, although there is an oxygen-deficient water layer just near the bottom. As a result, Mn and Fe

s are formed on the suspended solids �Fig. 5�c��. This means that suspended solids remove trace
s in seawater, as with plankton. After these materials are deposited on the bottom, the trace metals in
diments are regenerated because of a low redox potential. The repeated cycle plays an important role
e accumulation of chemicals in sediments.
hus, suspended solids retain a considerable amount of hazardous substances and their removal is one
easiest ways to clean seawater �Fukue et al. 2004�.

luding Remarks

ransport and contamination of suspended solids in the wood pool were quantitatively investigated, as
sessment case study of an enclosed sea area. The amount of suspended materials discharged from
and sewage plants into Shimizu Port is approximately 12 000 kg/day. The amount from two small
discharged into the wood pool is about 12 % of the total amount. Suspended particles, as well as

ton generated in the port, cause a reduction in the transparency of seawater, an increase in COD, etc.
rom analyses of salt flux, the seawater in the wood pool is exchanged mainly by density currents. The
ct of tidal currents on seawater exchange is extremely weak; therefore, suspended particles discharged
he wood pool remain there for a long period of time.
oncentrations of Mn, Fe, No, Cu, Zn, Cd, and Pb were 10–1000 times greater than the average values
open sea. Mn, Cd, and Pb concentrations of surface water in Shimizu Port was lower than that in

hima Bay, while Fe, Ni, Cu, and Zn concentrations were higher. In the wood pool, trace metal
ntrations, except Ni and Cd, were a few times greater than in Shimizu Port.
he ignition loss of suspended solids from the rivers was 2–7 %, while it is 16 % for settling particles
wood pool. Mn, Co, and Pb concentrations of suspended solids from the rivers were higher than that
settling particles in the wood pool. Cu and Cd concentrations were a little lower for the suspended
from the rivers. Concentration factors of Mn, Fe, Cd, and Pb for settling particles are comparable to
of plankton. TBT concentrations in settling particles were approximately 300 �g/kg. It is found that
nded particles in the wood pool contain Mn and Fe oxides. Trace metals in the sediments are

TABLE 8—Concentration factors of heavy metals for settling particles, zoo- and micro-plankton.

Concentration factor Mn Fe Co Cu Zn Cd Pb
Wood Pool

Settling Particles 2.8�106 2.2�107 3.3�104 1.3�104 3.5�104 1.2�104 2.3�106

1970� �Martin and Knauer 1973�
Zooplankton 2.6�105 3.0�106 �8.0�105 9.0�104 4.6�105 2.7�104 7.8�105

Microplankton 9.1�105 5.9�107 �8.0�105 4.5�105 2.0�106 1.9�104 1.2�107

�Masuzawa 1989�
Settling Particles �890 m� 3.7�107 1.6�108 5.2�106 2.9�105

Settling Particles �1870 m� 7.1�107 6.6�108 1.2�107 4.0�105

Settling Particles �3240 m� 2.4�108 6.7�108 1.8�107 4.9�105

SATO ET AL. ON SEAWATER QUALITY IN SHIMIZU PORT 29
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30 C
erated because of a low redox potential. The repeated cycle plays an important role in the accumu-
of chemicals in sediments.
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ABSTRACT: The objective of this study is to evaluate the contamination of sediments, in order to deter-
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mine a remediation method for a local bay bottom. To achieve this, 12 surface-sediment samples were

obtained from a wood pool located in the inner part of Shimizu Port, Japan, and were subjected to physical
and chemical analyses. The results show that the concentrations of the heavy metals measured were
relatively high. The concentrations of copper and zinc in the sediment samples were higher than the
probable effect levels of marine sediments provided by the Canadian Sediment Quality Guidelines. The
high concentrations obtained are probably due to the high organic content resulting from humus. The
separation of organic matter might be useful as a remediation technique for dredged materials. A contain-
ment technique for dredged sediments using permeable bags is therefore proposed.

KEYWORDS: background, dredged materials, enclosed sea, heavy metals, ignition loss, sediments

duction

Shizuoka city was designated by ordinance in April 2005, the surrounding areas of Orido Bay and
izu Port have been targeted for redevelopment. Orido Bay is located in the inner part of Shimizu Port.
ay has been used as a pool in which wood is floated for pest control since 1927. However, since the
as become surrounded by many industries, it might have been contaminated. An integrated investi-

n is therefore needed to assess its potential for the following uses: the farming of fish and shellfish;
m; anchorage, moorage, and roadstead areas for ships and seaplanes; or a waterfront public park.
ll of these projects require a clean waterside and uncontaminated seawater, which can be obtained by

ures based on integrated investigations and studies. The current paper focuses on sediment quality,
se the bioaccumulation of contaminants by benthic organisms in sediments is a major problem for

idual projects. Furthermore, the resuspension of the contaminated sediments can greatly increase their
ure to the water column.

f the sediments are contaminated, the following items should be taken into account: first, isolation of
ntaminated sediment from the benthic environment; and second, cleanup of the bottom �i.e. prevent-
suspension and transport to other sites�.
he items presented here are important not only at this site, but also at many other enclosed sea areas.

ocations

nvestigation sites were within a wood pool that occupies most of Orido Bay, as shown in Fig. 1. The
part of the wood pool has been enclosed by breakwaters and used as a pool in which wood is floated
st control since 1927. The wood pool has an area of 717 000 m2 and a maximum water depth of 8 m.
fore, wood chips have accumulated on the bottom and have been subjected to degradation. The pool
by two streams, the Ohashi River and the Hamada River, both of which run through residential
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cts and small factory sites, as shown in Fig. 1. The flow rates of the streams are relatively low �i.e.,
0.76 m3/s and 0.02–0.24 m3/s, respectively�. The wood pool contains several breakwaters and
driven mooring piles, to which wood rafts are moored. The Tomoe River, which is larger than the

treams mentioned above, flows into Shimizu Port, as shown in Fig. 1. The flow rate of the Tomoe
is approximately 6.0 m3/s, but its impact on the wood pool is not significant.

welve surface-sediment samples were obtained using a grab sampler from the bottom of the wood
Because of the presence of wood and ropes discarded on the bottom, it was difficult to obtain
ent samples at some sites. The sampling depth was less than 8 cm from the top surface. The

ling site locations were designated St. 1 to St. 12, as indicated in Fig. 1.

and Measurements

cal tests on the sediment samples were carried out to obtain the specific gravity of particles, grain-
istribution, water content, and so on. These tests were carried out using the methods provided by the
ese Industrial Standards �JIS� and the Japanese Geotechnical Standards �JGS�, except for grain-size
sis, which was performed using the laser method �Furukawa et al. 2001�. Ignition loss, concentrations
lfide, heavy metals and tributyltin �TBT�, redox potential, and pH were measured by chemical tests
nalyses. A temperature of 750°C was used to determine the ignition loss. The chemical analyses of
metals—i.e., iron �Fe�, lead �Pb�, copper �Cu�, zinc �Zn�, manganese �Mn�, and cobalt �Co�—were
d out using inductively coupled plasma atomic-emission spectrometry �ICP-AES�, after digestion �

3, HF, and HClO4�. As some metals appeared to be present at relatively high concentrations, a cross
was made using atomic-absorption analysis. This technique was also used to measure the concen-

ns of elements such as cadmium �Cd�, arsenic �As�, aluminum �Al�, and chromium �Cr�. The con-
ations of TBT were measured using gas chromatography/mass spectrometry �GC/MAS�. The detec-
imit for TBT was approximately 0.1 �g/kg dry weight.

lts and Discussions

cal and Chemical Properties

esults obtained from the different measurements are presented in Table 1, along with the water depths
e sampling points, which varied from 3.0 m to 7.8 m. The water contents of the sediment samples
d from 89 % to 300 %, where the water content is defined as the percentage of water to solid, by
t. The specific gravities of the samples were smaller than those of ordinary inorganic sediments; the

est specific gravity value was 2.17 and the largest was 2.63.

lations between Properties and Ignition Loss

hysical and chemical properties of the sediments could be correlated to the magnitude of ignition
as demonstrated later. At all sites, except for Sts. 3 and 11, the ignition loss exceeded 15 %, as shown
. 2. The highest value of the ignition loss was 29.2 % for St.12, and the values exceeded 20 % for

FIG. 1—Sampling sites of sediments in the wood pool.
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, 4, 10, and 12. As stated above, the high ignition loss was possibly due to the deposits of the bark.
s of bark had been deposited on the bed and cellulose-decomposing bacteria were active in the wood

he ignition loss of soils can represent the organic matter content. Organic matter contains organic
n. Therefore, the ignition loss can be correlated to the organic carbon for soils. Figure 3 shows the
onship between the ignition loss and organic carbon for various types of soil �Japanese Geotechnical
ty 2000�. The data obtained for the Orido Bay sediments �Sts. 10 to 12� and the Lake Sanaru
ents are also presented in Fig. 3. The figure shows a strong correlation between ignition loss and
ic carbonate content for various soils and sediments �R2=0.809�. When the ignition loss is high, the
of organic carbon content is also high.
ecause organic matter can contain more water, higher ignition loss usually leads to higher water
nt. Furthermore, a lower specific gravity of organic matter can also make the water content higher. A
ar pattern is seen in peat, which consists mostly of organic matter. The relationship between ignition
nd water content is shown in Fig. 4. For example, clean sand without organic matter has a water
nt of around 30 %. However, there might be water content, depending on the particle characteristics
sediments. The variation in the data in Fig. 4 results mainly from variation in particle characteristics,

as grain-size distribution and mineralogical aspects.

TABLE 1—Physical and chemical properties of sediment samples from the wood pool.

Site
St.1 St.2 St.3 St.4 St.5 St.6 St.7 St.8 St.9 St.10 St.11 St.12

depth �m� 5.7 4.1 3.5 4.0 5.9 5.9 5.8 5.8 7.8 3.0 3.0 3.0
content �%� 210 286 171 300 192 136 214 175 156 280 89 300
c gravity 2.55 2.17 2.53 2.36 2.58 2.53 2.63 2.47 2.59 2.26 2.56 2.29

loss �%� 16.4 25.2 13.7 24.2 16.3 15.0 15.2 19.0 15.8 25.3 9.1 29.2
c carbon content �%� …. …. …. …. …. …. …. …. …. 3.8 2.2 4.5
g� 36.2 40.1 39.1 35.1 47.6 41.7 47.5 35.7 48.0 39.8 25.7 22.9
g� 27.0 29.0 31.0 28.0 24.0 20.0 24.0 18.0 20.0 34.0 37.0 31.0
/kg� 429 365 405 382 417 327 454 466 379 729 402 719
/kg� 83 75 45 72 62 46 81 60 83 96 57 103
/kg� 250 240 190 240 190 130 250 210 200 310 139 320
/kg� 0.67 0.38 0.59 0.41 0.71 0.88 0.55 0.81 0.39 0.71 0.38 0.69
/kg� 22 16 22 20 19 12 23 15 23 22 11 24

g/kg� 670 580 610 530 690 500 760 730 700 700 400 700
/kg� 7 16 6 10 11 17 10 7 15 11 17 ….
/kg� 10 9.4 7.9 7.5 11 22 18 11 7.2 6 6.2 ….
g/kg� 340 …. 360 …. …. …. …. …. …. …. …. ….
�mg/g� 1.1 2.5 3.2 3.2 1.25 1.2 1.7 1.25 0.6 1.13 0.42 1.24

7.34 7.4 7.3 7.1 6.9 6.8 6.7 6.8 6.9 7.3 7.4 7.3
� −150 −178 −158 −175 −76 −109 −112 −132 −130 −8 25.5 −61
ntent �%� 46.2 55.6 43.3 48.7 45.2 44.6 57.7 55.8 45.2 38.2 8.6 40.7
ntent �%� 91.1 96.4 93.6 95.6 94.1 94.2 96.6 95.3 91.8 91.0 18.0 95.2

FIG. 2—Ignition loss of the sediments from the wood pool.
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he specific gravity of sediments depends mainly on the organic matter content. As the organic matter
nt is reflected by the ignition loss value, there is a correlation between specific gravity and ignition
The correlation cannot be expressed by a single and straight line, because of the limited maximum
inimum specific gravities depending on the respective specific gravities of inorganic and organic

ituents, as shown in Fig. 5.

y Metals and Ignition Loss

rganic component of sediments has a high affinity for heavy metal cations because of the presence of
ds or groups that can form chelates with the metals �Yong et al. 1992�. If this is the case, the heavy
contents must increase with increasing ignition loss. Figure 6 shows the Cu concentration versus the

3—Relationship between organic carbon and ignition loss for various types of soil and sediments.

IG. 4—Relationship between water content and ignition loss for sediments from the wood pool.

FIG. 5—Specific gravity versus ignition loss for the wood pool sediments.
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on loss for sediment samples and trapped suspended solids from the wood pool. As might be ex-
d, the Cu concentration increases with increasing ignition loss; the rate of increase of the Cu con-
ation with ignition loss is greater than 10 mg/kg/%. The trend indicated by the straight line in Fig.
mportant for evaluating the background concentration of Cu. It should be noted that the intercept with
ertical axis provides the Cu concentration of the sediments without ignition loss.

similar relationship between Pb concentration and ignition loss is shown in Fig. 7. From the gradient
. 7, the rate of increase of the Pb concentration with ignition loss is at least 2.7 mg/kg/%. Figure 8

s the relationship between Zn concentration and ignition loss. The relationship presented in Fig. 8 is

FIG. 6—Concentrations of Cu versus ignition loss for the wood pool sediments.

FIG. 7—Concentration of Pb versus ignition loss for the wood pool sediments.

FIG. 8—Relationship between Zn concentration and ignition loss.
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ar to those shown in Figs. 6 and 7, although some scatter is seen. The rate of increase of the Zn
ntration with ignition loss is relatively high �i.e., approximately 20.3 mg/kg�. Thus, the heavy metals

ured showed a strong affinity for the organic matter.
he results shown in Figs. 6–8 might be affected by grain size, because, generally, the finer the
ents, the higher the ignition loss. However, this is contradicted by the fact that, in Fig. 9, there is no

lation between the heavy metal concentrations and grain-size characteristics. Figure 9 shows the
ntrations of Cu and Pb versus fine content ��0.075 mm� and clay content ��0.005 mm� for the
pool sediments. The data for St. 11 was omitted from this analysis, because Fig. 9 shows only an

endence of the grain size with the metal concentration of contaminated sediments. The other analyses
de the data for St. 11. The figure shows that the concentrations of Cu and Pb were not significantly
lated with grain-size characteristics. Therefore, the concentrations of heavy metals in the wood pool
ents might have been strongly influenced by the organic content. Consequently, in this region, the

t of grain size vanished, as seen in Figs. 6 and 7. Thus, for contaminated sediments, the concentration
etals tends to be dependent on the degree of contamination, not on grain size. The degree of con-
ation can be evaluated from the comparison between the concentration and the background concen-
n which can be dependent on the grain size characteristics.
y contrast, there was no significant correlation between Fe concentration and ignition loss, as seen in

10. The correlation coefficient R2 is only 0.064. As Fe exists as oxides, pyrites, or hydroxides in
ents, its concentration is largely independent of the amount of organic matter. Some studies reported
e and Al concentrations could be used for normalization when the sediment contamination was

ated �Cobelo-Garcia and Prego 2003; Din 1992�. However, normalizing techniques with elements
as Fe and Al could not be used in the present study, because no data were obtained on uncontami-
sediments.

9—Concentrations of Cu and Pb versus fine content ��0.075 mm� and clay content ��0.005 mm�,
ing that grain size is not a dominant factor determining heavy metal concentrations.

10—Concentration of Fe versus ignition loss for the wood pool sediments, showing no significant
lation between these factors.
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38 C
he background concentrations of metals were found to be in agreement with the average values
ted for gneisses rocks �Carral et al. 1995�. However, the background values for Cu, Zn, and Pb did
lways agree with those obtained previously.
ukue et al. �1999� used carbonate as a normalizing substance and measured its content. Cobelo-
a and Prego �2003� determined the baseline relationships between the concentrations of Fe and
tants. Din �1992�, Corteäo and Vale �1995�, Morrison et al. �2001�, and Santschi et al. �2001� used Al
rmalize the concentrations of heavy metals in sediments. The basic idea when using Al as a normal-
substance is that this is one of the main constituents of clay crystals, and the larger the amount of
inerals, the smaller the grain size. Therefore, Al concentration can be used as an index of grain size.

ground Baseline Values and Evaluation of Contamination

ontamination of the sediments is discussed with reference to data obtained from other sites. Figs.
4 show the concentrations of Fe, Pb, Cu and Zn, respectively, in terms of fine content �
75 mm�.
he data presented in Fig. 11 are from the Seto Inland Sea and the wood pool in Orido Bay. The data
the Seto Inland Sea include measurements taken on uncontaminated sediments, which were obtained
a core sampler. A lower limit line for Fe concentration against fine content is drawn in Fig. 11. This

nsidered to be a baseline relating to grain-size characteristics. Figure 11 shows that the baseline

11—Concentration of Fe and fine content for sediments from the Seto Inland Sea and the wood pool.

12—Concentration of Pb versus fine content for sediments from the Seto Inland Sea and the wood
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FIG.
ases with increasing fine content, which is defined as a finer percentage of fractions smaller than
mm. The concentrations of Fe in the wood pool sediments were relatively high in comparison with
from the Seto Inland Sea, and were comparable to those from Tokyo Bay �Matsumoto 1983�. The

o Bay sediments showed values of approximately 45 000 mg/kg. It is noted that most of the data for
eto Inland Sea and Orido Bay show the effects of anthropological activity, because the concentrations
onsiderably greater than the baseline which is probably non-contaminated.
igure 12 shows the concentrations of Pb for sediments from both the Seto Inland Sea and the wood
The baseline of Pb is also indicated in the figure. The wood pool sediment values were considerably
r than the baseline. If the effect of ignition loss is taken into account, the excess Pb retention in the
ents might be due to organic matter. The probable effect level �PEL� of Pb is 112 mg/kg �Canadian
ent Quality Guidelines 2003�; thus, all the data presented in Fig. 11 are within the allowable range.
kyo Bay, the Pb concentration obtained by Matsumoto �1983� was approximately 20 mg/kg to
g/kg. This value was similar to those of the wood pool sediments.

he Cu concentration of the wood pool sediments was relatively high, as shown in Fig. 13. The
st Cu concentration from the Seto Inland Sea was approximately 100 mg/kg, whilst some data from
ood pool was higher than 300 mg/kg. The highest Cu concentration of the Tokyo Bay sediments was

13—Concentrations of Cu and fine content for sediments from the Seto Inland Sea and the wood

14—Concentration of Zn and fine content for sediments from the Seto Inland Sea and the wood pool.
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40 C
d 100 mg/kg �Matsumoto 1983�. The values from all three sites were relatively high in comparison
the baseline presented in Fig. 13. The PEL for Cu according to the Canadian Sediment Quality
elines is 108 mg/kg, as indicated in Fig. 13.
ne reason why the Cu concentration of the wood pool sediments is high might be the large amount
anic matter. The effect of organic matter is clear from the relationship between Cu concentration and

on loss shown in Fig. 6. The estimated concentration at zero ignition loss �approximately 70 mg/kg�
n in Fig. 6 is a little higher than the baseline for fine sediments indicated in Fig. 13. Thus, the high
ntration of heavy metals in the wood pool sediments might be due to the retained capacity of organic
r. The large amount of organic matter might be attributable to chips from wood floating in the bay.
could become a serious problem as the organic matter provides food for benthic organisms, which can
to bioaccumulation.
he Zn concentrations of the wood pool sediments and Seto Inland Sea sediments are shown in Fig.
he maximum Zn concentration from the wood pool was approximately 700 mg/kg, whereas Matsu-
�1983� obtained a value of 900 mg/kg for Tokyo Bay sediments. All of the samples from the wood

exceed the PEL given in the Canadian Sediment Quality Guidelines �i.e., 271 mg/kg�.
lthough considerable scattering is present in Fig. 8, the Zn concentration decreases with decreasing
on loss. The intercept of the straight line in Fig. 8 is comparable to the baseline of the fine sediments
approximately 130 mg/kg�. Thus, the results obtained can be interpreted according to the effect of
on loss or organic matter.
omparing the metal concentrations and PEL values revealed that the surface sediments of the wood
were heavily contaminated. If we assume that these data include anthropological effects, the back-
d concentration must be lower than the results obtained. Therefore, the background can be inter-

d as shown in Fig. 15. First, a background baseline a is dependent on particle-size characteristics or
her normalizations. The line c shows an apparent contamination of sediments with a given particle
istribution or for a similar type of sediments. The b is an increasing concentration attributed to the

ase in ignition loss, but not resulting from contamination due to anthropological activity. The b can be
st zero, because the metal concentration is almost constant due to increasing ignition loss �Nagaoka et
04�. Nagaoka et al. �2004� compared relationships between the concentrations of heavy metals and
on loss for contaminated and noncontaminated sea areas. Their results were very similar to Fig. 15.
current study, the baseline was tentatively represented as a function of the fine content. The baseline
etermined as the lower limit of the data, as seen in Figs. 11 to 14. Finally, the background might be

ded as a function of organic content or ignition loss, as shown in Fig. 15. This suggests that if organic
r is removed from the sediments, the metal concentration will be decreased to the background value.
comparison of the results shown in Table 1 and the Canadian Sediment Quality Guidelines revealed

he Cd concentration from the wood pool did not exceed the PEL value. The average Cd concentration
twelve sediment samples from the wood pool was 0.6 mg/kg, whereas the PEL was 4.2 mg/kg. The

ge concentrations of Cr and As were relatively low and were lower than the respective PELs.

FIG. 15—Background concentrations in terms of ignition loss for fine sediments.
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ging is an effective way to clean up the bottom sediments. As the sedimentation rate was slow in the
pool, the contaminated thickness might be relatively small. Therefore, the dredging volume for

up might not be too large. For example, if we assume that a surface sediment thickness of 30 cm is
minated, then the total volume to be dredged is estimated as 215 000 m3. The dredged materials have
erage water content of 200 % and a low strength. Therefore, the dredged sediments need to be
fied for treatment �Yamasaki et al. 1995�.

n Japan, dredged materials are difficult to dispose of, because there is no further disposal space for
ed materials. The dumping of contaminated dredged sediments into the ocean is prohibited. At
nt, two technical options remain: The first is washing out the contaminants and using the dredged
ents as construction materials, although it is necessary to improve the materials before use; the
d is to dispose of the dredged materials at the dredging site.
s shown previously, hazardous substances are retained by organic matter. Therefore, it might be
to separate the organic matter from the sediments as the next step. The differences between the

fic gravities of organic matter and inorganic minerals can be utilized for this separation. The segre-
n of particles with different specific gravities is a useful technique for separating organic matter from
ents and can be achieved during the washing of the dredged sediments. If the coarse inorganic
les are not contaminated, they can be used as construction materials, although a dewatering process
uired before use.
he volume of contaminated organic matter can be reduced by dewatering, drying, and heating. The
ials can also be decomposed by burning at a high temperature, although the concentration of heavy
s will increase. Appropriate treatment and disposal are essential when the materials are seriously
minated. The procedures for the treatment and disposal of dredged sediments are shown in Fig. 16.
uspended solids are washed by seawater during sedimentation. This is the reason why the results of
ing tests on contaminated dredged sediments show little desorption. For example, even when con-
ated sediments from Osaka Bay were washed with acid, the desorption amounts of Cu and Zn were
han 1 % of the amount retained �Fukue et al. 2001�. It is natural that, in many cases, contaminated
ents adsorb greater amounts of metals when they are submerged in a metal solution.
ethods for the treatment and disposal of contaminated dredged sediments are demonstrated in Figs.
d 17. The main steps in this process are as follows: first, the contaminated surface sediments are
ed; second, the dredged materials are solidified to some extent; third, the materials are poured into
eable bags; fourth, the bags are laid on the seabed; and fifth, the bags are covered with sand.
ermeable bags can promote the consolidation of dredged materials. Although the contaminants could
tially leach out from the bags, hazardous substances are strongly adsorbed onto the solid particles and
diment particles are washed by seawater, so any leachate from the bags will be diluted. These bags

sed to isolate contaminated sediments from benthic organisms and fish.

FIG. 16—Procedures for treatment and disposal of dredged sediments.
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42 C
luding Remarks

uality of sediment samples obtained from a wood pool was evaluated in terms of heavy metals, and
physical and chemical properties. The ignition loss of the sediment samples was so high that their
cal and chemical properties could be correlated. Comparisons between the metal concentrations and
values provided by the Canadian Sediment Quality Guidelines showed that the sediments were
ly polluted with Cu and Zn. However, the concentrations of As, Cd, and Pb were lower than the
ctive PELs.
he concentrations could be correlated to ignition loss when the effect of grain size vanished. This
es that these elements are strongly adsorbed onto organic matter. Therefore, a more accurate evalu-
of the background could be made using ignition loss. By contrast, Fe and Al showed no significant

lations with ignition loss, because these elements were constituents of the sediment particles them-
s.
redging might be effective in preserving the environment of the wood pool. According to the results
r investigation, it is better to separate heavily contaminated organic matter from the dredged sedi-
s. This separation can be achieved by segregation during washing and sedimentation in water.
he disposal of dredged contaminated sediments is problematic in small countries like Japan, because
ore land is available for waste disposal. Moreover, it might become illegal to dump dredged sedi-
s into the ocean in the near future. An appropriate disposal technique or the remediation of contami-
sediments is, therefore, essential. In the current study, an onsite disposal technique using permeable

was proposed.
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ABSTRACT: Arsenic contamination had been found all over Bangladesh in 1993, however, the groundwa-

ter flow and the mechanism of arsenic contamination have not been made clear yet. Because the arsenic
contamination spreads through the groundwater, it is important to understand the groundwater flow. We
performed the field measurement from December 23rd to 25th, 2003 and from May 19th to 21st, 2004.
Then we performed the numerical analyses of groundwater flow and arsenic transportation using MODFLOW
to grasp the field groundwater condition. As a result of the field measurement, the underground condition of
our study area is reductive. Besides, using MODFLOW, we could reproduce the groundwater flow properly
and estimate a flux of groundwater drawn from wells, and then, predict the future contamination.

KEYWORDS: arsenic, groundwater, MODFLOW

duction

wing the wide use of the tube well since 1971, 95–97 % of an approximately 140 million population
ngladesh now depends on groundwater for drinking. However, arsenic contamination of the ground-
beyond the Bangladesh arsenic safety standard, 0.05 mg/ l, had been found all over the country since

, especially for shallow wells. Continuous consumption of the water in human bodies causes melano-
ertosis, skin cancer, etc. It is an urgent issue to find safe and sufficient water resources.
ne basic approach for the issue is to clarify the macroscopic behavior of the groundwater. Operation
uge number of the wells implies the pumping affects transport of the groundwater as well as arsenic.
ow the pumping amount we analyzed groundwater flow by using the numerical simulation code
LOW, developed by the U.S. Geological Survey. We also conducted field measurement to know the

ic feature. Finally by combining the two knowledges and others, we performed the numerical analysis
senic transport to show the future change of the contamination.

y Area

tudy area is surrounded by the Gorai River on the western side, the Padma River on the eastern side,
ay of Bengal on the southern side, and is approximately 17 000 km2 �Fig. 1�.
he arsenic contamination is remarkable in shallow tube wells, which have less than 40 m in depth,
contrast, the contamination is not found at almost all deep wells, which are greater than 150 m in

. Therefore, the deep well is becoming a main water source. Besides, there is a distinct regional
n of arsenic contamination with the greatest contamination in the south and southeast of the country
he least contamination in the northwest and in the uplifted areas of north-central Bangladesh. How-
there are occasional strongly contaminated spots in the generally low-arsenic regions of northern
ladesh. Moreover, the Holocene alluvial and deltaic deposits are most affected, whereas the older
ial sediments in the northwest and the Pleistocene sediments of the uplifted areas normally provide
w-arsenic water.
he arsenic is of natural origin and believed to accumulate underground and then be released to
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Sediments: Evaluation and Remediation Techniques on 23–25 May 2006 in Shizuoka, Japan; M. Fukue, K. Kita,
tsubo, and R. Chaney, Guest Editors.
ent, Faculty of Engineering Tohoku University, Sendai, Miyagi, Japan.
ssor, Faculty of Engineering Tohoku University, Sendai, Miyagi, Japan.
ssor, Faculty of Engineering Tohoku Gakuin University, Sendai, Miyagi, Japan.

Copyright © 2006 by ASTM International, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959.
44



groun
about
desor
their
pyrite
result
the o
ever,
reaso

T
80 %

Meth

Field

The fi
regio
23rd
level,
autho
When
which
excee
which
differ

A
Bang
total
locati
tially
of the
dwater as a result of some mechanisms that are poorly understood. There are mainly two hypotheses
arsenic release. One is called iron oxide reduction hypothesis, in which the arsenic is thought to be

bed and be dissolved from iron oxides that had earlier absorbed the arsenic from river water during
transport as part of the normal river sediment load under the reductive condition. The other is called
oxidation hypothesis, in which the underground condition changed from reduction to oxidation as a
of the wide use of the tube well and drawing of water, and then the arsenic desorption resulted from

xidation of pyrite that had already accumulated underground �Kinniburgh and Smedley 2001�. How-
the arsenic desorption depends on the regional geology, and there is not a unified view. It is the
n why we focus on these regions for a study area.
he high arsenic contamination is spreading in the upper and the middle part of corresponding area,
of all tube wells exceeded the Bangladesh standard for arsenic in drinking water in some regions.

ods

Measurement

eld measurement was carried out at 33 tube wells for drinking and irrigation in Kushtia, which is the
n near the distributary of the Gorai River and the Padma River, during a dry season, from December
to 25th, 2003 and from May 19th to 21st, 2004 �Fig. 2�. The measurement items were groundwater
arsenic concentration, water temperature, DO, pH, electric conductivity, and redox potential. The

rity had analyzed simply the water from almost all tube wells at the site before our measurement.
the high concentration arsenic had been found at the well, the well had been painted a red color,
means that the well is not suitable for drinking. In contrast, when the water from the well had not

ded the Bangladesh standard for arsenic in drinking water, the well had been painted a green color,
means that the well is thought to be arsenic-free. We sampled and measured the water at three

ent wells in depth in each region.
s for the arsenic concentration, sampled water was analyzed at the �KTH� laboratory in Sweden and
ladesh University of Engineering and Technology �BUET�. About the method of the analysis, first the
arsenic concentration was measured, and then As�III� was measured from two samples of each
on separating the arsenic into As�III� and As�V� by the use of a resin that absorbs As�V� preferen-
and does not absorb As�III�. The determination of concentration of As�V� results from a subtraction
As�III� from the total arsenic.

FIG. 1—Study area.
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46 C
rical Analysis

r the flow movement of groundwater, we use MODFLOW, which is the three-dimensional finite
ence code made by U.S. Geological Survey. This program applies Darcy’s law and the principle of
onservation of mass, and then it outputs the simulated water level and the water balance through the

of initial water level, hydraulic conductivity, specific storage coefficient, precipitation, recharge,
rawal, evapotranspiration, and so on.
he fundamental equation of groundwater flow applying Darcy’s law and the conservation principle is
as Eq 1. Where Ss is specific storage coefficient, Kx,y,z is hydraulic conductivity, r is recharge, and
ischarge.
he water levels of the Padma River, the Gorai River, and the Bay of Bengal are used as a boundary
tion. Also, we use the groundwater level based on the observed groundwater level as an initial
tion.
he elevation data is available at the U.S. Geological Survey GTOPO30. As for the other input data,
easured values of precipitation, evaporation and river data were obtained from the Institute of Water
lling, and hydraulic conductivity and specific storage coefficient are based on the field experiment,

was performed by Miyazaki University �Hamambe, Yokota, Jinno, and Nakagawa 2001�. The
dwater level is based on the field investigation and is also obtained from the Institute of Water
lling.
ecause the flux of groundwater drawn from a well is not measured specifically, we estimated it by
ducing the measured groundwater level properly using MODFLOW. Considering a large scale of a
in rainy season, from May to November, and a relatively small population in the south part of the

sponding area, we changed it according to the situation.
n this simulation, we consider the model layer as only one layer and the groundwater flow as an
fined flow.
s for the fundamental equation of the arsenic transportation, we apply the conservation principle and
action rate equation, considering the absorption and desorption of the arsenic. They are given as Eqs

3. Where � is porosity, C and C̄ are volumetric concentration and the mass concentration of solute
d on or contained within the solid aquifer material respectively, �b is the bulk density of the aquifer
ial, V is a vector of interstitial fluid velocity components, D is a second-rank tensor of dispersion
cient, W is a volumetric fluid sink or fluid source rate per unit volume of aquifer, C� is the volumetric
ntration in the sink/source fluid, � is the decay rate, kr is the parameter for the reaction, and kd is the

ion coefficient. The fluid sink here corresponds to water intake by pumping. W and C� were deter-
d by pumping discharge which is later shown and the arsenic concentration at the pumping. We used

mg/ l for C and 12 mg/kg for C̄ based on the safety standard and representative measured value in

FIG. 2—Observation points in study area.
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As co
cene sediments of upper Bengal delta �Anwar 2000�, respectively. The bulk density and porosity are
ned from Reynolds Global Soil Data. Velocity is based on the estimated flux of groundwater drawn
wells. As for the parameter for the reaction and the sorption coefficient are set 2.2�10−10 s−1 and
10−7 m3/mg, respectively, based on reported values �Bruce and Donald 2000�, and this reaction
eter represents that the solute reaches equilibrium in approximately one month. Arsenic decay was

onsidered in Eq 2.
n this simulation, we picked one inland point up representatively and performed the one-dimensional
al analysis and explain about it later.
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TABLE 1—Results of the field measurement in May, 2004.

Village
name

Well
depth, m

As�III�,
mg/ l

As�V�,
mg/ l

AsT,
mg/ l DO�mg/l� pH Eh�mV�

Kaya 36.6 �0.01 �0.01 bdla 0.00 7.0 −60
Kaya 21.3 �0.01 �0.01 bdl 0.00 6.8 −45
Kaya 27.4 �0.01 �0.01 bdl 0.00 7.0 −50
Shelaldah 18.0 �0.01 �0.01 bdl 0.00 7.0 −60
Shelaldah 27.4 �0.01 �0.01 bdl 0.00 6.9 −50
Nondolalpur 33.5 0.01 0.01 0.02 0.00 6.7 �−100
Nondolalpur 13.7 0.03 0.02 0.05 0.00 6.9 �−100
Nondolalpur 36.6 0.14 0.01 0.15 0.00 7.0 �−100
Bedbaria 39.6 0.02 0.01 0.03 0.00 6.9 �−100
Baharampur 39.6 0.01 0.00 0.01 0.00 7.0 �−100
Nadria 39.6 0.36 0.08 0.45 0.00 6.9 �−100
Adrarkota 137.2 0.01 �0.01 0.01 0.00 7.0 �−100
Narua 42.7 0.15 0.01 0.16 0.06 6.8 �−100
Narua 48.8 0.13 0.00 0.13 0.00 6.8 �−100
Narua 36.6 0.02 0.00 0.02 0.00 6.7 �−100
Jangal 50.3 �0.01 �0.01 bdla 0.00 7.0 80

abdl represents below the detectable level.

3—Eh-pH diagram for arsenic (Montgomery 1985). Circles and squares show our measurements for
ncentration �0.05 and �0.05 mg/ l, respectively
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lts and Discussion

Measurement

ajor results of the measurement in May 2004 are shown in Table 1. The shallow tube well is mainly
in corresponding area. As a result of the values of DO and Eh, which represents the redox potential,
ally the groundwater in the corresponding area is under reductive condition, moreover, such reduc-
ondition is developing especially in the area where the arsenic contamination is becoming aggra-
. Besides, the iron was precipitated when the sampled water had been left for a few days and this
on may represent the fact that the arsenic had coprecipitated with the iron in this area.

FIG. 4—Comparison between observed water level and calculated water level.

FIG. 5—Observation points of groundwater level.
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n the other hand, there were some places where the smell of sulfur was noted, and it is possible that
ccumulated sulfur compounds affect the arsenic release resulting from the oxidation of the ground-
.
he predominant As form in Eh and pH diagram �Montgomery 1985� is shown in Fig. 3 with our data
ble 1. The samples with lower and higher As concentration are plotted by the circles and squares,
ctively. Our data locate in H3AsO3 domain of As�III� and higher As concentration is found in more
tive conditions.
s for the toxicity of arsenic, toxicity of As�III� is stronger than As�V�, and consequently, the arsenic
mination is much more serious in the area where the underground condition and the form of arsenic
ductive, in contrast, the contamination is not remarkable where the ground condition and the form of
ic are oxidative.

rical Analysis

hree-Dimensional Groundwater Flow Analysis—The comparison between the observed groundwater
and the calculated groundwater level using MODFLOW is represented in Fig. 4. Also, the observed

s of groundwater level are shown in Fig. 5. The water levels of both the Gorai River and the Padma
strongly affect the groundwater level at Kushtia because Kushtia is located near both rivers. This

ates that the groundwater at Kushtia is recharged much from both rivers and the residence time of
dwater is shorter than the other regions. It also may represent the fact that the groundwater at Kushtia
s contaminated than the other regions if the river water does not include the arsenic. On the other
the groundwater level at Rajbari, St. 2 is not strongly affected from rivers and the groundwater cycle
ught to be slow. The result of the numerical analysis matches the observed water level properly.
he water balance calculated with MODFLOW is shown in Table 2. In this case, the discharge is
osed of the pumping and the evapotranspiration, on the other hand, the recharge consists of the
rge from rivers and the precipitation. A subtraction of the discharge from the recharge is reflected on
orage of groundwater. As shown in the table, the discharge from the pumping occupies as much as the
arge from the evapotranspiration and it indicates the pumping strongly affects the groundwater level,
ially in the dry season.

ertical Arsenic Contamination Analysis—According to the result of the groundwater flow analysis, a
ontal flow is dominant near the distributary point because of the recharge from rivers. On the other

TABLE 2—Water balance calculated with MODFLOW.

Discharge, mm/month Recharge, mm/month
Storage,
mm/month

Pumping Evapotranspiration River Rain
Dry �Nov–Apr� 315.9 119.7 115.3 32.2 −288.1

Rainy �May–Oct� 111.7 130.2 189.2 282.6 229.8

FIG. 6—Vertical concentration change of solute.
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vertical flow is dominant at the inland area because of extremely mild slope less than 1:10,000 and
ydraulic conductivity. Therefore, we picked one inland point up representatively and performed the
imensional vertical analysis. The increase or decrease of groundwater is due to only pumping,
transpiration, and rainfall. In this analysis, we use the flux of pumping estimated from the ground-
flow analysis, and the groundwater is drawn from the deepest point of the aquifer.

he vertical concentration change of solute and the concentration change of the arsenic sorbed on the
re shown in Figs. 6 and 7. Near the groundwater surface, as the volume of groundwater decreases in
ry season, arsenic concentration increases by concentrate. On the other hand, in rainy season, the
ntration decreases because of the dilution by inflow of rain, which does not include the arsenic.
over, such a concentrated solute will be sorbed on the soil in dry season, on the contrary, the arsenic
d on the soil will elute into groundwater in the rainy season because of the concentration gradient. As
lt of the analysis, after 20 years, the initial arsenic sorbed on the soil reduces to half at the 3 m deep
the groundwater surface.
ecently, the pumping from deep wells is increasing. Moreover, the pumping strongly affects ground-
because the ratio of pumping occupies more than 50 % of the water balance. It will cause the

mination of the deeper arsenic-free aquifer in the future because contaminated groundwater infiltrates
he deeper aquifer. Then, it is predictable that deep wells will also be contaminated. In this case, it is
ble to estimate the flux of contaminated water infiltrating toward the deeper aquifer and how deep we
raw the arsenic-free water by performing the analyses of the groundwater flow and the arsenic
ortation. Then, it is also possible to estimate how long all of arsenic sorbed on the soil elute into
dwater.

lusion

rally the groundwater in the corresponding area corresponding to arsenic contamination is under
tive condition and such a reductive condition is developing especially in the area where the arsenic
mination is becoming aggravated. Besides, we reproduced the groundwater flow properly and esti-

the flux of groundwater drawn from wells. According to the water balance, the pumping from the
strongly affects the groundwater level in the study area. As a result of the arsenic contamination
sis, we predicted the long-term distribution of the arsenic elution from the soil, applying the reaction
quation.

ences

r, J., Arsenic Poisoning in Bangladesh, Palash Media, Dhaka, 2000, 336 p.
, A. M. and Donald, L. S., ”Modeling Arsenic�III� Adsorption and Heterogeneous Oxidation Kinetic
Soils,” Soil Sci. Soc. Am. J., Vol. 64, 2000, pp. 128–137.

FIG. 7—Concentration change of the arsenic sorbed on the soil.
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ct of Acid Treatment Agent of Sea Laver on
environmental Properties of Tidal Flat Muds in
Ariake Sea

ABSTRACT: Recently the amount of catch of some specific benthos �e.g., shells� in the Ariake Sea of
Japan has reduced dramatically. Researchers are questioning if it is the acid treatment practice undertaken
in the Ariake Sea tidal flats that changed the geoenvironmental properties of the tidal flat muds, and
consequently caused impacts on the benthos living in the muds. However, so far, relatively few detailed
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studies have been done in this regard. The purpose of this study is to investigate the effect of acid

treatment practice on the geoenvironmental properties of muds in the Ariake Sea tidal flats. The field
investigation data as well as laboratory test data are presented. It is found that as a consequence of the
acid treatment practice, considerable reduction of salt concentration and pH of the muds has taken place.
Furthermore, the measured increased sulfide content of the muds indicate that the acid treatment practice
in the tidal flats of the Ariake Sea may have produced serious consequences for some benthos inhabiting
the shallow depth of the muds.

KEYWORDS: acid treatment, benthos, mud, pH, salt concentration, sulfide content

duction

riake Sea, which is located in the Kyushu region of Japan, is a typical shallow sea. It has the largest
flat area in Japan with an average area of about 207 km2, which is almost 40 % of the total tidal flat
in Japan. These tidal flat areas provide large inhabiting spaces for fishery such as sea laver, Agemaki
Tairagi shell and oysters, and the Ariake Sea is famous for its large amount of fishery products.
ver, the annual catch of some benthos registered a decline �see Fig. 1�. For example, the catch of

rs, usually living near the surface of the mud, dropped from 799 tons in 1976 to 126 tons only in
; that of Tairagi, living in the upper 10–15 cm, declined from 13 395 tons in 1976 to 79 tons in 1999,

cript received February 24, 2005; accepted for publication June 2, 2005. Presented at ASTM Symposium on Contaminated
ents: Evaluation and Remediation Techniques on 23–25 May 2006 in Shizuoka, Japan; M. Fukue, K. Kita, M. Ohtsubo, and
aney, Guest Editors.
ssor, Institute of Lowland Technology, Saga University, Saga 840-8502, Japan.

esponding author, Professor, Institute of Geotechnical Engineering, Southeast University, Nanjing 210096, P.R. China.

IG. 1—Annual catch of some benthos and remarkable epochs related to acid treatment practice.
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he situation in the case of Agemaki, living in the depth of 0–70 cm of the mud, was even worse: 170
catch in 1976 dropped to practically nil by 1992. The reason for this observed decline in the fishery
is still arguing. So far, the possible reasons that are argued can be concluded as: �1� the sea water

ty in the Ariake Sea is polluted due to the exchange with the land rivers; �2� the man-made changes
as the Isahaya reclamation project started from 1988; and �3� the deteriorated environment in the mud
e Ariake Sea. The aspect �1� is mostly addressed by the change in the chemical oxygen demand
� and concentrations of nutrients in the Ariake Sea water �Araki et al. 2002; Yamanish et al. 2002�.
spect �2� is addressed by the change in the water quality in the reservoir of the Isahaya reclamation

ction �Koga et al. 2003�. The aspect �3� is from the questionnaires of the Kyushu local fishermen. The
ionnaires reveal that most fishermen thought that the mud in the tidal flat areas of the Ariake Sea has
deteriorated, accompanying with the observation that unpleasant odor from the mud was found in the
e Sea tidal flats. These fishermen thought that the observed unpleasant odor was toxic and harmful to
gemaki shells and Tairagi shells. The preliminary investigations have shown that the sea laver acid
ent practice would be one of the mostly possible causes for the mud deterioration �Ushihara 2002�.
ver, so far, detailed studies on how the acid treatment agent of the sea laver affects the geoenviron-

al properties of the mud, have not received sufficient attention. This raises the question of whether the
reatment practice has caused the significant change in the geoenvironmental properties of the Ariake
ud, and consequently disturbed the ecosystem balance for those benthos inhabiting the shallow depth
mud.

he purpose of this study is to investigate the possible effects of acid treatment practice on the
vironmental properties of the tidal flat muds in the Ariake Sea. The field investigation and the

atory test results are presented. Based on the observed test results, the possible reason for the decrease
catch of the benthos living in the shallow depth of the muds is discussed.

ground of Acid Treatment Practice

year, during the period of January to March, the acid treatment agent is used by the local sea laver
rs as the disinfectant acid to treat the sea lavers cultivated in the sea. This acid treatment practice has
widely undertaken all over Japan from 1977 to present. In the Kyushu region before 2002, the
al acid treatment agents were directly dumped into the Ariake Sea without any pretreatment. Ac-

ng to the unpublished data from the Ministry of Agriculture, Forest and Fisheries of Japan, during the
d of 1977 to 2001, annually about 2900 tons of acid has been dumped into the Ariake Sea water
n the sea laver farming areas. Since 2002, in some Kyushu regions such as Saga Prefecture, the direct
ing of the acid treatment agent into the Ariake Sea has been strictly controlled. The residues of the
reatment agent are required to be treated to lower its acidity and sufficiently dilute its concentrations
e finally being dumped into the Ariake Sea. The chemical compositions of the acid treatment agent
aried depending on the areas. The one used in the Saga Prefecture has the main chemical composi-
of 18 % of DL-Malic Acid �HOOCCHOHCH2COOH�, 15 % of ammonia sulfate ��NH4�2SO4�, 14 %
dium dihydrogenphosphate �NaH2PO4�, 1 % of amino acid, 0.6 % of coloring matter. The pH of the
treatment agent used in the Saga Prefecture is about 2.0.

ription of Study Area

tide flat areas in the Ariake Sea, the Iida and Higashiyoka sites, were selected as study areas. Figure
ws the locations of the two sites. Before setting the study areas, the field investigations have been
taken. The results show that the Iida site mud seems to be the most affected caused by the acid
ent practice, whereas the Higashiyoka site appears to be the least affected in terms of two aspects:
e mud samples at the Iida site gave out a strong unpleasant odor �which is thought to be the

hased hydrogen sulfide �H2S��, whereas the mud samples at the Higashiyoka site did not give out an
asant odor; and �2� the sulfide content of the mud at a depth of 0–20 cm at the Iida site is much
r. According to the Fishery Water Quality Standard �Japan Fisheries Resource Conservation Asso-
n 2000�, higher sulfide contents are harmful to the benthos such as Agemaki and Tairagi shells living
mud. 0.2 mg/g is the safe limit of the mud sulfide content for the benthos living in the shallow depth
mud, as suggested by the Fishery Water Quality Standard. The field investigation shows that for the
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ite mud, the sulfide content at the depth of 0–20 cm is higher than this limit. Based on these field
tigation results, the Iida and Higashiyoka sites were selected as the study areas.

Methods

Investigation

sturbed samples were obtained by pushing a 20 cm diameter PVC pipe down in the muds at a depth
out 20 cm at both the Iida and Higashiyoka sites. The samples were extruded and sliced to measure
alt concentration, pH, and sulfide content. The measured results are depicted in Figs 3, 4, and 5,

FIG. 2—Location map of the study areas (after Ohtsubo et al. 1995).

FIG. 3—Variation of the salt concentration with depth for the Ariake Sea muds.
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ctively. The reason for measuring pH and sulfide content is mainly because these two geochemical
es can well represent the inhabiting conditions of the benthos �Japan Fisheries Resource Conserva-
ssociation 2000�. The reason for measuring the salt concentration is mainly because that previous
indicated that the change in the Ariake Sea mud salt concentration could represent the change in the
e Sea mud pH �Ohtsubo et al. 1996�. The pH was measured using a portable pH meter HORIBA
. The measuring process consists of inserting the probe of the pH meter in the mud with a shallow
, 0.5 cm, and read the value from the display. The salt concentration was measured using the compact
eter HORIBA C-121. This salt meter is capable of making accurate measurements of sodium

ide �NaCl� concentration from a single-drop mud sample. The measuring of the mud sulfide content
ased on the standard method prescribed by the Japan Fisheries Resource Conservation Association
�. Briefly, measuring sulfide content consists of placing 0.1 g of mud at field moisture content on a
orous disk placed in a 10 mL glass tube. Two millilitres of diluted sulfuric acid �H2SO4� �1 mL of

led water is mixed with 1 mL of H2SO4 with concentration of 18 N� was put on the mud sample, and
enerated H2S �gas phase� was collected. The weight of the resulted H2S was measured and expressed
lligrams per grams of the mud. These studies were performed in mud samples from the top 12 cm

FIG. 4—Variation of pH with depth for the Ariake Sea muds.

FIG. 5—Variation of the sulfide content with depth for the Ariake Sea muds.
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ratory Investigation

er to better understand the effect of acid treatment practice on the muds at the Iida site, the laboratory
imensional infiltration tests were performed. The infiltration test was thought to simulate the field
rio in which the dumped acid treatment agent in the Ariake Sea infiltrates through the Iida muds
g the high tide period. About 6 kg of mud at the field moisture content taken from the Higashiyoka
as thoroughly mixed with the seawater. The slurry was poured into a 20 cm diameter acrylic cylinder
ig. 6� and the remaining portion of the cylinder was filled up to 90 cm with the seawater.

wo parallel tests were conducted over a period of 30 days. In one test, called herein B0, the seawater
ontinuously drained from the base of the setup �see Fig. 6� and every day the sea water level was
ht up to the 90 cm mark. This process was repeated for 30 days after which the water above the mud
rained away and the sample extruded and sliced for determining salt concentration, pH, and sulfide
nt. The results are depicted in Figs 3, 4, and 5, respectively. For this test, B0 means the concentration
acid treatment agent was 0 %. Another test, called herein as B0.1, was carried out with the seawater

d with the acid treatment agent with the concentration of 0.1 % �by volume of water�. The acid
ent agent used in the laboratory test has the same composition with that used in the field of the Saga

cture. Its pH value is about 2.0. The sample was subjected to the same process as described in the
of B0 test. After 30 days of acid treatment, the seawater was again fully drained, and the mud sample
xtruded and sliced for determination of salt concentration, pH, and sulfide content. These results are
hown in Figs 3, 4, and 5, respectively.

n addition to 0.1 % acid treatment agent of Higashiyoka mud, a similar test was conducted at 0.01 and
%. The variation of sulfide content with acid concentration is depicted in Fig. 7.

lts and Discussions

e 3 indicates that the salt concentrations of the mud at the Iida site are larger than those of the muds
Higashiyoka site. The pH of the mud at the Iida site is lower than that of the mud at the Higashiyoka

Fig. 4�. The sulfide content of the mud at the Iida site is higher than that of the mud at the
hiyoka site �Fig. 5�. The results in Figs 3–5 for the Iida site and the Higashiyoka site are for the

h of November 2002.
igures 3, 4, and 5 also compare the in situ conditions at the Iida and Higashiyoka sites with the results
boratory simulation tests B0 and B0.1. It is noted that during the B0 test, the salt concentration
ased and pH decreased as compared to the original Higashiyoka mud �Figs. 3 and 4, respectively�.
reatment of the Higashiyoka mud with the acid treatment agent, B0.1 test, has resulted in a significant

FIG. 6—A schematic of apparatus setup for laboratory test.
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labor
ase in the salt concentration. This reduction in the mud salt concentration and pH values as a result
id treatment seems to have also occurred at the Iida site, as discussed later.
he sulfide content in the case of the Higashiyoka mud after treatment of the acid treatment agent �B0.1

are significantly higher than the original low values, especially at the depth of 0–4 cm �Fig. 5�. At the
of 4–12 cm, the sulfide content is practically constant. The B0.1 test results would suggest that the
ite muds, affected by the continued acid treatment practice over a long period �between 1977 and
as shown in Fig. 1�, would have undergone changes similar to those experienced by the Higashiyoka
in the laboratory study. On the basis of such observations, it is thought that the sulfide content in the
of the Iida muds also would have shown an increasing trend, similar to one noted for B0.1 test �Fig.
the depth of 0–4 cm in the mud during the continued acid treatment practice period. Such a result
s to be plausible for explaining the phenomenon that the catch of the Agemaki and Tairagi shells

in the shallow depths of the mud decreased during the period of acid treatment practice, as depicted
. 1.
ased on the observations, it may be suggested that as a result of acid treatment practice in the sea
farming areas, the Iida site muds experienced significant changes: decrease in salt concentration,
ase in pH values, and increase in the sulfide content. The increase in the sulfide content with the acid
ent agent concentration, based on the laboratory infiltration tests, is depicted in Fig. 7. For the sake

mparison, the sulfide content=0.2 mg/g threshold level �thought to be the safe limit for the benthos
in the shallow depth of the mud� is also shown in Fig. 7. The decrease in the sulfide content at the
of 0–4 cm of the Iida site mud �Fig. 5�, in contrast to the increase observed in the B0.1 test, may be
due to the result of the strictly controlled acid treatment practice since 2002. It would appear that

hange in the acid treatment practice since 2002 has resulted in the decrease in the mud sulfide content
onsequently the improvement of the inhabiting condition for the benthos living in the shallow depth

mud. A recent field investigation shows that there are some indications of recovery of the benthos
Iida site.

he observed changes in salt concentration and pH values as a result of acid treatment are better
lized by examining the relationship between pH and salt concentration for these muds, both in field
aboratory situations. Figure 8 depicts the decrease in pH with increasing salt concentration, based on
data for the Megurie site which is very close to the Iida site �Ohtsubo et al. 1996�, and the laboratory
or another Ariake Sea mud sample �Kanayama et al. 2000�. The original Higashiyoka mud �thought
much less affected by the acid treatment practice in the field� fits the observed field and laboratory

s, while most of the data from the Iida site and B0.1 test are located below the trends.
uperposed on these trends are the results of changes in the salt concentration and pH as a result of
treatment �B0.1 test� for Higashiyoka mud. Two significant results were observed: first, the treatment
acid treatment agent reduces the salt concentration and pH values �almost down to 6.5�; and second,
changes do not follow the trends shown in Fig. 8. Also shown are the results for the affected Iida site

7—Relationship between the sulfide content and the concentration of acid treatment agent from
atory tests.
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Once again it was observed that changes at the Iida site are well simulated by the B0.1 test, and the
r discussions of the similarity in the mud sulfide profiles between the Iida site and the laboratory test
seems justified.
he relationship between the sulfide content and pH for these muds is depicted in Fig. 9. The labo-
data from B0.1 test suggests an increase in the sulfide content with a decrease in pH as a result of

reatment of the original Higashiyoka site mud. Also superposed are the results of the affected Iida site
The values of pH higher than 7.0 in the case of the Iida mud �at shallow depth�, and the reduced
e content are indications of some possible recovery following the strictly controlled acid treatment
ice since 2002. A value of R2=0.726 indicates that the pH appear to be one of the important factors
olling the sulfide content when these muds are treated with the acid treatment agent.

lusions

paper presents an investigation of the effect of the acid treatment practice on the geoenvironmental
rties of the Ariake Sea mud. The field/laboratory test is undertaken to investigate the effect of the

treatment agent on the salt concentration, pH, and sulfide content of the muds. Results of this study
that in the sea laver farming areas of the Ariake Sea tidal flats, the acid treatment practice during the

period of 1977 to 2001 had impacts on the geo-chemical balance of these muds. Consequences of the

FIG. 8—pH-salt concentration relationship for the Ariake Sea muds.

FIG. 9—Relationship between pH and sulfide content for the Ariake Sea muds.
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treatment practice resulted in a significant reduction of the salt concentration and pH values and an
ase of the sulfide content. The sulfide content increased to the levels even higher than the safe limit
e benthos inhabiting the shallow depth of the mud. This change in the geoenvironmental properties

e Ariake Sea mud, seems to be plausible in explaining the recorded decrease in the catch of some
os living in the shallow depth of the mud.
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mium Transport in Volcanic Ash Soil during Citric Acid
ution Flow

ABSTRACT: Cadmium contamination of soil is one of the most serious environmental problems in Japan.

Journal of ASTM International, Vol. 3, No. 6
Paper ID JAI13336

Available online at www.astm.org
As basic research toward the development of a decontamination method to remove cadmium from soil,

cadmium transport has been measured in a volcanic ash soil during citric acid solution flow. After a soil
column that was polluted artificially by cadmium nitrate was saturated with distilled water, citrate solution
was passed through the soil column. Leachate from the soil column was collected for the measurement of
cadmium concentration. At the end of the flow experiment, the soil column was sliced into 2-cm-thick pieces
and the residual cadmium in soil was analyzed. As a result, it was found that the higher the concentration
of citrate, the faster the cadmium discharged from the soil. This result can be explained in terms of the
downward movement of the soluble complex of citrate with cadmium in the soil.

KEYWORDS: cadmium transport, citric acid, decontamination, soluble complex, volcanic ash soil

duction

olluted by heavy metals is hard to clean up because the heavy metals are strongly associated with
articles. Some symptomatic decontamination methods, such as soil dressing or solidification, are
minantly used at sites that require clean-up. The number of sites identified as being polluted is

asing and people are beginning to become concerned regarding environmental contamination of the
Therefore, clean-up technologies to decontaminate polluted soils should be developed.
rganic acids have shown the potential with respect to the desorption of cadmium adsorbed to soil
les �Cieslinski et al. 1998� because organic acids form soluble complexes with metals �Krishnamurti
1997�. Therefore, we herein examine a method of leaching cadmium from polluted soil using organic
The method examined herein is to collect cadmium by washing polluted soil with organic acid.
ver, a number of questions remain. For example, how much cadmium can be desorbed from the

ted soil during organic solution flow? Moreover, how does the desorbed cadmium move in the soil?
iorek et al. �2000� investigated solubilization of cadmium during the percolation of EDTA though a
ted soil column, but no one has investigated cadmium transport during the percolation of natural
ic acid through a polluted soil column.

n the present study, we investigate the effect of citric acid, which is often secreted by plant roots in
hizosphere, on the desorption and transport of cadmium in the soil as basic research in order to
op a decontamination method for removing cadmium from the soil.

cript received April 1, 2005; accepted for publication August 29, 2005. Presented at ASTM Symposium on Contaminated
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aney, Guest Editors.
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sol samples �Melanudant� were taken from the plowed layer �0–20 cm� of experimental upland
of the University of Tokyo, Nishi-Tokyo, Japan. The soils were air-dried and passed through a 2

sieve. Relevant soil properties are given in Table 1 �Editor’s Commission of Method of Soil Analysis,
�.

Experiment

te solutions were prepared by dissolving Cd�NO3�2 in 15 mmol L−1 NaNO3 and the pH was adjusted
5, 5.5, and 6 by the addition of 15 mmol L−1 of HNO3 or NaOH dissolved in 15 mmol L−1 of NaNO3.
nitial concentrations of Cd were 0.2, 0.4, 0.6, 0.8, and 1.0 mmol L−1, respectively. Ten milliliters of
orbate solution were added to 0.5 g of soil and the suspension was shaken for 24 h. After pH
urement, the suspension was centrifuged �5000 rpm, 10 minutes� and filtered through a 0.22-�m
brane filter �Sartorius SM 16534K�. The cadmium concentration in the filtrate was determined using
omic absorption spectrometer �AAS, SHIMADZU AA-680�. The sorption amounts of Cd were cal-
d by subtracting the moles of Cd initially added to the soil from the moles of Cd remaining in the
e solution after reaction for 24 h.
he sedimented soil after the sorption experiment was washed using 10 mL of deionized distilled
and was centrifuged at 5000 rpm for 10 min. Then, 10 mL of citric acid solution �25, 50, 100, 200,
00 mmol L−1� were added and shaken for 1 h. The suspension was centrifuged at 5000 rpm for

in and was filtered through a 0.22-�m membrane filter. The concentration of Cd was determined by
in order to estimate the desorption amounts of Cd.

Experiment

oil was packed with a bulk density of 0.80 Mg/m3 in an acrylic tube with a height of 10 cm and a
eter of 5 cm. The hydraulic conductivity of the packed soil was 3.3�10−4 cm/s. Two soil columns
prepared for a laboratory experiment. One was a column of which the top layer �2 cm� was artifi-
polluted by cadmium nitrate, and the other was a column of which the bottom layer �2 cm� was

ted. In order to make the polluted soil layer, a 1.5 pore volume of cadmium nitrate solution �0.6 or
mol L−1� was passed upward through the soil column to drive out the air in the soil. After distilled
was passed though the polluted soil column for 6 h to remove the residual cadmium in the soil

, a citrate solution �0, 25, 100, and 400 mmol L−1� was passed through the soil column under a
ant hydraulic head of 56 cm, or a hydraulic gradient of 5.6. Leachate from the soil column was then
ted at a certain time interval for the measurement of cadmium concentration �Fig. 1�. At the end of

ow experiment, the soil column was sliced into 2-cm-thick pieces and the acid soluble fraction of the
al cadmium in the soil was analyzed by 0.1 mol L−1 HCl extraction �Editor’s Commission of Method
il Analysis, 1996�.
he experimental conditions of the flow experiment are given in Table 2. In the table, “Time” denotes
me that the citrate solution was flowed in the soil column. The concentration of the citrate solution
00 mmol L−1 for each run, except for Runs 1 and 3, which were conducted in order to determine the

TABLE 1—Soil properties.

Bulk
Density,
Mg/m3

Soil Particle
Density,
Mg/m3 pH �H2O� pH �KCl�

Total C,
10 g/kg

Total N,
10 g/kg

CEC,
cmolc /kg

Specific
surface areaa,

m2/g
0.78 2.56 6.62 5.65 4.4 0.38 20.2 135

Exchangeable Cations,
cmolc/kg

Acid Ammonium Oxalate,
10 g/kg

Dithionite-citrate-Bicarbonate,
10 g/kg

Na-pyrophosphate,
10 g/kg

Ca Mg K Na Siox Alox Feox Sid Ald Fed Alp Fep

14 2.8 1.4 0.6 0.60 1.15 2.13 0.68 2.49 2.43 0.50 0.09

aSpecific surface area was determined by the BET method based on N2 adsorption.
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62 C
nce of the citrate concentration. Runs 1–4 were flow experiments for the soil column with a con-
ated bottom layer, and Runs 5–8 were flow experiments for the soil column with a contaminated top

lts and Discussion

rption Isotherms of Cadmium to Soil

e 2 shows the adsorption isotherms of cadmium to Andosol for each pH. The adsorption isotherm
es the relationship between the amount of cadmium adsorbed by soil, W �mmol/kg�, and the equi-
m concentration of cadmium nitrate, Ci �mmol L−1�:

W =
C0 − Ci

M

e C0�mmol L−1� is the initial concentration of the cadmium nitrate solution, and M�kg L−1� is soil
ntration in the cadmium nitrate solution. The dots denote experimental data, and the solid lines are
tting lines based on the following Langmuir model:

W = Ws�bCi�n/�1 + �bCi�n�m/n

e Ws is the saturated amount of cadmium adsorbed by the soil �mmol kg−1�, b is the equilibrium
ption constant, and m and n are adsorption constants.
he experimental data are in good agreement with the Langmuir model. The amount of cadmium
bed into soil increased with pH because the negative charge of the soil surface increased with pH.

FIG. 1—Schematic diagram of the flow experiment for a Cd-contaminated soil column.

TABLE 2—Experimental conditions and various results of the flow experiments.

Site
Cd Conc.,
mmol/L

Citrate Conc.,
mmol/L

Time,
hour 80%p.v.a

Max Cd Conc.,b

mmol/L
p.v. at the Max

Cd Conc.c

bottom 0.6 400 18 1.8 0.76 0.9
bottom 0.6 100 18 2.9 0.56 1.2
bottom 0.6 25 18 8.1 0.13 2.4
bottom 0.2 100 18 4.0 0.08 1.6

top 0.6 100 6 … … …
top 0.6 100 18 … … …
top 0.6 100 40 16.3 0.08 6.0
top 0.6 0 38 … … …

olume �p.v.� required to remove 80% of the cadmium in the soil column.
um cadmium concentration in the leachate.

olume at which the leachate Cd concentration is maximum.
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e 3 shows the relationship between the desorption rate of cadmium and citrate concentration. The
ption rate of cadmium increased with citrate concentration, and approached a constant value. The
ium desorption rate from polluted soil by citrate was more than 80%, independent of the initial
ntration of cadmium adsorbed. This result suggests that citrate could extract cadmium adsorbed onto

oil particles by forming a soluble complex with cadmium, but that some cadmium remains on soil
les. In the batch experiment, an amount of citrate 33 to 1600 times greater than the amount of
ium sorbed on the soil �molar basis� was added in order to remove cadmium from the soil. Assuming
o citrate was sorbed onto the soil or complexed with metals other than cadmium, divalent cadmium
as not complexed with citrate �Cd2+� was not present in solution based on MINEQL calculation. Since

ient amounts of citrate to complex with cadmium existed, variations in pH between 4 to 7 did not
nce the speciation of citrate-cadmium complex in the solution. A fraction of the added citrate was
to be sorbed on the soil or complexed with metals such as Fe and Al. At lower citric acid concen-

ns, less citrate would be available to be complexed with the sorbed cadmium on the soil.

through Curve and Desorption Rate of Cadmium

e 4 shows the breakthrough curves, which represent the cadmium concentration of leachate as a
ion of pore volume. Figure 5 shows the cadmium desorption rate, which is defined as a ratio of
ption to the initial adsorption amounts of cadmium. From comparison of Runs 2 and 4, it was found
he maximum Cd concentration in the leachate was higher in the column that was polluted by the
mol L−1 cadmium nitrate solution compared to that polluted by the 0.2 mmol L−1 cadmium nitrate
on and that 10-pore volume of citrate solution was sufficient in order to remove most of the cadmium
the polluted soils. In addition, comparison of Runs 1 through 3 revealed that as the citrate concen-
n increased, the cadmium discharge from the soil became faster. Moreover, as the concentration of
itrate solution increased, the maximum Cd concentration in the leachate increased and the volume of

FIG. 2—Adsorption isotherms.

FIG. 3—Cd desorption rate as a function of citric acid concentration.
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64 C
itrate solution required to remove 80% of cadmium from the polluted soil decreased �Fig. 6�. These
s suggest that as the citrate concentration increased, the soluble complex with cadmium was formed
easily.

port of Cadmium in Soil

e 7 shows the relationship between cadmium desorption rate and pore volume for the top or bottom
polluted soil column. The volume of 100 mmol L−1 citrate solution required to remove 80% of

ium from the soil column was 5.6 times larger for the top layer polluted soil column �16.3 p.v.� than
ottom layer polluted �2.9 p.v.�. Considering that no desorption occurred due to distilled water �Run 8�,
esult suggests that cadmium desorbed by citrate from soil particles at the top layer to form a soluble
lex of citrate and moved downward. Because of the downward movement of the soluble complex,
citrate solution might be required for the top layer polluted soil column.

FIG. 4—Breakthrough curves of Cd.

FIG. 5—Cd desorption rate as a function of pore volume.

6—Maximum Cd concentration in leachate and pore volume of citrate solution required in order to
ve 80% of cadmium from polluted soil.
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igure 8 shows the residual cadmium distributions in the soil columns with the top layer polluted after
e solution flow for 0, 6, 18, and 40 h �Runs 5–7�. Figure 9 shows the mass balance of the cadmium
rmed to compare initial and final analysis. The error of the mass balance was at most 10%. As the
e solution flowed, the cadmium concentration in the top layer decreased while the cadmium concen-
ns in the lower layers increased. The cadmium distribution became linear, and eventually 90% of the
ium was removed after 40 h �21 p.v.�. This result indicates that the soluble complex of cadmium
d by citrate in the top layer moves downward and flowed out of the soil column. However, in order
rify the flow mechanism of such a soluble complex in soil, we need to study the soluble complex
ort including the chemical reaction of citrate and cadmium.

FIG. 7—Cd desorption rate as a function of pore volume.

FIG. 8—Changes in Cd distribution in the soil with a contaminated top layer (0–2 cm).

FIG. 9—Mass balance of the cadmium.
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66 C
ges in Hydraulic Conductivity of Soil

e 10 shows changes in hydraulic conductivity �K� of soil with time. K decreased gradually with time.
ugh it is difficult to compare the absolute values of K because the initial Ks were different for each
iment, the decrease of K was fast as the citrate concentration became high. Kedziorek et al., �2000�
ed out the importance of peptization, which induces the formation of colloids and clogging of the
s medium in their EDTA solution percolation experiment. In addition, they also observed the retarded
n of Fe and Ca that are originally contained in soil. The decrease of K with time is most likely due
clogging of the soil, which is caused by the formation colloids and their downward movement. In

the color of the leachate changed yellow with time, as shown in Fig. 11. Figure 12 shows absorbance
e leachate at 400 nm. The absorbance increased with time, and approached a constant value which

e large with the citrate concentration. The change in the color of the leachate may be related to
lution of Fe as citrate-Fe complex. However, more study is needed with regard to the formation of
ids.

lusions

ffect of citric acid on the desorption and transport of cadmium in soil was investigated as a basic
toward the development of a decontamination method to remove cadmium from soil. From batch

flow experiments, it was found that �1� the cadmium desorption rate from polluted soil
mmol/kg� by citrate was more than 80%, independent of the initial concentration of cadmium

FIG. 10—Change in hydraulic conductivity of soil.

FIG. 11—Change in color of the leachate at 0, 1, 2, 3, 6, 12, and 18 h (Run 1).

FIG. 12—Absorbance of the leachate at 400 nm.
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bed; �2� the volume of citrate solution required to remove cadmium from polluted soil decreased as
ncentration of citrate solution increased; �3� a longer time was required to remove cadmium from the
ith the top layer polluted than the bottom layer polluted; �4� cadmium desorbed by citrate to form a

le citrate-cadmium complex and moves downward in soil; and �5� hydraulic conductivity of the soil
ased according to the citrate concentration during the solution flow.
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rent Status of Estrogenlike Compounds in Sediments in
losed Sea Areas

ABSTRACT: The concentrations of estrogenlike compounds in sediment were surveyed in Ise Bay and Ago
Bay, which are typical of enclosed sea areas. Fourteen sediment samples were collected from the deepest
part at the entrances to these bays. The examination of estrogenlike compounds was performed by a yeast
screen assay developed by Professor J. P. Sumpter. The highest concentrations of estrogenlike com-
pounds of sediment were found in the deepest part of Ise Bay �6.54 µg kg�1�, and quantified as 17�-
estradiol �E2� active equivalent. The concentration gradually decreased approaching the entrance of the

Journal of ASTM International, Vol. 3, No. 7
Paper ID JAI13328

Available online at www.astm.org
bay from the deepest part of the bay. It was suggested that this decrease could be the result of biodegra-
dation. The sediment assay samples were fractionated by high performance liquid chromatography and

assayed to determine the chemical species of estrogenlike compounds. The detected estrogenlike com-
pounds corresponded with E1 and E2, and were found in all of the samples. They are typical natural female
hormones, and their origin is presumably domestic sewage and other wastewater containing feces and
urine.

KEYWORDS: estrogenlike compounds, enclosed sea areas, 17�-estradiol �E2�, estrone �E1�, total
organic carbon �TOC�

duction

crine disrupting chemicals in the environment have become an issue of public concern �Ahel et al.
, 1996; Desbrow et al. 1998�. In particular, the biological effects of estrogenlike compounds in water
rious issues. As many estrogenlike compounds are present in water �Ahel et al. 1994, 1996; Desbrow
1998�, examination of these compounds by instrumental analysis requires great cost and effort.

say is used for the examination of toxic compounds in the environment, including estrogenlike
ounds in water �Routledge et al. 1996�. Since the degree of toxicity in samples can be easily
ured at low cost using a bioassay, this method is considered suitable to screen for estrogenlike
ounds. However, it is difficult to identify chemicals with endocrine-disrupting activity by conven-
l bioassay.
n this study, we applied a new bioassay system to analyze estrogenlike compounds, consisting of a
say using genetically modified yeast expressing human estrogen receptor �hER� �yeast method�
ined with high performance liquid chromatography �HPLC�, in which the advantages of instrumental
sis and bioassay are combined �Iwasaki et al. 2004�. Then we surveyed estrogenlike compounds in
ent samples from Ise Bay and Ago Bay, which are typical of enclosed sea areas.

cript received May 2, 2005; accepted for publication December 15, 2005. Presented at ASTM Symposium on Contaminated
ents: Evaluation and Remediation Techniques, on 23–25 May 2006 in Shizuoka, Japan; M. Fukue, K. Kita, M. Ohtsubo, and
aney, Guest Editors.
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Site and Sample Collection

ents were sampled from 11 sites shown in Fig. 1. Sediment samples were taken at each site using a
sampler; aliquots from the top 3 cm of the sample were collected.

tical Method

organic carbon �TOC� and oxidation-reduction potential �ORP� were examined by the Manuals for
ent Monitoring Methods.

FIG. 1—Sampling sites.
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Screen Assay

reparation of Assay Sample—Estrogenlike compounds were examined by the yeast screen assay
oped by Routledge et al. �1996�. The human estrogen gene recombinant yeast was obtained from
ssor J. P. Sumpter �Brunel University, Uxbridge, UK�. Assay of water samples was performed ac-
ng to the method of Takigami et al. �2000�. The analytes were extracted with 10 mL of methanol by
sonic agitation. The extract was reduced in volume to approximately 2 mL using a vacuum evapo-
at 40°C. The concentrate was dried by nitrogen gas flow and dissolved in 200 �L of dimethyl

xide.
east screen assay: Calibration standards were prepared in ethanol at a concentration of 100 �gL−1 of

estradiol �E2� and serially diluted ��3� in ethanol. Samples were diluted serially by the same method
e standards. Ten-microlitre aliquots of each diluted standard and sample were transferred to a 96-

TABLE 1—Concentration of estrogenlike substances and another pollution indexes in sediments.

a
Sampling

sites E2+E1 E2 El TOC ORP
E2 eq. ng g−1 E2 eq. ng g−1 E2 eq. ng g−1 mg g−1 mV

1 6.54 4.07 2.47 2.01 −384
2 5.82 5.15 0.67 2.09 −313
3 2.58 0.83 1.75 3.08 −320
4 2.38 1.19 1.19 1.31 −285
5 1.39 0.0 1.39 0.39 −83
6 1.12 0.0 1.12 0.37 −92
7 1.98 0.0 1.98 0.40 −106
8 2.88 1.43 1.45 0.62 −97

9 4.34 2.58 1.76 3.94 −384
10 6.61 4.17 2.45 3.24 −282

ay 11 4.68 2.21 2.47 3.52 −300
12 3.68 1.31 2.37 2.91 −295
13 3.45 0.84 2.61 3.01 −264
14 0.22 0.08 0.13 0.80 −58

2—Examples of fractionation of sediment sample by HPLC. Upper panel: Standard solution of four
of estrogenlike substances, detected by UV absorption. Lower panel: Sediment sample, detected by
screen assay.

ONTAMINATED SEDIMENTS



micro
binan
added
devel
tratio
calcu
activi
show

F
throu
�250
ning
were
per li
poun

Resu

Distr

Estro
Prefe
due t
fracti
well plate. The solvents were dried by allowing them to stand and assay medium �containing recom-
t yeast and substrate for �-galactosidase CPRG�Chlorophenol red-�-D-galactopyranoside�� was

to each well and incubated for 3-4 days at 32°C. After that, the absorbance of the medium
oped red was measured. Concentration of an estrogenic substance was determined from the concen-
n of E2 and assay sample that produced 50 % induction of �-galactosidase activity �EC50� and was
lated by dividing the E2 EC50 by the concentration factor of the assay sample EC50. The estrogen
ty detected by the yeast screen assay was defined as estrogenlike compounds and the value was
n as the E2 activity equivalent without Fig. 5.

ractionation of the Assay Sample by HPLC—The sample was fractionated by injecting 50 �L
gh a high performance liquid chromatography �HPLC� column Lichrosorb RP-18 10 �m 4.6

mm �GL Sciences� at a flow rate of 1 mL/min using acetonitrile-acetic acid-water �70:5:25� �Løn-
1989�. The separate fractions were collected at 0.1 ml intervals, and dried by nitrogen gas flow. They
dissolved in 20 �l of dimethyl sulphoxide and assayed for estrogenlike compounds. Ten milligrams
ter of estron �E1� and E2 standard solution as applied to the same HPLC column, and these com-
ds were monitored through an ultraviolet detector at 280 nm to determine their retention times.

lts and Discussion

ibution of Estrogenlike Compounds

gen activity was examined in sediment samples collected from eleven sites along the coast in Mie
cture �Fig. 1�. Since detection of estrogen activity by the conventional yeast screen assay is difficult
o yeast growth inhibitor substances abundantly present in sediment samples, the samples were first
onated by HPLC, and the estrogen activity of each fraction was analyzed by the yeast screen assay.

FIG. 3—Relationship between ORP and estrogenlike substances.
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xample of the fractionation is shown in Fig. 2. Table 1 summarizes the results, with the activities
n as the E2 activity equivalent. Estrogenlike compounds were extracted with methanol, and subjected
alysis by the yeast screen assay. Typical estrogenlike compounds detected in water environments
de chemical compounds such as nonylphenol and bisphenol A, and steroid hormones present in raw
ge, such as E1 and E2. We compared the elution patterns of the active fractions in the samples with
of standard substances, and identified activities at the same positions as E1 and E2 in all samples.

detection sensitivity of E1 and E2 is several thousand-fold higher than that of nonylphenol and
enol A in the yeast screen assay. These compounds are present at high concentrations in sewage,
tanks, and waste water from stock farms, and are detected in water samples from rivers flowing into
a along the coast in Mie Prefecture �Hayakawa et al. 2001�. Therefore, the estrogenlike compounds

ted in the samples of this study may have been mainly E1 and E2 derived from raw sewage. �See Fig.

FIG. 4—Relationship between TOC and estrogenlike substances.

ONTAMINATED SEDIMENTS



Relat

Cons
sedim
E2 �T
activi
estrog
multi
and E
betwe
conta
in the
grow
influe
make
other
at the
sedim
comp
than
horm
treatm

Expe

As sh
estrog
of ab
water
topla
to the
tion o
amou
anaer
subst
sedim
woul
reach
oxida
ionship between Estrogen Activity and TOC in the Sediment Quality

iderable experimental data show positive correlations between the amount of TOC contained in
ent samples and the concentrations of chemical substances absorbed in the sediment samples, such as
aniguchi 1998�. In this study, a positive correlation was also found between TOC and the estrogen
ty �Fig. 4�. The estrogen activity is shown as the E2 activity equivalent in this study. Since the
en activity of E1 is about 1/5 that of E2, the approximate amount of E1 can be obtained by

plying the estrogen activity of E1 by 5. Figure 5 shows the relationship between the amounts of E1
2 and TOC. The correlation between the amounts of these substances and TOC was closer than that
en their estrogen activities and TOC. Little is known about the effects of estrogenlike compounds
ined in the sediment on the ecosystem. However, the concentrations of chemical substances absorbed
sediment are often over 1000-times higher than that in water. The life cycle, such as spawning and

th, of benthic organisms occurs in the sediment. Since estrogenlike compounds are likely to strongly
nce the ecosystem even at very low concentrations, it is necessary to monitor their conditions and to
efforts to promote their elimination or reduction. Since not only estrogenlike compounds but also all
water pollutants are difficult to remove once released into public water areas, waste should be treated
source as much as possible. The results of this study suggested that most of the estrogen activity in
ent samples along the coast in Mie Prefecture is due to steroid hormones, such as E1 and E2. These
ounds are detected at the order of �gl−1 in domestic waste water and animal waste water, but more
90 % is removed by the activated sludge method. Water after sewage treatment contains steroid
ones at the order of 10 ng L−1, but this can be reduced to a lower order by applying advanced waste
ent methods.

dient of Reducing TOC

own in the figures, there is a correlation between the concentrations of the sediment TOC and
enlike compounds. Therefore, reduction of the sediment TOC concentration will reduce the amount

sorbed estrogenlike compounds. The sediment TOC along the coast partially originates from inland
, but in the regions several kilometers offshore, it is believed that nearly 100 % consists of phy-
nkton produced at the site. It is known that the production of phytoplankton in the sea is proportional

concentration of nutritional salts, nitrogen, and phosphorus. Therefore, reduction of the concentra-
f nutritional salts in the sea would lead to reduction of sediment TOC, which would decrease the
nts of chemical substances absorbed in the sediment. The amount of sediment TOC and the degree of
obic condition are also proportional. If the sediment is aerobic, oxidative degradation of chemical
ances, such as E2, proceeds. From the perspective of maintaining the oxidative capacity of the
ent, reduction of sediment TOC is important. Furthermore, the decrease in the amount of plankton

d result in the increase in the transparency of seawater, which would increase the intensity of light
ing the seabed, and enhance seaweed growth. Seaweed would contribute to the maintenance of the
tive condition in the seabed by generating oxygen by photosynthesis, enhancing oxidation of chemi-

FIG. 5—Relationship between TOC and amounts of E2 and E1.
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74 C
bstances, such as E2. Biodegradation of chemical substances by micro-organisms attached to sea-
would also be enhanced. In addition, solar UV light may also contribute to the degradation of these

ances.

lusions

een sediment samples were examined by yeast screen assay, and estrogenlike compounds were found
of the samples. Estrogenlike compounds in sediments originate from wastewater containing fecal and
. As estrogenlike compounds are absorbed to TOC in the sediments, it is important to decrease the
in sediments to prevent accumulation of the compounds. To reduce estrogenlike compounds in
ents, sources of TOC, such as COD nitrogen and phosphorus, must be reduced as well as estrogen-
ompounds. It is also important to maintain aerobic conditions in the sediments to accelerate the
tion of E2.
ccording to the fifth regulation on total allowable volumes of pollutants enacted in 2001 by the
try of the Environment, the goal is reduction of nitrogen and phosphorus loads in Ise Bay to 96 %
2 %, respectively, of the present values. The production of phytoplankton is proportional to the
est amount of the necessary salts, according to Liebich’s law. Therefore, if the goal of the regulation
be achieved, the amount of phytoplankton would theoretically be reduced to 92 % of the present
nt. On the assumption that the amount of sediment TOC is proportional to the amount of estrogenlike
ounds, the sediment estrogenlike compounds would be reduced to 92 %. Taking the secondary effects
ibed above into consideration, further reduction may be expected. For other chemical substances
bed in the sediment, similar results would be obtained. The regulation on total allowable volumes of
tants is intended as a countermeasure against problems caused by eutrophication, such as red tide and

mass with low oxygen concentrations, but it will also be indirectly effective in reducing sediment
icals, such as estrogenlike compounds.
n daily life, we can contribute to the reduction of TOC and nitrogen/phosphorus loads. Movements for
duction of these substances in domestic waste water by local residents, which have been conducted
ears, will effectively contribute to preventing pollution of the sediment with chemicals, such as
enlike compounds, and to protecting the ecosystem of the seabed.
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Transition Layer of Surficial Marine Sediments

ABSTRACT: A new acoustical method for measuring the physical properties for the transition layer of
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surficial marine sediments is proposed. In the proposed method, the frequency characteristics of the re-

flection coefficients for the acoustical normal incidence are utilized. The frequency characteristics of the
reflection coefficients are influenced by the depth dependence of the porosity and the density. First, the
relationships between the frequency characteristics of the reflection coefficients and the porosity variation
with the depth are theoretically shown using Ocean Acoustics and Seismic Exploration Synthesis �OASES�
�Biot-Stoll model�. Then, the frequency characteristics of the reflection coefficients are measured in water
tank and in situ. The measured results are compared with the calculated results using OASES �Biot-Stoll
model�. Finally, the usefulness of this method is demonstrated.

KEYWORDS: marine sediment, transition layer, acoustical method, reflection, porosity

duction

onitoring of the top transition layer of the surficial contaminated marine sediments such as Hedoro
uired. However, the method for the monitoring has not been developed. In this study, a new acous-
method for measuring the transition layer of surficial marine sediments is proposed. It has been
tly reported that the physical properties such as the porosity and density in the surfical marine
ent vary largely with the depth �1–3�. The characteristics of acoustic wave reflection from the
geneous sediment are known in detail �4–6�. However, the characteristics of acoustic wave reflection
such a transition layer of the surficial marine sediment have not been analyzed in detail, and the
cteristics seem to be very different from those of the homogeneous sediment. It has been reported that
easured results of the characteristics of the incident angle for the reflection coefficient almost agreed
the calculated results for the transition layer �7� using OASES �Biot-Stoll model� �8�. OASES �Ocean
stics and Seismic Exploration Synthesis� is a general purpose computer code for modeling seismo-
tic propagation in horizontally stratified waveguides using wave-number integration developed by H.
idt �8� which can be used for the calculations in underwater acoustics, such as acoustic wave
gation, reflection, etc. In this method, it is necessary to measure the characteristics of the incident
which are not easy to measure in situ. In the proposed method, the frequency characteristics of the

tion coefficients for the acoustical normal incidence are utilized. The frequency characteristics of the
tion coefficients are influenced by the characteristics for the depth dependence of the porosity and
ty. First, the relationships between the frequency characteristics of the reflection coefficients and the
ity variation with the depth are calculated using OASES �Biot-Stoll model�. Then, the frequency
cteristics of the reflection coefficients are measured in water tank and in situ. The measured results
ompared with the calculated results using OASES �Biot-Stoll model�. Finally, the usefulness of this
od is demonstrated.
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ents are sea water-saturated porous media that are composed of the frame, which is the aggregate of
rain, and the pore water, which fills the pore. The Biot-Stoll model �9–12�, which is the acoustic wave
gation model in fluid-saturated porous media, is used for modeling marine sediments.
he wave equations for fluid-saturated porous media are expressed as follows �13�:

��2u + �H − ������•u�� − C����•w�� = �
�2u

�t2 − �f

�2w

�t2 , �1�

C����•u�� − M����•w�� = �f

�2u

�t2 − �
�f

�

�2w

�t2 −
F�

k

�w

�t
, �2�

w = ��u − U� , �3�

e u is the displacement of the frame, U is the displacement of the fluid, w is the relative displacement
frame to the fluid, � is the shear modulus, � is the porosity, � is the density of the sediment, �f is

ensity of the fluid, k is the permeability, � is the structure factor, � is the viscosity, F is the viscous
ction factor, and H, C, M are the constants determined by the moduli of the grain, fluid, and frame.
s shown in Fig. 1, we consider a normal incidence of plane longitudinal wave to a sediment half-
at z=0. There exist incident and reflected waves in the seawater, and two transmitted waves—the
ind of longitudinal wave �fast wave� and the second kind of longitudinal wave �slow wave�, in the
ent. The incident and reflected waves in the seawater will have the displacement potentials

�i = Ai exp�j��t − kw · z�� , �4�

�r = Ar exp�j��t + kw · z�� , �5�

e, kw=� /cw. � is the angular frequency, and cw is the sound velocity in the seawater. Two displace-
s u and w can be represented by scalar potentials �s and �f

u = ��s, �6�

w = ��f . �7�

sediment, the scalar potentials defined in Eqs 6 and 7 are

�s = A1 exp�j��t − k1z · z�� + A2 exp�j��t − k2z · z�� , �8�

1—Incident and reflected longitudinal waves in seawater and transmitted fast and slow waves in
e sediment.
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solvin
�f = B1 exp�j��t − k1z · z�� + B2 exp�j��t − k2z · z�� , �9�

e, k1z and k2z are the vertical wave numbers for the first and second kinds of longitudinal waves. The
onships between the complex amplitude A1, A2, B1, and B2 are

B1

A1
= H

Hkl1
2

��2 − 1
CHkl1

2

��2 −
�fH

�

, �10�

B2

A2
= H

Hkl2
2

��2 − 1
CHkl2

2

��2 −
�fH

�

, �11�

e, kl1 and kl2 are the complex wave numbers for the first and second kinds of longitudinal waves, and

H =
�Kr − Kb�2

D − Kb
+ Kb +

4

3
� , �12�

C =
Kr�Kr − Kb�

D − Kb
, �13�

D = Kr�1 + ��Kr

Kf
− 1�� , �14�

e, Kf, Kr, Kb are the bulk moduli of the pore fluid, grain, and frame, respectively. � is the shear
lus.
he following three boundary conditions are required at a seawater-sediment interface.
. For continuity of fluid movement

��i

�z
+

��r

�z
=

��s

�z
−

��f

�z
. �15�

. For equilibrium of normal traction

H
�2�s

�z2 − − C
�2�f

�z2 = � f� �2�i

�t2 +
�2�r

�t2 � . �16�

. For equilibrium of fluid pressure

M
�2�f

�z2 − C
�2�s

�z2 = − �f� �2�i

�t2 +
�2�r

�t2 � , �17�

where

M =
Kr

2

D − Kb
. �18�

mbining Eqs 4, 5, and 8–18, the following three linear complex equations can be obtained:

	c11 c12 c13

c21 c22 c23

c31 c32 c33

	Ar

A1

A2

 = 	Y1

Y2

Y3

 . �19�

19, the components of �c� and �Y� are given by the physical parameters of seawater and sediment.
the complex amplitude of the reflected wave. Therefore, the reflection coefficient can be obtained by
g Eq 19, once Ai is specified.
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82 C
lations for Frequency Characteristics of Reflection Coefficients

ntly, it has been reported that the physical properties such as the porosity and the density in the
ial marine sediment vary largely with the depth �1–3�. The characteristics of the acoustic wave
tion from such a transition layer of the surficial marine sediment seem to be very different from that
homogeneous sediment. Thus, the frequency characteristics of the reflection characteristics from the

ce of the sediments with the top transition layer are calculated. The equation for porosity variation
the depth is assumed by referring Carbo’s paper �14� as follows:

� = �min + �1 − �min�exp�− �zn� , �20�

e �min is the minimum value of the porosity, z�cm� is the depth from the surface of the sediment and
alues of � and n are constants determining the depth dependence of the porosity. It is difficult to
late the reflection coefficients for the sediment whose porosity continuously varies with the depth
as the transition layer �15�. Thus, these calculations are performed by separating the layer into thin
s using OASES �Biot-Stoll model�, as shown in Fig. 2. The calculated results using OASES are
i� for the transitional sediment. In this calculation, the transition layer whose thickness is 20 cm, is
ed into 199 layers. Below the depth of 20 cm, the porosity is constant, that is, the medium below the
consists of semi-infinite sediments. The characteristics of porosity variation with depth are shown in
with the constant value of n=0.75 and the variable values of �=3.0, 1.5, 0.75, and Fig. 4 with the

ant value of �=1.5 and the variable values of n=1.50, 0.75, 0.375. In these figures, the porosity at a
below 20 cm, �min is constant, and the value is 0.62 for silt model.
ccording to the change of the porosity with the depth, the bulk and the shear moduli of the frame
the permeability and pore size parameter are changed using the following equations.

log Kbr = − 2.20� + 8.52, �21�

log �r = − 0.265
�

1 − �
+ 7.07, �22�

k =
d2

36k0

�3

�1 − ��2 �k0 = 5� , �23�

a =
d

3

�

1 − �
. �24�

is calculation, the values of the parameters used are as follows, the diameter of the grain d
�m, the density of the grain �r=2650 kg/m3, the bulk modulus of the grain Kr=3.60�1010 Pa, the

ty of the water � f =1000 kg/m3, the bulk modulus of the water Kf =2.25�109 Pa, the viscosity of the
�=1.00�10−3 Pa ·s. The sound velocity in the seawater is assumed to be 1500 m/s.

FIG. 2—Model for the transition layer which is divided into 199 layers.
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FIG. 3—Porosity versus depth for transition layer of silt model (�min=0.62, n=0.75).
FIG. 4—Porosity versus depth for transition layer of silt model (�min=0.62, �=1.5).
FIG. 5—Reflection coefficient versus frequency for silt model (�min=0.62, n=0.75).
FIG. 6—Reflection coefficient versus frequency for silt model (�min=0.62, �=1.5).
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84 C
he depth dependence of the porosity seems to be different depending on the seabed areas and the type
sediments. Thus, the changes of the frequency characteristics of the reflection coefficient due to the
e of the depth dependence of the porosity are investigated. The calculated results for the frequency
cteristics of the reflection coefficients are shown in Figs. 5 and 6. Figure 5 is for silt model ��min

, n=0.75� with the parameter of �. Figure 6 is for silt model ��min=0.62, �=1.5�. with the parameter
In both figures, the calculated results for the homogeneous sediment are also shown. The reflection
cient for the transition layer decreases, as the frequency increases such as the frequency character-
of low pass filter. From Fig. 5, it is seen that the cut-off frequency decreases, as the � decreases.
Fig. 6, it is shown that the slope of the characteristics at the frequency range near the cut-off

ency decreases, as n decreases. These phenomena seem to be due to the fact that the effective depth
reflection coefficient decreases as the frequency increases, and the porosity increases as the depth

ases. The effective depth of the reflection coefficient is determined by the interrelation between the
length of the acoustic wave and the thickness of the transition layer. From these calculated results, an
ation of the types of sediments and the porosity profile with the depth from the measured results of
equency characteristics of the reflection coefficients is expected to be possible.

riments for Acoustic Wave Reflection

Experiments

ith the diameter of 30 �m sampled at the Shimizu harbor which depth is about 20 m is used as a
ent model. This model is set in the bottom of the cylindrical tank whose inner diameter is 20 cm and
t is 50 cm. The thickness of the medium is 10 cm. Experimental arrangement for the acoustic wave
tion for normal incidence is shown in Fig. 7.
iezoelectric transducer whose resonant frequency is 500 kHz, and diameter is 25.4 mm is used for

itting transducer. The propagation distance is 30 cm. A short pulse with wide frequency band is
ed to the transmitting transducer. The reflected signal g�t� for the normal incidence obtained by the
transducer is inputted to a digital oscilloscope, averaged 64 times. The reflected signal from the

-air interface gs�t� is used for the reference signal for obtaining the reflection coefficients. The wave
of gs�t� and g�t� are shown in Fig. 8. Both wave forms are processed using the half-Hanning window
uce the noise. The Fourier transforms of the reflected signals from the water-sediment model inter-
G��� and that from the water-air interface Gs��� are obtained. Then the absolute value of the
tion coefficient can be obtained as follows:

�R� = � G���
Gs���

� . �25�

haracteristics of the porosity versus the depth are shown in Fig. 9. These characteristics are obtained
the depth dependence of the longitudinal wave velocity, using the relationship between the porosity

he longitudinal wave velocity �17�. In Fig. 9, the measured results and the regressive curve are shown.
egressive equation is as follows:

� = 0.472 + �1 − 0.472�exp�− 2.29z0.695� . �26�

measured and calculated results of the frequency characteristics of the reflection coefficients are
n in Fig. 10. In Fig. 10, the calculated results for the homogeneous sediment model and the coherence
ion are also shown. In this calculation, the values of the parameters used are as follows: the diameter

grain d=30 �m; the density of the grain �r=2643 kg/m3; the bulk modulus of the grain Kr=1.20
0 Pa; the density of the water �f=998 kg/m3; the bulk modulus of the water Kf=2.20�109 Pa; and
iscosity of the water �=1.00�10−3 Pa-s. From Fig. 10, it is seen that the measured result of the
ency characteristics of the reflection coefficients is relatively the same as the calculated result for the
tional sediment model.
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FIG. 7—Experimental arrangement of the acoustic reflection for normal incidence.
8—Reflection wave forms from the water-air interface (for reference) and water-sediment model
ace in tank experiments. Dotted-line curves indicate the half-Hanning window to reduce the noise.
FIG. 9—Porosity versus depth for transition layer of sediment model.
FIG. 10—Reflection coefficient versus frequency for sediment model in tank.
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u Experiments

u experiments were performed in the Shimizu harbor with the water depth about 20 m. The surficial
e sediment is silt with a mean diameter of 30 �m. The measuring system was taken down from a
ship, and set on the surface of the sea bottom. Piezoelectric transducer which resonant frequency is
Hz, and the diameter is 38.1 mm, is used for transmitting and receiving transducer. The wave forms

11—Reflection wave forms from the water-air interface (for reference) and water-seabed silt inter-
in situ experiments. Dotted-line curves indicate the half-Hanning window to reduce the noise.

FIG. 12—Porosity versus depth for transition layer of seabed silt.

FIG. 13—Reflection coefficient versus frequency for seabed silt.
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�t� and g�t� are shown in Fig. 11. The propagation distance is 60 cm. The absolute values of the
tion coefficient are obtained using the same method as the tank experiments.
he characteristics of the porosity versus the depth are shown in Fig. 12. The porosity was measured
-cm-long sample from the top of the sediment, after taking sample using a GS-type core sampler
factured by RIGO Co. �Tokyo, Japan�. This core sampler has three core samplers with diameters of
m and lengths of 600 mm. A pair of porosity data at the same depth in Fig. 12 was obtained using two
samples. The regressive equation is as follows:

� = 0.570 + �1 − 0.570�exp�− 2.33z0.929� . �27�

easured and calculated results of the frequency characteristics of the reflection coefficient are shown
g. 13. In Fig. 13, the calculated results for the homogeneous sediment model and the coherence
ion are also shown. The values of the physical parameters are the same as for tank experiments. From
3, it is recognized that the measured results of the reflection coefficients relatively agree with the

lated result for the transitional sediment.

lusions

frequency characteristics of the reflection coefficient from the transition layer of surficial marine
ent were calculated using OASES �Biot-Stoll model�. It is seen that frequency characteristics of the
tion coefficients for the transitional sediment are very different from that for the homogeneous
ent at the higher frequency. These phenomena seem to be due to the effective depth to the reflection
cient decreases as the frequency increases, and the porosity increases as the depth decreases.
he measured results of the frequency characteristics of the reflection coefficients from the silt model
k experiments and silt in situ experiments relatively agreed with the calculated results from the
tional sediments. From these results, an estimation of the types of sediments and the porosity profile
the depth using the measured results of the frequency characteristics of the reflection coefficients are
ble.
he depth dependence of the porosity in the variety of sediments seems to be different from each
. Therefore, it is required that the frequency characteristics of the reflection coefficients for the
ent kinds of sediments with the transition layer are analyzed in detail.
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solidation Yield Stress of Osaka-Bay Pleistocene
y with Reference to Calcium Carbonate Contents

ABSTRACT: Sea bottom has been used as landfill sites to dispose various types of waste and dredged
materials. Therefore, the geotechnical properties of seabed are of great importance for the design and
practice of reclamation projects. Marine clay layers are known to be geologically normally consolidated.
Those clays, however, show pseudo-overconsolidation behavior with a consolidation yield stress pc larger
than the in situ overburden pressure p0. As consolidation behavior of those clays under a load around pc is
not normal but very complex, the prediction of possible settlement under loading is presently quite difficult.
In this study, the Osaka-Bay Pleistocene clays were sampled and subjected to physical and mechanical
tests. Based on previous studies, it is assumed in this paper that the disagreement between p0 and pc
results from the cementation of marine soils, and that their cementation is mainly due to calcium carbonate.
If the assumption made is valid, pc value of a clay sample of which calcium carbonates had been chemically
dissolved must be equal to p0 value. In order to verify this assumption, experimental studies has been

Journal of ASTM International, Vol. 3, No. 7
Paper ID JAI13325

Available online at www.astm.org
done. Carbonic-acid water of enough volume to dissolve the calcium carbonates in a clay sample was
percolated without breaking fabric structure of the clay skeleton, and p value of the sample was deter-
c
mined by the constant strain rate of consolidation test. The results showed a definite decrease of the pc
value. Consequently, the pseudooverconsolidation ratio of the specimens decreased with the removal of
calcium carbonates.

KEYWORDS: reclamation, calcium carbonates, Osaka-Bay Pleistocene clay, consolidation yield
stress

duction

use of the contamination of sediments, the disposal problems of dredged materials have become
asingly important �Wakeman and Themelis 2001, Stronkhorst et al. 2003�. In Japan, the lack of
ble space for waste disposal in land alternatively necessitates the use of coastal region �Aburatani et
98�. Under this situation, site characterizations of the seabeds from the geotechnical point of views
be primarily important to ensure the safety against not only contamination but also mechanical
ity. The geotechnical properties of marine sediments can be characterized by the following variables
onstants:

1. Physical properties: such as water content; grain size characteristics; and permeability; and
2. Mechanical properties; relating to shear strength and consolidation characteristics.

e sediments are composed of terrigenous materials, assemblage of dead marine organisms, fecal
, etc. Although diatom is one of the typical marine organisms found in marine sediment �de Jonge
�, and it influences the physical and mechanical properties of the sediment, it is silicate material
ut cementation action. Coccolith and foraminifer have their shells mainly made of calcium carbonate,

heir dead bodies have been buried in marine sediments with an almost constant rate through the past
al million years. Therefore, the amount of calcium carbonate in marine sediments depends on the
entation rate of terrigenous materials. If the supplying rate of terrigenous materials is low, as found
ocean’s bottom, the carbonate content becomes relatively high. On the other hand, since the terrig-
materials are highly contained in the sediments near coastlines, bay, and estuary, their carbonate

nt is relatively low �Broecker and Peng 1982�.

cript received March 31, 2005; accepted for publication January 5, 2006. Presented at ASTM Symposium on Contaminated
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90 C
he cementation of soil particles due to calcium carbonates had been qualitatively known, because of
ccurrence of calcareous rocks �limestone and calcareous sandstone� and cemented carbonate soils.
titative studies on the cementation of sediments due to calcium carbonate were carried out by Fukue
�1992�, while Molenaar and Venmans �1993� tried to produce artificially cemented samples to

stand the cemented layer in Holocene calcareous sands.
ost marine bed clays are normally consolidated in the sense of geology. However, some of them
pseudo-overconsolidation behavior with a consolidation yield stress pc, larger than the in situ over-
n pressure p0 �Tsuchida 2001�. While this mechanical behavior can be interpreted from the cemen-
between particles �Kang et al. 2001�, the cementation of marine sediments has been interpreted from

ffects of salt �Rosenqvist 1953�, organic matter �Pusch 1973�, and carbonate �Fukue et al. 1992;
naar and Venmans 1993�. Although such an essential discussion on cementation or bonding between
les has been required to understand the inherent properties of soils, it has been remained as a black
n geotechnical engineering.
he cementation due to calcium carbonates is very likely for marine sediments that have not been
cted to the leaching of salt. Therefore, this study examines the effects of carbonate on the consoli-
n yield stress of Osaka Pleistocene clay, based on the previous studies on the surface sediments
e et al. 1999�.

ods

main purpose of the present study is to quantitatively discuss the largeness of consolidation yield
of Osaka Pleistocene clay showing pseudo-overconsolidation behaviors, with special reference to the
nt of calcium carbonate contents in those clays. For this purpose, two kinds of tests were carried out
e of samples obtained from the Osaka Pleistocene clay layers above which Kansai International
rt had been constructed. One of the two is the test to measure the amount of calcium carbonate
nts C and another is the strain-rate controlled consolidation test to determine the largeness of con-
tion yield stress pc. If a pc value larger than the in situ overburden pressure p0 had been resulted from
cementation action of calcium carbonates, a strong correlation between �pc− p0� and C could be
. Furthermore, the pc value of a clay should decrease down to its p0 value if calcium carbonate in a
le had been artificially dissolved with no fabric destruction of the specimen.

onate Content Measurement

easure carbonate content, only about 5 g of testing material is necessary. In the case where only a C
is wanted, a fragment shaved from a block sample was used for the measurement. In the case where
alue should be related to pc, fragments obtained from trimming of a specimen for the consolidation
ere used to determine a C value before consolidation, and a fragment obtained from the specimen
sed to determine a C value after consolidation.

TABLE 1—Physical properties of samples used in this study.

ion
Depth from

sea level
Bulk

density

Density
of

particles
Void
ratio

Liquid
limit

Plasticity
limit

Plasticity
index

Overburden
pressure

�m� �g/cm3� �g/cm3� �%� �%� �kPa�
60.49 1.716 2.685 1.35 72 27 45 286
70.10 1.534 2.640 2.08 99 39 60 338
73.47 1.573 2.657 1.91 87 33 54 361

108.47 1.678 2.674 1.48 89 34 55 618
141.85 1.701 2.691 1.35 84 36 48 870
166.07 1.635 2.704 1.55 98 37 61 1052
184.45 1.544 2.573 1.97 115 41 74 1188
208.07 1.721 2.724 1.37 92 36 56 1372
222.40 1.684 2.699 1.39 100 38 63 1489
264.10 1.664 2.667 1.41 94 35 58 1866
283.92 1.736 2.696 1.24 82 36 47 2012
305.50 1.717 2.664 1.33 84 33 51 2201
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-Rate Controlled Consolidation Test

types of specimens were used for the consolidation tests. One is the specimens just trimmed from
turbed block samples. Another type is the specimens of which carbonates were chemically removed
rcolating carbonic-acid water. These two types of specimens are consolidated with the same strain
It should be noted here that CO2 in the carbonic-acid water can dissolve calcium carbonate in the
men. Based on the results obtained, the effects of calcium carbonate on the consolidation behavior
e discussed.

le Preparation

sturbed block samples were obtained from off Senshu in Osaka Bay, with cooperation of Kansai
ational Airport Co. Ltd and Port and Airport Research Institute, Japan. The physical properties of the

les are listed in Table 1. A cylindrical undisturbed block sample with 10 cm or 7.5 cm in height was
ut into sliced samples of 2.5 cm in thickness. As shown in Fig. 1, each of these sliced samples was
ed to form a specimen ��60�20 mm� for the consolidation test. Fragments shaved from the upper

ower surfaces of the intact specimen was used to measure its original C value. In this study, carbonate
nts were measured also for the specimens of which carbonate had been removed by the percolation
rbonic-acid water. In this case, a fragment obtained from the center part of the specimen after
lation followed by consolidation was used for the measurement of the C value.

urement of Calcium Carbonate Content

device used for measuring carbonate content of soils is shown in Fig. 2. Its original idea was
oped by Kato and Okabe �1998�. About 5 g of dry soil sample is used for the measurement. The
m carbonate in the sediments reacts with hydrogen chloride HCl, and produces calcium chloride,
, and carbon dioxide. The CO2 gaseous pressure produced in a closed chamber will depend on the
nt of calcium carbonate reacting with HCl. The chemical reaction is as follows:

CaCO3 + 2HCl = CaCl2 + H2O + CO2↑
hen other types of carbonates and sulfates are contained in the soil samples, it may have an influence

e measures. However, in marine soils, calcium carbonate is dominant and other carbonates are
bly neglected �Sverdrup et al. 1972�. The features of this device are as follows:

1. The chamber is made of acrylic resin to enable the use of HCl,

IG. 1—Specimen for the consolidation test and samples for measurement of carbonate contents.

FIG. 2—Device for measuring carbonate content.
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TABLE 2—Preparation of specimens for consolidation test.

Formation
Without percolation

of carbonic-acid water

Percolation of
carbonic-acid water

�degassed water�

FIG. 3—Apparatus for the strain-rate controlled consolidation test.
ONTAMINATED SEDIMENTS
Dtc 1 1
Ma12U 1 1

Ma12L 1 2
Ma11 1 1
Doc5 1 1
Ma8 1 1�1�
Ma4 1 1
Ma2 1 1
FIG. 4—Depth profile of calcium carbonate content for the Osaka Pleistocene clay.

FIG. 5—Comparison of calcium carbonate contents for various sites.
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2. Only gaseous pressure is measurable when the chamber is closed, and
3. The measurement range of pressure is between zero and several.

n-Rate Controlled Consolidation Test

pparatus

e 3 shows the consolidation apparatus used in this study. The features of this apparatus are as follows:
1. A cell made of stainless steel is adopted to use high pressure,
2. A gap sensor �noncontact type displacement transducer� attached to the piston rod is used to

precisely measure the compression of the specimen,
3. Copper tubes which can hardly be deformed under high pressure are used for the pouring and

drainage of water, and
4. Specimen is sealed completely with the bellowphragm. This enables one to measure an accurate

pore water pressure induced in the specimen.

onditions

is study, a consolidation test was carried out by following the Japanese Industrial Standard �JIS A
�. The test conditions were set up as follows:

1. Strain rate: Considering strain rate effects on pc, all tests were performed at a strain rate of
0.01 % /min.

2. Final effective stress: Considering the capacity of air pressure which can be controlled, a final
effective stress of 3000 kPa was set up. Exceptionally, a final effective stress of 3600 kPa was
used for Ma2 formation.

3. Percolation of carbonic-acid water �removal of carbonates�: Table 2 shows the specimens used
for the consolidation test, including the specimens percolated by carbonic-acid water. The
number of specimens tested are also presented in Table 2. The amount of carbonic-acid water
used is assumed to be sufficient to dissolve the carbonates in the specimen. In order to examine
the possible disturbance of specimen due to infiltration of water, the Ma8 specimen was per-

TABLE 3—Carbonate contents of Ma8 before and after consolidation.

Specimen Before consolidation After consolidation
�%� �%�

Without percolation 0.6 0.6
Percolation of degassed water 1.2 1.2

IG. 6—Compression curves for specimens with and without the percolation of degassed water.
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94 C
colated by degassed water, and its consolidation behavior was compared with another specimen
without percolation.

lts and Discussions

um Carbonate Content of Each Clay Layer

esults of carbonate contents measured are shown in Fig. 4. The carbonate contents vary from nearly
to 4 % showing a considerable scattering with depth. The samples from the same formation show a
range of carbonate contents, as indicated by plots of Ma12U and Ma12L. Furthermore, the carbonate
nts of block sample �e.g., Ma8� also widely vary.
arbonate contents of various marine sediments have been measured by Fukue et al. �1999�. A
arison with those results is shown in Fig. 5. The results show that the Osaka Pleistocene clay layers
relatively low carbonate contents in comparison to those of the surface sediments in Tokyo Bay,
i, Bay, and Hiuchi-Nada of Seto Inland Sea. Some formations of the Pleistocene clay layers, such as

, Ma4, Ma3, and Ma2, have very low contents of carbonates, i.e., less than 0.5 %, and they are
bly fresh water or brackish deposits �Fukue et al. 1999�, although its possibility will be examined in
ear future.

ts of Percolation of Degassed Water

s study, carbonic-acid water is percolated through soil specimens in order to dissolve carbonates and
e its possible influence on pc value. The value of pc, however, is very sensitive to mechanical
bance of soil fabric, and the percolation of liquid may cause such a disturbance because of the

cation of a large difference of liquid pressure within the specimen. For the purpose to previously
ine this effect, degassed water was percolated through a specimen and the consolidation behavior was
ared with that of an intact specimen without percolation. The obtained compression curves in terms
lume ratio f�=1+e� and effective stress �� are presented in log-log scale, as shown in Fig. 6. As was
, Ma8 sample was used for this examination. As shown in Fig. 4, the initial calcium carbonate
nts of Ma8 have some variations among specimens. In this test, calcium carbonate content between
wo specimens for percolation and without percolation is originally different, but each carbonate
nts did not change by consolidation. Therefore, degassed water does not dissolve carbonate �see
3�.

he log f-log �� relations without percolation and after the percolation of the degassed water are
st the same, as shown in Fig. 6. This means that the passage of degassed water does not provide any
e from the intact sample. In addition to this confirmation, possible disturbance of fabric was further
ined from the viewpoints of permeability. Table 4shows the coefficient of permeability k obtained
a load between overburden pressure p0 and pc. The suffix numbers 20, 50, and 100 mean the water

TABLE 5—pc, pc
*, and the changes in carbonate contents of each formation.

Formation pc pc
* C C* �C=C−C*

�kPa� �kPa� �%� �%� (%)

Dtc 336 331 0.55 0.18 0.37
Ma12U 398 341 4.3 1.5 2.9
Ma12L 460 440 2.8 1.9 0.9

394 2.6 0.52 2.1
Ma11 835 783 0.86 0.54 0.33
Doc5 1403 1318 0.22 0.18 0.034
Ma8 1455 1288 0.92 0.74 0.18
Ma4 2291 2284 0.18 0.10 0.081
Ma2 2881 2808 0.21 0.18 0.034

TABLE 4—Permeabilities for different pressure difference.

Specimen k20�m/s� k50�m/s� k100�m/s�
Ma8 2.1�10−10 2.4�10−10 2.3�10−10

ONTAMINATED SEDIMENTS
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ure difference in kPa applied on the specimen to percolate degassed water. Little difference in k value
verified little damage on soil fabric. Thus, it was confirmed that the passage of water through a
men does not damage the fabric.

ge in Consolidation Behavior Due to the Passage of Carbonic-Acid Water

esults of the strain-rate controlled consolidation tests are summarized in Table 5. A strong effect of
moval of carbonates is seen for Ma12U formation, as shown in Fig. 7, while Ma4 formation shows
influence of carbonate dissolution, as shown in Fig. 8.
n this study, the following definitions are used in order to distinguish between the consolidation yield
es of specimens with and without the passage of carbonic-acid water.
c: consolidation yield stress without the passage of carbonic-acid water �kPa�

c
*: consolidation yield stress after the passage of carbonic-acid water �kPa�
he decreasing rate of carbonate content �C is defined as follows:
C:�before percolation, C�−�after percolation, C*��%�
ll the data obtained show that calcium carbonate content decreases if carbonic-acid water is perco-
through the soil specimens. If calcium carbonates were dissolved by carbonic-acid water, the reaction
be as follows:

CaCO3 + CO2 + H2O → Ca2+ + 2HCO3
−

, calcium carbonate will dissolve under the occurrence of water and carbon dioxide.

FIG. 7—Compression curves of Ma12U.

FIG. 8—Compression curves of Ma4.
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96 C
he dissolution of carbonate generally causes the decrease in pc value. However, the initial carbonate
nts are less than 1 % for Dtc, Doc5, Ma4, and Ma2 formations, and the decreasing rates of pc for
formations are relatively small. Thus, it is deduced that the decreasing rate of pc resulting from the

lution of carbonate is dependent on the initial carbonate content. If the initial carbonate content is
r than about 1 %, the decreasing rate of pc is also high.

ge in OCR Caused by Dissolution of Carbonate

e 9 shows a relation between �C and the decrease in pc normalized by the in situ overburdened
ure p0. The changes in �OCR� of each formations are presented in Table 6. About Ma12�L�’s two
there are smaller and higher �C value��OCR�. This is due to the difference in the concentration of

nic-acid water percolated.
n Fig. 9, the vertical axis is defined as

�Decrease in pc�/p0 = pc/p0 − pc
*/p0

=OCR − OCR*

=Decrease in OCR�=�OCR�

e:
0=the in situ overburdened pressure �kPa�,
CR=the overconsolidation ratio without the passage of carbonic-acid water, and
CR*=the overconsolidation ratio after the passage of carbonic-acid water.
he results show that the greater the �C, the greater the �OCR. Thus, it is deduced that the log f
� relationship represented by the pseudo-overconsolidation behavior of the Osaka Pleistocene clays

e partly contributed by the cementation effects due to calcium carbonate.

FIG. 9—Correlation between �OCR and �C.

TABLE 6—OCR and OCR* of each formations.

Formation OCR OCR*

Dtc 1.17 1.16
Ma12U 1.18 1.01
Ma12L 1.27 1.22

1.09
Ma11 1.35 1.27
Doc5 1.18 1.11
Ma8 1.06 0.939
Ma4 1.23 1.22
Ma2 1.31 1.28
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study was performed to know the range in calcium carbonate contents involved in the Osaka Pleis-
e clays, and to obtain the change of consolidation behavior due to the removal of the carbonate. The
s can be summarized as follows:

1. For the Osaka Pleistocene clays, there is no strong correlation between carbonate content and
consolidation yield stress.

2. If carbonate content is greater than 1 %, the removal of carbonate causes the decrease in pc.
3. When the removal of carbonate becomes greater �as shown in Fig. 9�, then the OCR becomes

smaller.
4. The pseudo-overconsolidation behavior found in the Osaka Pleistocene clays is possibly depen-

dent on the structure cemented by carbonates.
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rostructure, Strength, and Consolidation Properties of
ake Clay Deposits Obtained from Samplers

Journal of ASTM International, Vol. 3, No. 7
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ABSTRACT: The effect of tube wall friction on the microstructure of Ariake clay samples obtained from a

small diameter sampler �45-mm sampler� and their strength and consolidation properties are examined
from use of a color laser three-dimensional profile microscope plus unconfined compression, triaxial com-
pression, and standard oedometer tests. The microstructure within 2 mm of the tube wall was disturbed due
to wall friction. However, the disturbance in the rest of the sample had other causes and the samples were
mechanically homogeneous. The unconfined compressive strength and preconsolidation pressure values
obtained from the 45-mm sampler were 20 % to 40 % greater than those of the 75-mm sampler and their
sample quality therefore higher.

KEYWORDS: microstructure, clay deposits, strength, consolidation, sample disturbance

duction

quality of soil samples used in laboratory testing has directly influenced test results and design
ility based on them. Undisturbed soft clay deposits have been sampled by using a thin-walled tube
ler with fixed piston �JGS-1221� in Japan. However, studies on the sample disturbance caused by tube
friction and their effect on the strength and consolidation properties are few. In this paper, the effect
e wall friction on the microstructure of Ariake clay deposits obtained from a small diameter sampler
aki 1997a� and their strength and consolidation properties are examined by use of a color laser

-dimensional profile microscope �CTM� plus Unconfined Compression �UCT� and Step Loading
meter Tests �SLOT�.

amplers and Test Procedures

ndisturbed soil samples used in this study were obtained from the Holocene clay deposit located in
riake plain in Japan. Field sampling was performed with 45-mm sampler �Shogaki 1997a� for the
s �z� at z=5, 8, 10 and 12 m. The plasticity index �Ip�, effective overburden pressure ��vo� � and the
values ��̄t, w̄n, and q̄u� of wet density ��t�, natural water content �wn�, and unconfined compressive
th �qu� are summarized in Table 1. The samples, 45 mm in diameter �d�, were cut to 40 mm in length
the extruded section. The specimen size used in UCT is d=15 mm and height �h� is 35 mm and that
led a small �S� size specimen in this paper. One to four S specimens were sheared at a strain rate of
min from a sample using portable unconfined compression apparatus �Shogaki 1997b�. It was con-
d that the strength properties between S and ordinary size specimens are similar �Sakamoto and
aki 2003�. The TCT and SLOT are examined in accordance with JGS 0525-2000 and JIS A1217,
ctively.
he microstructure of Ariake clay using CTM is examined for the samples at z=5, 10, and 12 m. The
s of examination are Hh and Hv for the sedimentation surface �horizontal section� of soils and Vv and
r their vertical direction �vertical section�, as shown in Fig. 1�a�. The examination sites are 0, 0.3, 2,

d 22 mm inward �Dw� from the wall to tube center, as shown in Fig. 1�b�. The Dw=22 mm is the
r of the cross section of the sample.

cript received March 31, 2005; accepted for publication December 8, 2005. Presented at ASTM Symposium on Contami-
Sediments: Evaluation and Remediation Techniques on 23–25 May 2006 in Shizuoka, Japan; M. Fukue, K. Kita,
tsubo, and R. Chaney, Guest Editors.
nal Defense Academy, Yokosuka, Kanagawa, Japan.
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T
in a c

wher
a me
he mean distance �Sm� of surface irregularity of soil is the mean length of one cycle �Xsi� of a contour
ertain base length �Ls� and defined as Eq. 1 �JIS B0610� from Fig. 2.

Sm =
1

m
�
i=1

m

XSi �1�

e, m is the contour’s number, including the Ls and 4, as in Fig. 2. The Sm values are calculated using
asurement accuracy of 0.1 �m for the surface irregularity.

TABLE 1—�̄t, w̄n, Ip, q̄u, and �vo� values.

Depth
�G.L.-m�

�̄t

�g/cm3�
w̄n

�%� IP

q̄u

�kPa�
�̄vo

�kPa�
5 1.32 131 68 25 32
8 1.36 120 70 37 42
10 1.35 125 73 31 49
12 1.40 103 52 35 56

FIG. 1—Definitions of Hh, Hv, Vv, Vh and Dw.

FIG. 2—Definition of Sm.
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atural clay surface irregularity is formed by the ped and pore structures. If a soft clay deposit
es sample disturbance caused by shear, the surface irregularity becomes small since the ped struc-
are divided and soil particles enter the pores. Therefore, the Sm value can be used as an index to

ate sample disturbance.

t of Dw on Unconfined Compressive Strength Properties

e 3 shows the relationships between stress and strain obtained from specimens at a distance from the
g edge of the tube �Ds� of 226 mm �d1� and 135 mm �b1, b2, b3 and b4� for the sampling tube depth
m and test results are summarized in Table 2. The d1 specimen is taken from the center of the cross
n of a sample and the b1, b2, b3 and b4 specimens are taken from a sample with d45 mm and
m. The periphery of the b1, b2, b3 and b4 specimens are located at about 3 mm from the tube wall.
be seen from Fig. 3 and Table 2 that the d1 and 4 �b1, b2, b3 and b4� specimens have similar sample

ty since the relationships between stress and strain, wn, qu, strain at failure �� f�, specimen suction �S0�
ecant modulus �E50� are similar. Figure 3 and Table 2 show that sample disturbance, caused by tube
friction, does not extend inward more than 3 mm.

t of Dw on Sm Value

amine the effect of Dw on the Sm value, the ratio �RSm� of the mean value �S̄m�Dw�� of Sm of each Dw

t �S̄m�22�� of Dw=22 mm are plotted against the Dw in Fig. 4. Figure 4 shows the results for the Vh
n under Ls=100 �m. The RSm values in the range of Dw=0 mm to 2 mm are greater than 1 and
ase with increasing Dw. However, the RSm values in the area of Dw�2 mm are almost 1, therefore
il microstructure shows no change.
he results of the Vv and Hh sections, obtained in the same way in Fig. 4, are shown in Figs. 5 and
pectively, to give a two-dimensional �2D� analysis. The relationships between RSm and Dw, as shown
. 4, are unrelated to the Vv, Vh, and Hh sections.

igures 7 and 8 show the results of the Vv and Vh sections under Ls=50 �m and have the same
ncy as Figs. 4 and 5, respectively. Clayton et al. �1998� analyzed the strain of soils, when the tube
rates the ground, using the strain path method and showed the relationship between the maximum
strain ��a� of the center of the sample and the ratio of the outer diameter to the tube thickness. The

lue is calculated by using this relationship as ±1.3 % and ±0.4 % for the 45-mm and 75-mm sampler,
ctively. In the analysis by Clayton et al. �1998�, the decrease in shear strength of soils caused by
le disturbance increases with increasing �a value. However, the sample quality obtained from the
m sampler is similar to or greater than that of the 75-mm sampler �Shogaki 1997a; Shogaki et al.
; Shogaki and Sakamoto 2004�. It is also shown in the next paragraph that the 45-mm sampler can
n equally high quality sample as the Sherbrooke sampler. In the analysis by Clayton et al. �1998�, the
were considered as homogeneous and isotropic materials and the shear strength was not taken into
deration as Baligh et al. did in 1987. The sample quality is controlled by many factors, including

FIG. 3—Relationships between stress and strain.
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TABLE 2—Results of unconfined compression test.

Specimen
Ds

�mm�
wn

�%�
qu

�kPa�
� f

�%�
S0

�kPa�
E50

�MPa�
b1 135 135.7 25.9 4.43 7.38 1.4
b2 135 127.8 31.8 3.32 9.84 2.0
b3 135 130.6 30.7 4.63 11.80 2.5
b4 135 129.6 30.5 4.29 10.82 1.4
d1 226 135.3 34.9 3.50 7.38 1.6
FIG. 4—Relationships between RSm and Dw.
FIG. 5—Relationships between RSm and Dw.
FIG. 6—Relationships between RSm and Dw.
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le tube diameter. The effect of tube wall friction on the microstructure and undrained shear strengths
iake clay deposits, as one of many factors, was determined based on the results shown in Figs. 3–8.

gth and Consolidation Properties of Ariake Clay Deposits Samples Obtained from Various
s of Samplers

a and Tanaka �1999� compared the sample qualities obtained from Shelby, NGI 54, ELE 100, Laval,
rooke, and 75-mm samplers through UCT for the same site at Ariake. The specifications for the
m, 75R and other samplers are also shown in Table 3. The area ratio �Ca� of the 45-mm sampler is
er than that of the 75-mm sampler �JPN�.
he results of UCT and SLOT for all of the specimens tested from the 45-mm and 75-mm samplers
own in Fig. 9. E and H in the remarks section of Fig. 9 mean the extension rod and hydraulic type

lers, respectively. The wn values at the same depths are similar to the samples obtained from both

FIG. 7—Relationships between RSm and Dw.

FIG. 8—Relationships between RSm and Dw.

TABLE 3—Specifications for each sampler.

Sampling
tube

Inside
diameter

�mm�

Tube
length
�mm�

Thickness
�mm�

Area
ratio

Ca �%� Piston
JPN 75 1000 1.5 8.2 yes
LAVAL 208 660 4 7.3 yes
Shelby 72 610 1.65 8.6 no
NGI54 54 768 13 54.4 no
ELE100 101 500 1.7 6.4 yes
Sherbrooke 350a 250a . . . . . . no
45-mm 45 600 1.5 13.8 yes

aDimension of the soil sample. Ca= D2
2−D1

2�D1
2 �100�%� where D1 is the inside diameter of cutting edge and

D2 is the outside diameter of the sampling tube.
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lers. It can be seen that the index properties of samples obtained from different types of samplers are
fore almost similar. The ratios of the mean values of qu, E50, �p� and Cc of the 75-mm sampler to those

45-mm sampler are plotted against the depth �z� in Fig. 10. The ratios R�qu� of the mean values of
r the hydraulic and extension rod type samplers are 0.67 and 0.85, respectively, and the ratios R��̄p��

mean value of the preconsolidation pressure ��p�� for the hydraulic type sampler are 0.71, as shown
. 10. The qu and �p� values obtained from the 45-mm sampler are 20 % to 40 % greater than those
75-mm sampler and their sample quality therefore higher.

he stress-strain curves for the specimens at about 10-m depths, obtained from these samplers, are
n in Fig. 11. The tests, except for the 45-mm sampler, were performed by the Geotechnical Survey
ratory of the Port and Airport Research Institute �Tanaka and Tanaka 1999�. However, only one
ular engineer only, using different samplers, did the Ariake clay soil sampling. It can be assumed that
ngineer’s sampling methods had no effect on sample quality, but he has never used the 45-mm
ler. The specimen sizes used in UCT were d=15 mm and h=35 mm for the sample taken with the
m sampler and d=35 mm, h=80 mm for the 75-mm sampler. However, there were no differences in
th characteristics between the small and the ordinary size specimens for Ariake clay �Sakamoto and

aki 2003�. In Fig. 11, it can be seen that the qu values obtained from the 45-mm sampler are larger
the ones by Sherbrooke, Laval, JPN 75 samplers, etc. The specimen depths are also listed in Fig. 11
he depths are similar for each specimen. However, it is difficult to examine closely the test results of
specimen related to sampler types since the index properties of specimens are not shown in the
a and Tanaka paper.
he qu /2 values are plotted against the z in Fig. 12. The qu /2 values �•� of z=5, 7, 8, 9, 10, 11 and
obtained from the 45-mm sampler are similar or greater than those of Sherbrooke ��� or other
ese and foreign samplers. The Sherbrooke sampler can take a block sample. However, its design,
ared to that of the tube sampler, limits its capability to be used effectively in soft clay deposits or
soils due to the cutting action required, which causes sample disturbance and it also requires a longer
ling time, which also contributes to sample stress.
he characteristics of the 45-mm sampler influencing sample quality are as follows;

FIG. 9—Results of UCT and SLOT.

FIG. 10—Relationships between z and ratios of the mean values of qu, E50, �p� and Cc.
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1. The sampling tube penetration is smoother due to the longer outer tube.
2. The penetration force is strong and the penetration speed is higher.

t is difficult to control the angle of penetration into the soil. However, the penetration speed for time
ost constant in the 45-mm sampler and the mean penetration speed of the tube was about twice that
single tube type sampler with an inner diameter of 70 mm for Niigata sand �Shogaki et al. 2002�.

he Pleistocene Osaka Ma 12 clays with qu�500 kPa, the sampling times for 50 cm penetration were
ort as 5 s to 10 s and high quality samples could be taken �Shogaki et al. 2004a�. Therefore, it is
dered that these characteristics of the 45-mm sampler are the main reasons why high quality samples
e taken with this sampler.

lusions

onclusions obtained in this study are summarized as follows:
1. The microstructure within 2 mm of the tube wall was disturbed due to wall friction. However,

the disturbance in the rest of the sample had other causes and the samples were mechanically
homogeneous in the case of the 45-mm sampler.

2. From the comparison of the strength and consolidation properties for samples obtained from the
75-mm sampler, the samples obtained from the 45-mm sampler did not received soil strain,
when the tube penetrated the ground, as analyzed by Clayton et al. �1998� for other small sized
samplers. It can be judged that the soils were considered as homogeneous and isotropic mate-
rials and the shear strength was not taken into consideration in his analysis.

3. The undrained shear strength obtained from the 45-mm sampler were similar or greater than
those of Sherbrooke or other Japanese and foreign samplers.

FIG. 11—The stress-strain curves �z�10 m�.

FIG. 12—Relationships between qu /2 and z.
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4. The unconfined compressive strength and preconsolidation pressure values obtained from the
45-mm sampler were 20 % to 40 % greater than those of the 75-mm sampler and their sample
quality therefore higher.
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ct of Specimen Size on Consolidation Parameters of
rine Clay Deposits

ABSTRACT: The effect of specimen size on consolidation parameters of undisturbed marine clay deposits
and their remolded samples are examined through the standard incremental loading oedometer test I.A.W.
JIS A 1217. There are two sizes of specimens, a d60 specimen �60 mm d and 20 mmh� and a d30
specimen �30 mmd and 10 mmh�. The relationships between void ratio and consolidation load were unre-

Journal of ASTM International, Vol. 3, No. 7
Paper ID JAI13348

Available online at www.astm.org
lated to specimen size in the loading and unloading process. The coefficients of consolidation �cv� obtained
from the d30 specimen were smaller than those of the d60 specimen in the over-consolidated stage. This

was caused by larger t90 values �the required time for 90% consolidation� of the d30 specimen than those
of the d60 specimen. The t90 ratio was about 1.3 in this stage. In the normally consolidated stage, the cv,
coefficient of volume compressibility �mv�, and permeability �k� were unrelated to specimen size. The
consolidation parameters obtained from the d30 specimen were almost the same as those of the d60
specimen in the normally consolidated stage. The d30 specimen, retrieved from the 45 mm, small tube
sampler or a 75-mm sampler, is more effective for sample testing purposes.

KEYWORDS: size effect, clay deposits, consolidation parameters, oedometer test

duction

w type of 45-mm soil sampler and cone sampler having a two-chambered hydraulic piston were
oped by Shogaki �1997� and Shogaki et al. �2004� and it has been confirmed that these samplers can
high quality samples from organic soil, soft and hard clays and Niigata sand �Shogaki and Sakamoto
; Shogaki et al. 2002a�. The specimen size usually used in Japan for Step Loading Oedometer Tests
T� and Direct Shear Tests �DST� is a specimen 60 mm in diameter �d� and 20 mm in height �h�. The
alled tube sampler normally used in Japan for obtaining undisturbed soil samples is the 75S, in

dance with the Japanese Geotechnical Standard �1998a� �JGS 1221-1995�, having an inner diameter
mm and a length of 1 m. The reason for using d60 specimens in Japan is that one specimen can be
from a sample 75 mm in diameter and 30 mm in height. However, the number of samples required

sting and laboratory work preparation is limited by use of this sampler, due to the size of the sample
ned, latent cracks, or inhomogeneity. In addition to this, undisturbed sampling of hard soils like
ocene is difficult. Therefore, the smaller size specimen presents a more effective use of samples.

n this paper, the effects of specimen size on the consolidation parameters of undisturbed marine clay
its and their remolded samples are examined through the SLOT in accordance with JIS A 1217.
are two sizes of specimens, a d60 specimen and a d30 specimen �30 mm d and 10 mm h�.

amples and Test Procedures

ndisturbed soil samples used in this study were obtained from the Holocene and Pleistocene clay
its located in the Holocene plains of Hachirougata, Urayasu, Yokohama, Isogo, Nagoya, Osaka,
, Iwakuni, Tokuyama, Kumamoto, Ariake, Sakai, Saigou, and Kahokugata in Japan, as shown in Fig.
thkennar clay in the United Kingdom and Kimhae and Pusan new port clays in Korea.
he 75-mm rotary double-tube sampler identified as 75R, in accordance with the Japanese Geotech-
Standard �JGS 1222-1995� for obtaining undisturbed soil samples using a rotary double-tube sampler,

cript received March 31, 2005; accepted for publication December 8, 2005. Presented at ASTM Symposium on Contami-
Sediments: Evaluation and Remediation Techniques on 23-25 May 2006 in Shizuoka, Japan; M. Fukue, K. Kita,
tsubo, and R. Chaney, Guest Editors.
nal Defense Academy, Yokosuka, Kanagawa, Japan.
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sed instead of the 75-mm sampler normally used in Japan in accordance with JGS 1221-1995 for the
ocene clay deposits of Nagoya, Iwakuni, and Osaka. The water content �wn�, plasticity index �Ip�,
tive overburden pressure ��vo� �, unconfined compressive strength �qu�, preconsolidation pressure ��p��
ver-consolidated ratio �OCR� �defined as the ratio of �p� to �vo� � are summarized in Table 1. The Ip and
lues are in the ranges of 22 to 150 and 25 kPa to 670 kPa, respectively.
igure 2 shows the location of specimens for a sample, 75 mm in d and 50 mm in h, from the 75-mm
ler. Two d30 specimens and one d60 specimen can be taken from a sample, as shown in Fig. 2.
aki et al. �1995� shows that the strength and deformation properties of ten S �small size� specimens,
m in d and 35 mm in h, obtained from a sample 75 mm in d and 45 mm in h are similar in an
eering sense. The specimen site, as shown in Fig. 2, does not affect the sample disturbance caused by
penetration and friction between soil and tube during sample extrusion. That was also confirmed by
a Scanning Electron Microscope �Shogaki and Matsuo 1985; Shogaki et al. 2002b� The d30 speci-

can be taken from a sample obtained from the 45-mm and cone samplers.
he SLOT was performed using a load increment ratio of unity and the duration of loading for each
increment was one day. The values of the �p� and the compression index �Cc� were determined from
oid ratio �e� to consolidation pressure ��v�� curves corresponding to 24-h compression. Mikasa �1964�
sed to identify preconsolidation pressure on the 24-h e−log �v� curve. This method has been em-
d in Japan as the Japanese industrial standard for determining one-dimensional consolidation prop-
of soils �JIS A 1217-2000�. It was shown by Shogaki et al. �2000� that the mean values of �p�,

ding to Casagrande’s method �1936�, in the range of 4�b /a�10 are within ±5 % of that of Mi-
s method and unrelated to the Ip, qu, and sample disturbance where b is the length of one cycle in
ithm scale of �v�for a length �a� of e=0.1.
he coefficient of consolidation �cv� and coefficient of volume compressibility �mv� are also calculated
cordance with JIS A1217-2000.

lity of Index Properties and Sample Quality of and Specimens

n, initial void ratio �e0� and volumetric strain ��vo� of both specimens are compared in Figs. 3–5,
ctively. The �vo value is defined by Eq 1 using e0 and e1, where e1 is the void ratio under �vo� value,
an be used as an index to indicate the sample disturbance �Shogaki 1996�.

FIG. 1—Soil sampling sites used in this study.
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TABLE 1—wn, Ip, �vo� , qu, and �p� of each sample

No. Soil wn�%� Ip �vo� �kPa� qu�kPa� �p��kPa� �p� /�vo�

1 Ariake F6 118.0 46.1 46.0 32.0 52 1.13
2 Hachirogata JPN-1 191.8 150.2 36.0 25.0 46 1.30
3 Isogo 5 52.3 31.0 120.0 106.0 238 1.98
4 Iwakuni 16-1 83.5 58.6 130.0 538.0 170 1.31
5 Iwakuni 16-2 83.5 58.6 130.0 538.0 170 1.31
6 Iwakuni 16-3 80.0 59.0 130.0 538.0 315 2.42
7 Iwakuni 16-4 80.0 59.0 130.0 538.0 315 2.42
8 Kahokugata 19 111.8 88.0 174.0 135.0 154 0.89
9 Kumamoto 9-1 90.7 32.0 87.0 80.0 98 1.13
10 Kumamoto 9-2 90.7 32.0 87.0 80.0 98 1.13
11 Kumamoto 9-3 90.7 32.0 87.0 80.0 98 1.13
12 Kumamoto 15-1 97.5 56.5 143.0 99.0 145 1.01
13 Kumamoto 15-2 97.5 56.5 143.0 99.0 145 1.01
14 Nagoya 2-1 56.4 38.0 355.0 592.0 790 2.23
15 Nagoya 2-2 56.4 38.0 355.0 592.0 790 2.23
16 Nagoya 2-3 56.4 38.0 355.0 592.0 790 2.23
17 Nagoya 6-1 36.9 22.0 432.0 670.0 950 2.20
18 Nagoya 6-2 36.9 22.0 432.0 670.0 950 2.20
19 Osaka 47-1 35.8 33.4 730.0 442.0 845 1.16
20 Osaka 47-2 35.8 33.4 730.0 442.0 845 1.16
21 Kobe 9-1 91.3 81.0 57.0 72.0 98 1.72
22 Kobe 9-2 91.5 81.0 57.0 72.0 95 1.67
23 Kobe 9-3 91.3 81.0 57.0 72.0 95 1.67
24 Kobe 9-4 91.3 81.0 57.0 72.0 95 1.67
25 Saigou 2-2 67.6 42.0 15.0 29.3 34 2.27
26 Saigou 6-1 60.3 23.0 43.0 41.0 22 0.51
27 Saigou 13-1 58.5 24.0 86.0 67.0 126 1.47
28 Sakai 7-1 52.7 34.5 81.0 100.0 196 2.42
29 Tokuyama 2-4 86.5 26.2 51.0 42.0 56 1.10
30 Urayasu 12-1 72.9 27.0 104.0 150.0 280 2.69
31 Urayasu 12-2 72.4 27.0 104.0 150.0 270 2.60
32 Yokohama 2 47.9 29.7 156.0 86.0 150 0.96
33 Yokohama 8 73.9 61.5 230.0 183.0 264 1.15
34 Bothkennar 13-1�UK� 57.6 50.1 102.0 121.0 200 1.96
35 Bothkennar 13-2�UK� 57.6 50.1 102.0 121.0 200 1.96
36 Kimhae 4-7-1�Kr� 38.7 25.5 95.0 91.0 143 1.51
37 Kimhae 4-7-2�Kr� 38.7 25.5 95.0 91.0 143 1.51
38 Kimhae 4-15-1�Kr� 55.0 34.1 151.0 107.0 167 1.11
39 Kimhae 4-15-2�Kr� 55.0 34.1 151.0 107.0 167 1.11
40 Kimhae 7-15-1�Kr� 66.2 40.0 154.0 93.0 128 0.83
41 Kimhae 7-15-2�Kr� 66.2 40.0 154.0 93.0 128 0.83
42 Pusan new port 2.2m� 59.5 29.4 3.7 42.3 30 8.11
43 Pusan new port 2.2m� 47.8 29.4 3.7 42.3 50 13.51
44 Pusan new port 5.8m� 61.2 34.5 27.8 32.9 38 1.37
45 Pusan new port 7.8m� 60.2 38.5 40.8 57.5 56 1.37
46 Pusan new port 7.8m� 59.3 38.5 40.8 57.5 63 1.54
47 Pusan new port 13.8m� 68.5 45.1 77.8 73.6 60 0.77
48 Pusan new port 13.8m� 67.5 45.1 77.8 73.6 89 1.14
49 Pusan new port 17.8m� 66.9 47.9 108.2 96.9 105 0.97
50 Pusan new port19.8m� 65.8 46.5 114.9 94.1 125 1.09
51 Pusan new port 21.8m� 67.3 44.7 127.1 90.6 125 0.98
52 Pusan new port �21.8m� 67.4 44.7 127.0 90.6 160 1.26
53 Pusan new port �21.8m� 66.0 44.7 127.0 90.6 155 1.22
54 Pusan new port 25.8m� 75.8 48.5 148.4 95.8 150 1.01
55 Pusan new port 25.8m� 74.5 48.5 148.4 95.8 152 1.02
56 Pusan new port 26.09m� 53.6 29.9 148.1 64.1 120 0.81
57 Pusan new port 34.09m� 37.7 22.8 205.4 117.4 280 1.36
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FIG. 2—The location of specimens in a sample.
FIG. 3—wn values.

FIG. 4—e0 values.
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FIG. 5—�vo values.
FIG. 6—The relationship between R�p� and Ip.

FIG. 7—The relationship between R�p� and qu.
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FIG. 8—The relationship between Rcc and Ip.
FIG. 9—The relationship between Rcc and qu.

FIG. 10—The relationship between Rcs and Ip.



112
 CONTAMINATED SEDIMENTS
FIG. 11—The relationship between Rcs and qu.
FIG. 12—The relationship between Rcv and �v� /�p�.

FIG. 13—The relationship between Rmv and �v� /�p�.
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FIG. 14—The frequency distributions of Rcv.
FIG. 15—The frequency distributions of Rmv.

FIG. 16—The frequency distributions of Rt90.
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�vo =
e0 − e1

1 + e0
� 100�%� �1�

ymbols used in these figures are classified as Japanese, Bothkenner, Kimhae, and Pusan new port
to avoid complication. The specimen having the largest difference of wn in both specimen sizes is

amoto clay and the wn value of the d30 specimen is 5 % larger than that of the d60 specimen.
ver, the wn and e0 values obtained from both specimens, except Kumamoto clay, are similar and

ated to specimen size. The consolidation parameters of both specimens were similar, as shown in the
paragraph, including Kumamoto clay. It is considered that the difference of 5 % in wn of Kumamoto
is based on the accuracy of the consolidation test or there is no effect for consolidation parameters.
fore, Kumamoto clay is treated the same as other Japanese clays from Fig. 5 on.
he sample quality of specimens for both sizes is similar since the �vo values are similar. Therefore, it
e seen that the sedimental environment, initial stress conditions, and sample quality for both speci-
sizes are also similar since all specimens for both sizes were obtained from a sample 75 mm in d and
m in h. Therefore, the test results can determine the effect of specimen size on the consolidation
eters of marine clay deposits.

FIG. 17—The relationship between s and t.

FIG. 18—The relationship between RRs and �v� /�p�.
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t of Specimen Size on Consolidation Properties under Primary Consolidation

atios �R�p�� of �p� values obtained from the d30 specimen to those of the d60 specimen are plotted
st the Ip and qu values in Figs. 6 and 7, respectively. The ratios �RCc� of Cc, arranged in the same
er, are also shown in Figs. 8 and 9. The R�p� and RCc values are unrelated to the Ip and qu values and
ean values for all samples are 0.95 and 0.99, respectively.
igures 10 and 11 also show the ratios �RCs� of swelling index �Cs�. The RCs values are 0.4 to 2.0 in
nge of qu� �80–150� kPa. The Cs values of the d60 and the d30 specimens are 0.024 to 0.276 and
to 0.297, respectively, and they are similar. The large RCs values are caused by the effect of the
of the ratio on Cs. Figures 6 to 11 show that the consolidation properties of the load and unload

s in e− log �v� relations are unrelated to specimen sizes. It was confirmed that those remolded samples
similar characteristics as those shown in Figs. 6 to 11�Shogaki et al. 2002c�.
he ratios �Rcv and Rmv� of the d30 to d60 specimens for undisturbed samples are plotted against the

p� values in Figs. 12 and 13, respectively, where the �p� values were obtained from d60 specimens. The
lues obtained from the d30 specimen were smaller than those of the d60 specimen in the over-
lidated stage. This was caused by larger t90 values �the required time for 90 % consolidation� of the
pecimen. The t90 ratio was about 1.3 in this stage. The histograms for the Rcv and Rmv values are

FIG. 20—The relationship between R̄Rs and qu.

FIG. 19—The frequency distributions of RRs.
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n in Figs. 14 and 15, respectively. The cv and mv values in Figs. 14 and 15 are obtained from the
ally consolidated stage greater than the �p� values since they are used for consolidation analysis of
The upper and lower graphs in these figures show the frequency distribution for the undisturbed and

lded samples, respectively. The number �n� of specimens, mean values �R̄cv and R̄mv� of Rcv and
and the coefficient of variation �V�Rcv� and V�Rmv�� are also shown in Figs. 14 and 15. These

tical values were unrelated to soil types. Therefore, Japanese and Pusan new port clays were used for
lded samples. The Ip values of remolded samples were in the range of 23 to 88 and included with
of other clays. The Rcv and Rmv values were about 1 for the undisturbed clays. On the other hand,

�Rcv� and V�Rmv� values are 0.77 and 0.22 for undisturbed samples and 0.81 and 0.07 for remolded
les, respectively, and the V�Rcv� values are larger than those of V�Rmv� since the variation of Rcv is
r than those of Rmv.
he histograms of the ratios �Rt90� of t90 obtained from the same manner as the Rcv value are shown
. 16. The mean value �Rt90� of Rt90 are 0.57 for undisturbed and 0.42 for remolded samples.

t of Specimen Size on Consolidation Phenomenon under Secondary Consolidation

well known �e.g., Aboshi 1973� that the amount of secondary consolidation is influenced by the
men size. The ratio �Rs� of the amount of secondary consolidation to settlement �s24� at 24 h after

TABLE 2—The symbols for plots used in Figs. 20 and 21.

Condition Symbol Soil
Undisturb � Kahokugata19

� Saigou2-1
� Saigou6-1
� Saigou13-1
� Pusan new port7.8
� Pusan new port25.8
• Kahokugata19
� Saigou2-1
	 Saigou2-2

 Saigou6-1
� Saigou6-2

Remold � Saigou10-1
� Saigou10-2
� Saigou13-1
Å Saigou13-2
� Pusan new port7.8
+ Pusan new port25.8

FIG. 21—The relationship between R̄Rs and Ip.
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Casag
ng is defined as shown in Fig. 17, where s100 is the settlement for the end of primary consolidation
ned from the Casagrande method. The ratios �RRs� of the Rs of the d30 specimen to those of the d60
men are plotted against �v� /�p� values in Fig. 18. The symbols for plots used in Figs. 18, 20, and 21
ummarized in Table 2. These are undisturbed and their remolded samples chosen at random from
enner, Japanese, and Pusan new port clays. The RRs values in the area of �v� /�p��1 are unrelated to

p� values and the mean values are 1.53 and 1.44 for undisturbed and remolded soils, respectively. The
alues are independent of sample disturbance and have a constant value for the �v� /�p� in the area of

p��1. The ratios of secondary consolidation to total consolidation obtained from the d30 specimens
ch �v�are almost 50 % greater than those of the d60 specimens.
igure 19 and Table 3 show the frequency of distribution and the statistical values of the RRs for the
in the area of �v� /�p��1, as shown in Fig. 18. The coefficient of variation for the remolded sample is

ly greater than that of the undisturbed one. However, the mean values �R̄Rs� of RRs are similar.
es 18 and 19 show that there is no effect of sample disturbance on RRs value.

o examine the effects of qu and Ip on the RRs value, the R̄Rs values of each sample in the area of

p��1 are plotted against the qu and Ip in Figs. 20 and 21, respectively. The symbols for plots used in
figures are shown in Table 2. The reason for different mean values in Figs. 18 and 20 is that the mean

s in Fig. 18 were calculated from the mean value of each sample. The R̄Rs values for the undisturbed
emolded samples are also unrelated to qu and Ip values.
t was described in a previous paragraph that the consolidation parameters under primary consolidation
nrelated to the sample disturbance and specimen size used in this study. The amount of secondary
lidation to the s24 differs by specimen size. However, this has no effect on the consolidation param-
obtained from the standard incremental loading oedometer test.

lusions

onclusions obtained in this study are summarized as follows:
1. The relationships between void ratio and consolidation load and their characteristics values

were unrelated to specimen size in the loading and unloading process for samples having Ip

=22–150 and qu=25–670 kPa ranges.
2. The coefficients of consolidation �Cv� obtained from the d30 specimen were smaller than those

of the d60 specimen in the over-consolidated stage. This was caused by larger t90 values �the
required time for 90 % consolidation� of the d30 specimen. The t90 ratio was about 1.3 in this
stage. In the normally consolidated stage, the cv, coefficient of volume compressibility �mv� and
permeability �k� were unrelated to specimen size.

3. The consolidation parameters obtained from the d30 specimen were almost the same as those of
the d60 specimen in the normally consolidated stage. The d30 specimen, retrieved from the
45-mm, small tube sampler or a 75-mm sampler, is more effective for sample testing purposes.

4. The ratios of secondary consolidation to total consolidation obtained from the d30 specimens
for each �v� were almost 50 % greater than those of the d60 specimens. However, this has no
effect on the consolidation parameters obtained from the standard incremental loading oedom-
eter test.

ences

hi, H., 1973, “An Experimental Investigation on the Similitude in the Consolidation of a Soft Clay,
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TABLE 3—Statistical values of RRs.

Number Mean value Coeficient of variation
Undisturb 48 1.43 0.154
Remold 72 1.49 0.208
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meability Characteristics of Lake Kojima Sediment and
ir Improvement

ABSTRACT: As lake sediments are one of the causes of eutrophication, their removal and effective use
has been considered. When they are used as soil in a land, proper permeability is required. However, soil
permeability has not completely been understood due to diversity of clays and organic compounds. We
clarified permeability characteristics of Lake Kojima sediment, nonswelling clayey soil, by measuring satu-
rated hydraulic conductivity �K�. A decrease in K during percolation of dilute electrolyte solution was small
when Ca was adsorbed by the soil; K became 3.4�10�5 cm/s at pH 5, 2.9�10�5 cm/s at pH 7, 7.5�10�6

cm/s at pH 9, and 2.3�10�5 cm/s at pH 11 after pure water percolation. Although the permeability tended
to decrease as pH increased, K at pH 11 became larger than that at pH 9 due to chemical reaction between
soil particles and Ca. On the other hand, when Na was adsorbed, K drastically decreased with pH increase;
K became 7.1�10�6 cm/s at pH 5, 3.1�10�6 cm/s at pH 7, 1.7�10�7 cm/s at pH 9, and 1.3�10�7 cm/s at
pH 11 after pure water percolation. The obtained results could be explained qualitatively by the theory.
Next, an improvement method of permeability of Lake Kojima sediment with hydrated lime and gypsum
were investigated. Three application methods were compared in the saturated hydraulic conductivity ex-
periment; mixing, surface distribution and solution infiltration. Hydrated lime application with mixing main-

Journal of ASTM International, Vol. 3, No. 6
Paper ID JAI13327

Available online at www.astm.org
tained high hydraulic conductivity. The soil structure was supposed to be stabilized by chemical reaction

between soil and heterogeneously distributed hydrated lime. On the other hand, gypsum application with
solution infiltration maintained the same hydraulic conductivity as that of hydrated lime application with
mixing. In that case, electrostatic adsorption of Ca was considered to generate flocculation and kept high
permeability.

KEYWORDS: sediment, pH, saturated hydraulic conductivity, Ca, Na

duction

ents from rivers sometimes become sludge in lakes and bays. They cause eutrophication and oxygen
age in water. Sediment treatment method has been examined for improvement of water quality. In
Kojima, the Ministry of Agriculture, Forestry and Fisheries in Japan has been dredging the sediment

der to improve the eutrophicated lake water. Thus, how to use the dredged sediment is becoming a
em. If the clay content is large in the sediment, the permeability becomes a problem when it is used
and.
he permeability of clayey soil is very low when the soil swells and disperses because the soil pores
e very small. Such a soil has improved its permeability by restricting soil dispersion and keeping
lated condition. For example, for polder soils affected by sea water and sodic arid soils, sodium �Na�

ils is exchanged with calcium �Ca� and soil dispersion is restricted �1�.
oils have a negative permanent charge and a pH-dependent variable charge. Therefore, pH affects soil
rsion and its permeability. Allophanic soil, a typical volcanic ash soil in Japan, has a large amount of
ependent charge. Its saturated hydraulic conductivity decreases under low and high pH conditions �2�.

the predominant anion is sulfate �SO4�, hydraulic conductivity does not decrease even at low pH
. Suarez et al. �6� indicated that the saturated hydraulic conductivity of soils with montmorillonite and
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nite at pH 9 is smaller than that at pH 6. However, the effect of pH on permeability of soils and
ents is not fully understood.

n this research, the influence of pH and cation species on the saturated hydraulic conductivity of the
ent of Lake Kojima is examined experimentally for the basic understanding in order to find a good

of improving permeability. Hydrated lime �Ca�OH�2� and gypsum �CaSO4� were also applied as
ving materials to investigate a better method.

rials and Methods

rials

diment dredged from Lake Kojima was used in the experiments. The sediment density was
Mg/m3, the ignition loss was 14.9 %, the clay content was 54.3 %, the silt content was 38.0 %, the
content was 7.7 %, and the soil texture was heavy clay. The predominant clay minerals were

iculite, kaolinite and illite by x-ray diffraction method. The cation exchange capacities �CEC� were
molc /kg at pH 7, 0.13 molc /kg at pH 9, and 0.15 molc /kg at pH 11 by using Ca.

he electric conductivity �EC� of the soil water in the sampled sediment which was affected by sea
was about 1 S/m. The value corresponds to that of 0.1 molc /L sodium chloride �NaCl� solution. The

on pH was about 7.
he sediment for the saturated hydraulic conductivity experiment was equilibrated with a 0.1 molc /L
solution and its pH was adjusted at pH 5, 7, 9, or 11 before the experiment. The sediment for the

rsion flocculation experiment for a Na solution was also prepared the same way. The sediment for the
rsion flocculation experiment for a Ca solution was equilibrated with a 0.1 molc /L calcium chloride
l2� solution and its pH was adjusted at pH 5, 7, 9, or 11 before the experiment. The pH was adjusted
hydrochloric acid �HCl�, sodium hydroxide �NaOH� for a Na solution, or calcium hydroxide
H�2� for a Ca solution.

rsion Flocculation Experiment

ispersion flocculation condition was examined under different pH �pH 5, 7, 9, 11�, different concen-
ns, and different cations �Na, Ca�. The procedure was as follows;
. The pretreated sediment �0.2 g by dry weight� was well mixed with a 40 cm3 solution at different

concentrations �0.001, 0.01, or 0.1 molc /L� in a tube. The pH and the cation for the mixed solution
was the same as those in the sediment solution.

. After settling for 4 or 5 h the pH and EC of the supernatant were measured. If the pH changed
from the prescribed value, it was adjusted. The concentration was estimated from the EC.

. The tube was well mixed and it was stood still.

. After 8.3 h, a 10 cm3 solution was sampled at 3 cm below the water surface. Its light transmit-
tance at 500 nm was measured with a spectrophotometer. The light transmittance of pure water
was set to 100 %.

ated Hydraulic Conductivity Experiment under Different pH Condition

aturated hydraulic conductivities were investigated under different pH conditions �pH 5, 7, 9, and
he gravimetric water content of the material was 370 %. The experimental procedure was as follows;

. The sediment was packed into a experimental column 3 cm in diameter. The length of the packed
sediment was 1 cm. A permeable paper filter was set under the packed sediment.

. The experimental sediment column was filled with the same solution which was used for the
saturation of the sediment �0.1 molc /L NaCl or CaCl2 solution at the same pH of the material�.

. The same solution was infiltrated and the change of flow rate was measured during the experiment.
The total water head difference between the upper side and lower side of the packed sediment was
maintained at 10 cm using a mariotte bottle.

. When cumulative discharge became 3 cm �the height of the discharged water when collected into
a cylinder with the same cross-sectional area as the sediment column�, the influent was changed to
a 0.01 molc /L solution at the same pH with the same cation. At 6 cm cumulative discharge, it was
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dition
changed to a 0.001 molc /L solution, and at 9 cm cumulative discharge, to pure water. In case of
Ca solution at pH 11, a 0.0035 molc /L solution was used instead of a 0.001 molc /L solution
because Ca�OH�2 was used for pH adjustment.

. The change of the sediment length in the experimental column was also measured during the
experiment.

. The saturated hydraulic conductivity was derived by using discharge, sediment length, and the
total water head difference.

ated Hydraulic Conductivity Experiment for Application of Hydrated Lime and Gypsum

ediment saturated with 0.1 molc /L NaCl solution at pH 7 was used for this experiment. Saturated
ulic conductivities after an application of hydrated lime, gypsum and no application were compared.

experimental column which was mentioned in the above conductivity experiment was also used.
applications of hydrated lime and gypsum were as follows;

1� Mixing method: Ca material and the sediment were mixed well in a tube for 1 min by hand. Then,
they were mixed using ultrasonic wave for 1 min. The mixed sediment was packed in the experi-
mental column. Then, the measurement started after infiltration of pure water.

2� Surface distribution method: After packing the sediment, Ca material was distributed on its surface
evenly. Then, the measurement started after infiltration of pure water.

3� Solution infiltration method: After packing the sediment, a 0.01 molc /L solution of hydrated lime
or gypsum was infiltrated. After the prescribed Ca amount was percolated, the influent was
changed to pure water.

a application amounts were 0.1 mol/kg dry soil, 0.3 mol/kg dry soil, and 1 mol/kg dry soil.
ol/kg dry soil corresponds to the amount slightly larger than the CEC. In case of hydrated lime,
ol/kg was applied instead of 1 mol/kg.
he devise setting condition for the saturated hydraulic conductivity experiment was the same as those
n above.

lts

rsion Flocculation Experiment

results of the dispersion flocculation experiment are shown in Fig. 1. Smaller light transmittance
ates more dispersive and larger light transmittance denotes more flocculative. The light transmittance
maller and the sediment was more dispersive with decreasing concentration. When compared be-
the Na and Ca solutions, light transmittance of the Na solution was smaller and the sediment was

dispersive. In both cases, the light transmittance was smaller and the sediment was more dispersive
pH increase. At pH 5, the light transmittance did not decrease even at the lowest condition and the
ent was flocculative. At pH 11 for the Na solution, the transmittance became zero even at the highest

1—Light transmittance of the sediment suspensions. Larger transmittance indicates dispersive con-
and smaller transmittance indicates flocculative condition.
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tion and the sediment dispersed well. For the Ca solution, the transmittance was large and the
ent was flocculative at a concentration larger than 0.01 molc /L. The transmittance was small and the
ent was dispersive at a concentration lower than 0.001 molc /L.

ated Hydraulic Conductivity Experiment under Different pH Condition

aturated Hydraulic Conductivity—The results of the saturated hydraulic conductivity experiment are
n in Fig. 2. The saturated hydraulic conductivity decreased as the influent concentration decreased.
e Ca solution, a slightly increasing part was observed at pH 11 as an exception. For the Na solution,

ydraulic conductivity decreased well with decreasing the concentration. For the Ca solution, however,
a slight decrease was observed. For the Na solution, it decreased much as pH increased. On the other

for the Ca solution the difference was little among those at pH 5, 7, and 11. At pH 9 for the Ca
on, it was obviously smaller than others.

ediment Length—Changes of the sediment length of the experimental column during the saturated
ulic conductivity experiment under different pH conditions are shown in Fig. 3. The length decreased
the initial length, 1 cm, during the experiment. At the beginning, the length for the Ca solution was
er than that for the Na solution in Fig. 3. However, it was because a 0.1 molc /L Na solution was
lated before the percolation of a 0.1 molc /L Ca solution for the Ca solution. After that part, the length
e Na solution decreased much more than that for the Ca solution. However, at pH 5, the decrease was
cted even for the Na solution.

ated Hydraulic Conductivity Experiment for Application of Hydrated Lime and Gypsum

n the Case of No Ca Application—The two sets of results of the saturated hydraulic conductivity
iment with pure water infiltration are shown in Fig. 4. The saturated hydraulic conductivity gradually
ased at the initial 2 to 4 cm discharge and it significantly decreased after that. The effluent EC
ased with the pure water percolation. The effluent pH ranged between pH 7 and pH 8. The final
ent length ranged from 0.7 to 0.8 cm.

2—Effects of solution pH and concentration on saturated hydraulic conductivity. Values on the upper
ontal lines denote infiltration solution concentrations.

FIG. 3—Sediment length during the saturated hydraulic conductivity experiment.
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n the Case of Gypsum Application—Each two sets of the results of the saturated hydraulic conduc-
experiment for application of gypsum are shown in Fig. 5�a�. A significant decrease of the saturated
ulic conductivity smaller than 10−6 cm/s, which was observed for pure water infiltration, was not
ved. For the solution infiltration method with 0.3 and 1 mol/kg applications, the saturated hydraulic
ctivity kept the largest order of 10−4 cm/s. Next largest were the cases of the surface distribution

od with all application amounts and the mixing method with 0.3 and 1 mol/kg applications; the order
−5 cm/s. The smallest hydraulic conductivities were observed for the mixing method with 0.1 mol/kg
he solution infiltration method with 0.1 mol/kg; the order of 10−6 cm/s. The saturated hydraulic

4—Saturated hydraulic conductivity during pure water infiltration. The experiment was duplicated.

5—Saturated hydraulic conductivity after application of gypsum and hydrated lime. � denotes mix-
ethod, � surface application method, and � solution infiltration method. Dotted line indicates the
where the influent was changed from solution to pure water in the solution infiltration method.
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ctivity for the mixing method became the smallest compared to other methods. The effluent pH
d from pH 5.7 to 7.8. The sediment length ranged from 0.8 to 1 cm. The clear differences among the
ods were not observed about the sediment length.

n the Case of Hydrated Lime Application—Each two sets of the results of the saturated hydraulic
ctivity experiment for application of hydrated lime are shown in Fig. 5�b�. Obvious decreases of the
ted hydraulic conductivity were observed for the smallest applications, 0.1 mol/kg. For the mixing

od with 1 mol/kg application, the saturated hydraulic conductivity kept the largest order of
cm/s. Next largest was the case of the mixing method with 0.3 mol/kg; an order of 10−5 cm/s. In
al, the saturated hydraulic conductivity kept larger values with larger application amount. Especially,
t the largest value for the mixing method. The effluent pH became larger with an increase of the

cation amount. During pure water percolation, the pH decreased. The final effluent pH was an order
8 for 0.1 and 0.3 mol/kg applications, and an order of pH 9–11 for 1 mol/kg applications. The

ent length ranged from 0.8 to 1 cm. The clear differences among the methods were not observed
regard to the sediment length.

ssion

ated Hydraulic Conductivity Experiment under Different pH Condition

nterpretation with the DLVO Theory—The saturated hydraulic conductivity decreased with a decreas-
olution concentration and the decrease was more significant for the Na solution than that for the Ca
on �Fig. 2�. The result corresponded with the result of the dispersion flocculation experiment; the
nsion became more dispersive with decreasing the concentration, and that in Na solution was more
rsive than that in the Ca solution �Fig. 1�. These phenomena can be interpreted with the �DLVO�
y. When the electrolyte concentration is higher, the diffuse double layer becomes thinner and the
ical repulsive force is smaller than the attraction due to the London-van der Waals force between the
ent particles �7�. Therefore, the particles keep flocculative condition. When the concentration be-
s lower, the diffuse double layer develops and the electrical repulsive force increases between the
ent particles. Then, the particles disperse well and they clog the larger pores in the sediment.
fore, the saturated hydraulic conductivity decreases with decreasing the concentration. Because Ca is

ent cation while Na is monovalent, the diffuse double layer becomes thinner in the Ca solution than
n the Na solution. The electrical repulsive force in the Ca solution is smaller than that in the Na
on, and the sediment is more flocculative in the former case. Therefore, the decrease of the saturated
ulic conductivity is restricted in Ca solution.

aturated Hydraulic Conductivity for Na Solution—The saturated hydraulic conductivity for Na solu-
ecreased well with increasing pH �Fig. 2�. At lower pH, the 2:1 type clay minerals such as vermicu-

nd illite have positive charges at the edges. The edges are attracted by the permanent negative charges
e clay faces. Then, the clay particles keep stable card house structures. For the 1:1 type clay mineral,
nite, the negative variable charge decreases at lower pH. Therefore, the clay particles are flocculative
he saturated hydraulic conductivity decreases little at lower pH.
t higher pH, the variable charges at the edges of the 2:1 type clays become negative. Because
ive charges of humic substances and kaolinite also increase, the electrical repulsive forces generate
g the clays and humic substances. Therefore, the particles dispersed well and the saturated hydraulic
ctivity decreased significantly.

aturated Hydraulic Conductivity for Ca Solution—In the case of Ca solution, the saturated hydraulic
ctivity decreased only a little because the electrical repulsive force among the particles was small.
aturated hydraulic conductivity at pH 7 was almost the same as that at pH 5. That at pH 9 was the
est. However, that at pH 11 was larger than that at pH 7 and close to those at pH 5 and pH 7. At pH
licate lime hydrate �mainly CaOSiO2H2O� and alumina lime hydrate �mainly CaOAl2O3H2O� were
bly generated with chemical reaction and the stable structures were made �8�. Therefore, the satu-
hydraulic conductivity was also stable.
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hange of the Sediment Length and the Saturated Hydraulic Conductivity—In general, the saturated
ulic conductivity decreased more as the sediment length decreased �Figs. 2 and 3�. Because all the
ent lengths decreased, there was no swelling by electrical repulsive force. The decrease of the
ted hydraulic conductivity was supposed to occur because of the sediment particle dispersion caused
e electrical repulsive force. The bulky flocculated sediment structure at higher concentration rear-
d after the dispersion and the sediment volume decreased during the rearrangement; the larger pores
ased and the saturated hydraulic conductivity decreased. In the case of the Na solution at pH 5 and
a solutions, the sediment length decreased a little and the structure was stably flocculated, because the
ostatic repulsive force was smaller than the attractive force.

ispersion Flocculation Experiment and the Saturated Hydraulic Conductivity—When the sediment
ed dispersive in the dispersion flocculation experiment, the saturated hydraulic conductivity de-
ed. The result of the dispersion flocculation experiment explained the change of the saturated hydrau-
nductivity qualitatively. However, the saturated hydraulic conductivity did not necessarily decrease

when the sediment showed dispersion. The sediment was mixed well with a solution in the dispersion
lation experiment. However, the sediment stood still during the saturated hydraulic conductivity
iment. Lack of quantitative exact agreement probably resulted from these different experimental
tions.

ated Hydraulic Conductivity Experiment for Application of Hydrated Lime and Gypsum

n the Case of Gypsum Application—The sediment kept flocculative when Ca adsorbed in the sedi-
because electrical repulsive force decreased. This effect was observed in the case of gypsum appli-
. The hydraulic conductivity kept the largest order of 10−4 cm/s for the solution infiltration method

0.3 and 1 mol/kg applications as mentioned before. The larger hydraulic conductivity was maintained
bly because Ca was well diffused in the sediment pores and maintained the flocculated condition for
olution infiltration method. The effluent EC decreased fastest for the mixing method. This result
ates that Ca discharged rapidly for the mixing method. This caused the smallest hydraulic conduc-
for the mixing method. In the case of 0.1 mol/kg application, the highest hydraulic conductivity was
aintained although the applied Ca amount was not much larger than the CEC. Probably, Ca dis-

ed gradually and the sediment became dispersive.

n the Case of Hydrated Lime Application—Different from the case of gypsum application, the chemi-
action which produced silicate lime hydrate and alumina lime hydrate affected the sediment structure
he saturated hydraulic conductivity because hydrated lime application increased the sediment pH. The
ical reaction was recognized from the effluent EC value. For the solution infiltration method, the
nt EC became smaller than the influent EC of hydrated lime solution even after much application
than the CEC, because Ca was chemically reacted with the sediment and some Ca amount was not

arged. Generally, the saturated hydraulic conductivity maintained a higher value with larger Ca
cation. Especially, the saturated hydraulic conductivity was largest for the mixing method except
ol/kg application. In the case of 0.1 mol/kg application, the hydraulic conductivity became smallest
e mixing method probably because Ca discharged fastest for the method. For the mixing method,
ted lime was distributed inhomogeneously in the sediment; that probably caused heterogeneous pore
ures: larger pores and smaller pores. Then, the hydraulic conductivity maintained larger value. On the
hand, for the solution infiltration method and the surface application method, hydrated lime diffused

in the sediment pores evenly and the pore structure probably became homogeneous after the chemical
on; larger pores decreased.

lusions

haracteristics of the saturated hydraulic conductivity of high water content of Lake Kojima sediment
clarified experimentally. The predominant clay minerals were non-swelling vermiculite, kaolinite,

llite. The influence of pH on the saturated hydraulic conductivity was different between that for the
lutions and that for the Ca solutions. The decrease of the saturated hydraulic conductivity for the Ca
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ons was little even when the dilute solution was percolated. The difference among that at pH 5, pH
d pH 11 was little for the Ca solutions. However, the saturated hydraulic conductivity at pH 9 became
est. The sediment length also became the smallest at pH 9 among them. The saturated hydraulic
ctivity at pH 11 was the most stable among those different pH conditions for the Ca solutions. The

ical reaction between Ca and the sediment probably made a stable sediment structure at the highest

n the other hand, when the Na solutions were percolated, the saturated hydraulic conductivity
cantly decreased with increasing pH. It resulted because the pH-dependent charge at the edge of the
changed from positive to negative with increasing pH; the electrical interaction among sediment
les changed from attraction to repulsion as pH increased. The sediment became dispersive at higher
hen the dispersed particle clogged larger pores and the saturated hydraulic conductivity decreased.

n order to restrict the decrease of the saturated hydraulic conductivity, gypsum and hydrated lime
examined with different application methods. Hydrated lime has been used for soil stabilization for
g time. In such a case, the hydraulic conductivity usually decreased because they compacted the soil
bilize it. However, the saturated hydraulic conductivity for the mixing method with the sediment and
ted lime maintained larger values the same as or more than those for gypsum application. The
ogeneously dispersed hydrated lime chemically reacted to the sediment and it probably caused the

eable structure. On the other hand, the solution infiltration method brought the highly permeable
for gypsum application. In the case of gypsum, a decrease of electrical repulsive force with Ca

ption resulted in flocculative condition.
large amount of hydrated lime application brings a pH increase. The pH change must be taken care

e use. Lime has been used for the pH amendment of acidic soils in agriculture. Therefore, hydrated
is useful when acidic soils are concerned.
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tical Tests on the Slow Release of Biogenic Gas
bles in Sediment

ABSTRACT: The anaerobic decomposition of organic matter in marine or fresh water sediments can
generate methane, carbon dioxide, hydrogen sulphide, and hydrogen as biogenic gases. In addition, inno-
vative technologies are being used to remediate contaminated sediments and groundwater by releasing
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biogenic gases from the fermentation of carbon substrates as electron donors. Both scenarios can result in
large discrete gas bubbles being present in sediment, which can affect aqueous permeability and mechani-

cal strength. Furthermore the movement of gas bubbles can affect bioavailability as electron donors. In
order to investigate bubble dispersion and movement in sediments, a series of novel optical experiments
were carried out to observe the release and movement of discrete bubbles in artificial coarse-grained
sediment. The results showed that buoyancy-induced movement depended on the clustering together of
individual bubbles to achieve a critical depth of gas pocket to overcome the capillary force acting across the
pore throat between sediment grains.

KEYWORDS: biogenic gas, discrete bubbles, buoyancy-induced movement, sediments

duction

naerobic decomposition of organic matter in marine or fresh water sediments can generate methane,
n dioxide, hydrogen sulphide, and hydrogen as biogenic gases �Singleton 1999�. In addition, inno-
e technologies are being used to remediate contaminated sediments and groundwater by releasing
nic gases from the fermentation of carbon substrates as electron donors �Dyer et al. 2000; Dyer et al.
; Suthersan 1997�. Both scenarios can result in large discrete gas bubbles being present in sediment,

can affect aqueous permeability and mechanical strength. Furthermore the movement of gas bubbles
ffect bioavailability as electron donors.
t has been recognized for sometime that the presence of discrete gas bubbles can have a significant
t on the permeability and mechanical behaviour of marine sediments �Corey 1957; Sills et al. 1991;
ler 1988; Wheeler 1990�. However there has been little research into actual movement of slowly
ed biogenic gas bubbles in sediments and the corresponding mass transfer from gaseous to aqueous
s and potential consumption by indigenous bacteria. As part of a program of research into the
ment and mass transfer of gas bubbles, a series of optical tests were carried out to directly observe
te gas bubbles in granular sediment.

rimental Technique and Apparatus

ptical technique used crushed borosilicate glass as substitute sediment immersed in light grade liquid
fin, which has a similar refractive index and so rendered the medium transparent. The borosilicate
was crushed using a mechanical mortar and pestle and wet sieved before being air dried. The

rity of tests were carried out using coarse sand sized particles �0.6–2.0 mm� with a subangular shape.
r plane strain and direct shear box tests by Drescher �1976� and Dyer �1986� have already shown the
anical properties of the crushed glass to be similar to coarse-grained sediment. A sample of crushed
is shown in Fig. 1.
he laboratory tests were carried out in a modified 100 mm diameter Perspex cylinder previously used

cript received May 3, 2005; accepted for publication September 13, 2005. Presented at ASTM Symposium on Contami-
Sediments: Evaluation and Remediation Techniques on 23–25 May 2006 in Shizuoka, Japan; M. Fukue, K. Kita,
tsubo, and R. Chaney, Guest Editors.
ssor of Civil Engineering, University of Strathclyde, UK.

ght © 2006 by ASTM International, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959.
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onstant head permeability tests. Pore pressure was applied using compressed air via a liquid/air
ace. The pore pressure was controlled by a pressure regulator, which operated between 2–30 psi
–207 kPa�. Air was released into the base of the cell using a peristaltic pump, which pumped against
ackpressure. The pump was capable of working at pressures of up to 200 kPa and flow rates between
and 20.77 ml/min. The pore liquid pressure and air entry pressure were measured using pressure
ucers.
lthough the use of liquid paraffin as a pore fluid allowed the sample to be rendered transparent, the
ence in surface tension ��t� and dynamic viscosity from water would have affected size of air
les. The different physical properties are shown in Table 1. The effect on bubble size can be calculated

the capillary equation where the difference in pore fluid and gas pressure �ug−uf=2�t /R� can be
d to surface tension ��t� and radius of curvature �R� of an air bubble between sediment grains. Using
xpression, there would be a 56 % reduction in bubble size in light grade paraffin compared with
, where surface tension is 0.032 and 0.0728 N/m, respectively. This agrees with observations made
hang and Burns �2000� on the effect of surfactants on air bubbles in a porous media. The use of
ctants in deionized water reportedly reduced air bubble diameter from 1.4 to 0.6 mm in an idealized
s media of silica beads �14.5 to 27 mm diameter�.

apped Bubbles

xperimental results illustrated several different features about the size, stability, and movement of gas
les in a coarse-grained sediment, which can be related to the slow release of biogenic gases. It should
ted that in each case the results represent assemblies of entrapped gas bubbles and not continuous gas
els.
he first set of tests provides an insight into the movement of gas bubbles as shown by the close-up
graphs in Fig. 2. The photographs are of entrapped gas bubbles within a saturated sample of coarse
sized crushed glass �0.6 to 2.0 mm size�. The photographs were taken along the same portion of the
olumn over a 24-min period. The gas bubbles where generated by releasing air into the base of the
n at a flow rate of 0.23 ml/min under a pore liquid pressure of 50 kPa. The photographs allow the

ment of individual bubbles to be monitored. As a result it could be seen that that individual bubbles
red together over the 24-min period. Circles B and C have been drawn around the same portion of
n to highlight the clustering of bubbles at the same location.

n comparison with these close-up photographs, images of entrapped gas bubbles along the length of
lumn are shown in Fig. 3 for two different samples. The first sample shown in Fig. 3�a� was prepared
a single sized grading of coarse sand sized particles of crushed glass. In the second sample shown in
�b� a layer of medium sized sand particles was introduced in the middle section of the sample to act

FIG. 1—Samples of crushed borosilicate glass (0.6 to 2.0 mm).

TABLE 1—Properties of liquid paraffin (light grade) and water.

Fluid
Surface Tension,

�t �N/m�
Dynamic Viscosity,

� �mPa-s�
Density,

� �kg/m3�
Liquid paraffin 0.032 110 880
Water 0.0728 10 1000
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otential barrier to the movement of gas bubbles. The gas was released from a lance �1 mm internal
eter� at sample midheight at a pore pressure of 50 kPa at a rate of 0.23 ml/min. The first test results
g. 3�a� shows clustering of entrapped bubbles at different locations along the height of the sample.
ngles have been drawn around clusters of bubbles with the thickness of clusters written alongside.

clusters were identified where there was a clear localized grouping of gas bubbles at individual
ons in the sample. The measurements show that gas bubbles typically grouped into clusters of
en 12 and 18 mm thicknesses before triggering movement. The result confirms the earlier observa-

hat migration of gas bubbles at low rates of release in coarse-grained sediments was characterized by
ring in order presumably to obtain sufficient buoyancy. In comparison with bubble movement in a

2—Close-up images of entrapped gas bubbles at different times (T minutes) in column tests released
3 ml/min at 50 kPa pore pressure.

FIG. 3—Distribution of bubbles in (a) uniform and (b) layered sample of crushed glass.
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rm sample, Fig. 3�b� shows the effect of including a layer of medium-sand sized glass particles into
olumn after gas has been released over a 60-min period. The image shows a column of bubbles
ting upward through the coarse-sand size particles until a layer of medium-sand size particles was
ntered. The slight change in particle size was sufficient to halt the movement of gas bubbles and
a pocket of gas bubbles that would significantly reduced the aqueous permeability of the sediment

monstrated by Corey �1957�. Yet the layering corresponds to slight changes in geological facies in
e-grained sediments that would be difficult to detect.
ith regard to the size of individual bubbles, the distribution of bubble diameters produced by

ion from sample mid-height is shown in Fig. 4. The measurements were made after 30 min of
ion at 0.23 ml/min with a pore-pressure of 50kN/m2. The resulting distribution is skewed toward the
er diameter bubbles with the majority of bubbles between 0.5 and 2.0 mm diameters.

ancy-Induced Bubble Movement

ancy-induced bubble movement is not a new concept but has already been proposed as a mechanism
plain the movement of large individual bubbles in very soft clay sediments. Using plasticity theory to
mine limiting pressures on a long cylinder and alternatively cavity expansion/contraction theory,
ler �1990� calculated that an excessively large bubble �greater than 10 mm radius� would be required
oyancy-induced movement to occur in fine-grained sediment with shear strength greater than 10 Pa.

mparison, the optical column tests on saturated crushed glass showed that buoyancy forces were often
ficient to move individual bubbles upward in the column. Instead it appeared that the necessary
ancy force was achieved by the clustering of bubbles to form a pocket of gas. The clusters or pockets
s appeared to provide a critical buoyancy force to allow intermittent movement to occur over short
ces of several centimetres. Furthermore bubble movement was blocked by a slight reduction in
le size from a coarse-sand size �0.6 to 2.0 mm� to medium-sand size particles �200 to 600 �m�,
indicated that a change in pore throat between particles had a major influence on buoyancy-induced

le movement. It would appear that an increase in buoyancy force was needed due to clustering of
les to overcome the capillary force across individual pore throats.
n order to investigate the mechanism for buoyancy-induced movement in coarse-grained sediments
r, a supplementary set of tests were carried out using a closed-ended conical tube with a central

ure as shown in Fig. 5. The experimental results are shown in Fig. 6 and compared with predicted
s based on the calculation of the critical thickness �hcrit� of gas pocket required to cause buoyancy-
ed movement determined. The critical thickness �hcrit� of the gas pocket was determined by equating
apillary force resisting movement due to surface tension ��� across the meniscus against the
ancy-induced force to give the following expression:

hcrit = 2�t cos � � r��l − �g�

e the parameter �r� is the radius of the pore throat, ��l−�g� is the difference in density between air and
paraffin, the wettability contact angle ��� for the paraffin liquid. The predicted values assume a

ctly wetting liquid, which means that the contact angle was conservatively assumed to be zero. In

FIG. 4—Distribution of gas bubbles diameters.
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ice the contact angle would be in the order of 20 deg, which would give a 6 % reduction in the
etical critical thickness �hcrit�. Allowing for this slight overestimate the results show good agreement
en predicted and experimental values for aperture diameters of 0.7 to 1.5 mm for this relatively
e theory. In each case the contact angle should be independent of the slope of the conical top of the

n comparison, the clusters of bubbles observed in a uniform sample of coarse-sand sized particles in
�a� measured between 12 and 18 mm. According to Fig. 6, the cluster of gas bubbles corresponds to
e throat diameter of typically 0.7 mm, which is feasible for a sample of particle sizes measuring
en 0.6 and 2.0 mm.
he predicted critical thickness �hcrit� of gas pocket shown in Fig. 6 also illustrates how a reduction in
aperture below 0.7 mm would have rapidly increased the required thickness of the gas pocket to
r buoyancy-induced movement. This observation explains how the layer of medium-sized sand
les effectively blocked the upward migration of gas bubbles as shown in Fig. 3�b�. In practice,
sity in a granular media could also influence the critical thickness of cluster required to overcome
ary force resisting movement.

. 5—Apparatus for conical tests on buoyancy induced-movement of gas pockets in liquid paraffin.

6—Comparison of observed and predicted critical thickness �Hcrit� of gas pocket to cause buoyancy-
ed movement for different size apertures in liquid paraffin.
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lusions

experimental results provided an unusual insight into the release and movement of biogenic gas
les in a saturated coarse-grained sediment. The results showed that gas bubbles movement depended
e clustering of individual bubbles to promote buoyancy-induced movement, where the buoyancy
acting across a pore throat would exceed the force from surface tension acting across the meniscus.
uoyancy-induced movement of bubbles was explored further in closed-end tube tests, where the
al buoyancy force required inducing gas movement through a single aperture could be related to the
al thickness of the gas pocket beneath the aperture. Based on these results an expression was derived
e critical thickness �hcrit� of a gas pocket or a cluster of gas bubbles required for buoyancy-induced
ment in coarse-grained sediment. In coarse-sand sized sediment gas pockets of between 12 and 18

lead to buoyancy-induced movement. However the reduction in pore diameter for a medium-sand
particle of crushed glass effectively blocked the upward migration of gas bubbles. Furthermore,
sity in a granular media could also influence the critical thickness of cluster required to overcome
ary force resisting movement.

n conclusion, the experimental results have provided a valuable insight into the movement and
bution of biogenic gas bubbles released at a slow rate in marine sediment. This information can be
r used to study the rate of mass transfer and dissolution from bubbles into the aqueous phase.
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cts of Salt on the Sorption of Lead by Marine Clay in
umn Tests

ABSTRACT: In recent years incinerated municipal solid waste has been disposed of in landfill sites near
the coastal area in Japan where the underlying marine clay deposits are expected to serve as a natural clay
barrier. In this study, marine clay from Japan is examined for the effects of salt on sorption of lead using
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column leaching tests with deionized water, sea water, and bottom ash leachate spiked with 100 mg/L lead
as permeants, and then selective sequential extraction �SSE� was employed to assess the retention

mechanism of lead onto marine clay. Lead concentration in the effluent was less than 5 MG/L throughout
the column leaching tests with the deionized water, whereas it exceeded Pb concentration in influent below
one pore volume leaching for the sea water. Lead in pore water accumulated in the top layer of the column
soil for the deionized water whereas it was distributed throughout the depth for the sea water and ash
leachate. The SSE indicated that carbonate, exchangeable, and hydroxides phases are predominant for Pb
retention.

KEYWORDS: heavy metal, lead, clay barrier, sorption, marine clay, salt

duction

cipal solid waste �MSW� has recently been disposed of in coastal landfill sites because of the
age of suitable landfill sites in mountainous areas of Japan. In the coastal landfill sites underlying
e clay deposits are expected to serve as a natural clay barrier that attenuates contaminant transport
gh various sorption processes. About 70 % of municipal solid waste is incinerated in Japan �Ha-
ma and Furuichi 2000�, and much of the resulting bottom and fly ash is dumped in the coastal landfill
�Kamon 1997�. The bottom and fly ash contain various contaminants, which pose threats to aquatic
onment if the underlying marine clay does not have sufficient capacity to attenuate the contaminants
rption. Leaching tests of the bottom and fly ash have indicated that heavy metal and salts are major
minants in ash leachate, and lead is predominantly present �Kanaya et al. 1994; Ohsako et al. 2001;
s et al. 2003; Ohtsubo et al. 2004�. Lead is a very toxic element, which causes a variety of health
ts at low dose levels. Chronic �long term� exposure to lead in humans results in effects on the blood

ia�, central nervous system, blood pressure, kidneys, and vitamin D metabolism �ATSDR 1993�.
number of studies have been conducted regarding the possible use of natural soils as liner materials.
studies have indicated that heavy metals commonly found in leachate from landfills can be effec-
attenuated by various soil liner materials �Griffin et al. 1976; Yanful et al. 1988; Mohamed et al.

; Li and Li 2001; Yong et al. 2001�. Heavy metal adsorption onto clay particles may, however, be
ed due to competition with heavy metals with cations in salt. In MSW ash leachate containing high
ntrations of salts and when this leachate permeates through the underlying marine clay in the coastal
ll sites, the migration of heavy metals may increase. Studies have indicated that the presence of salts
it metal sorption to particulates through competition with metals for particulate binding sites of the
�Amrheim and Strong 1990; Kookana and Naidu 1998; Warren and Zimmerman 1994; Ohtsubo et al.
�. Very few studies have been conducted on the validity of heavy metal sorption in the presence of
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in the marine clay. In the present study, the effects of salts on sorption of lead for marine clay were
ined using column tests, and the retention mechanisms of lead were examined based on selective
ntial extraction �SSE�.

rials

s study, marine clay was collected from the sediment in the channel of reclaimed area in Ariake-cho,
Prefecture, Kyushu, Japan. The chemical and physical properties of the sample are shown in Table 1.
mineral composition was determined based on the procedure described by Ohtsubo et al. �2002�. The
r clay minerals identified are smectite, illite, kaolinite, and chlorite. The smectite present in the
le is classified as low-swelling smectite, commonly found in marine clay throughout Japan �Egashira
htsubo 1982�. The pore fluid of the marine clay was measured for its salinity, and soluble cation and
concentrations. The pore fluid of the marine clay was extracted using the 10 % soil suspension by
t soil/solution prepared by adding deionized water to the clay sample. The concentrations thus

mined were converted to those in the pore water of the sample at its natural water content, as
arized in Table 1.

ods

n Leaching Tests

n leaching tests were conducted on marine clay slurry samples with lead solutions at different
ty. Figure 1 shows a schematic diagram of the column test equipment. Three kinds of spiked lead
ons �100 mg/L of Pb� were used for this study including deionized water, sea water, and bottom ash
ate at pHs 3 and 6. The sea water was prepared artificially using chloride solutions of Na+ �14.6 g/L�,
.6 g /L�, Ca2+ �1.4 g/L�, and Mg2+ �3.1 g/L�. The bottom ash leachate was prepared by leaching 700

bottom ash placed in a column leaching cell �Fig. 1� with 8 L deionized water. The bottom ash was
ned from a municipal solid waste incineration plant in Fukuoka, Japan. The chemical composition of
sh leachate is Na+ �5 g/L�, K+ �5.5 g/L�, Ca2+ �1.2 g/L�, Mg2+ �0.18 g/L�, Cl− �13.5 g/L�, and
− �1.53 g/L�.
ach slurry soil sample with a water content of 130 % was placed in a leaching cell with a diameter
mm and a height of 100 mm. The lead solutions permeated through the samples from the top of the
n at a constant air pressure of 50 kPa, equivalent to a hydraulic gradient of 50. Each leaching test

erminated when the volume of the effluent solution reached five pore volumes. The number of pore
es p is defined as �dt /�L, where �d is Darcy’s velocity, � is the water-filled porosity of the soil

ial �Kirkham and Powers 1971�. During the initial permeation process �at the early stage, below one
volume of effluence collected�, the marine clay was consolidated by �6 to 10 % of the initial volume

TABLE 1—Properties of marine clay from Ariake-cho, Japan.

Water content �%� 130.0 Dominated clay minerals �%�
Liquid limit �%� 133.2 Smectite 48
Plastic limit �%� 46.6 Illite 26
Particle size distribution �%� Kaolinte 11
Clay 70.0 Chlorite 10
Silt 29.8
Sand 0.2
pH 4.8 Pore water salinity �g/L�
Organic matter �%� 3.2 24
CEC �cmolc /kg� 38.5 Ions in pore water �g/L�

Na 14.49
K 0.59
Ca 1.56
Mg 1.80
Cl 3.30
SO4 12.45
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o the high hydraulic gradient. This induced differences in the water content of the sample. The water
nt, for instance, changed from 128 % at the top to 109 % at the bottom for the sample permeated with
ized water �pH 3�. The samples permeated with other solutions exhibited similar changes in water
nt.
ydraulic conductivity was determined as a function of time by measuring the amount of effluent from
lumn. The pH, Pb concentration, and salt concentration of the effluent were also analyzed. After the

eation was complete, the sample in the column was sliced into six equal pieces. Pore water was
cted from each slice of material with pore water pressure equipment, and the pH of the pore water
etermined. The Pb retained by the soil material was analyzed for each slice by selective sequential

ction.

tive Sequential Extraction (SSE)

SE methods were adopted from Tessier et al. �1979�, Li and Li �2001�, and Yong et al. �2001�. The
utility of SSE is its use of appropriate reagents to release different heavy metal fractions from soil
by progressively destroying the binding agents between the metals and the soil solids and permitting

etal species to be detected at each stage.
he clay samples sliced into six equal slices �Fig. 1� were used for SSE analysis: �1� Initial rinse: To
ve the heavy metals dissolved in the pore water, 8 mL of distilled water were added to the soil sample
entrifuged; �2� Exchangeable cations extraction: 8 mL of 1 M potassium nitrate �KNO3� with pH 7
added to the samples, agitated for 1 h in a rotary shaker at 22 rpm and centrifuged; �3� Carbonate: 8
f 1 M sodium acetate �NaOAc�, adjusted to pH 5.0 using acetic acid �HOAc� were added to the
le to release metals precipitated with carbonates. After agitation for 5 h, the sample was centrifuged
00 rpm; �4� Oxides and hydroxides: 20 ml of 0.004 M hydroxylamine hydrochloride �NH3OH ·HCl�
% �v/v� HOAc was added to the sample, agitated occasionally at 96±2°C for 6 h, and centrifuged

tract all metals precipitated as hydroxides and/or adsorbed on the oxides or the amorphous hydrox-
�5� Organics: Heavy metals bound to organic constituents in soil via complexation, adsorption, and
tion. This extraction was divided into three phases: Phase �i�: via 3 mL of 0.02 M nitric acid �HNO3�
mL of 30 % H2O2 adjusted to pH 2.0 with HNO3 occasionally agitated at 85±2°C; Phase �ii�: with
of 30 % H2O2 �at pH 2.0�, intermittently, agitated for 3 h at 85±2°C; and Phase �iii�: by 5 mL of
ammonium acetate �NH4OAc� in 20 % �v/v� HNO3, diluted to 20 mL, and continuously agitated at

temperature for 30 min; �6� Residual fractions: Metals bound to the soil solids via specific adsorption
il mineral lattice were extracted by digestion. The residue �after previous four stages� was digested
HNO3 and centrifuged. In each of the above procedures, the supernatant collected by centrifugation
nalyzed for lead concentration.

FIG. 1—Schematic diagram of the column leaching cell.
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lts and Discussion

ge in Salt Concentration, pH, and Permeability

e 2 shows changes in cation concentration in column leaching tests using deionized water, sea water,
sh leachate at pH 3. The leached cation concentrations were almost a constant amount at approxi-
y two to three pore volumes �pv� for the sea water and ash leachate samples, whereas the leached
ntrations decreased to 0.25, 0.049, 0.114, and 0.084 g/L for Na, K, Ca, and Mg for the sample
ed with deionized water. Similar results were obtained for pH 6 solutions �not shown here�. The
ntration ratio of divalent cations �Ca2++Mg2+� to total cation �Na++K++Ca2++Mg2+� was in the
0.3 to 0.4 for pH 3 and 0.4 to 0.5 for pH 6 �Fig. 3�, probably due to the effect on the hydraulic

FIG. 2—Change in cation concentration with permeation of various solutions (pH 3).

CONTAMINATED SEDIMENTS



condu
water
the d
than

F
water
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ctivity of the marine clay as described in the next section. Figure 4 shows the pH profile of the pore
at different pore volume for deionized water, sea water, and ash leachate. The pH exceeded 4.5 for

eionized water and sea water samples, whereas the pH of the pore fluid using ash leachate was less
4.5.
igure 5 shows changes in hydraulic conductivity �k� during the permeation of deionized water, sea
, and ash leachate at pH 3 and 6. The results indicate that after one pv, k was almost constant with pH
water and ash leachate�, whereas it slightly decreased with increasing pore volume for the deionized

FIG. 3—Ratio of divalent cation to total cation concentration for pure water permeation.

FIG. 4—Profile of pore water pH for various permeates.
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sample. When a sample was permeated with sea water at pH 3, there was a continuous increase in
e increase in k for the sea water and ash leachate samples could result from the development of a
lated structure at high cation concentrations �van Olphen 1977�. For the deionized water sample, k
xpected to decrease with decreasing concentrations of cation due to an increase of diffuse double
thickness. However, k for the marine clay using deionized water exhibited only a slight decrease
5�. This could be because, as indicated by the result shown in Fig. 3, that the ratio of divalent cations
al cations in deionized water is between 0.3 and 0.5, which is also true for reduced cation concen-
ns �Fig. 3�. The presence of divalent cations could be a controlling factor in determining the diffuse
le layer thickness even at reduced cation concentrations �Bolt 1956�, which in turn controls the k.

igration Behavior

e 6 shows changes in Pb concentration in the effluent �Ce� during permeation of the deionized water,
ater, and ash leachate. The Ce of the deionized water sample was less than 5 mg/L for both pH 3 and
meates throughout leaching process. The heavy metal concentration in the effluent is closely related

solubility of heavy metals in the pore solution of soil material. The solubility of Pb in the solution
es with pH. The lead was present mostly as soluble Pb2+ below pH 5, but above this pH the solubility
ased with increasing pH. �Marani et al. 1995�. The low Pb concentration in the effluent for the
ized water sample with pH 3 permeates can be attributed mainly to the adsorption of Pb onto clay
les, since the pH of the pore water ranged from 4.2 to 5.3 �Fig. 4�. For the deionized water sample
pH 6 permeate, having a pore water pH of 4.5 to 7 �Fig. 4�, both adsorption and precipitation of Pb

FIG. 5—Change in hydraulic conductivity with permeation of various solution.

FIG. 6—Breakthrough curve of Pb for various permeates.
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perm
ibuted to the low Pb concentration in the effluent. Cerussite �PbCO3� and hydrocerussite
CO3�2�OH�2� have been proposed as predominant Pb precipitates in this pH range �Marani 1995;
ovskii and Mironenko 2001; Pierrand et al. 2002�.

n Fig. 6 the sea water sample exhibited higher Pb concentrations in the effluent than in the deionized
. This is ascribed mainly to the interference of Pb adsorption on clay particles due to competition of
ith other cations such as Na, K, Ca, and Mg in sea water �Kookana and Naidu 1998; Warren and
erman 1994; Ohtsubo et al. 2005�. The Pb concentration in the effluent for pH 3 and 6 permeates

exceeded the Pb concentration of the influent �100 mg/L� below one pore volume �pv� leaching,
ing 150 and 120 mg/L at the maximum respectively at �2 pv leaching. The higher Pb concentra-
in the effluent than in the influent can be attributed to the dissociation of Pb originally retained in the
ample, due to replacement of Pb by other cations in the sea water. The soil sample originally
ined 40 mg/kg Pb, equivalent to �40 mg/L when the Pb retained is all dissociated into pore water
a water content of 100 %. The higher maximum Pb concentration for the pH 3 than for the pH 6

eates is due to the higher solubility of Pb in pore water for the pH 3 permeate with lower pore water
ig. 4�. For the ash leachate sample, the maximum Pb concentrations in the effluent for pH 3 and 6

eates were identical because of a similar solubility of the two permeate samples due to the pore water
4.5 �Fig. 4�.

rption Characteristics

ential selective extraction was performed on six portions sliced from the soil sample in the column
1�. The sum of Pb determined for the phase of exchangeable, carbonate, hydroxide, organic, and
al is shown in Fig. 7 against the depth. The data include the total Pb retained at three leaching stages
3, and 5 pv for the samples subjected to permeation with pH 3 solutions for different types of

eate. For the deionized water sample, the highest retention of Pb occurred in the top layer of the soil
n. The Pb accumulated as permeation progressed, and Pb retention reached 3700 mg/kg after 5 pv

ing. Thus, under continued exposure of the soil to Pb solution, Pb retention was maintained at the top
even after 5 pv leaching. This continues until such time when the saturation limit is reached, i.e.,
the buffering capacity of the soil has been fully utilized. Accumulation of Pb in the top layer

ted in the low Pb concentration in the effluent at 5 pv in Fig. 6. For the sea water sample, Pb retention
top layer for 1 pv leaching was almost the same as for the deionized water sample, but exhibited less

ase for further permeation compared to the deionized water sample �Fig. 7�. This results from com-
on of the spiked Pb �100 mg/kg� with other cations present at greater concentrations in the sea water
e 1�. The Pb that was not retained at the top layer descended and was partially retained in lower
s, while the rest was leached out of the bottom of the soil column. Similar results were observed for
sh leachate sample.
he sequential selective extraction results for 5 pv leaching, presented in Fig. 8, offer insight on how
eavy metals are sorbed onto clay particles. For the deionized water sample �both pH 3 and 6�, three
s of carbonate, exchangeable and hydroxides predominated in the top layer. Similar results were

7—Profiles of total Pb retained at 1, 3, and 5 pv for the samples subjected to leaching with pH 3
eates.
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ned for illite soil �Yong 2000�, where the amount of Pb retained through carbonate and hydroxide
was predominant above pH 4 and increased with increasing pH. Sorption through ion exchange

red through the whole pH range of 2 to 7.
y replacing the deionized water to permeate with the sea water and ash leachate, the Pb in the top
retained only through the exchangeable phase was expected to decrease due to competition of Pb

other cations in the sea water and ash leachate. However, the Pb retained through the carbonate and
xide phase also decreased to a great extent. This could be explained in terms of a change in soil
ure during permeation of salt solutions; preferential pathways have been formed due to flocculation
y particles in the presence of salts �Li and Li 2001�, which decreased the surface area exposed to Pb
on, leading to a decrease in the Pb retained thorough exchangeable, carbonate, and hydroxide phases.
ases of Pb in carbonate phase could be explained partly by reduction in the formation of cerussite

O3� and hydrocerussite �Pb3�CO3�2�OH�2� because Pb competes with other cations in salt solutions
ailable carbonates.

ary and Conclusions

ydraulic conductivity was almost constant or slightly decreased during leaching depending on the pH
rmeates for the deionized water sample, whereas it increased initially and then became constant for
a water �pH 6� and ash leachate samples.
he sea water sample exhibited higher Pb concentration in the effluent compared with the deionized
. This is ascribed mainly to the interference of Pb adsorption on clay particles due to competition of
ith other cations in the sea water such as Na, K, Ca, and Mg.
he highest retention of Pb occurred in the top layer of the soil column for the deionized water
eation after leaching by five pore volumes. For the sea water and ash leachate permeation, Pb not

FIG. 8—SSE results for 5 pv permeation.
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retained in the top layer traveled downward and was partially retained in lower layers; the rest was
ed out through the bottom of the soil column.
he selective sequential extraction indicated that three phases of carbonate, exchangeable, and hy-
des were predominant in Pb sorption for the deionized water. By replacing the deionized water with
a water and ash leachate, the Pb retained through exchangeable, hydroxides, and carbonate phases all
ased considerably. This was explained in terms of a change of soil structure during permeation of the
olutions.
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omite Ore Processing Residue „COPR…: Hazardous
taminated Soil or Solid Waste?

ABSTRACT: Chromite ore processing residue �COPR�, which contains hexavalent chromium �Cr6+� at
concentrations typically in the range of thousands of milligrams/kilograms, was deposited over a timeframe
of 50 years as fill at a site referred to as SA7 in New Jersey. Significant surface heaving associated with
COPR weathering-induced mineralogical expansion has been observed at the site over time. The current
site owner is being required to remediate the site to mitigate both human health risks associated with the
Cr6+ and site redevelopment problems associated with COPR heave. The owner is presently required to
remediate the COPR by excavation and off-site disposal at a licensed hazardous waste landfill. This is a
very expensive remediation option, one that may not be financially sustainable at other COPR impacted
sites. The owner has undertaken a major investigation to better characterize the nature of COPR and to
develop on-site treatment technologies to reduce Cr6+ concentrations and mitigate COPR heave potential.
As one part of the investigation, the characteristics of COPR were evaluated with respect to the definitions
of hazardous contaminated soil and hazardous solid waste under the toxicity characteristic waste provi-
sions of the U.S. Resource Conservation and Recovery Act �RCRA�. Remediation clean-up standards, and
thus the potential costs and applicable methods associated with site remediation, under these two defini-
tions are significantly different. This paper explains these differences and evaluates the COPR for conform-
ance with each definition. This evaluation includes comparison of sampling, logging, and laboratory testing
techniques for COPR compared to soil, geotechnical parameter comparisons, and mineralogical and total
metals comparisons. Based on these comparisons, the authors conclude that COPR should classify as a
hazardous contaminated soil from both regulatory and scientific perspectives. The bases for this conclusion
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are provided in the paper. The methodology presented herein to evaluate COPR classification may have

applicability to other contaminated soil-like media from industrial processes that are potentially subject to
the requirements of RCRA hazardous waste regulations or similar regulations in other countries.

KEYWORDS: chromium contamination, chromium remediation, COPR, hazardous waste, contami-
nated soil, soil classification, RCRA

duction

paper describes the scientific and engineering aspects of material classification as it pertains to the
cable regulatory definition for a contaminated site involving chromite ore processing residue �COPR�.
t 1.5 million tons of COPR were deposited over a span of 50 years as a fill at a site designated as
Area 7 �SA7� in New Jersey. COPR is an alkaline industrial process residual that contains significant

nts of hexavalent chromium �Cr6+�. The current site owner has been required to design and imple-
a site remediation program involving COPR excavation, transport, and disposal at an off-site haz-
s waste landfill facility. As this removal and off-site disposal option is very expensive �more than
per ton of material remediated� and potentially not financially sustainable at other COPR impacted
the owner has undertaken an extensive investigation to better characterize the nature of COPR and a

r development effort for potential on-site treatment technologies to reduce COPR Cr6+ concentrations
itigate COPR heave potential.

Waste and Contaminated Soil

portant step in developing a remediation plan for COPR, or for any other contaminated media,
ves defining the required remediation endpoints. Most commonly, a target concentration of the chemi-
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f concern in the contaminated media, or in a leachate extracted from the media, represents the
red endpoint. In the United States �U.S.�, the regulatory determination of treatment requirements for
terial that exhibits the toxicity characteristic under the Resource Conservation and Recovery Act
A� �1� is critically dependent on the classification of that material as a “hazardous solid waste” or a
rdous contaminated soil.” Under RCRA, a solid waste is any discarded, abandoned, or recycled
ial that is not excluded by specific variance �Title 40 of the U.S. Code of Federal Regulations �CFR�,

261.2�. Under RCRA, both solids and liquids may carry the regulatory classification of solid waste;
considering solids, “nonwastewater” treatment standards apply. The United States Environmental

ction Agency �USEPA� has defined soil for the purpose of evaluating the Land Disposal Restrictions
� of “contaminated soil” as �1� “unconsolidated earth material composing the superficial geologic
�material overlying bedrock�, consisting of clay, silt, sand, or gravel size particles as classified by the
Natural Resources Conservation Service, or a mixture of such materials with liquids, sludges, or
which is inseparable by simple mechanical removal processes and is made up primarily of soil by
e based on visual inspection.”

f a material is classified as a solid waste under RCRA and it exhibits a toxicity characteristic leaching
dure �TCLP� chromium concentration of more than 5 mg/L, the material is a characteristic hazard-
olid waste with a D007 waste code �2�. This hazardous solid waste may only be disposed in a licensed
dous waste landfill if it meets the universal treatment standard �UTS� for nonwastewaters under the
of RCRA, as detailed in Sec. 268.48 �1�. The UTS for D007 waste is 0.60 mg/L total chromium in
CLP extract. If a material classifies as a contaminated soil under RCRA, if it exhibits a TCLP
ium concentration of more than 5 mg/L, and if the material is “generated” for purposes of landfill

sal as discussed in the next paragraph, the material is a hazardous contaminated soil. This hazardous
minated soil may only be land disposed if it meets the LDR treatment standard of 40 CFR Sec.
9 �1� which requires reduction of the TCLP hazardous constituent concentration to not more than 10
the original TCLP concentration, or reduction to not more than 10 times the UTS concentration,
ever is greater. As noted above, the nonwastewater UTS for chromium is 0.60 mg/L �Sec. 268.48�
hus, for contaminated soil, the treatment standard for TCLP chromium in a hazardous contaminated

s no less than 6 mg/L, and the treatment standard will be higher than this value if the untreated TCLP
ium concentration is higher than 60 mg/L. Typical COPR TCLP chromium concentrations are in the
of 10 to 100 mg/L. Thus, COPR treatment requirements to meet LDR prior to hazardous waste

ll disposal will depend on the regulatory classification of the material as a hazardous contaminated
ersus hazardous solid waste.
DR treatment standards apply to hazardous solid waste or hazardous contaminated soil when the
ial is “generated” and “placed in a land disposal unit” �63 FR 28617� �3�. In situ contaminated soil

ly “generated” when it is removed from the land; thus, LDR treatment standards do not apply to in
ontaminated soil. In addition, under certain circumstances, hazardous contaminated soil may be
ged or treated on-site within an area of contamination �AOC� or a corrective action management unit
U�, as defined in RCRA, without triggering the LDR treatment standards. If a contaminated soil is

d within an AOC or CAMU prior to “generation” to below the TCLP threshold of 5 mg/L and the
cable contaminated soil treatment standard, that soil will never “become” a hazardous waste and may,
ding on local requirements and other regulations, be allowed to remain on site as a treated material,
with other engineering or institutional controls, or alternatively, the material may be allowed to be
sed of in a municipal solid waste or nonhazardous industrial waste landfill at considerably lower cost
hazardous waste landfill disposal.
or the SA7 site, an extensive field investigation and COPR sampling program was undertaken in
. The associated laboratory analyses of the sampled COPR resulted in mean, mean plus sigma, and
mum TCLP chromium concentrations of 51, 94, and 180 mg/L, respectively �4�. The corresponding
treatment standards for a contaminated soil material with these TCLP chromium concentrations

d be 6, 9.4, and 18 mg/L. In comparison, the LDR treatment standard for a characteristic hazardous
with those same TCLP chromium concentrations is 0.60 mg/L. The contaminated soil treatment

ards are from 10 to 30 times higher than the solid waste treatment standards. This comparison does
onsider the possibility of obtaining a LDR treatability variance for either material classification.

on the foregoing, the regulatory classification of COPR as a hazardous solid waste versus a haz-
s contaminated soil under U.S. RCRA regulations for the toxicity characteristic is an important issue
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respect to both landfill disposal of that material and the potential for on-site treatment and placement
on the site. The type of treatment and/or disposal and the treatment standard have significant impli-
s with regard to the design, implementation, and cost of remediating a COPR contaminated site. The

inder of this paper further considers this question of COPR material classification.
t should also be mentioned that the contaminated soil provisions of RCRA were developed by the
Environmental Protection Agency �USEPA� to be both protective of human health and the environ-
and to account for the large volumes and heterogeneous nature of contaminated soil media found in
.S. �5�. Prior to the promulgation of contaminated soil provisions, large volumes of soils containing
vely low levels of contaminants might have required incineration rather than landfill disposal, be-
soil treatment could not achieve the nonwastewater UTS for solid waste. One of USEPA’s goals in

ulgating the contaminated soil provision was to incentivize responsible parties to undertake soil
diation projects by making them more feasible and economical, while, at the same time still protect-
uman health and the environment.
n considering the question of whether a material is a solid waste or contaminated soil, USEPA �6�
ssed the issue of solid waste and soil mixtures. The agency indicated that to be considered a con-
ated soil, the material should be made up predominantly of soil and that other materials in the
re should be inseparable from the soil using simple physical or mechanical means. These could

de, for example, physical separation or screening. Chemical analysis for soil properties in order to
entiate precisely between solid waste and soil is not required.
t is also useful to consider textbook definitions of soil when evaluating the question of waste classi-
on. The book Fundamentals of Soil Behavior �7� makes the point that the solid particles in soil may
in size from boulders to clay size particles, with most particles being crystalline, but with noncrys-
e and organic constituents commonly found, and with particle shapes ranging from nearly spherical to
, flat, and needlelike. This same book indicates that the most abundant soil elements are oxygen,
n, hydrogen, and aluminum, and that along with calcium, sodium, potassium, magnesium, and car-
comprise over 99 % of the solid mass of soils worldwide. The book An Introduction to Geotechnical
eering �8� contains many of the same points in defining and describing soils.
ased on the above, the following questions will be discussed with respect to the characterization of

as a contaminated soil versus solid waste:
. How was COPR generated and what was the history of placement and site use?
. How is COPR sampled, logged, and tested in the laboratory and how do these compare to the

methods used to sample and characterize soil?
. What are the physical characteristics of COPR and how do these compare with the physical

characteristics of soil?
. To what extent is COPR intermixed with native soil and how does its mineralogy compare with

other soil and nonsoil matrices?
. What are the geochemical and geotechnical characteristics of COPR and how do these interact

with the environment?

R Origin and History of the SA7 Site

1905 to 1954, the Mutual Chemical Company of America operated a sodium dichromate manufac-
facility east of the SA7 site across Route 440 in Jersey City, New Jersey. COPR was generated by

xtraction of chromium as soluble sodium chromate from chromite ore of the general formula
Fe��Cr,Al,Fe�2O4 by means of a high-temperature roasting process �9�. Addition of lime at 1200°C
the formation of oxides such as brownmillerite �Ca2FeAlO5� and periclase �MgO�, that incorporated

compounds such as Si and Cr. The resulting solid contains residual chromium in concentrations of
, up to 30 % of which is in its hexavalent form.

he timeframe of plant operations �1905–1954� predates the timeframe for environmental laws regu-
the management and disposal of COPR �as well as most other industrial manufacturing residuals�.

g that timeframe, COPR resulting from plant operations was transported and placed hydraulically on
res of Hackensack River tidelands at the site now designated as SA7 �4�. Land grants permitting fill
ment were issued from 1900 to 1925. In 1954, Mutual Chemical stopped processing chromium ore.
hydraulic deposition, the COPR was spread mechanically across the site, graded, and covered with
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or the purpose of commercial site development. A drive-in theater was constructed at the site and then
jacent large department store �1966�. A furniture depot and a car wash facility were also constructed
site. All structures but the furniture depot ultimately had to be demolished due to the pronounced

ce heaving caused by the delayed volumetric expansion of the COPR. During this commercial de-
ment period, the site was occasionally reworked to eliminate the heave features.
he history of the site highlights the fact that during the timeframe of development, COPR was
dered to be an appropriate material to use as a fill for construction of commercial structures. In other
s, it was considered equivalent to soil as a foundation material. The heaving phenomenon observed at
ite revealed that COPR, at the prevalent geochemical state at the time, was not appropriate as a
ation material, as its expansion lead to structural failures of timber and concrete foundation elements.
ar phenomena have been widely reported for lime-stabilized clays used as foundation material for
and pavement construction; swelling of the lime-treated clays lead to the formation of cracks in the
lt in numerous cases �10�.

rials and Methods

ling and Logging

tensive subsurface investigation and field sampling program was conducted at SA7 in 2003 �4�. The
am included the drilling of shallow and deep soil borings, in order to delineate the depth and
tion of COPR and underlying strata, as well as to obtain samples from the upper zones that contained
. Hollow-stem augers and split spoon samplers, which are customarily used for geotechnical and
vironmental investigations of soils �11�, were used to obtain the COPR samples. Cone penetrometer
g �CPT� was also performed and monitoring wells were installed. These too represent conventional
ods for the investigation of soils. A total of 92 discrete disturbed samples were obtained from different
s in 38 soil borings, while a further 25 relatively undisturbed samples were obtained from tube
lers and one block sample was obtained from a trench excavation. The boring logs from all of these
es describe the SA7 COPR material in the conventional terminology used to describe the engineering
cteristics of soil as presented by the American Society of Testing and Materials �ASTM�. The boring
also contain standard penetration test �SPT� blow counts obtained using an ASTM standard test for
The ASTM soil standards utilized in developing the boring logs include �12�:
D 2487–“Classification of Soils for Engineering Purposes �Unified Soil Classification System�.”
D 2488–“Description and Identification of Soils �Visual–Manual Procedure�.”
D 1586–“Penetration Test and Split-Barrel Sampling of Soils.”

ratory Methods

ollowing laboratory analysis techniques were employed in order to evaluate COPR physicochemical
ineralogical properties:

. Visual description was performed in accordance with ASTM method D 2488 �12�, as stated above.

. Grain size distribution was determined following standard practice set forth in ASTM D 421 �12�
and a modified form of ASTM D 422 �12�. ASTM D 422 was modified to control the amount of
deaggregation of COPR grain agglomerations produced by the test procedure.

. Atterberg limits were measured in accordance with ASTM D 4318 �12�.

. The water content was measured in accordance with method ASTM D2216-98 �12�.

. pH: The laboratory pH of the COPR samples was evaluated in accordance with ASTM D4980-89
�12�.

. X-ray powder diffraction �XRPD�: Samples were air-dried for 24 h and pulverized to pass a U.S.
standard 400 sieve �38 �m�. Step-scanned XRPD data were collected using a Rigaku DXR 3000
computer-automated diffractometer using Bragg-Brentano geometry. The diffractometry was con-
ducted at 40 kV and 30 mA using diffracted beam graphite-monochromator with Cu radiation. The
data were collected in the range of two-theta values between 5° and 65° with a step size of 0.05°
and a count time of 5 s per step. The qualitative analysis of the XRPD patterns was performed
using the Jade software �13�. The reference databases for powder diffraction and crystal structure
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data were the PDF-2 set of the International Center for Diffraction Data database �14� and the
Inorganic Crystal Structure Databases �15�, respectively.

. Total metal analyses: The total content of individual metals was measured by acid digestion �16�
and Inductively Coupled Plasma/ Atomic Emission Spectrometry �17�.

lts and Discussion

R Physical Description and Stratigraphy

al distinct horizons of COPR and non-COPR material were identified during the subsurface investi-
n of the SA7 site. A classification system was developed to designate the different horizons, based on
physical description and their location with respect to the groundwater table. The designations of the
ons are shown in Fig. 1.
he upper in situ horizons were all found to contain granular material. Zone A, the uppermost horizon
d in the unsaturated zone, was found to consist of gray/black/brown medium sand with some silt.

s B1 and B2 were found to consist of coarse sand with some silt and gravel; many particles were
ved to be cemented together to form larger agglomerations of COPR. The color of the material was
ved to be similar to zone A, with occasional green particles or particle agglomerations. Zone B was
ed into zone B1, located above the groundwater table, and Zone B2, located in the saturated zone.

found in the underlying zone C horizon was observed to be physically distinct from the other COPR
ons in that it consists mainly of fine-grained, gray, brown, green yellow fine sand and silt with some
nd trace to some gravel size particles. Based on visual observation, fine grained soil seams and lenses
r to be contained within the C horizon, particularly closer to the west side of the site, nearer the
ent Hackensack River. Native soil deposits underlie the COPR horizons. These native deposits consist
upper layer of silty fine sand and clay of light brown color and floodplain depositional origin, and an
lying layer of dark brown organic clay and peat termed as meadow mat �layers O and D in Fig. 1�.

ular river alluvium underlies the meadow mat.

chnical Parameters

wing the identification of distinct material horizons, composite samples were prepared to represent
horizon for the purpose of characterizing geotechnical and other parameters representative of the
on. Five soil borings from across the SA7 site were chosen to prepare the composite samples. Equal
nts of COPR were obtained from each horizon in each soil boring, mixed, and homogenized; the

FIG. 1—Vertical profile of COPR stratigraphy at SA7.

DERMATAS ET AL. ON COPR 149



homo
grain
classi

T
which
sified
does

T
soils.
of va
to tho

T
condi
alkali
alkali
pozzo
The p
treatm
oppo
The
maxi
low p
mine
soil-l
COPR
natur
depos

O
ods,
natur
to the
conte
soils,

Mine

One
titativ

1

150
genized samples were designated as composites B1, B2, and C. Table 1 shows the pH, water content,
size distribution, and placticity characteristics of the three composite samples, along with their

fication according to the Unified Soil Classification System �USCS�.
he composite B1 and B2 samples both classified as silty sands �SM�, while the composite C sample,

contained high amounts of fines and exhibits significant plasticity and strength upon drying, clas-
as inorganic clay with significant plasticity �CH�. The ASTM terminology used to classify COPR

not, therefore, distinguish it from natural soil.
he water content of COPR is also within the range of water content values encountered in natural
Das �18� provides a range of moisture content values of 16–30 % for in situ sands, while the range

lues for most clayey soils is 20–120 %. The water content characteristics of COPR are, thus, similar
se of natural soils.
he pH analysis showed that COPR is a highly alkaline material �Table 1�. This highly alkaline
tion is not common to natural soils, in which the pH regime is usually neutral �pH 7� to slightly
ne �pH 7.4 to 7.8� or acidic �pH�6� �19�. However, the pH of contaminated soil is sometimes
ne, depending on the type of contamination. Moreover, contaminated soils that are treated with
lanic reagents become highly alkaline due to the nature of the binders used, e.g., lime and cement.
H of saturated lime water is 12.4 �20�, so that the pH regime of soils following lime or cement
ent is in the highly alkaline region �pH�12�. The pH analysis of discrete samples of COPR �as

sed to the bulk samples� showed that there is significant pH variability between individual samples.
average value of 103 pH analysis results is 12.0, with a standard deviation of 0.8 pH units. The
mum value encountered was 12.9 and the minimum 8.1. The authors originally hypothesized that a
H regime would be indicative of the presence of natural soil in the sample; however, subsequent

ralogical analyses showed that while this was sometimes true, a few samples that contained only
ike minerals had high pH ��11�, while several low pH samples were found to contain traces of

Based on these observations, it became apparent that the chemical interaction between COPR and
al soil at the SA7 site is complex and pH alone cannot be used to distinguish between natural soil and
ited COPR material.
verall, the geotechnical characterization of COPR, as established by conventional soil analysis meth-

resulted in geotechnical material descriptions and parameters consistent with those applicable to
al nonimpacted and contaminated soils. COPR was classified as silty sand or inorganic clay according

USCS in the two predominant horizons encountered at the SA7 site; the measured COPR water
nt values were consistent with this classification. The pH regime, while outside the range for natural
is not uncommon to soils treated with pozzolanic reagents such as lime and cement.

ralogical Analyses

hundred eighteen �118� samples obtained from the SA7 site were analyzed by qualitative and quan-
e XRPD. The identified phases were classified into three categories:
. COPR mineral phases: These include minerals that were originally generated by the roasting

process, i.e., brownmillerite �Ca2FeAlO5�, periclase �MgO�, and portlandite �Ca�OH�2� and their
transformation products: hydrogarnets (katoite ��CaO�3Al2O3�H2O�6� being the main phase), hy-
drotalcites (quintinite �Al2Mg4�OH�12�CO3��H2O�3� is a representative compound), and calcium-
aluminum-chromium-oxide-hydrates �CACs–�Ca4Al2O6�CrO4� ·nH2O�� are the main weathering
products derived from brownmillerite, while brucite �Mg�OH�2� is the main periclase hydration
product next to the hydrotalcites that scavenge part of the magnesium. Ettringite
�Ca6Al2�SO4�3�OH�12 ·26H2O� and calcite �CaCO3� are present when sulfate and carbonate are
introduced to the system by means of water and/or air infiltration.

TABLE 1—Selected geotechnical properties of COPR composite samples.

Water content Soil pH Gravela % Sanda % Finesa % Liquida limit Plasticitya index USCSa symbol
Composite B1 27.7 12.5 16.5 65.6 17.9 NP NP SM
Composite B2 34.4 12.5 7.2 72.9 19.9 NP NP SM
Composite C 74.9 12.5 2.3 34.1 63.6 65 17 CH

a�Sieve opening� for gravel: �75–4.75 mm�, Sand: �4.75 mm–75 �m�, Fines: ��75 �m�. S: sand; M: silt; CH:
clay; NP: nonplastic.
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. Soil mineral phases: Silicate minerals identified in the SA7 site XRPD patterns that are commonly
found in soils are quartz �SiO2�, albite ��Na,Ca�Al�Si,Al�3O8�, muscovite ��K,Na�
��Al,Mg,Fe�2�Si3.1Al0.9�O10�OH�2�, chlorite-serpentine ��Mg,Al�6�Si,Al�4O10�OH�8� sodium
mica �NaAl3Si3O11�, and mullite �Al4Si2O10�. These were not considered to be part of the original
COPR mineralogy, as they are not stable at the high temperature ��1200°C� of the roasting
process �the crystallization temperature of silicate minerals begins at 1200°C and decreases down
to 573°C for quartz �7��.

. Calcium Silicate Hydrates (CSH): These are products of COPR-soil interaction. The solubility of
silica increases with pH, so that silicic acid �H4SiO4� is released from silicate-bearing phases in the
highly alkaline COPR environment and reacts with the abundant calcium present in COPR to form
CSH, in what is a common pozzolanic reaction encountered in lime- and cement-stabilized soils
�10�. Although there is some silicon inherently present as a trace element in the original chromite
ore, it cannot account for the high amounts of CSH encountered in some SA7 samples. It is
therefore considered to be a product of soil-COPR geochemical interaction and an indication of
soil present in the COPR that dissolved to provide the silica source for CSH formation. A signifi-
cant problem for CSH identification by means of XRPD is that it is commonly present as amor-
phous material; a crystalline component, afwillite �Ca3�HSiO4�2�H2O�2� belonging to the
ettringite/thaumasite group was, however, identified in numerous XRPD patterns. As the positive
identification of amorphous CSH is not possible by XRPD, afwillite will be reported as CSH in the
following discussion.

igure 2 shows the distribution of COPR phases, soil minerals, and CSH in the 118 COPR samples
zed by XRPD.
hirteen �13� out of 118 �11 %� samples evaluated by XRPD contained only soil minerals, while 34
les �29 %� were a mixture of COPR and soil phases. Seventy-one �71� �60 %� samples contained only

phases. However, the presence of CSH in 37 of these samples indicates the former presence of soil
rals that provided a silica source for CSH formation, as discussed above. In summary, 84 out of 118
les, or 71 % percent, contained a mixture of COPR and soil-derived mineral phases. Moreover, the
rs note that some of the COPR mineral phases identified by XRPD are conventionally considered
These include, for example, periclase, brucite, and calcite. Furthermore, portlandite, hydrotalcite,
garnet, and ettringite are not uncommonly found in cement- and lime-treated contaminated soils, as

are derived from pozzolanic reactions between these reagents and soils. Ettringite is also commonly
in lime-stabilized clays �10�.

he authors believe that the above findings fulfill the RCRA requirement that “the definition of soil
des the concept that mixtures of soil and other materials are to be considered soil provided the
re is made up predominantly of soil and that other materials are inseparable using simple physical
echanical means.” While the presence of soil and soil minerals in COPR at the SA7 site is not

2—Distribution of COPR phases, soil mineral phases, and CSH in SA7 samples, as determined by
analysis.
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minant as a percentage, it is significant and pervasive. Furthermore, the bulk soil materials and
idual soil minerals within the COPR agglomerates cannot be separated from the COPR using simple
cal and mechanical means.
he presence of surface heaving and foundation structural failures has been linked to the presence of
gite in lime-stabilized clays �21�. The goal of lime treatment of expansive clay is to form calcium-
ina-hydrate �CAH� and CSH compounds that act as cementing agents and prevent swelling of clays
o water permeation. However, the formation of ettringite upon sulfate influx has led to substantial
ce heave and pavement and foundation failure in the case studies reported in the cited literature
1�. Interestingly, the presence of ettringite in COPR at the SA7 site is also linked to a heaving
menon observed at the site. This observation points to common geochemical and geotechnical

anisms in lime-treated clays and SA7 COPR. The authors note, however, that other mineral hydration
arbonation reactions as previously described �e.g., brownmillerite to katoite, periclase to brucite� may
ontribute to the observed heave phenomenon in COPR at the SA7 site.

n summary, the results of the mineralogical analyses of SA7 COPR samples show that there is an
sive presence of natural soil minerals at the site. These minerals provide a source of soluble com-
ds, mainly silica, that react with COPR constituents, namely, calcium, to form pozzolanic reaction
cts �CSH� that are commonly found in cement- and lime-treated contaminated soils. Most COPR

ral phases are also commonly found in natural or treated soils. Overall, natural soil and COPR
rise an inseparable geochemical system at the SA7 site, with characteristics and interactions that
t be isolated.

Metal Analyses

2 shows the total analysis results for major metals in the COPR composite samples, as compared to
tal contents of these metals in another study of lead-contaminated soils �22� and to the range of
ntrations found in analysis results for soils from throughout the world, as reported by Sparks �19�.
ollowing observations are drawn from Table 2:

The concentrations of major metals for the two soils contaminated with lead �Pb� are highly
variable, reflecting variability in mineralogy, origin, and environmental conditions for the soils.
This observation highlights the fact that there are substantial ranges in total metals concentrations
when the definition of soil comes into question. This observation is also consistent within the
reported wide range in metals concentrations in soils from around the world �19�. Both the COPR
samples and the samples from Dermatas et al. �22� have total metals concentrations with the ranges
for soils worldwide. The only exceptions are for Cr �COPR� and Pb �22�, which exceed the
concentrations in natural soils because they are in fact contaminated, rendering these materials
“contaminated soil.”
The presence of high concentrations of a contaminant, as in the case of Pb in soil 2, does not alter
the nature of the soil to a degree that it would fall outside of the RCRA definition of contaminated
soil. In the case that a heavy metal is present, one simply speaks of “contaminated soil” instead of
“natural soil.”
The concentrations of the major contaminant in COPR and in the two soils are of comparable order
of magnitude, the difference consisting in the contaminant species �chromium in COPR and Pb in
the two soils�. In other words, one cannot distinguish between COPR and soil on the basis of the
specific heavy metal constituent of concern.

TABLE 2—Total analyses (in mg/kg) results of COPR samples and two lead-contaminated soils.

Al Ca Fe Mg Mn Cr Pb
Composite B1 42,540 214,620 103,640 46,240 1,118 20,430 -
Composite B2 42,450 227,317 97,967 57,400 1,283 16,217 -
Composite C 29,508 247,700 55,654 47,196 731 28,488 -
Soil 1 �22� 43,151 33,186 30,980 20,105 660 - 3,165
Soil 2 �22� 2,247 235,044 5,562 17,010 252 - 49,228
Range in Soils �19� 10,000 - 300,000 700 - 500,000 2,000 - 550,000 50 - 100,000 20 - 10,000 1 - 2,000 �10-700
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ary and Conclusions

paper has described the scientific and engineering aspects of material classification as it pertains to
pplicable regulatory definition for a COPR contaminated site in New Jersey. COPR is an alkaline
trial process residual that contains significant amounts of Cr6+. The current site owner has been
red to design and implement a site remediation program involving COPR excavation, transport, and
sal at an off-site hazardous waste landfill facility. As this removal and off-site disposal option is very
sive and potentially not financially sustainable at other COPR impacted sites, the owner has under-
an extensive investigation to better characterize the nature of COPR and a major development effort
tential on-site treatment technologies to reduce COPR Cr6+ concentrations and mitigate COPR heave
tial.
s described in the paper, the regulatory determination of treatment requirements for a material such
PR that exhibits the toxicity characteristic under RCRA is critically dependent on the classification
t material as a hazardous solid waste or a hazardous contaminated soil. If a material is classified as

id waste under RCRA and it exhibits TCLP chromium concentration of more than 5 mg/L, the
ial is a characteristic hazardous solid waste with an LDR UTS of 0.60 mg/L total chromium in the

extract. If a material classifies as a contaminated soil under the RCRA definition, if it exhibits a
chromium concentration of more than 5 mg/L, and if the material is “generated” for purposes of

ll disposal, the material is a hazardous contaminated soil. The LDR treatment standard for contami-
soil requires reduction of the TCLP hazardous constituent concentration to not more than 10 % of the
al TCLP concentration, or reduction to not more than 10 times the UTS concentration, whichever is

er.
or COPR at the SA7 site, an extensive sampling and analysis program resulted in mean, mean plus
, and maximum TCLP chromium concentrations of 51, 94, and 180 mg/L, respectively. The corre-
ing LDR treatment standards for a contaminated soil material with these TCLP chromium concen-

ns would be 6, 9.4, and 18 mg/L. These treatment standards are from 10 to 30 times higher than the
waste UTS. Based on the foregoing, the regulatory classification of COPR as a hazardous solid waste
s a hazardous contaminated soil under RCRA regulations is an important issue with respect to both
ll disposal of that material and the potential for on-site treatment and placement back on the site. The
of treatment and/or disposal and the treatment standard have significant implications with regard to
esign, implementation, and cost of remediating COPR contaminated sites.
n this paper, the authors developed a methodology for evaluating the regulatory and scientific basis
onsidering COPR as hazardous contaminated soil versus hazardous solid waste. The evaluation
dered the regulatory definition of contaminated soil, the methods used to sample, log, and analyze

from the SA7 site, the results of geotechnical parameter testing of COPR, and the results of
ralogical and total metals analyses of COPR.
ased on the presented information, the authors conclude that COPR should classify as hazardous
minated soil and not hazardous solid waste. While any final decision on this classification rests with
risdictional regulatory agency and not the authors, the authors do believe that the bases for the

usions presented herein are sound:
COPR was considered as an appropriate structural material and constituted historical fill until
heaving phenomena, similar to those observed in stabilized soils and in concrete, rendered the
geotechnical use of the material unacceptable for commercial development.
COPR is sampled and logged using the same geotechnical methodologies used to sample and log
soils; the physical descriptions of COPR in boring logs prepared in accordance with applicable
ASTM standards contain the same conventional terminology applied to soil boring logs.
Laboratory testing techniques used to characterize the physical/mechanical properties of COPR are
the same as those used to characterize soils; such tests, when applied to COPR, yield results similar
to those produced from the same laboratory tests on soils; the geotechnical characterization of
COPR, as established by conventional soil analysis methods, results in geotechnical material de-
scriptions and parameters consistent with those applicable to soils; of note, COPR at the SA7 site
classifies predominantly as a silty sand �SM� or inorganic clay �CH� according to the USCS.
The alkaline pH regime of COPR, while outside the range for natural soils, is common to both
nonimpacted and contaminated soils treated with pozzolanic reagents such as lime and cement.
COPR is intermixed with significant and pervasive percentages of soil, soil minerals, and soil
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artifacts �i.e., silica that formed CSH in situ after deposition�; the soil components of COPR are
inseparable by simple physical or mechanical means from the COPR mineral phases; in addition,
several of the COPR mineral phases �periclase, brucite, calcite� are considered soil minerals when
they occur within the range of grain sizes for soils, as they do at the SA7 site; other COPR mineral
phases �portlandite, hydrotalcite, hydrogarnet, and ettringite� are not uncommonly found in cement-
and lime-treated soils, as they are derived from the pozzolanic reactions between these reagents and
soils.
Comparison of total metals analyses for COPR with total metals analyses for lead-impacted soils
and total concentrations of metals in soils worldwide show compositional similarities amongst these
materials.

n closing, the authors note that the methodology presented herein to evaluate COPR classification
have applicability to other contaminated soil-like media from industrial processes that are potentially
ct to the requirements of RCRA hazardous waste regulations or similar regulations in other countries.

owledgments

uthors wish to thank Honeywell International Inc. for the financial support of the COPR investigation
7 and the analyses at Stevens Institute of Technology.

ences

Code of Federal Regulations, Sections 268 and 269.
Code of Federal Regulations, Title 40, Section 261, Part 261.24.
Federal Register, Vol. 63 No. 100 p. 28617, Tuesday May 26, 1998, Rules and Regulations.
Mueser Rutledge Consulting Engineers, January 2004, “2003-2004 Subsurface Investigation Study
Area 7 �Daylin Grace site�, Jersey City, New Jersey,” Draft report.
U.S. EPA, “Land Disposal Restrictions: Summary of Requirements,” EPA 530-R-01-007, 2001.
Federal Register, Vol. 63 No. 100 p. 28620, Tuesday May 26, 1998, Rules and Regulations.
Mitchell, J. K., Fundamentals of Soil Behavior, John Wiley & Sons, New York, 1993.
Holtz, R. D. and Kovacs, W. D., Introduction to Geotechnical Engineering, Prentice Hall, New
Jersey, 1982.
Allied Signal, 1982, Process Descriptions Baltimore Plants.
Dermatas, D., “Ettringite-Induced Heaving in Soils: State-of-the-Art,” Appl. Mech. Rev. Vol. 38, No.
10, pp. 659–672 �1995�.
Danied, D. E., Geotechnical Practice for Waste Disposal, Chapman and Hall, London, 1993.
American Society for Testing and Materials, Annual Book of ASTM Standards, ASTM, 2003
Materials Data Inc., 2004, Jade version 7.1, California.
“Powder Diffraction File, PDF-2 Database Release 1998,” announcement of new database release,
International Centre for Diffraction Data �ICDD�.
Inorganic Crystal Structure Database, 2004, Fachinformationszentrum Karlsruhe, Germany
U.S. EPA, SW-846, Method 3015A, “Microwave Assisted Acid Digestion of Aqueous Samples and
Extracts.”
U.S. EPA, SW-846, “Method 6010B, Inductively Coupled Plasma–Atomic Emission Spectrometry.”
Das, B. M., Principles of Geotechnical Engineering, PWS Publishing Company, Boston, 1998.
Sparks, D. L., Environmental Soil Chemistry, Academic Press, New York, 2003.
Hausmann, M. R., Engineering Principles of Ground Modification, McGraw-Hill, New York, 1990.
Mitchell, J. K., “Practical Problems from Surprising Soil Behavior,” J. Geotech. Eng., Vol. 112, No.
3, 1986.
Dermatas, D., Shen, G., Chrysochoou, M., Grubb, D., Menounou, N., Xu, X., and Cao, X., “Lead
speciation vs. TCLP release in army firing range soils,” Journal of Hazardous Materials, in press.

CONTAMINATED SEDIMENTS



Deok

An
Chr

Intro

Chro
extra
�120
sever
depos
1.5 m
Coun
Marin
COPR
and i

B
“pare
Hydr
�H2O
−Ca4

�Mg�
sium,
�Ca6A
the sy

I
mech

Manus
Sedim
R. Ch
1 W. M
Hudso

Copyri
Hyun Moon, Ph.D.,1 Dimitris Dermatas, Ph.D.,1 Maria Chrysochoou, M.Sc.,1 and Gang Shen1

Investigation of the Heaving Mechanism Related to
omite Ore Processing Residue

ABSTRACT: Significant heaving has been observed over time at chromite ore processing residue �COPR�
deposition sites in Maryland and New Jersey. Confined swell tests were employed in order to investigate
the geochemical mechanisms that lead to the manifestation of heave in COPR. Ettringite, a known heave
culprit in cement and soil-related literature, was identified in numerous samples across the sites and was
therefore considered as the primary heaving mechanism in COPR. In addition, other possible mechanisms,
such as brownmillerite hydration to hydrogarnets, carbonation reactions, calcium aluminum chromium
oxide hydrate �CAC� formation, and change of hydration state were also investigated. The confined swell
tests were conducted under wet/dry cycles. Sulfate, carbonate, and chromate solutions were introduced to
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the samples during wet cycles in order to validate the different heaving hypotheses associated with phase
transformations. The test results showed that swell development occurred only in COPR upon 0.7 mole/l

sulfate addition. Furthermore, x-ray diffraction analyses confirmed the formation of ettringite in the COPR
sample following the addition of sulfate. Conversely, carbonation reactions led to no height change or even
to consolidation, while the formation of hydrogarnets and CACs could not be established. It was, therefore,
demonstrated that ettringite formation is a thermodynamically powerful reaction and also a viable expan-
sion and failure mechanism in COPR.

KEYWORDS: COPR, ettringite, heaving, confined swell tests, sulfate

duction

mite ore processing residue �COPR� is the solid residue generated by a high-lime process for Cr
ction �1�. Specifically, chromite ore mixed with soda ash and lime was heated in a rotary kiln at
0°C to produce soluble sodium chromate. COPR was widely used as structural fill material in
al countries including England, Japan, West Germany, and the United States �2�. The major COPR
ition sites in the United States are located in Maryland, New Jersey, Ohio, and New York �3�. About
illion tons of COPR were deposited over a 34-acre area at Study Area 7 �SA7�, located in Hudson
try, New Jersey, and a significantly larger amount was deposited over an 85-acre area at Dundalk
e Terminal, located in Baltimore, Maryland. Extensive heaving was observed over time at these
deposition sites, resulting in high cost pavement regrading maintenance operations, limited site use,

n the case of SA7, no site use at all.
rownmillerite �Ca2FeAlO5�, periclase �MgO�, and quicklime �CaO� are considered to be the COPR
nt” materials, i.e., the compounds that comprise COPR when it comes out of the roasting process.
ogarnets �katoite �CaO�3Al2O3�H2O�6 being the main phase�, hydrotalcites �Al2Mg4�OH�12�CO3�
�3 is a representative compound�, calcium aluminum chromium oxide hydrates �CACs
Al2O6�CrO4� ·nH2O� are the main pozzolanic products derived from brownmillerite, while brucite
OH�2� is the main periclase hydration product next to hydrotalcites that scavenge part of the magne-

and hydrated lime �Ca�OH�2� is the product of quicklime hydration. Ettringite
l2�SO4�3�OH�12 ·26H2O� and calcite �CaCO3� will form when sulfate and carbonate are introduced to
stem by means of water and/or air infiltration.

n view of the COPR mineralogy and transformation reactions described above, the potential heaving
anisms are summarized as follows:

cript received April 19, 2005; accepted for publication July 12, 2005. Presented at ASTM Symposium on Contaminated
ents: Evaluation and Remediation Techniques on 23–25 May 2006 in Shizuoka, Japan; M. Fukue, K. Kita, M. Ohtsubo, and
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Brownmillerite hydration to hydrogarnets
Periclase hydration to brucite
Carbonation reactions, i.e., calcite formation
Formation of pozzolanic products �ettringite, CACs, hydrotalcites, etc�

n this study, periclase to brucite hydration was ruled out as the main COPR heaving mechanism due
low amounts of periclase and brucite identified by x-ray powder diffraction �XRPD� in both SA7
MT samples. Moreover, it has been reported that brucite formation can suppress swell in high

ity systems similar to COPR, such as active clays �4�. Consequently, only the other three mechanisms
considered for the experimental design in this investigation. The first mechanism studied was the

nmillerite hydration to hydrogarnets, as this transformation leads to a net volume increase, reflected
decrease of the specific gravity of brownmillerite �3.76� to katoite �2.76�. This mechanism has not

reported in the literature as responsible for expansion and/or failure of concrete or soils; it was,
ver, considered as a possible mechanism due to the high amount of brownmillerite available in
. The second mechanism tested was carbonation reactions; these reactions are triggered by the influx

2 and form calcite as their main product. It is unclear whether or not the bulking effect caused by
nation can be accommodated in the existing voids of the COPR material and therefore this mecha-
was also considered in this study. Pozzolanic reactions were the third mechanism investigated.
gite is a pozzolanic product forming in cementitious systems, such as COPR, upon presence of
e. It has widely been reported as an expansion-inducing phase both in the cement and the soil-related
ture. Specifically, the expansion and failure of concrete by mainly delayed ettringite formation �DEF�
een established �5�. In addition, ettringite has been reported as a heaving culprit in lime-stabilized
�6,7�. Ettringite was observed in abundant quantities in several locations, spread both vertically and

ontally across the two sites �DMT and SA7�. It is, therefore, considered, that ettringite formation is
bly a main driver for the development of swell pressures and manifestation of heaving phenomena at
OPR deposition sites. Furthermore, it is considered possible that CACs may play a role in COPR
ing, as they have been observed in high amounts in heaved areas, both at SA7 and DMT. The platy
hology of monophases, i.e., CACs, does not favor the development of swell pressures adequate to
ome media restraint and thus lead to failure. There is only one literature reference that refers to the
tion of monosulfates �monophases similar to CACs with sulfate instead of chromate� as a possible
ng mechanism in cements �8�. The role of CAC formation was included in this present study in order
cidate the viability of such an expansion mechanism in COPR.

n order to investigate experimentally the heaving mechanisms described above, confined swell tests
employed, using different geochemical conditions in order to simulate COPR reactions and the
chnical properties that correlate to swell development. The samples were subjected to wet and dry
s with the introduction of different permeants such as deionized water, sulfate, chromate and carbon-
lutions to evaluate the heaving hypotheses related to hydrogarnet, calcite, ettringite and CAC for-
n.

rimental Methodology

R Samples and Reagents

are two types of COPR materials identified at SA7 and DMT: One type of COPR is a granular
size, grey black material �designated as GB� while the other type of COPR is a fine-grained material
nge to reddish brown color with high degree of lithification �designated as HB�. These two materials
ineralogically distinct, in that HB samples have very low brownmillerite content and a high amount
nsformation products �hydrogarnet, hydrotalcites, and CACs�, indicating a highly advanced reaction
whereas GB samples contain abundant brownmillerite �initial-reaction state� and low amounts of
ormation products. A total of four COPR samples were used for the confined swell experiment. Three
f the four samples, namely, GB1, GB2, and HB were obtained from SA7. Samples GB1 and HB were
ed to be undisturbed COPR specimens since these samples were extruded from tube samplers.
le GB2 was trimmed from an original block sample obtained from trenching activities conducted at
and is also thought to be relatively undisturbed. The fourth sample, namely, GB3, originated from
and was reconstituted from a disturbed grab sample by compaction to the original field density. The
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sample descriptions including the sampling method, depth, and physical appearance are presented
ble 1. Sand control samples were also set up in order to identify possible system deformations caused
anges to the ambient environment such as temperature and vibration, which would affect the sample
cement reading.
eionized �DI� water was used as permeant, while sodium sulfate �Na2SO4�, sodium carbonate
O3�, and potassium chromate �K2CrO4� salts dissolved in DI water were used as sulfate, carbonate,
hromate sources for COPR reactions, respectively. These chemicals were obtained from Fisher
tific �Suwanee, GA�. Compressed atmospheric air was used as drying agent for the dry cycles.

pparatus

ne-dimensional �1D� confined swell test device was designed by Geosyntec Inc. �Kennesaw, GA�.
chematic drawing is presented in Fig. 1.
s illustrated in Fig. 1, the COPR material was placed in a stainless steel chamber with an effective

eter of 7.24 cm and a height of 7.62 cm. Filter paper covered both the top and bottom of the sample,
ed by a pair of porous stones. A stainless steel top cap, circled with a plastic O ring, was used to

de a platform for the steel frame. The steel frame transferred the applied dead load onto the tested
men. Bottom and top inlets of the chamber were used for the injection of the permeant and air,
ctively. Any height change, in terms of sample swell or consolidation, was measured by the linear
al displacement transducer �LVDT� on a minute basis. All the readings were automatically trans-
and recorded to a Geolog Box that was connected to a computer.

TABLE 1—Description of COPR samples.

Sample ID Site
Sampling
method Depth

Physical
description

GB1 SA7 Tube 3-5.8 ft Gray black
GB2 SA7 Trench, block 2.2 ft Gray black
GB3 DMT Trench, grab 3-4 ft Gray black
HB SA7 Tube 6-8.7 ft Hard brown

FIG. 1—1D confined swell test apparatus.
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g Conditions and Swell Test Matrix

fined swell test with wet and dry cycles was employed in this study, as it is considered that a lithified
le state can thus be achieved. Lithification is thought to be an essential �but not sufficient� precon-

for the manifestation of heave, as it provides the media restraint that cannot accommodate swell
ures within the matrix and thus leads to an overall volume expansion. In order to validate the
thesized COPR heaving mechanisms, different permeants such as sulfate, chromate, and carbonate
ons were prepared and introduced to the sample through the bottom inlet of the chamber during the
ycle. The chemicals were added during the fourth or fifth wet cycle, in order to achieve stability in
perimental conditions, in a concentration based on the dry weight of the sample as follows: 0.7 mole
lfate, 1.26 mole of carbonate, and 0.64 mole of chromate in 1 L of deionized �DI� water. The
eant was continuously provided until the entire sample was saturated and the solution came out from
p inlet of the chamber. The inlets were then closed and the saturated sample was considered to be in
sed system for a period of 2 to 3 days. During the dry cycle, compressed air was continuously
uced to the specimen from the top inlet of the device at the pressure of 14 kPa for 2 to 3 days. Four

les were tested at a constant temperature of 25°C to simulate field conditions and two samples were
led at 50°C in order to accelerate the brownmillerite hydration reaction, which is very slow under
conditions. The swell test matrix in Table 2 summarizes the testing conditions for all the samples. The
mination of the tested swell mechanism was done according to the initial mineralogical composition

samples, determined by XRPD, which will be presented in the results and discussion section.

ned Swell Test Sample Preparation

ndisturbed samples GB1 and HB were directly extruded from the pitcher barrel tubes to achieve a
le height of �5 cm. The GB2 specimen was trimmed to fit the cylindrical testing chamber with a
eter of 7.2 cm and a height of �5 cm. Disturbed bulk sample GB3 was gently compacted at �0.8 cm
yer using a rubber pestle �diameter 3.2 cm� until the ultimate density of each compacted sample
ed its field density. A total sample height of 4.2 cm was achieved for the GB3 sample. Furthermore,
d load of 2.27 kg was applied on top of all the samples throughout the entire testing period to
lish a confined condition since all the COPR samples were located at varying depths. Finally, the top
ottom surfaces of each sample were gently smoothed so that the LVDT could be read properly and
ilitate filter paper and porous stone installation.

Powder Diffraction (XRPD) Analyses

samples were collected from the top and bottom surfaces of the swell samples after test completion.
to XRPD analyses, all the samples were air dried for 24 h and then pulverized to pass through a U.S.
ard #400 sieve �38 �m�. Step-scanned x-ray diffraction patterns were collected by the Rigaku DXR-
computer-automated diffractometer using Bragg-Brentano geometry. XRPD was performed at 50 kV
0 mA using a diffracted beam graphite monochromator with Cu radiation. The data were collected in
nge of 5° to 65° 2� with a step size of 0.02° and a count time of 5 s per step. The qualitative analyses
XRPD patterns were performed using the Jade software version 7.1 �9�. The whole pattern-fitting

ion of Jade, which is based on the Rietveld method �10�, was used in order to quantify the identified
lline phases. The quantification analyses rely on calculated XRD patterns produced by refining
n crystal structures and calculating their reflections based on x-ray diffraction algorithms. The pro-
calculated patterns are then fitted to the observed patterns by means of a least-squares-model �11�.

TABLE 2—Swell test matrix.

ID
Sample

description Temperature �°C�
Chemical
addition

Mechanism
tested

l 1 Sand 25 Water ¯

l 2 Sand 50 Water ¯

Pitcher barrel sample 25 Sodium carbonate �1.26 mole/l� Carbonation
SA7 trench block sample 25 Sodium sulfate �0.7 mole/l� Brownmillerite to ettringite
DMT disturbed sample 50 Water Brownmillerite to hydrogarnets �katoite�
Pitcher barrel sample 25 Potassium chromate �0.64 mole/l� Hydrogarnets to CACs
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reference databases for powder diffraction and crystal structure data were the PDF-2 set of the
ational Center for Diffraction Data database �12�, and the Inorganic Crystal Structure Database �13�,

ctively.

cochemical Analyses

H measurements of the COPR materials were performed in accordance with the method, ASTM D
-89 �14�, and the water content was determined employing the method, ASTM D 2216-92 �14�.
he moist unit weight of the samples was calculated by dividing the mass �measured as weight� by the
volume of the sample. The dry unit weight, void ratio, and specific gravity of the samples were then
lated for 100 % saturation based on the following equations �15�.

�d = � �

1 + w
� �1�

e = � �d � w

�d � w − S � ��
� �2�

Gs = �S � e

w
� �3�

e �d=dry unit weight; �=moist unit weight; �w=unit weight of water; w=water content; S
ree of saturation; e=void ratio; Gs=specific gravity.

lts and Discussion

chnical Properties

eotechnical properties of the samples, including weight, volume, moist unit weight, water content,
e of saturation �S�, void ratio �e�, and specific gravity �Gs� are presented in Table 3.
he initial water content of the undisturbed GB1 and HB samples was close to the saturated water
nt value, indicating that these samples were in the saturated zone in the field. The pH values showed
y alkaline conditions for all COPR samples. Based on the initial water content, the water content at
tion, and the dry weight of the sample, the amount and concentration of the solution to be added to
sample was calculated. The dry unit weight of the COPR material prior to and after testing did not
e significantly. This may be due to the transformation of phases with similar specific gravity such as
ndite �2.23� and CAC �2.5� into calcite �2.71�. This indicates that while the void ratio may decrease

ry unit weight may keep the same value.

TABLE 3—Sample properties.

ple
D

Sample
weight

�g�
Volume
�cm3�

Initial
w/c
�%�

Moist
unit

weighta

�g/cm3�

Dry
unit

weigha

�g/cm3�
Estimated

Gsb

Estimate
d
eb

Saturated
w/c
�%�b

Dry
unit

weighc

�g/cm� pH
ontrol 1 297.0 183.2 0 1.62 1.62 2.60 0.62 24 1.62 ¯

ontrol 2 236.7 150.3 0 1.58 1.58 2.72 0.76 28 1.58 ¯

B1 335.6 184.8 28 1.82 1.42 2.50 0.78 31 1.42 11.75
B2 305.1 208.3 28 1.46 1.14 2.21 0.93 42 1.15 11.26
B3 294.1 176.2 19 1.67 1.40 2.57 0.69 27 1.40 11.95
B 410.8 202.9 36 2.02 1.49 2.77 0.86 31 1.49 10.98

the confined swell tests.
were computed based on 100% saturation.

the confined swell tests.
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l COPR Sample Mineralogy and Mechanisms Tested

nitial mineralogy of the four samples is presented in Table 4. The GB1 sample was found to contain
tively high amount of portlandite �Ca�OH�2� and was therefore chosen to be tested for carbonation
ons, as portlandite readily converts to calcite upon CO2 influx. The GB2 sample was found to contain
atively high amount of brownmillerite, so that its transformation to ettringite was tested by the
ion of sodium sulfate solution. Crystal growth of existing ettringite could also be an expansion
anism in GB2. The GB3 sample was at a less advanced reaction state as is indicated by the higher
nmillerite content; therefore hydration of brownmillerite to hydrogarnets was evaluated in GB3 by
ion of DI water. Finally, by addition of potassium chromate, the transformation of hydrogarnets to
was expected in the HB sample because of its elevated content of hydrogarnets. The hydration and
ration of CACs could also be a contributing mechanism for expansion in this sample.

t Change Results

eight change readings of the sand control samples showed that no displacement occurred due to the
imental conditions, i.e., the LVDT reading was stable throughout the duration of the experiment.
he height change as a percentage of the total height of the sample is plotted against time for GB1
les in Fig. 2. The plot shows that there was little change in height for this sample during the first
s, while a 0.5 % consolidation was registered during the last cycles, both prior to and following the

TABLE 4—Comparison of COPR sample mineralogy before and after swell tests.

eral
GB1
initial

GB1
top

GB1
bottom

GB2
initial

GB2
top

GB2
bottom

GB3
initial

GB3
top

GB3
bottom

HB
initial

HB
top

HB
bottom

millerite 11 16.8 18.3 35 31.8 25.7 55 36 35 5.1 3.3 3
clase ¯ ¯ ¯ 0.6 0.4 0.4 3.3 1.8 1.6 1.1 2.0 1.2
cite 2.1 2.0 2.3 8.5 10.3 9.6 5.3 3.6 3.2 10.5 6.5 7.5

andite 20 4.4 13.8 1.6 ¯ ¯ 3.4 0.4 ¯ ¯ ¯ ¯

lcite 24 46.7 34.1 9.7 14.3 38.3 10 33 36.2 2.7 11.2 11.3
talcite 3.8 6.1 4.5 5 4.3 3.7 3.7 5.2 4.5 26 28.9 26.9
garnets 18 19 22 13 13.9 10.7 18 20 19.9 26 37.1 38.6
ngite 2.8 2.1 3.8 3.3 12.6 3.2 ¯ ¯ ¯ ¯ ¯ ¯

C 14 2.5 1.4 12 4.2 1.3 1.3 ¯ ¯ 28 11 11.4
illite 4.1 ¯ ¯ 12 8.2 7.1 ¯ ¯ ¯ ¯ ¯ ¯

FIG. 2—Height change in percent for the GB1 sample.
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nate addition. It seems that the consolidation occurred during the fourth wet cycle upon application
dead load. It is not clear whether portlandite was transformed to calcite since no x-ray data were
ble.
igure 3 shows the height change in percent for the GB2 sample in which sulfate was added to test
gite formation. It was observed as the only sample to exhibit a height increase of 1.3 %, which is
cant considering that the sample was tested under the application of a dead load. The height increase
bserved in the wet cycle, in which the sulfate solution was applied, indicating that a fast reaction
red the swell development. The formation of ettringite is favorable thermodynamically at pH con-
s of the experiment �16–18�. Geochemical modeling results also showed that ettringite formation is
able upon sulfate influx �19�. Moreover, ettringite was observed within 1 h upon the addition of even
small amounts of sulfate 5.2�103 mole/l �20�. Again, no significant height change was recorded in
itial wet and dry cycles with DI water as permeant.
igure 4 shows the height change in percent for sample GB3 where brownmillerite hydration was

at 50°C. No significant height change in this sample was recorded throughout the experiment.
arly, no significant height change was recorded in the HB sample both prior to and following the
ate addition �Fig. 5�.
verall, it is true that both calcite and ettringite formations could fill voids in the sample. But, samples
have a high content of calcite did not provide swell development whereas samples that contain a

content of ettringite showed a significant swell development. The needlelike structure of ettringite
s the buildup of high swell pressures that may overcome media restraint even in high-porosity
ms. The values of specific gravity for portlandite, calcite, and ettringite are 2.23, 2.71, and 1.8,
ctively. Therefore, portlandite consumption to form calcite leads to an increase in the specific gravity,
o a probable consolidation of the sample, rather than to swelling. A similar tendency was reported by
e et al. �21� who observed consolidation of marine sediments due to carbonation.

XRPD Results of Tested Samples

sample mineralogy at the end of the presented testing period was determined by XRPD and
ared with the initial COPR mineralogy in order to elucidate the geochemical mechanism that leads to
bserved behavior in height change. The samples were obtained from the top and bottom surfaces of

FIG. 3—Height change in percent for the GB2 sample.
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amples, in order to keep the specimens as undisturbed as possible and to be able to continue the
iments. The quantitative analyses of the obtained data are presented in Table 4. In general, carbon-
was the major reaction in all samples tested. It seems that the influx of atmospheric air during the dry
resulted in significant carbonation of the top layers, as the highly alkaline pH of the COPR samples
rs CO2 sequestration a fast and powerful reaction. Carbonation reactions seemed to “attack” CACs
resulting in their partial or complete dissolution in all samples. Portlandite dissolved in the top layer

GB1 sample while it was present in higher amounts in the lower layer, indicating that carbonation
ons were still ongoing at the end of the fifth cycle despite the soluble carbonate influx. Brownmil-
also dissolved partially in the GB3 sample as a result of carbonation, while no hydrogarnets formed
ding to XRPD. These results indicate that, although calcite formation is a pronounced COPR reac-
it does not lead to volume increase; on the contrary, it will lead to consolidation, depending on the
l geotechnical properties of the sample �lithification, void ratio�. The 25°C sample did not present

FIG. 4—Height change in percent for the GB3 sample.

FIG. 5—Height change in percent for the HB sample.
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cant lithification and therefore consolidated, while the 50°C sample lithified to some extent during
et and dry cycles and accommodated calcite within the existing voids, with no apparent change in
e. Similar observations with the GB3 sample hold also for the HB sample. No additional CACs
d upon addition of chromate as carbonation seems to dominate as the prevalent geochemical mecha-

onversely, ettringite formation proved to be a powerful thermodynamic reaction in sample GB2, as it
d despite the influx of CO2 and the competitive formation of calcite. These were the only mineral
tions observed in this sample, with brownmillerite and CACs �with some afwillite, a calcium silicate
te also partially dissolving�, their dissolution acting as a calcium and aluminum source. As calcite
tion was ruled out as a heaving mechanism on the basis of the remaining three swell samples,

gite formation seems to be the only viable heaving mechanism to explain the height change observed
ple GB2 upon sulfate addition.

lusions

ned swell tests were performed in order to investigate the heaving phenomena in COPR. Samples
obtained from different zones at COPR deposition sites in New Jersey and Maryland, and were

ted to represent different heaving mechanisms formulated on the basis of COPR mineralogy. The
ified expansion mechanisms in COPR tested in this investigation were: �a� brownmillerite hydration
drogarnets; �b� carbonation reactions and calcite formation; �c� ettringite formation; and �d� formation
lcium aluminum chromium oxide hydrates �CACs�. The detailed observations obtained from the
ned swell tests can be summarized:
. Carbonation reactions were pronounced in all samples tested, due to the rapid CO2 sequestration

during the dry cycle. Calcite form in the existing voids, and it produced no net volume increase or
even led to consolidation, depending on the sample’s respective geotechnical properties �degree of
lithification and void ratio�.

. Upon 2 % sulfate addition, up to 1.3 % swelling was observed in the respective COPR sample
under the confinement imposed by a 2.27 kg dead load. The quantity of ettringite significantly
increased immediately after the addition of sulfate, based on XRPD analyses at the beginning and
the end of the testing period.

. No hydrogarnet formation was observed in the sample with high brownmillerite, tested at higher
temperature �50°C�, which was employed in order to accelerate the slow dissolution of brownmil-
lerite. No correlation between hydrogarnet formation could, therefore, be established between
brownmillerite hydration and volume expansion.

. Similarly, no CAC formation was observed upon addition of chromate to a COPR sample, as
carbonation dominated the geochemical reactions in this case as well. The viability of the CAC-
related expansion mechanism remained, therefore, inconclusive.

verall, the present investigation verified that ettringite is a viable expansion and heaving mechanism
PR; its formation is a thermodynamically favorable �15–17� when sulfate is introduced into the

m. The manifestation of heave is associated, however, with the overall geotechnical properties of the
x, i.e., the expansion was observed in a sample that was highly lithified, providing the necessary
a restraint. Carbonation was excluded as an expansion mechanism in COPR, while the contribution of
hydration and pozzolanic products remained inconclusive as their formation was shown to be less

ed compared to ettringite and was thus suppressed by carbonation reactions. Further investigation
ddress the viability of these mechanisms and their relative contribution to COPR expansion.
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estigation of Barium Treatment of Chromite Ore
cessing Residue „COPR…

ABSTRACT: Barium addition to chromite ore processing residue �COPR� was investigated in order to
address �a� the pronounced heaving phenomena that are associated with mainly the presence of ettringite
and �b� hexavalent chromium leaching. Sulfate was added to representative samples of grey-black �GB�
and hard-brown �HB� COPR to simulate worst-case conditions of sulfate influx and ettringite formation.
Both the X-ray powder diffraction �XRPD� and the modeling results showed that ettringite is a thermody-
namically favored reaction in COPR. The subsequent addition of barium lead to the formation of both barite
and barium chromate, observed as solid solution between the two phases. Modeling results confirmed that
barium sulfate is the more stable species that will dissolve ettringite and that barium chromate will also
dissolve COPR chromate phases when sulfate is depleted. The Toxicity Characteristic Leaching Procedure
�TCLP� test on GB samples showed that the optimal stoichiometry to maintain Cr and Ba TCLP concen-
trations below the U.S. Environmental Protection Agency regulatory limit of 5 and 100 ppm, respectively,
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lies between 1:1 �Ba to sulfate plus chromate ratio� and 1.5:1. The respective optimal stoichiometry for the

HB COPR was found to be higher, between 2:1 and 5:1. Considering that COPR is actually a Cr-
contaminated cement form, a further area of research is the identification of barium-containing wastes �i.e.,
heavy-metal sludges, contaminated soils, etc.� that would be suitable for combination with COPR; in this
way, an environmentally sustainable yet cost-effective treatment application can be realized.

KEYWORDS: COPR, chromate, hexavalent chromium, ettringite, heaving, barium

duction

mite ore processing residue �COPR� is generated as a by-product of the chromite ore
,Fe��Cr,Al,Fe�2O4� processing to isolate and extract chromium. The ore is mixed with quicklime
oda ash and roasted at high temperature ��1200°C�� �1�. The end products of the process are soluble
m chromate and a residue that consists of primarily brownmillerite �Ca2�Al,Fe�2O5�, periclase
�, excess hydrated lime �Ca�OH�2� and various impurities, including chromium in both its trivalent
exavalent form. Millions of tons of COPR have been deposited in urban environments, with Hudson
ty, N.J., being a characteristic example of an area with several COPR deposition sites �2�. Extensive
ng phenomena have been observed in various deposition sites, rendering their use as construction
for either industrial or urban redevelopment purposes unacceptable. The presence of heaving phe-
na, as well as the presence of hexavalent chromium in COPR deposition sites, has been a cause for
r attention in the past years and has resulted in extensive investigations with regard to the geochemi-
echanisms that lead to swell development and to possible chromate migration. The Dundalk Marine
inal �DMT� in Baltimore, Maryland, is a characteristic COPR deposition site, at which trenching
ties were conducted in June, 2004, to identify COPR geochemistry and elucidate the heaving mecha-
at the site.
he findings of the trenching investigation at DMT, including the physical description of COPR,
h stratigraphy, physicochemical characteristics, and mineralogy, are presented in Dermatas et al. �3�.
mmary, the trenching activities led to the identification of two distinct types of COPR: A grey-black
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lar material �designated as GB� and a hard-brown lithified material �designated as HB�. GB COPR
ound to contain high amounts of COPR “parent” phases, i.e., brownmillerite and periclase, while HB
ominated by hydration and pozzolanic products, including brucite �Mg�OH�2�, hydrogarnets �katoite
�3Al2O3�H2O�6� being the main phase�, hydrotalcites ��Al2Mg4�OH�12�CO3��H2O�3� is a representa-
ompound�, and calcium aluminum chromium oxide hydrates �CACs−Ca4Al2O6�CrO4� ·nH2O�. The

are concluded to be major sink for hexavalent chromium in COPR �4�. Ettringite
l2�SO4�3�OH�12 ·26H2O� was also identified in several samples, at concentrations that reached

% by weight �w/w� in an area below the heaving bulge in one trench. Ettringite presence and its
on to the heaving phenomena at DMT are also discussed in Dermatas et al. �3�.
n order to mitigate ettringite-induced heaving observed in lime-stabilized clays, Dermatas �5� used
m salts, as barium forms insoluble barite �BaSO4� and scavenges the available sulfate at the expense
ttringite. The addition of 15 % �w/w� barium hydroxide �Ba�OH�2 ·2H2O�, barium chloride
l2 ·2H2O�, or barium carbonate �BaCO3� successfully eliminated ettringite formation and swell de-
ment in lime-treated kaolinite and montmorillonite specimens �5�. Moreover, barium also forms
y insoluble barium chromate �BaCrO4�. The barium addition to COPR was therefore investigated in
resent study as a possible treatment to bind both sulfate and chromate in highly insoluble salts,
nating both ettringite formation and chromate leaching potential. Geochemical modeling was also
rmed in order to investigate the reaction pathway of the two types of COPR �GB and HB� and the
m response to an influx of sulfate and barium.
he investigation on barium-based treatment of COPR was pursued in the frame of identifying both
onmentally and economically sustainable treatment options. COPR is essentially a contaminated
nt form, as its mineralogy is similar to ordinary cements, with elevated levels of chromium, which
r it contaminated. As cements are commonly used in stabilization/solidification �S/S� applications to
bilize contaminated media, such as heavy-metal sludges and soils, the combination of COPR with a

m-containing waste could result in a stabilized matrix similar to those produced in S/S applications.

rials and Methods

ling

samples were collected as disturbed bulk samples from various depths in the excavated trenches.
representative samples of GB and HB COPR were chosen to conduct the treatability studies, as these

aterials present different mineralogical and chemical characteristics. The GB sample was located at
epth, while the HB sample was located at 4 ft depth; the samples were chosen on the basis of their

ralogical characteristics, as ettringite was not present in the original sample, while their mineralogy
sented the average mineralogy of the respective layers �GB and HB�. Moreover, no soil admixtures
the surface cover �extending to 1–2 ft depth� were detected in these samples.

rimental Methodology

riginal samples were characterized by the following analysis methods:
pH: ASTM D4980-89 �6� was used to measure the pH of the solid.
Total analyses: The Cr�VI� content was measured by alkaline digestion and colorimetric analysis
�EPA method 3060A �7� and 7196A �8��.
X-ray powder diffraction �XRPD�: Samples were air-dried for 24 h and pulverized to pass a U.S.
standard #400 sieve �38 �m��. Step-scanned XRPD data were collected using a Rigaku DXR 3000
computer-automated diffractometer using Bragg-Brentano geometry. The diffractometry was con-
ducted at 40 kV and 30 mA using diffracted beam graphite monochromator with Cu radiation. The
data were collected in the range of two-theta values between 5° and 65° with a step size of 0.05°
and a count time of 5 s per step. XRPD patterns were analyzed by the Jade Software Version 7.1 �9�
and reference to the patterns of the International Centre for Diffraction Data database �10�, as well
as the Inorganic Crystal Structure Database �11�.

amples were homogenized and air dried for 24 h prior to the initiation of the experiments. Air-dried
les were pulverized manually to pass a #100 U.S. standard sieve �0.15 mm opening� in order to
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e homogeneity and to provide enough surface area for reactions to occur homogeneously within the
le. Sulfate was added to all samples in the form of sodium sulfate �Na2SO4� on a 5 %w/w basis, in
to simulate worst-case conditions of sulfate influx and thus ettringite formation. 50 000 mg/kg was

ighest sulfate concentration observed in the bulk HB COPR samples obtained at DMT, located in an
below a heaving feature in the excavated trenches �12�. A liquid-to-solid �L:S� ratio of 2 was em-
d, to provide enough water for reactions to occur, while staying close to the actual field conditions.
ing time of one week was provided to reach operational equilibrium. The samples were then air dried,
er to establish uniform moisture conditions for the subsequent barium addition.
arium was added as Ba�OH�2 solution, considering five stoichiometries of the ratio Ba: �SO4

2−

4
2−� and employing the same L:S ratio of 2. Duplicate samples were tested for the 1:1 stoichiometry.
1 presents an overview of the testing matrix, which was identical for the GB and HB materials.

he curing time for the barium reaction was, again, one week.
he samples were then subjected to the Toxicity Characteristic Leaching Procedure �TCLP� test �13�.
I� was measured by the colorimetric method �8� and the total Ba, S, and Cr in the TCLP leachate were
mined by Inductive Couple Plasma/Atomic Emission Spectrometry �ICP/AES� �14�. XRPD analysis
erformed on the TCLP residues, in order to determine the mineralogical changes imposed by the
ons and the TCLP testing.

ling

hemical modeling of COPR was performed using the EQ3/6 software package �15�.
he EQ3/6 thermodynamic database was modified to include the following solid phases:

CAC �Ca4Al2O6�CrO4� ·15H2O�: Data were obtained from Perkins and Palmer �16�;
Cr�VI�-ettringite �Ca6�Al�OH�6�2�CrO4�326 H2O�: data were obtained from Perkins and Palmer
�17�.

he purpose of the modeling employment was not to precisely predict aqueous concentrations and
bution of solid phases at this stage of the research, but rather to observe the tendencies in the relative
ity of the mineral phases and their response to the influx of sulfate and barium. In other words, the
tative and not the quantitative reaction pathway was attempted, as the current treatability study aimed

initial screening of the Ba treatment; ongoing and future research focuses on the quantification of
idual reaction steps and their modeling, as well as on the refinement of the treatment conditions.
odeling included three steps:

. Modeling of the initial COPR reaction pathway, in order to simulate the HB material: Brownmil-
lerite, periclase, and lime, the COPR “parent” minerals, reacted with water, chromate, and carbon-
ate. The stoichiometries of the parent minerals were chosen to represent the average chemical
composition of COPR. The aqueous concentrations were chosen based on groundwater data, but
they were not significant as any precipitates were removed from the system prior to the initiation
of the reaction, i.e., an equilibrium solution of aqueous species was the input to the reaction
pathway.

. Modeling of sulfate influx in the HB equilibrium COPR of the previous run: The sulfate addition
was calculated as 5 %w/w of the initial reactants.

. Modeling the addition of BaO at 1:1 stoichiometry on the total amount of sulfate and chromate.
Barium oxide was used as it was the only entry in the EQ3/6 database. It is, however, very soluble
�log Ksp=47.8 for the dissolution reaction�, so that the results are equivalent with the addition of
barium hydroxide.

TABLE 1—Testing matrix for Ba treatment of COPR samples.

Stoichiometry Dry sample �g� Sulfate �g�a Chromate �g�a Ba �g� Ba�OH�2 �g�
0.5:1 3 0.15 0.07 0.12 0.16
1:1 3 0.15 0.07 0.25 0.31

1.5:1 3 0.15 0.07 0.37 0.47
2:1 3 0.15 0.07 0.5 0.62
5:1 3 0.15 0.07 1.25 1.56

aSulfate was calculated as 5 %w/w, chromate as 1 %w/w Cr�VI� of the dry solid.
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he input is shown in Table 2. The initial pH was 12 and the initial L:S ratio 10:1. Redox reactions
suppressed.

lts and Discussion

l Characterization and TCLP Results

esults of the initial characterization of the two samples �GB and HB� are presented in Table 3.
able 3 shows that both materials are highly alkaline, favoring the formation of pozzolanic products,
as CAC and ettringite. The latter was not detected in the original XRPD patterns, indicating that the
les were “clean” prior to the initiation of the experiments. The Cr�VI� content varied greatly in the

aterials, as it was 0.36 % in the GB and 1.67 % in the HB COPR. Both values deviated from the
/w assumption that was employed in order to calculate the barium stoichiometries �Table 1�. The

tion is, however, small, compared to the addition of 5 %w/w sulfate and is taken into account in the
retation of the results.
he XRPD results confirmed that the two materials were distinct in mineralogy; the GB sample
ined very high amounts of brownmillerite and relatively high amounts of periclase, while the HB
le was dominated by calcite, hydrogarnets, and CACs. CACs were a major Cr�VI� sink in both
ials, as was previously established �4�.
able 4 presents the TCLP results for the various stoichiometries.
he post-tumbling TCLP pH regime was different in the two materials: The pH in the HB material
ined at relatively high values, in the range of 10–11, while the pH in GB dropped to values in the

of 8.4–9.5. This is a result of the different mineralogy, which contributes to a different behavior in
uffering capacity of the two COPR materials. The HB sample is dominated by pozzolanic products
end to dissolve when the pH drops below 11, thus contributing to the buffering capacity while the pH
ll high; the addition of increasing amounts of Ba�OH�2 is the reason why the pH increases with
asing stoichiometry of the barium hydroxide addition. Conversely, the brownmillerite that dominates
B COPR dissolves at much lower pH values �6 or lower�, so that its alkalinity is not released in the
pH regime of the GB CORP. The relative contribution of COPR minerals and barium hydroxide is not
htforward, in this case.

TABLE 2—Modeling input to simulate HB COPR and its reaction with sulfate and barium.

Reactants Mol/kg H2O Aqueous species mg/L
Brownmillerite 0.16 Ca2+ 582

Periclase 0.2 Al3+ 1.34
Lime 0.05 Fe3+ 0.05

CrO4
2− 0.03 Mg2+ 0.09

HCO3
− 0.05 CrO4

2− 1.4
SO4

2− 0.05 SO4
2− 2.4

BaO 0.08 HCO3
− 5

Ba2+ 0.09

TABLE 3—pH, Cr(VI) content, and mineralogy of the initial COPR samples.

GB HB
pH 12.4 12.0

Cr�VI�mg/kg 3590 16700
XRPD �%w/w�
Brownmillerite 66.5 3.6

Periclase 5.3 -
Brucite 5.1 4.8
Calcite 41.3 41.5
Katoite 10.2 14.6
CAC 7.5 14.4

Hydrotalcite 1.2 13.0
�Cr,Al�O�OH� - 6.1
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r�VI� leaching in the GB TCLP leachate could not be directly established in four of the GB samples
o experimental uncertainties in the colorimetric method. However, the total Cr concentration may be
ded as equivalent to the Cr�VI� concentration, as Cr�III� precipitates as insoluble hydroxide at this pH
e �18� and should not thus be present in the TCLP solution in considerable amounts. This is also

rated in the case of the HB material �Table 4�, as the Cr�VI� and total Cr concentrations are very
.
he TCLP regulatory limit established by USEPA for Cr is 5 mg/L. Table 4 shows that the barium
d GB material exceeds the limit for the 0.5:1 and 1:1 stoichiometries, while the 1.5:1 stoichiometry
s a TCLP Cr concentration �0.13 mg/L� that lies far below the 5 mg/L threshold. This indicates that
ptimal stoichiometry for Ba treatment of COPR lies between 1:1 and 1.5:1. Conversely, the optimal
iometry for the HB material is between 2:1 and 5:1, most probably due to the significantly higher

I� concentration in this type of COPR.
t should be noted that the Ba concentration in the TCLP leachate is also important from the regulatory
of view, as the TCLP limit for Ba is 100 mg/L. In the GB material, the TCLP Ba concentration is

low �3 mg/L� up to the 1:1 stoichiometry and then increases suddenly to 170 mg/L at the 1.5:1 ratio.
e optimal stoichiometry is assessed between 1:1 and 1.5:1, it is most probable that Ba leachability
ot be a problem upon treatment optimization. The Ba concentration is also low around 3 mg/L in the
OPR and only increases to �1300 mg/L for the very high stoichiometry of 5:1. Again, a stoichi-

ry close to 2:1 to optimize Cr�VI� leaching, would also probably keep the Ba concentration below the
atory limit. Overall, the data point to the existence of a solubility controlling phase for Ba, as its
ntration is constant at 3 mg/L for most of the stoichiometries and then suddenly increases above a
old ratio. The mechanisms behind this behavior will be explored further in the following discussions

he modeling section.
n order to obtain a more accurate picture of the relative release of hexavalent chromium, barium, and
e, the leachability ratio was calculated by normalizing the TCLP concentrations multiplied by the L:S
�20� over the total concentration of the compounds in the solid. The values are presented �in percent�
ble 5. In the case of the GB material, the total Cr concentrations were used, as discussed above.
ccording to Table 5, barium presents a very low leaching ratio for all the stoichiometries, which
es extremely low �0.1%� for the 0.5:1 and 1:1 ratios in GB and all ratios but the 5:1 in HB. This

ates that the formation of barium precipitates are thermodynamically powerful reactions; the TCLP
ncentration becomes high only when the system is oversaturated with Ba.
he comparison between the Cr�VI� and SO4

2− leachability ratios shows that sulfate uptake by barium
re favored compared to chromate. This observation is supported by thermodynamic data, as the
ility product for barite is log Ksp=−9.98, while the respective value for barium chromate is log Ksp

67 �19�, indicating that the latter is more soluble. Moreover, mass action due to the high sulfate
nt also leads to comparatively more sulfate forming barite, to comply with equilibrium requirements.

TABLE 4—TCLP results for the two COPR materials and the five employed stoichiometries.

TCLP pH
Cr�VI�
�mg/L�

Cr
�mg/L�

Ba
�mg/L�

S
�mg/L�

SO4
2−

�mg/L�a

GB
0.5:1 8.5 n.a. 105 2.58 328.1 1005
1:1 8.4 46 41 2.74 134.4 412
1:1 �b� 8.9 n.a. 42 2.84 153.4 470
1.5:1 9.5 n.a. 0.13 170.4 36.5 112
2:1 9.1 0.3 0.19 292.9 48.4 148
5:1 8.4 n.a.b 0.23 1098.7 42.5 130
HB
0.5:1 10.0 570 588 15.8 113.9 349
1:1 10.3 345 374 3.39 62.7 192
1:1 �b� 10.4 317 333 3.02 54.3 166
1.5:1 10.5 151 157 2.95 64.9 199
2:1 10.8 26 23 3.29 25.9 79
5:1 10.9 0.016 0.25 1344 19.5 60

aSulfate was calculated from the S concentration assuming that it was all present as sulfate.
bn.a.: not available.
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ntroduction of sulfate generally increases the solubility of chromate, as it forms thermodynamically
stable compounds and tends to displace chromate out of the solid matrix, as evidenced previously in

matrices �20�. The leachability ratios of both chromate and sulfate decrease with increasing barium
ion, as would be expected; the optimization of the treatment would indicate the point of balance, in

all concentrations would comply with regulatory requirements.

Results

der to investigate the speciation of the three compounds in the solid, as well as to evaluate mineral
ormations due to treatment, XRPD was conducted on selected TCLP residues.
igure 1 shows the XRPD pattern of the original GB sample, overlaid by the pattern obtained from the
eated sample. The formation of high amounts of barite is clear, along with formation of calcite and
bly some hydrotalcites. CACs dissolved due to the low pH �8.4� of the TCLP residue, which renders
lanic phases unstable. No ettringite was detected in any of the patterns, which would also be unstable
the TCLP conditions. However, no gypsum was observed either. As gypsum is the dissolution

ct of ettringite, it is hypothesized that no ettringite formed in the solid prior to the TCLP. The

TABLE 5—Leachability ratio (in percent) for hexavalent chromium, barium and sulfate.

TCLP pH

Cr�VI�
leached
�%�

Ba
leached
�%�

SO4
2−

leached
�%�

GB
0.5:1 8.5 59 0.13 40
1:1 8.4 23 0.07 16
1:1 �b� 8.9 24 0.07 19
1.5:1 9.5 0.07 2.76 4
2:1 9.1 0.11 3.51 6
5:1 8.4 0.13 5.27 5
HB
0.5:1 10.0 68 0.79 14
1:1 10.3 41 0.08 8
1:1 �b� 10.4 38 0.07 7
1.5:1 10.5 18 0.05 8
2:1 10.8 3 0.04 3
5:1 10.9 0.002 6.45 2

. 1—XRPD pattern of GB samples - original (below) and 1:1 treated sample after TCLP (above).
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tion of ettringite in GB is kinetically inhibited due to the slow dissolution of brownmillerite at
ent conditions, which constitutes the main alumina source in GB COPR. Consequently, the elimina-
f ettringite formation is relatively easy with lower amounts of barium in the GB material.
igure 2 shows the original and the 1:1 ratio XRPD patterns of the HB material. The influx of sulfate
ed, in this case, to significant formation of ettringite; the “parent” materials, i.e., the calcium and
inum sources, seem to have been CAC and katoite, as well as the phase �Cr,Al�O�OH�, which is
ar to boehmite �AlO�OH��, as their peak intensities appear diminished or vanished in the case of the
l�O�OH�. The addition of barium on a 1:1 basis resulted to significant formation of barite, which was
ver, not sufficient to eliminate ettringite formation. Ettringite was present with very high peaks in the
pattern as well, despite the fact that the pH was 10.0, which is theoretically outside the ettringite pH
ity domain �10.5-13 in most of the studies in the literature �21��. Ettringite was still present in the 2:1

pattern of the HB material and disappeared only in the 5:1 stoichiometry. These results indicate that
gite formation in the HB COPR is a thermodynamically favored reaction, with favorable kinetics for
reactions to occur.
arium chromate was not directly observed in the XRPD patterns of the TCLP residues. This was,
ver, due to the fact that barite and barium chromate have similar crystal structures and thus produce

patterns with similar peak positions. Fernandez-Gonzalez et al. �22� studied the solid solution series
en BaSO4 and BaCrO4 by X-ray diffraction and found that the lattice constants of barite shift to
r values upon incorporation of chromate, due to its larger radius. Table 6 shows the Rietveld refine-

. 2—XRPD pattern of HB samples - original (below) and 1:1 treated sample after TCLP (above).

TABLE 6—Unit cell parameters and peak broadening of barite (theoretical and calculated according to
Rietveld refinement).

A b c FWHM
BaSO4

a 8.881 5.454 7.157 ¯

Ba�SO4�0.73�CrO4�0.27
a 8.940 5.470 7.200 ¯

GB 1:1 8.895 5.455 7.171 0.13
GB 2:1 8.889 5.447 7.168 0.13
HB 1:1 8.935 5.470 7.200 0.28
HB 2:1 8.935 5.460 7.210 0.28

aFrom Fernandez-Gonzalez et al. �22�.
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results for the lattice constants of barite in the GB and HB XRPD patterns, as well as the full width
aximum �FWHM� of the respective peaks.

he comparison between the theoretical and refined values for the unit cell parameters of barite show
here is very little shift in the GB patterns, while the peak width corresponds to the intrinsic peak
ening of the instrument. In other words, there is only one phase corresponding to the barite peaks,

agrees very well with the barite crystal structure. This observation agrees with the fact that the
nt of Cr�VI� in the GB COPR is relatively low �0.35 % w/w�, so that substitution for sulfate in
is either absent or nondetectable. Conversely, the high Cr�VI� concentration in the HB material
% w/w� results in significant solid solution between barium sulfate and barium chromate. This is

ted both in the peak width, which corresponds to two phases sharing the same peaks, and in the shift
unit cell parameters, as predicted in the study by Fernandez-Gonzalez et al. �22�. The refined values

arite correspond to a chromate substitution �25 % for sulfate. The total chromate-to-sulfate ratio is
1:3, the chromate affinity for barium is, however, lower than the sulfate, as discussed previously.

all, the agreement between the experimental observations and the theoretical premises for the forma-
f barium sulfate and chromate is very good.
he phase transformations in the present experiments were also investigated by means of geochemical
ling, employing a reaction pathway code to monitor phase equilibria upon influx of sulfate and then
m in the COPR system.

hemical Modeling

hemical modeling was conducted in three subsequent steps: �1� dissolution of COPR “parent” mate-
brownmillerite, periclase and lime, and reaction with chromate and carbonate anions, �2� reaction of
quilibrium system with sulfate, and �3� reaction of the equilibrium system generated by the second

ith barium oxide.
he type and amount of precipitated phases at the equilibrium of each step are shown in Table 7.
he composition of HB COPR is predicted relatively accurately by the model, with a few exceptions:

The presence of hematite corresponds to amorphous iron phases, which are abundant in the HB
COPR �3�.
Hydrotalcite scavenges all the available magnesium released by periclase, at the expense of brucite
�Mg�OH�2�, according to the model. This, however, does not affect the equilibria of the chromate
and sulfate pozzolanic phases, i.e., it does alter the results of the second and third steps.
Portlandite is predicted in high amounts. The comparison between Table 7 and the HB Rietveld
results �Table 3� shows that this is due to the low amount of carbonate that restricted calcite
formation. This, however, does not affect the overall results. COPR carbonation is a complex
process the study of which is not the purpose of this paper; it will, therefore, not be considered
further at this stage. The pH regime, which is generally affected by carbonation, is highly alkaline
both in the actual conditions and the modeling results; the geochemistry of other phases is not
significantly affected by the portlandite-calcite equilibrium in the pH range 12–13.

verall, the results of the first step show that the model reflects, within its limitations, the actual
emical processes in COPR. Figure 3 shows the reaction progress for selected compounds, in order to

rate the phase equilibria during the three modeling steps.

TABLE 7—Precipitated phases in mol/KgH2O at each equilibrium step of the COPR reaction pathway.

First step Second step Third step
pH 12.8 13.1 13.1

Hematite Fe2O3 0.16 0.16 0.16
Hydrotalcite Mg4Al2�OH�14:3H2O 0.05 0.05 0.05

Katoite �CaO�3Al2O3�H2O�6 0.08 0.064 0.10
Portlandite Ca�OH�2 0.32 0.27 0.35

Calcite CaCO3 0.005 0.005 ¯

CAC Ca4Al2O6�CrO4� ·15H2O 0.03 0.029 0.004
Ettringite Ca6Al2�SO4�3�OH�12 ·26H2O ¯ 0.017 ¯

Witherite BaCO3 ¯ ¯ 0.005
Barite BaSO4 ¯ ¯ 0.05

Barium chromate BaCrO4 ¯ ¯ 0.026
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uring the first step, katoite starts to form when all available chromate has reacted to form CAC and
ases until the brownmillerite dissolution is complete. When sulfate is introduced into the system,
te dissolves to form ettringite, with portlandite also contributing as a calcium source. Other phases
in unaffected, as was assumed in the XRPD discussion.
he addition of barium during the third step results first in the gradual dissolution of ettringite. Barite
nges the sulfate, while calcium, and aluminum reform katoite. When ettringite is exhausted, CACs
to dissolve and form barium chromate and additional katoite. In other words, the model predicts that

ate will only be bound to barium, when no sulfate is available. This was not the case, however, in
B experiments; the simultaneous formation of barite and barium chromate was observed as a solid
on in the 1:1 XRPD pattern; ettringite was therefore, still present at this stoichiometry. The model
redicts that some of the barium forms barium carbonate �witherite�, dissolving the existing calcite.

transformation was not observed in the 1:1 XRPD pattern, it was only in the 5:1 stoichiometry that
rite formed in ample amounts dissolving the existing calcite, both in the GB and HB XRPD patterns
TCLP residues. The different pH regime of the TCLP, which was 8 to 9 in the GB and 10 to 11 in

B, whereas it was 13 in the modeling results, may be the reason for this observation.
verall, the modeling results accurately reflect the geochemical transformations observed by XRPD,
atoite is the parent material to form ettringite, which is then dissolved to form barite. CACs also

lve to form barium chromate. The difference between the modeling and the experimental results is
he model predicts a subsequent formation of the two barium salts, i.e., barium chromate forms only
sulfate is depleted, while the experimental results show that these occur in solid solution toward the
e end member. Ettringite is still present in the 1:1 stoichiometry in the experiment, while the model
cts that it completely dissolves.

ary and Conclusions

m addition to chromite ore processing residue �COPR� was investigated in order to address the two
onmental and geotechnical issues associated with COPR deposition as a structural fill at numerous
�a� the pronounced heaving phenomena that are associated with mainly the presence of ettringite and

exavalent chromium leaching. Barium forms highly insoluble complexes with both sulfate and chro-
and is therefore a favorable candidate to effectively immobilize both anions.
wo types of COPR were encountered at Dundalk Marine Terminal �Maryland� that were different in
re, color, and mineralogy; one �grey-black �GB� COPR� resembled the parent COPR material that
out of the chromite ore roasting process, while the other �hard-brown �HB� COPR� was dominated

OPR hydration and pozzolanic reaction products.
ulfate was added to representative samples of the two types of COPR to simulate worst-case condi-
of sulfate influx and ettringite formation. Both the XRPD and the modeling results showed that

gite is a thermodynamically favored reaction in COPR.
he subsequent addition of barium led to the formation of both barite and barium chromate, observed
lid solution between the two phases in the XRPD patterns of the HB COPR that had high Cr�VI�

FIG. 3—Reaction pathway for selected COPR phases.
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ntrations; the low amount of chromate in GB COPR did not allow the detection of barium chromate
RPD. Modeling results confirmed that barium sulfate is the more stable species that will dissolve
gite and that barium chromate will also dissolve COPR chromate phases when sulfate is depleted.
he TCLP test on GB samples showed that the optimal stoichiometry to maintain both Cr and Ba
concentrations below the EPA regulatory limit of 5 and 100 ppm, respectively, lies between 1:1 �Ba

lfate plus chromate ratio� and 1.5:1. The respective optimal stoichiometry for the HB COPR was
to be higher, between 2:1 and 5:1.

he elimination of ettringite formation seemed to be successful in the GB material; this is probably
o kinetic limitations, as brownmillerite dissolves slowly to form ettringite. Conversely, in the HB
ial, ettringite formed from hydrogarnet, the HB predominant phase and remained persistent in the

patterns of the TCLP residues up to the 2:1 stoichiometry; it was absent only in the 5:1 XRPD
n. It should be stressed, however, that the sulfate addition was chosen on the basis of worst-case
tions; further research will address average scenarios of sulfate presence in order to optimize treat-
for ettringite formation. Considering that COPR is actually a Cr-contaminated cement form, a further

of research is the identification of barium-containing wastes �i.e., heavy-metal sludges, contaminated
etc.� that would be suitable for combination with COPR; in this way, an environmentally sustainable
ost-effective treatment application can be realized.
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chemical Effects on the Long-Term Mobility of Heavy
tals in Marine Clay at Coastal Landfill Sites

ABSTRACT: In coastal landfill facilities that are constructed to contain municipal and industrial wastes in
Japan, natural marine clay layers serve as bottom liners to prevent pollutant migration. Leachates from
landfills are rich in dissolved organic carbon �DOC� that can be used by micro-organisms. Biological pro-
cesses could lead to redox reactions that change the pH and Eh. These biochemical factors may strongly
influence the behavior of pollutants leached from landfills, particularly heavy metals. In this paper, modified
batch tests were conducted to investigate the effects of pH and Eh and to simulate both chemical and
biochemical reactions on zinc mobility in a marine clay layer. To examine the effects of pH and Eh, the pH
and Eh were controlled by adding acid or base, respectively, and a reducing agent. To study the zinc
mobility, biochemical reactions were enhanced by cultivating native micro-organisms, which gradually
changed the pH and Eh conditions. Batch tests with different DOC concentrations were also conducted to
evaluate the effect of DOC on zinc mobility. In addition, biochemical processes in the bottom clay liners at
coastal landfill sites that receive municipal solid waste �MSW� incinerator ash were simulated by batch tests
using a solution of MSW incinerator ash mixed with seawater along with cultivating native micro-organisms
found in marine clay. The experimental results indicated that microbial activities in closed soil-water sys-
tems result in strongly reduced conditions compared to that controlled by a strong reducing agent, and that
the zinc mobility is lowered through the formation of sulfides. Although microbial activity was initially limited
under highly alkaline conditions due to MSW incinerator ash, the pH gradually decreased mainly due to the
formation of organic acids from microbial activity. Under the oxidized conditions, the solubility of zinc was
controlled by pH and the Eh had a negligible effect on the zinc concentration. DOC in the leachate served
as a bioavailable carbon source for microbial activities, which promoted anaerobic conditions in the soil-
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water system and the immobilization of zinc. However, DOC also formed soluble complexes with heavy
metals, which increased the zinc concentration. These observations confirmed that heavy metals in the

leachates became immobilized under the conditions found at landfill bottom liners when estimated in terms
of pH, Eh, and DOC.

KEYWORDS: heavy metals, clay, pH, dissolved organic carbon, redox reaction, landfill

duction

eered landfills are commonly used as the final disposal technology for municipal solid waste �MSW�
ts incinerator ashes in Japan. Due to the potential impact on the nearby environment, leakage of
ll leachates is minimized in modern landfill sites by designing an impermeable cover, a bottom liner

m, and a leachate collection system. Heavy metals are major pollutants contained in MSW, particu-
in MSW incinerator ash. However, most of the available monitoring data shows that their concen-
ns in leachates are normally very low �Kjeldsen et al. 2002�. This implies that heavy metals are
ated or immobilized in landfill sites and bottom clay liners. With respect to the mobility of heavy
s in a landfill clay liner, Kamon et al. �2002� investigated the influence of microbial activities. They
uted the effective attenuation of heavy metals to low redox potentials and neutral to basic pH
tions that predominantly prevail in the stabilization processes. However, oxygen will eventually
e into the landfills and switch the anaerobic decomposition into an aerobic one, which will decrease

H. Zhang et al. �2004� investigated the long-term mobility of heavy metals in a landfill clay liner by
ing on the acid neutralization capacities of the leachate-liner soil system. They concluded that both
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ndfilled wastes and liner system possess sufficient acid buffering capacity to consume the protons
ced in organic oxidation reactions. Hence, high levels of remobilization of heavy metals should not
even in the long-term �Zhang et al. 2004�.
SW landfill leachates contain a high content of dissolved organic carbon �DOC�. Native micro-

isms can use the DOC as a carbon source for metabolism, which leads to a series of reduction-
tion �redox� reactions �e.g., Lovley and Phillips 1988� that, in turn, control the mobility of heavy
s �e.g., Lyngkilde and Christensen 1992; Rugge et al. 1995�. To investigate the effects of pH and Eh
e heavy metal mobility, both chemical and biochemical methods were employed in various tests. For
ple, the pH is controlled by adding acids or bases, while the Eh is controlled by adding reducing
s. When a biochemical method is used, the native micro-organisms in soil-water systems must be
ated. These enhanced biochemical reactions should gradually change the pH and Eh conditions. The
t that the chemical and biochemical effects are similar remains unknown. Thus, in this research,
us batch adsorption tests were designed to compare the pH and Eh effects derived from chemical and
emical reactions. In particular, the changes in pH and Eh derived from biochemical processes in the
m clay liner of coastal landfill sites that receive MSW incinerator ash and their effects on heavy metal
lity were evaluated by cultivating native micro-organisms found in marine clay. In addition, batch
ption tests with different DOC levels were designed to evaluate the effects of DOC on heavy metals
, in theory, DOC can complex with heavy metals and mobilize them.

ground

e disposal in coastal areas is an emerging topic due to limited inland space in Japan, particularly for
politan areas. In addition, the types of waste materials have changed. Since the 1980’s, incinerator

nd incombustible matter have become the main components discarded into landfill sites. Compared to
nited States and many European countries, incineration has been a major intermediate treatment
ology for MSW in Japan.
ottom clay liners are the most important barriers used in solid waste disposal facilities. For coastal
ll facilities, natural marine clay layers are regarded as the clay layer that prevents pollutant migration.
m clay liners at landfill sites, especially at coastal landfill sites, may be under moderate to strong
tion conditions. In addition, leachates from landfills are rich in dissolved organic matter that micro-
isms can utilize. Therefore, microbial activities are most important events that occur in MSW land-
uring decomposition. On one hand, temporal variations in the leachates, pH, and Eh, provide basic
tions for microbial activities, but on the other hand, microbial activities alter the pH and Eh of the
ates. Besides serving as a carbon source for microbial activities, organic matter in landfills can
nce the mobility of heavy metals in other ways, such as adsorption, and complexation, etc. Reactions
en organic matter and metals may exhibit different, even opposite, effects on a metal’s mobility. For
ple, the association with insoluble organic compounds tends to reduce the availability of metals,
eas organic chelates tend to mobilize metals from insoluble minerals �Tate 1987�. Schulin et al.
� and Christensen et al. �1996� reported that dissolved organic matter increases the mobility of heavy
s by forming metal-organic carbon complexes. It is obvious that a better evaluation of the natural
ation of heavy metals in landfill clay liners is dependent on a thorough understanding of the rela-
ip between pH, Eh, TOC, and microbial activities. In addition, many nonbiological processes, in
ular the adsorption-desorption processes and the precipitation-dissolution processes, that are respon-
for the mobility of heavy metals in landfills and landfill clay liners are significantly affected by
es in the pH and Eh. Table 1 lists processes of relative importance for several mechanisms of heavy
attenuation in soil.
ther aspects that require redox effects to be considered are the type of containment facility and the

e of the waste materials received. Disposing incinerator ash in coastal landfill sites has recently
e a common practice in Japan, which may affect the microbial activities along with the pH, Eh, and

.
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rimental Methods and Analysis

esign and Materials

dified batch adsorption test procedure is adopted since it allows microbial cultivation to enhance the
bial activities and the biochemical reactions among soil-water-pollutant systems to be highlighted.
hree types of soil are used in this research: �1� Gifu soil, an alluvial sediment, sampled from Gifu
cture, Japan; �2� Kyoto soil sampled from farmland owned by the Graduate School of Agriculture,
o University, Kyoto, Japan; and �3� Osaka marine clay dredged at the depth of almost 10 m in Osaka
Japan. All the soils are sieved through a 2-mm screen �see Table 2 for basic soil properties�. Zinc is
rget pollutant since it is a heavy metal commonly encountered in leachates from both hazardous and
cipal solid waste landfill sites. Zn is an amphoteric element that has increasing mobility under both

and alkaline conditions. Thus, it should be considered from a geoenvironmental viewpoint. Similar
her heavy metals found in landfills like Pb or Cu, the mobility of Zn is affected by pH and Eh
tner et al. 1988�. Therefore, the results of this study will be helpful for evaluating the mobility of
elements.
able 3 details the five series of adsorption tests, Series A, B, C, D, and E. A subobjective is deter-
d for each testing series. Series A is designed to investigate the influence of Eh on Zn solubility. Thus,
ng reducing agent, dithionite �Na2S2O4�, is added to control the Eh. Series B examines the influence
on Zn solubility. Hence, an alkaline, sodium hydroxide �NaOH�, is added to control the pH. Series

bes the effects of both Eh and pH on Zn solubility, where the microbial activities of native micro-
isms found in the soil samples gradually change the pH and Eh of the soil suspensions. Series D
res the influence of dissolved organic carbon on the adsorption of Zn onto the surface of soil
les. Series E studies the effects of microbial activities on Zn solubility at the bottom of the coastal
ll sites that receive MSW incinerator ash. Thus, a solution of MSW incinerator ash mixed with the

ater �L/S=10� is used as the solvent for the batch test.
n all cases, 100 g of dry soil is mixed with the solvent in a constant solid-to-liquid ratio of 1:10. The
nt in Series A, B, and C is distilled water, while the solvent in Series D is 200 mL of distilled water
d with 800 mL of landfill leachates. The landfill leachates are collected from an offshore landfill site

TABLE 1—Attenuation mechanisms of heavy metals in soil (Kamon et al. 2002, modified from Hutchison and Ellison 1992).

TABLE 2—Basic properties of the soils used.

Parameters Gifu soil Kyoto soil Osaka marine clay
Liquid limit �%� 60.4 49.4 40.4
Plastic limit �%� 32.9 32.1 23.7
Grain size distribution
2 mm–75 �m �%� 0 36.3 54.8
�75 �m �%� 100 63.7 45.2
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aSolutio
eceives MSW incineration ash in Osaka Bay �Zhang et al. 2004�. One thousand millilitres of a
on that simulates leachates in an offshore landfill that receives MSW incineration ash is used in
s E. The solution is a mixture MSW incinerated ash �collected from a MSW incineration plant� and
ater in a solid-to-liquid ratio of 1:10 that is shaken for 6 h on a shaking table and then filtered. If the
bes are provided with carbon, nitrogen, and phosphorous to enhance the microbial activities, they are
as glucose �C6H12O6�, dihydrogenphosphate �NH4H2PO4�, and/or sodium acetate �CH3COONa�.

eparation and Temporal Maintenance of Soil Suspensions

e soil suspensions are shaken for 20 h to reach an equilibrium state between the solid and liquid
s. Before shaking, two types of prepreparations are conducted on the suspensions to obtain different
l Eh and pH conditions. One is to adjust the initial pH value by adding 0.1 M chloride acid �HCl�, and
ther is to bubble the soil suspensions with N2 or O2 gas for 30 min. After prepreparing the samples,
e soil suspensions are shaken for 20 h. Then the first set of data is collected using 15–20 mL of the
uspension from each reactor. The pH, Eh, and other chemical parameters are analyzed. This con-
s the tests on Series D and samples in Series A, B, C, and E are further amended as described below.
data sets are periodically collected for Series A, B, C, and E to create a temporal sequence for each

le. Prepreparation and temporal maintenance for samples in each series are detailed below.
eries A is divided into two subseries A1-A4 and A5-A7 for comparison. The former is bubbled with
s for 30 min, while the latter is bubbled with N2 gas for 30 min in the prepreparation. Both subseries
4 and A5-A7 are prepared in the same way with respect to pH. That is, the same volume of HCl is

to the corresponding pairs. After collecting the first data set, Series A is further amended by
nuously bubbling the suspensions with N2 gas. After a specific incubation period, e.g., 1, 3, 7, and 14
15–20 mL of the suspension is regularly sampled from an outlet tube by an airtight syringe. Two

s later, 0.1 M dithionite �Na2S2O4�, a reducing agent, is added to the suspensions �10 mL for A1–A4
0 mL for A5–A7�. Then regular data sets are collected 1, 3, 7, and 14 days later. Then more dithionite
ed and a final data set is collected 1, 3, 7, and 14 days afterward.

imilar to Series A, prepreparation and temporal maintenance are conducted on Series B. Samples
3 are bubbled with O2 gas, while samples B4–B7 are bubbled with N2 gas for 30 min. The pH is
ted in the same manner for B1–B3 and B4–B7. In the temporal maintenance of Series B, sodium
xide �NaOH�, a strong base, is used instead of dithionite.

n the prepreparation of Series C and D, all of the soil suspensions are only bubbled with N2 gas for
in. The pH adjustment in Series C is divided into two pH pairs, e.g., C1–C3 and C4–C6, while Series
divided into four pH pairs, e.g., D1–D3, D4–D6, D7–D9, and D10–D12. The organic carbon levels
so varied in Series D. The soil suspensions in Series C are contained in closed bottles throughout the
iment. On a time interval similar to Series A, 15–20 mL of the suspension is collected.

TABLE 3—Testing cases.

A Series B Series C Series D Series E Series

se A1-A7 B1-B7 C1-C6 D1-D3 D4-D6 D7-D9 D10-D12 E1 E2 E3 E4
Gifu Gifu Kyoto Gifu Gifu Gifu Gifu Osaka Osaka Osaka Osaka

t
d water �mL� 1000 1000 1000 200 200 200 200 ¯ ¯ ¯ ¯

l leachate �mL� ¯ ¯ ¯ 800 800 800 800 ¯ ¯ ¯ ¯

er �mL� ¯ ¯ ¯ ¯ ¯ ¯ ¯ 1000 ¯ ¯ ¯

er+MSWa �mL� ¯ ¯ ¯ ¯ ¯ ¯ ¯ ¯ 1000 1000 1000

6 �mg/L� 3000 3000 3000 ¯ 150 600 1500 ¯ ¯ 3000 ¯

PO4 �mg/L� 30 30 30 30 30 30 30 300 300 ¯ ¯

ONa �mg/L� ¯ ¯ ¯ ¯ ¯ ¯ ¯ 3000 3000 ¯ ¯

4 �mg/L� ¯ ¯ ¯ ¯ ¯ ¯ ¯ 1000 1000 1000 ¯

�mg/L� 1000 1000 1000 1000 1000 1000 1000 ¯ 1000 1000 1000
g time �hour� 20 20 20 20 20 20 20 20 20 20 20
amendment Na2S2O4 NaOH None None None None None N2 gas N2 gas N2 gas N2 gas

N2 gas N2 gas
pH 4.6�6.5 4.7�6.5 3.5�6.4 2.9�4.5 2.9�4.1 2.9�4.1 2.9�4.1 10.0 9.8 10.2 9.8

n prepared by mixing MSW incinerated ash with seawater �L/S=10, 6 h�, followed by filtration.
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180
arious concentrations and nutrients are used in the prepreparation for Series E to influence microbial
ty. The pH and Eh are not adjusted. Regulatory sampling �1, 3, 7, 10, 13, 17, and 38 days later� is
cted using the method adopted in Series A, along with continuously bubbling the suspensions with
s.

urements and Chemical Analysis

H and Eh are measured immediately after collecting the sample. Then the suspensions are centri-
at 3000 rpm for 20 min and the supernatants are filtered through syringe filter with a 0.45 �m pore

The total organic carbon �TOC� and Zn concentration of the filtered solutions are analyzed by a Total
nic Carbon Analyzer �TOC-5050A, Shimadzu� and an inductively coupled plasma spectrometry
-8000, Shimadzu�, respectively. The total adenosine triphosphate �ATP� concentration in the soil
nsion of Series E is determined by regressing from the RLU �relative light unit� value measured with
analyzing system �Uni-Lite®, Biotrace International�. ATP is the energy molecule for microorganisms

higher value indicates a higher microbial activity under aerobic conditions.

Results and Analysis

ts of Eh through Addition of a Reducing Agent on Zn Mobility

ries A, dithionite is employed as a reducing agent to gradually lower the redox potentials of the soil
nsions. In fact, several researchers have used this method to maintain a low Eh in soil systems �Chen
1987; Stucki 1988�. The dithionite ion, S2O4

2−, may be conceptualized as two sulfoxyl �SO2
−�

als joined by a S-S bond. Due to a weak link of the S-S bond, the S2O4
2− ion reversibly dissociates

m two SO2
− radicals that are highly reactive reductants.

igure 1 shows the soluble Zn concentrations against Eh and pH in samples A1–A4 and A5–A7. As
ously mentioned, the former suspensions �A1–A4� are subjected to 30 min of oxygen gas, while the
�A5–A7� are exposed to 30 min of nitrogen gas before 20 h of shaking. Consequently, the difference
initial pH and Eh conditions and the initial Zn concentrations are established as indicated by the bars
left-back corners of Fig. 1.

igure 1 indicates that soluble Zn tends to decrease as the pH increases and the Eh decreases. The
diagram analysis �not shown� indicates that the decrease in the Zn concentration is due to the

tion of zinc hydroxides and sulfides, mainly generated by acid-base reactions and redox reactions,
ctively. Comparing the correlation of the Zn concentration against the pH and Eh among different
nsions determined that the concentration of soluble Zn initially depends on the change in pH, and
depends on the change in Eh. This is consistent with the fact that the initial pH values determine the
l Zn concentrations. The variations in the pH significantly influence the Zn concentration, while the
tions in Eh only moderately affect the Zn concentration.

1—Eh and pH effects on soluble Zn concentration in Series A (Eh is controlled by adding reducing
, (a) Cases A1–A4, (b) Cases A5–A7).
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he addition of a reducing agent to the soil suspensions simultaneously decreases the Eh and increases
H since the redox reaction consumes hydrogen, which shifts the pH from a lower to a higher value.
, the decreased Zn concentration upon adding a reducing agent is due to both redox and pH effects,
ugh the redox effect dominates the process.

ts of pH through Addition of Base on Zn Mobility

e 2 show the relationship between the soluble Zn and pH and Eh for samples B1–B3 and B4–B7,
the pH is increased stepwise by adding an alkaline solution, sodium hydroxide, to the soil suspen-

. As shown in Fig. 2, when the pH increases above 7, the Zn concentration decreases to zero due to
rmation of zinc hydroxide precipitates in the soil suspensions. Figure 3 replots the data shown in Fig.

en the Eh data is ignored. The Zn-pH points shown in Fig. 3 are distributed in a narrow area, which
ls that under oxidized conditions, the solubility of Zn is mainly controlled by pH and the influence of
negligible. This is consistent with the result of Kamon et al. �2002�, who conducted similar batch

ption tests using Osaka marine clay.
eachates from MSW incineration residuals are reported to have a pH as high as 10. The test results
Series B suggest that the formation of zinc hydroxide is mainly responsible for the attenuation of Zn
dfills that receive MSW incineration residuals.

2—Eh and pH effects on soluble Zn concentration in Series B (pH is controlled by adding sodium
xide, (a) Cases B1–B3, (b) Cases B4–B7).

3—Changes in soluble Zn concentration with pH in Series B (pH is controlled by adding sodium
xide).
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ts of Eh and pH due to Microbial Activities on Zn Mobility

ugh nutrients are added to the soil suspensions in Series A and B in order to support microbial
ties �see Table 3�, obvious changes in the total organic carbon �TOC� are not observed �data not
n�. Therefore, it is concluded that microbial activities do not contribute to the reactions in Series A
. This is probably due to an insufficient supply of microbes in the Gifu soil.

o highlight the influence of microbes on the solubility of Zn in a soil-water system, soil collected
farmland owned by Kyoto University is used in Series C since it is believed to contain numerous
microbes. After the initial pH adjustment and 20 h of shaking, the soil suspensions in Series C are

in bottles that are closed from the atmosphere. The bottles are only disturbed when data is collected
gular analyses.
igure 4 shows the effects of Eh and pH on the soluble Zn concentrations for C1–C6. The most
rtant phenomenon observed from Series C is that the Eh values decrease from the initial values
en 211–346 mV to as low as −282–−364 mV within the 22-day cultivation period. Figure 5�a�

s the results for sample C2 as a representative of the Series C and the concentration of soluble Zn
ases from 223.6 to 92.1 mg/L when the Eh decreases from 346 mV to −282 mV and pH increases
3.49 to 3.74. Both the increased pH and decreased Eh are responsible for the decrease in Zn
ntration. However, the redox reaction plays a more important role in the Zn decrease since the pH

s in the strong acidic area and the increment of change is only 0.25 pH values. Figure 5�b� indicates
ver 22 days the total organic carbon �TOC� decreases from 1207 to 857.1 mg/L, while the inorganic
n �IC� increases from 0 to 162.9 mg/L. This is reasonable due to the microbial turnover of organic

4—Eh and pH effects on the soluble Zn concentration in Series C (pH and Eh is gradually changed
e microbial activities of native micro-organisms).

5—Changes in (a) Eh, pH, and soluble Zn and (b) TOC and IC with incubation time for Kyoto soil
le C2 (pH and Eh is gradually changed by the microbial activities).
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n to inorganic carbon. Therefore, it is concluded that the microbial activities cause the variations in
nd Eh, which, in turn, reduce the concentration of soluble Zn. Although Zn is not directly subjected
edox transformation due to its single valence state, its soluble levels are influenced by a number of
sses that are regulated by the redox potential. Under oxidizing conditions, Zn is associated with
I� and Mn�IV� oxides and soluble phases. However, under reducing conditions, Zn tends to be
iated with insoluble sulfides, large molecular humic compounds, and carbonates, which all decrease
obility �Guo et al. 1997�.

t is interesting to compare the results from Series C to Series A. In the former, biochemical reactions
nate, while chemical reactions dominate in the latter. The available data supports the hypothesis that
obic respirations in a closed soil-water system might attenuate Zn as effectively as a strong reducing
. However, quantitatively comparing the chemical and biochemical effects on Zn attenuation using
sults from Series A and C is inadequate since different soils are used in Series A and C and the
bes themselves have the ability to adsorb heavy metals.

ts of Dissolved Organic Carbon (DOC) on Zn Mobility

bjective of Series D is to investigate the interaction between heavy metals and dissolved organic
n and possible influences on Zn solubility. It is determined from Series B that under oxidized
tions, the solubility of Zn is mainly controlled by pH and the Eh has a negligible influence. There-
for analytical simplicity, Series D only investigates the pH and dissolved organic carbon �DOC�, and
es the Eh. The definition of DOC is operational and includes all of the dissolved organic materials
ass through a 0.45 �m filter �Buffle et al. 1992�. Since a simple organic compound �glucose� is used
ries D, the dissolved organic carbon �DOC� is referred to as total organic carbon �TOC�.
igures 6 and 7 show representative data from Series D. Figure 6 reveals that at the given pH levels,
.9, 3.8, and 4.1, the Zn concentration in solution linearly increases with the TOC. For example, the
le Zn increases from 450 to 470 mg/L as the TOC increases from 100 to 700 mg/L. Figure 7 shows
fluence of both pH and TOC on the Zn concentration.
he results from Series D support the hypothesis that the mobility of Zn is enhanced, to some degree,
creasing the TOC. This is probably due to the formation of metal-organic carbon complexes. Organic
cules with more than one electron-donating functional group may form polydenatate complexes with
ame cation, which are called chelates. Due to the high stability and compensation of the positive
e, dissolved chelate complexes can increase the mobility of metal ions �Schulin et al. 1995�.
imilar to these results, Christensen et al. �1996� also reported an increased heavy metal solubility as
OC increased. It has been concluded that dissolved organic carbon from landfill polluted groundwater
mplex with heavy metals such as Cd, Ni, and Zn, but the effect has only minor practical implications
avy metal mobility �Christensen et al. 1996�.

6—Effect of TOC on soluble Zn at different pH values in Series D (DOC concentration is controlled
ding glucose).
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ince the pH area investigated ranges from 2.9 to 4.1, which is too narrow, it is difficult to make
usive remarks about the TOC-pH correlation. Richards et al. �2000� explained that the contribution of
on metal transport should be magnified as pH increases, but the overall mobility is greater at low pH

o the increased solubility of DOC and the very low solubility of metals in neutral to alkaline pH soils.

obility in Offshore Landfill Sites that Receive MSW Incinerated Ash

bjective of Series E is to investigate the biochemical effects on Zn solubility at offshore landfill sites.
fore, seawater or a solution that has a 1:10 solid-to-liquid ratio of MSW incinerated ash and seawater
ll as Osaka marine clay is used in the modified batch leaching tests.
1 is designed to evaluate the microbial activities in clay deposits at the bottom of offshore landfill
and their effects on the chemical conditions. Figure 8 shows the temporal changes in pH, Eh, TOC,
and sulfide concentration with incubation time for E1. Along with a gradual decrease in TOC, the
concentration continuously increases for the first five days and then rapidly decreases to approxi-
y 0.01 �M. Along with the rapid reduction in ATP concentration, Eh also decreases like in Series C
about 0 mV to lower than −400 mV. These changes in ATP and Eh imply that the initial aerobic
ation is transformed to anaerobic respiration since the amount of ATP generated by the microbial
ty under anaerobic conditions is significantly reduced compared to aerobic conditions. Another im-
nt finding in Fig. 8 is that under strongly reduced conditions, the sulfide concentration increases with
ation time �Eh�−400 mV�. This sulfide generation will immobilize the heavy metals by forming
ble sulfides.
he results for E1 indicate that if native micro-organisms in the marine clay are active, then the
leachate system is in strongly reduced conditions and the Zn mobility is reduced by forming insoluble
es. However, when MSW incinerator ash is involved, the high alkalinity caused by the MSW incin-
r ash could significantly influence both the microbial activity and heavy metal mobility. Therefore,
3, and E4 probe the effects on related biochemical processes and Zn mobility under alkaline condi-
using a solution that is a mixture of MSW incinerated ash and seawater with a liquid-to-solid ratio of
r the modified batch test.
3 represents Series E in Fig. 9, which shows that the pH constantly decreases from 10.2 to 6.7 during
rst 17 days of incubation and the TOC also gradually decreases from 700 to 570 mg/L. Although the
concentration is low, about 1�10−3 �M, during the first three days, it drastically increases up to 5
3 �M over the next four days �seven days total� and then rapidly decreases to approximately 2
3 �M. Figure 10 shows the relationship between the ATP concentration and pH and Eh for samples
4, which has various kinds and concentrations of nutrients. Figure 10 also shows that the ATP
ntrations increase, but their values depend on the concentration of nutrients �lowest in E4�, as the pH
ases. Another tendency is that the ATP concentration is higher the lower pH when Eh ranges from
to 100 mV. Figures 9 and 10 both imply that aerobic respiration, which is indexed by the ATP

7—Effects of TOC and pH on soluble Zn in Series D (DOC concentration is controlled by adding
se).

CONTAMINATED SEDIMENTS



conce
by th
Eh gr
chang
Eh v
alkali

F
decre
E2–E
hydro
the p
drasti
is con

T
micro
Howe
obser
Zn co
bioch
the re

Conc

In thi
both
follow

1

FIG.
incub
ntration, is initially enhanced as the pH decreases. This could be due to �1� the alkaline attenuation
e seawater and the clay and �2� the formation of organic acids by the microbial activity. Then as the
adually begins to decrease, and the ATP concentration drastically decreases, the aerobic respiration
es into anaerobic respiration. However, the ATP concentrations are one order of magnitude lower and

alues are much higher than those in E1. These results indicate that microbial activity is reduced by
and other chemical components leached from MSW incinerated ash.

igure 11 shows the soluble Zn concentrations that are affected by pH in E2-E4 when the pH gradually
ases with incubation time due to microbial activity. Before incubation, the initial pH values for
4 are near 10 and the soluble Zn concentration is extremely low due to the formation of zinc
xide. However, Figure 11 shows that the soluble Zn concentration increases as the pH decreases, but
H of the solution is much lower than the other series. In particular, when pH is lower than 7.5,
cally higher Zn concentrations are observed. This result is almost consistent with Fig. 3 where the pH
trolled by adding chemical agents.
he results in Fig. 11 imply that under alkaline conditions where Zn exists as a hydroxide, the
bial activity has an adverse effect on the stabilization of Zn since it dissolves the zinc hydroxide.
ver, in the long term, the bottom clay layers may provide moderate to strong reduction conditions as
ved in E1. Thus, the related biochemical processes may reduce the Zn mobility by forming insoluble
mplexes such as zinc sulfide. Therefore, long-term, experimental studies and in situ monitoring of the
emical parameters will be useful for examining the immobilization of heavy metals implicated from
sults for E1.

lusions

s research, modified batch tests were conducted to investigate the effects of pH and Eh, derived from
chemical and biochemical reactions, on Zn mobility in bottom clay liners of coastal landfill sites. The

ing conclusions are drawn.
. Microbial activities in closed soil-water systems result in a strongly reduced environment similar

8—Changes in (a) TOC and ATP concentrations and (b) pH, Eh, and sulfide concentration with
ation time for sample E1 (microbial activity is enhanced in the seawater).
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to that controlled by a strong reducing agent. Both the reducing conditions effectively attenuate Zn
by forming sulfides, but the high alkalinity induced by municipal solid waste incinerator ash leads
to a relatively lower microbial activity and less reduced conditions.

. Dissolved organic carbon in leachates mainly serves as a sufficient bioavailable carbon source for
microbial metabolism. These microbial activities promote anaerobic conditions in landfills, which
dominate most of the landfill life and establish a chemical framework that effectively immobilizes
most heavy metals.

9—Changes in Eh, pH, ATP, and TOC with incubation time for sample E3 (microbial activity is
ced in a solution of MSW incinerator ash mixed with the seawater).

10—Effects of Eh and pH on ATP concentration for Osaka marine clay samples E2 to E4 (microbial
ty is enhanced in a solution of MSW incinerator ash mixed with the seawater).
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. Dissolved organic carbon can form soluble complexes with heavy metals, which increases the
concentration of the metals and is responsible for the leaching of heavy metals in the acidification
stage along with lowering the pH. The formation of metal-organic carbon complexes has a minor
significance on heavy metal leaching compared to lowering the pH.

. The microbial activity effectively contributes to the long-term immobilization of heavy metals by
forming insoluble complexes such as sulfides. However, when heavy metals precipitate as hydrox-
ides under highly alkaline conditions induced by disposing of incinerator residues, organic acids
are formed by the microbial activity and may lead to the dissolution of the hydroxides.
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Temporal and Spatial Dynamics of Trace Metals in
iments of a Highly Urbanized Watershed

ABSTRACT: The Brunette watershed �7200 ha� is located in the urbanized metropolitan area of Greater
Vancouver, Canada. It is an area of high traffic density and extensive impervious surfaces �paved roads
and roof tops�. This watershed provides an excellent area for the study of the spatial and temporal trace
metal contamination in sediments. Street surface, stream, and lake sediments were collected over a 25-
year period and analyzed for total and acid-extractable trace metals �Cu, Fe, Mn, Pb, and Zn�. Lead
concentrations in all areas have decreased dramatically, directly as a result of the discontinuation of lead
addition to fuels in the 1970s. The mean concentration of total lead in stream sediments has decreased
from 230 in 1973 to 134 and 36–66 mg/kg in 1993 and 1997–1998, respectively. Manganese, especially the
acid extractable fraction, increased during the early 1990s when MMT replaced tetraethyl lead as an
antiknock compound. The 0.5 M HCl extractable manganese in stream sediments has increased from 18 in
1973 to 545 in 1993 and 162–273 mg/kg in 1997–1998. Burnaby Lake, a shallow �Zav�1.0 m, 140 ha� lake,
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has acted as a sink for trace metal contaminated sediments. Highest trace metal levels are found in surface
sediments at the east end of the lake �where Cu, Pb, and Zn were 159, 179, and 529 mg/kg� containing

more silt �24 %� and higher organic matter �32.5 %�. The sandy delta of Still Creek �silt�4 %, organic matter
5.6 %�, which contributes over 50 % of the flow to the lake, has lower trace metal levels �Cu, Pb, and Zn
were 72, 77, and 207 mg/kg� even though the creek is the predominant source of trace metals transported
to the lake.

KEYWORDS: watershed, sediment, trace metals, traffic, land use

duction

rowth of population and intensive human activities are causing increasing pollution in our urban
sheds. Industrial enterprises constitute the major point sources of pollution, whereas roadways and
ansportation network in general, with their associated impervious surfaces, leading to surface runoff
r urban streams, comprise the major distributed source of pollution in urban watersheds. The runoff
roadways and the transportation network may contain high concentrations of metals, in particular
zinc, iron, chromium, cadmium, nickel, and copper, resulting from the continuous wear of brakes,
and other vehicles parts �FHWA 1998�. Surface water such as lakes and streams are particularly
rable because they are directly exposed to contaminants released into the air and to direct discharges
point and non-point sources �Young et al. 1996�. Roadway runoff sediments tend to be heavily
minated with Zn, Cu, and Pb �Albasel and Cottenie 1985; Mikkelsen et al. 1996; Norrstrom and Jacks
; Pagotto et al. 2000�.
race metals are of particular importance due to their potential toxic effects on aquatic organisms. The
iation of trace metals with suspended solids and bed sediments, and the dynamic nature of the stream
onment, have generated interest in the past three decades in determining the accumulation and
ntrations of key trace metals in sediments �e.g., Yousef et al. 1990; Xanthopoulos and Hahn 1990;
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ker 1990; Lee et al. 1997; MacDonald et al. 1997; Kayhanian et al. 2003�. Others have sought to
mine whether or not these contaminants are available to aquatic organisms �Morrison and Revitt
; Revitt et al. 1990; Bindra and Hall 1977�.
he Brunette River watershed �7200 ha� is an area of high traffic density and extensive impervious
ces �paved roads and roof tops� located in the urbanized metropolitan area of Greater Vancouver,
h Columbia, Canada �Fig. 1�. Two lakes—Burnaby and Deer Lakes—and a number of streams,
ding Still Creek and the Brunette River, are located in the watershed. Still Creek provides 50 % of the
into the lake, whereas the Brunette River discharges the runoff from the watershed to the Fraser
. The watershed serves as an important transportation corridor with two major highway transportation
ors passing through it, including Highway 1 and the Lougheed Highway. Its trace metal pollution has
studied since the 1970s. Considerable data on water quality, urban hydrology, and trace metals, both
ter and in sediment, have been collected over an almost 30-year period �McCallum 1995; Yuan

�. This watershed provides an excellent area to study the spatial distribution and temporal dynamics

FIG. 1—Location of the Brunette River watershed and sampling sites.
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ce metal contamination in sediment. The objectives of this study include: �1� Identification of the
t and severity of trace metal contamination in streambed and lakebed sediments in the watershed; �2�
tification of changes in sediment trace metal concentrations over the last 25 years; �3� Assessment of
es in land activity, land cover, and traffic density in the watershed over the same period; �4� Iden-

tion of relationships between land use �land activity, land cover, and traffic� and trace metal contami-
n in sediments; and �5� Determination of correlations among the trace metals in the stream sediments.

odology

ling

ling sites on streets and in streams were chosen in April 1998 to correspond with sites sampled in
1973 �Hall et al. 1976� and July 1993 �McCallum 1995�, shown in Fig. 1. Street samples were
ted along curbed areas with a plastic scoop, whereas stream samples were collected with an alumi-

pot affixed to a 3 m wooden pole. Lake sediment cores of approximately 300 mm were taken with a
iston corer, extruded in the laboratory, and cut into 2 cm segments. All sediment samples were placed
stic bags and frozen at −20°C until analysis. Thawed samples were wet sieved �180 �m stainless
sieve�. Sieved sediments were dried at 104°C for 24 h and disaggregated.

tion and Trace Metal Analysis

to two gram samples of dried sediment were digested on a hot plate using either nitric acid or aqua
, as described in Method 3030 of Standard Methods �APHA 1989� for total metals. For extractable
metals, 2 g of dried sediment were extracted at room temperature with 20 mL of 0.5 M HCl in screw
bes on a mechanical shaker overnight. Samples were filtered and the extract made up to 40 mL with

led water. Digested samples were analyzed by atomic absorption spectroscopy �Thermo Jarrell Ash
22 AA�. In 1998, the acid extractable metals were analyzed with a Thermo Jarrell Ash ICAP 61

ment operated in the ICP-AES mode. The precision of the methodology was determined by perform-
uplicate analysis on duplicate or triplicate grab samples from each station, whereas the accuracy was
ated by analyzing a certified reference soil during each analytical period.

tical Analysis

arametric statistics were used to detect differences in the sample populations since the data were not
ally distributed. The Wilcoxon signed-rank test and Friedman test were employed to detect significant
es in one sampling area over time. The Wilcoxon signed-rank test detects the differences in the

butions of two related variables while the Friedman test was applied to detect the differences of
2� related variables. Relationships between trace metals were analyzed using Spearman rank corre-
coefficients �Iman and Conover 1983�. The data are displayed using box-whisker plots.

lts and Discussion

t Sediments

otal concentrations of trace metals �Cu, Mn, Pb, and Zn� in street surface dirt are presented in Fig. 2.
results indicate that copper concentrations in street sediments have decreased since 1973, even

h urbanization has increased in the watershed. This decrease appears to be attributable to the phasing
f several metal foundaries in the Still Creek sub-watershed.
anganese increased dramatically in 1993 and then returned to 1973 levels by 1998. This appears to

tributable to the replacement of lead with manganese �in the form of �MMT�, i.e., methylcyclopen-
yl manganese tricarbonyl, a manganese-based gasoline additive� as an antiknock agent in gasoline in

980s. In the late 1990s many fuel suppliers started removing MMT from gasoline due to environ-
al contamination concerns �Loranger et al. 1994; Lytle et al. 1995; Brault et al. 1994�. Over the same
d, lead decreased dramatically between 1973 and 1993 and remained low as it was phased out of
ine as an antiknock additive.
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inc has increased in street surface contaminants between the 1970s and 1990s, most likely as a result
ger volumes of traffic in the watershed. Corrosion of galvanized components on vehicles is believed
a major source of zinc contamination on roadways �Ward 1990�.

ce Stream Sediments

otal and acid extractable levels of Cu, Mn, Pb, and Zn in surface stream sediments are presented in
. Total copper has followed the street surface Cu contamination, with the range of concentrations

asing dramatically since the 1970s. The extractable copper is usually less than half of the total copper.
an copper concentrations are below the probable effects level �PEL� for the protection of freshwater
ic life, but are usually higher than the threshold effects level �TEL�.
he manganese in stream sediments has followed the street contamination profile, with much higher
in 1993. The extractable manganese was almost negligible in 1973, but increased to over 50 % of

tal Mn in 1993. The high level of manganese in the Brunette water system may be a consequence of
combustion products, possibly in the forms of manganese phosphates, oxides, and sulphates �Ethyl

�. These would certainly contribute to the acid-extractable fraction of manganese. They are deposited
e urban impervious surfaces and discharged into the water by surface runoff. The manganese oxides
also act as scavengers to absorb other trace elements from the water.

he lead in stream sediments remained relatively high up to 1993 but decreased dramatically in 1998.
changes have lagged behind the decrease in street sediments by several years. Median values of both
and extractable lead exceeded the PEL in 1993 but fell below this level in 1998. However, median

of lead still exceeded the TEL.
imilar results were observed by Lee et al. �1997� during the sampling period between 1993 and 1995,

2—Changes of total metal concentration in street sediments from 1973 to 1998 illustrated using
hisker plots (units in mg/kg) n=4 stations.
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e the settling particles in the highway retention pond had concentrations of 55.4 �g/g for Pb and
�g/g, for Mn. The high manganese concentration and the comparatively low lead concentrations
be due to the change in fuel additives.

inc stream sediment concentrations have followed the same temporal pattern as the street dirt con-
ation. The acid extractable or potentially available zinc is usually �50 % of the total zinc. Zinc
ntrations are well below the PEL, but total zinc concentrations exceeded the TELs in the 1990s.

Sediments

verage total and acid extractable trace metals in the top 300 mm of lake sediment appear in Fig. 4.
data are presented as concentrations in the mineral matter of the sediment since the organic matter

aquatic macrophytes �pond lilies� and a beaver lodge near site/station D tend to distort the spatial
bution of the lake trace metals. These data are presented from the upstream end of the lake, where

reek enters, to the discharge eastern end of the lake at the Brunette River outlet. Still Creek provides
than 50 % of the flow to Burnaby Lake and is the most highly urbanized subwatershed in this

age.
he upper three stations �A, B, and C� in the lake are highly influenced by Still Creek. Sediments from
three stations represent deposits of sandy sediments from this sub-watershed. The highest concen-

ns of the more toxic trace metals—Cu, Pb, and Zn—were found at the two stations at the eastern end
lake. The finer silt and clay fractions of sediment, which usually contain higher concentrations of

metals, appear to be transported along the lake before being deposited in the lake sediment. During
r rainfall events, Burnaby Lake with an average depth of �1 m, can have a residence time of less than
ay, allowing finer more contaminated sediments to be transported along the lake.
he lake sediments appear to be acting as a sink for trace metal accumulation since the concentrations
, Pb, and Zn, especially in the eastern end of the lake, are higher than in the stream sediments, and
ceed the PEL. This represents very unfavorable conditions for organisms associated with the sedi-

s, especially if one considers the cumulative effects of these toxic metals.

3—Changes of metal concentration in stream sediments from1973 to 1998 illustrated using box-
er plots (units in mg/kg). Thresheld effects level (TEL) and probable effects levels (PEL) for fresh-
sediments also presented, n=8 stations.
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ionships of Land Use and Activity with Trace Metal Concentrations in Stream Sediments

effects of land use and land activity �traffic intensity� on trace metal levels found in the stream
ents of the subwatersheds are portrayed in Figs. 5 and 6. The impervious surface area �paved streets
oofs� in the Still Creek subwatershed exceeds 50 %, almost twice as high as in the Eagle Creek
atershed. The traffic intensity is also twice as high in the Still Creek subwatershed. As a result of this
ence in land use, the average trace metal concentrations of Cu, Pb, and Zn in the stream sediments of
Creek are 2–5 times higher than in Eagle Creek.
owever, Eagle Creek, which originates on Burnaby Mountain, slopes much more steeply than Still
. Therefore there may be less opportunity for contaminated sediment deposition along Eagle Creek.

4—Trace metal in mineral component of Lake Sediments (1998). Data are presented from upstream
(Still Creek inlet) to downstream (DS) (Brunette R. outlet) in the lake. Thresheld effect levels (TEL)
robable effect levels (PEL) for freshwater aquatic sediments presented.

5—Land use (impermeable surface and traffic intensity) in the subwatershed (Still Creek and Eagle
) of the Brunette R. Basin.
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mpervious surfaces and traffic volume have increased in both sub-watersheds over the 20-year period
consideration �Fig. 5� as the population of the Greater Vancouver region has grown. The total and

ctable zinc have also increased considerably over this period in the Still Creek watershed, likely as a
t result of corrosion of zinc from higher traffic volumes which have also increased by 50 % over this
d.

hile total copper and lead in Still Creek have decreased considerably over the 20-year period as
above, the proportion of extractable copper has increased greatly, implicating a different source. This

e could well be copper from the wear of brake linings, accentuated by significantly higher traffic
e �FHWA 1998; Kayhanian 2003�. On the other hand, total and extractable Cu, Pb, and Zn have
decreased or changed very little in the Eagle Creek watershed from 1973 to 1993, reflecting the

derably smaller change in traffic intensity �an increase of only about 10 %.�

tical Analysis of Trace Metals in Stream and Street Sediments

s 1 and 2 show that a statistical correlation of the total and extractable stream sediment trace metals
the three sampling periods indicates that contamination from copper, lead, and zinc are highly
lated �R=0.73–0.85�. This correlation probably reflects the importance of watershed imperviousness
raffic intensity as controlling factors for nonpoint source trace metal contamination in this highly
ized watershed. The poor correlations of iron and manganese to the other trace metals �Cu, Pb, and
ikely reflects the high natural levels of these two elements in most soils. The increased levels of
anese from MMT do not appear to have affected the levels of other trace metals.

6—Comparison of trace metals (total and extractable) in the stream sediments of Still and Eagle
.

TABLE 1—Spearman rank correlation matrix for total metal concentrations in streambed sediments (data from
1973, 1993, and 1998) (nitric acid digestion, n=24).

Cu Fe Mn Pb Zn
Cu 1.00
Fe 0.47 1.00
Mn 0.09 0.41 1.00
Pb 0.85 0.65 0.13 1.00
Zn 0.77 0.66 0.28 0.80 1.00
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he Friedman statistical test only showed a significant statistical difference �p=0.05� for total man-
e in street sediments over the period of study �1973–1998�. This demonstrates the influence of the
dditive MMT on street dirt contamination.
otal copper �p=0.04� extractable manganese �p=0.002� and extractable lead �p=0.05� in stream
ents over the study period demonstrated a significant temporal difference �Friedman statistical test�.
riedman test results of stream sediments indicate that Mn increased in 1993 and decreased in 1998,

eas Pb decreased in 1998. These changes are no doubt related to the change in fuel additives, as
ssed above. The lack of significant temporal variation over this 25-year period that appears qualita-
obvious from the whisker-box plots of some of the other trace metals, demonstrates the high degree

riability that can occur even within one sampling period. This can be attributed to the dynamic nature
rmwater runoff and its ability to transport and deposit sediment associated contaminants.
grouping of Burnaby lake sediment sampling sites into western end �A–D� and eastern end �E–F�

ot show a statistically significant difference that is obvious for most trace metals from the bar graphs
4�, using the Wilcoxon test �p=0.05�.
he mean rank analysis �Wilcoxon test� of the stream sediments between Still Creek and Eagle creek
atersheds over the three sampling periods demonstrated that both total and extractable copper, lead,
inc were higher in Still Creek and total and extractable manganese higher in Eagle Creek although
of these spatial trends were highly significant at p=0.05.
o put the sediment contamination in the Brunette watershed into context it is compared to other
tigations into nonpoint source pollution associated with street and urban storm water runoff �Tables 3
�. The copper contamination of street dirt in the Brunette watershed is higher than reported for

rways in England, comparable to many areas in Germany, but has a very high area of contamination
utable to industrial activity in the watershed �Table 3�. The iron for all watersheds is comparable to
s reported for many soils. Manganese on the English motorways was an order of magnitude higher
found in a German and the Brunette Watershed. The Brunette watershed contained very high levels of
n the 1970s but values since then �1993–1997� are more comparable to other areas studied �Table 3�.
street dirt contamination in the Brunette watershed is similar to many of the values reported for the
ean watersheds, but is only half the higher values reported �1400–1600 mg/kg�.
race metal sediment contamination in various sediment traps �detention ponds, gully pots� from
ean studies are very similar to the levels found in both the stream and lake sediments of the Brunette
shed �Table 4�. An exceptionally high level of copper �1765 mg/kg� was found in the Brunette
shed during the early years of this investigation �1973� which exceeds the reported literature values.

TABLE 2—Spearman rank correlation matrix for extractable metal concentrations in streambed sediments
(data from 1973, 1993, and 1998) (cold 0.5 M HCl acid extraction, n=23).

Cu Fe Mn Pb Zn
Cu 1.00
Fe 0.02 1.00
Mn 0.18 0.07 1.00
Pb 0.77 0.07 −0.02 1.00
Zn 0.82 0.01 0.26 0.73 1.00

TABLE 3—Trace metals in street dirt from different investigations.

Trace metala

Study Area Cu Fe Mn Pb Zn
Hildeshein, Germanyb 76 2.34 … 362 187
Motorways �M1, M6, M25�, Englandc 60–72 2.4–3.1 3760–5097 … 955–1472
Hamburg, Germanyd 90–237 2.2–3.7 225–304 188–224 408–523
Karlsrube, Germanye 122 … … 193 1675
Brunette Watershed, Canadaf 81–800 1.06–2.54 154–369 90–4840 160–791

aAll values as total trace metals in milligrams/kilograms dry weight, except Fe as percent.
bMuschack �1990�.
cWard �1990�.
dDannecker et al. �1990�.
eXanthopoulos and Hahn �1990�.
fThis investigation for three periods–1973, 1993, 1997.
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this is attributable to an industrial source which was phased out in the early 1980s. Considerably
r zinc levels for a detention pond �Stotz 1990� and the gully pots �Grottker 1990� in Germany
ded any zinc contamination in stream and lake sediments of the Brunette watershed.
his comparison illustrates the high level of contamination from trace metals in our urbanized water-
. Since many of these trace metals exceed levels considered safe for aquatic organisms and the
lative effects of several trace metals are unknown the management of these nonpoint source con-
ants presents a difficult challenge.

lusions
Lead concentrations in lake, stream, and street sediments have decreased dramatically over the past
three decades as a result of the removal of the lead additive—tetraethyl lead—from gasoline in the

1970s. The mean concentration of total lead in stream sediments decreased from 230 mg/kg in
1973 to 134 mg/kg in 1993 and 36–66 mg/kg in 1997–1998.
Manganese, especially the acid extractable fraction, increased during the early 1990s when tetra-
ethyl lead was replaced by MMT as an antiknock compound. The 0.5 M HCl extractable manga-
nese in stream sediments increased from 18 mg/kg in 1973 to 545 mg/kg in 1993, before falling to
162–273 mg/kg in 1997–1998.
Lake sediment contaminant profiles and spatial patterns of stream and street sediment contamina-
tion indicate that traffic has contributed a large proportion of the Pb, Cu, and Zn loading to the
watershed.
Burnaby Lake, a shallow �Zav=1.0 m, 140 ha� lake has acted as a sink for trace metal contaminated
sediments. The highest trace metal levels have been found in surface sediments at the east end of
the lake �where Cu, Pb, and Zn were 159, 179, and 529 mg/kg� containing more silt �24 %� and
higher organic matter �32.5 %�. The sandy delta of Still Creek �silt�4 %, organic matter 5.6 %�,
which contributes over 50 % of the flow to the lake, has lower trace metal levels �Cu, Pb, and Zn
concentrations of 72, 77, and 207 mg/kg�, even though the creek is a predominant source of trace
metals transport to the lake.
The total and extractable stream sediment trace metals copper, lead, and zinc are highly correlated
�0.73–0.85� over the three sampling periods in 1973, 1993, and 1997–1998, probably reflecting the
importance of watershed imperviousness and traffic intensity as controlling factors in nonpoint
source trace metal contamination in this highly urbanized watershed.
To protect the aquatic habitats, two alternatives to complete treatment of urban runoff are sug-
gested. The first option is to identify the pollutant source and eliminate it before it is released. The
second is to identify areas which contribute the bulk of contaminants, and collect and treat the
storm water from those areas only. Dredging could be instituted to remove contaminated sediments

TABLE 4—Trace metals in sediments in catchment areas.

Trace metala

Catchment Area/Device Cu Fe Mn Pb Zn
Detention Pond �Germany�b 204–330 1.8–2.4 … 723–840 1340–2175
Detention Pond �Florida�c 4–73 … … 30–1025 27–538
Gully Pots �Germany�d 170–515 3.3–5.23 … … 895–2905
Detention Ponds �France�e … 2.05 195 57 130
Sediment �Germany�f 40 1.38 … 184 330
Stream Sediments �this study�g 6–1765 0.2–2.93 90–1334 7–840 44–408
Lake Sediments �this study�g 59–218 1.07–2.72 272–517 89–357 252–697

aAll values as total trace metals in mg/kg dry weight, except Fe as percent.
bStotz �1990�.
cYousif et al. �1990�.
dGrottker �1990�.
eLee at al. �1997�.
fMuschack �1990�.
gThis investigation, stream sediments 1973, 1993, 1997; lake sediment 1998.
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from Burnaby Lake to restore the quality of this aquatic environment and protect aquatic life.
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luation of the Removal of Heavy Metals from
taminated Sediment in Continuous Flow Tests with

ective Sequential Extraction

ABSTRACT: Solutions to heavy metal-contaminated sediment require the understanding of the availability
of heavy metals, interaction of the contaminants with soil and sediment particles, and metal retention
mechanisms, which are complicated phenomena. The objective of this investigation was to study the
removal of heavy metals �copper, zinc, and nickel� from the sediments by employing a biosurfactant rham-
nolipid in continuous flow tests. Continuous flow of the biosurfactant in a column was applied to evaluate
the feasibility of this type of setup since the configuration simulates the process of soil flushing. In the case
of heavy metals, the flowing washing agent is believed to reduce the possibility of readsorption of the
metals on to the soil and sediment. In addition, since the distribution of heavy meals between soil and
solute is the key to evaluating the environmental impact of the metals, to determining the mobility of metals
and to recommending reliable removal techniques, selective sequential extraction tests were used to de-
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termine the portion of sediment from which the metal was removed. This method is based on extracting
metals with solutions of increasing strengths from different fractions of soils or sediments. Exchangeable,

carbonate, reducible oxide, and organic fractions responded to washing techniques while residually bound
contaminants are not economical or feasible to remove. This information is vital in proposing the most
appropriate conditions for sediment washing.

KEYWORDS: contaminated sediments, rhamnolipid, continuous flow tests, selective sequential
extraction, heavy metals

duction

enturies, heavy metals along with other metals and minerals have been released from their natural
ical compounds through industrial activities and processes, but there were no codes or regulations to
ct their return to the environment. In 1988, the Canadian government launched the St. Lawrence
n Plan for protection, conservation, and remediation of the river. The study performed by Environ-
Canada �EC� shows that in 1992 the average level of heavy metals in the harbor of Montreal was
than five times more than the toxic level �EC 1993�. According to the Ministry of Environment of
ec, within the Montreal Island alone, there are 48 sites contaminated with nickel, 167 sites contami-
with zinc, and 182 sites contaminated with copper. This number in most cases has an overlap of two
ee metals although the level of toxicity is not the same for all cases �EQ 2004�.
easurement of the mobility and availability of metals is required to predict and interpret their
ior. Trace metals can be found in numerous sediment and soil components in different ways �Krish-
rthy et al. 1995�. Metals in river sediments can be bound to different compartments: adsorbed onto
surfaces or iron and manganese oxyhydroxides; present in the lattice of secondary minerals like
nates, sulphates, or oxides; attached to amorphous materials such as iron and manganese oxyhydrox-
and complexed with organic matter or in the lattice of primary minerals such as silicates �Tessier et
79; Schramel et al. 2000; Gismera et al. 2004�. To determine the speciation of metals in soils, various
ods are used. One method is to use specific extractants. By sequentially extracting with solutions of
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ents: Evaluation and Remediation Techniques on 23–25 May 2006 in Shizuoka, Japan; M. Fukue, K. Kita, M. Ohtsubo, and
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asing strength, a more precise evaluation of the different fractions can be obtained �Tessier et al.
�. A soil or sediment sample is shaken over time with a weak extractant, centrifuged and the super-
t is removed by decantation. The pellet is washed in water and the supernatant removed and com-
with the previous supernatant. A sequence of reagents is used following the same procedure until

y, mineral acid is used to extract the residual fraction. Heavy metal concentrations are then deter-
d in the various extracts by atomic absorption or other means. Numerous techniques and reagents
been developed and have been applied to soils �Shuman 1985�, sediments �Tessier et al. 1982�,
e-treated soils �Petrozelli et al. 1983� and sludges.
one of the extractions is completely specific. However the extractants are chosen in an attempt to
ize solubilization of other fractions and provide a distribution of the partitioning of the heavy

s. The chemical agents are used to destroy the bonds of the heavy metals to the various sediment
onents. The extracting agents increase in strength throughout the sequence �Yong 2000�. As an
ple, Koeckritz et al. �2001� proposed an equivalent step to simplify the sequential extraction proce-
designed by Zeien and Brummer �1989�. They reduced four initial steps in the procedure to one with
gnificant change in the results.
o extract the exchangeable fraction, ammonium acetate, barium chloride, or magnesium chloride at
.0 is generally used �Lake 1987�. They cause the displacement of the ions in the soil or sediment
x bound by electrostatic attraction. Other agents such as calcium chloride, potassium nitrate, and
m nitrate can also be used �Yong 2000�. The reducible phase �iron and manganese oxides� is ex-
d with hydroxylamine hydrochloride with acetic acid at pH 2.0. The hydroxylamine hydrochloride
es the ferrous and manganese hydroxides to soluble forms �Tessier et al. 1979�. The carbonate phase
te and dolomite� is extracted at pH 5.0 with sodium acetate acidified with acetic acid. This solubilizes
rbonates, releasing carbonate-entrapped metals �Yong and Mulligan 2004�. Hot hydrogen peroxide in
acid is used to oxidize the organic matter. The oxidized organic matter then releases metals that are
lexed, adsorbed, and chelated. These agents are used so that the silicates are not affected by this
ent �Yong 2000�. In the final step, strong acids at high temperatures dissolve the silicates and other

ials. This residual fraction is usually used to complete the mass balances for the metals.
ong et al. �1999� reported that through selective sequential extraction techniques �SSE�, they found
recipitation of heavy metal with carbonates and amorphous materials �oxides and hydroxides� is
r than heavy metals retention by exchangeable mechanisms. The study indicates that the strength of
tion mechanisms of heavy metals by the phases of soil solids decreased in the following order:

Carbonates � Amorphous � Organics � Exchangeable

revious studies showed that several washing steps improved the performance of soil washing and
extraction by biosurfactants �Mulligan 1998; Dahrazma and Mulligan 2004�. The idea of using

nuous flow for sediment and soil washing is based on batch tests. Since the batch tests showed that
removal from sediments was possible �Mulligan and Dahrazma 2003; Mulligan 2005; Mulligan et al.

�, another configuration was used to study the effect of flow on the removal process to simulate in situ
reatment. Beneficial results by this method will open a new horizon in in situ sediment and soil
diation.
he objective of this research was to determine the speciation of metals in the sediments and also to

the fractions of sediment which respond to rhamnolipid treatment in column tests under different
tions using sequential extraction techniques. The removal tests were performed in a continuous flow
guration with varying the concentration of rhamnolipid. The effect of time was also investigated
gh a time course study.

ods and Materials

acterization of the Sediments

etal-contaminated sediment sample was obtained from the Lachine Canal area which is surrounded
etal and steel industries. The canal passes through residential and industrial areas and the area is
n as a contaminated site by Environment Canada �EC 1993�. To proceed with the experiment, the
le was air dried and mixed fully to obtain a homogenous sample. X-ray analysis indicated the
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nce of 33.5 % quartz, 38 % feldspar, 5.4 % chlorite, 18.5 % amphibole, and 4.5 % illite. The grain
istribution was as follows: 15 % sand, 65 % silt, and 20 % clay. The sediments were digested by the

od recommended by Environment Canada �1990� and then analyzed by a Perkin Elmer Atomic
rption Aanalyst 100 Spectrophotometer for heavy metal content. The organic matter content was
ured based on the method involving digestion by hydrogen peroxide. Cation exchange capacity was
ured using the method proposed by Chapman �1965�. The pH was measured based on EPA SW-846
od 9045. For determining the amorphous content �Fe2O3, Al2O3, and SiO2� the method recommended
galen �1968� was used. The specific surface area was measured by the method proposed by Carter et
965�. The results are summarized in Table 1.

nolipid

hamnolipid is an anionic biosurfactant �JBR215� that was obtained as a 15 % solution �w/v� from
l Biosurfactant, Saukville, WI. It is produced from sterilized and centrifuged fermentation broth. Two
r types of rhamnolipids, RLL �R1� and RRLL �R2�, are present in the solution. The molecular weight
L �C26H48O9, rhamnolipid type I� is 504 and of RRLL �C32H58O13, rhamnolipid type II� is 650 as

mined by the supplier. The critical micelle concentration �CMC� of the rhamnolipid was determined
gh conductivity and surface tension measurement to be 0.035 g/L.

ent Washing Procedure

rform the continuous flow tests, a Teflon PFA Holder cylindrical test section �column� of 47 mm
diameter and 42 mm inner diameter was used. The total length of the sediment sample was 6 mm.
inlet and outlet tubing had the same diameter. The connecting tubings were Masterflex PharMed
Tubing and PTFE Tubing with outer diameters �OD� of 6.35 mm and inner diameters �ID� of 4.7625

A cartridge pump �6 Masterflex Model 7519-15� was used to provide the dynamic head for the flow.
he biosurfactant solution was placed in a tank and the suction tubing was placed close to the bottom

event air entry. The temperature was 25°C �room temperature� and pH was adjusted to 6.5. In the
on of rhamnolipid and 1 % NaOH, the pH was elevated to 11. The flow was pumped and entered the
n from its lowest level. This ensured the exhausting of air from the column. The column was filled

bottom to top by: 0.2 g of Pyrex Brand Wool–Filtering Fiber, 22 g of 4 mm Pyrex Brand solid glass
, 0.2 g of glass wool, 10 g sediment and 0.5 g of glass wool.
he flow rate of 0.5 mL/min was maintained by a valve downstream of the column section. A
-way stopcock polypropylene with Teflon TFE 4 mm plug was used to measure the flow rate through
ing of drops. The washing solution was collected in another tank. Each 24 h, when all 720 mL of the
nolipid solution was passed the sample, the collecting, and feeding tanks were switched. Under this
guration, the volume of sediment was 8.31 mL and the flow rate was 0.05 mL per gram of sediment
inute. The samples from the solvent were taken and in order to release the heavy metals trapped in

iosurfactant samples were digested. The concentrations of copper and other metals in each sample
measured by the atomic absorption spectrophotometer.

TABLE 1—Characterization of the sediment sample

Parameter Value
Chromium 145 mg/kg

Copper 140 mg/kg
Nickel 76 mg/kg
Lead 572 mg/kg
Zinc 4854 mg/kg

Organic matter content 20 %
Cation exchange capacity 14.55 meq/100 g

pH 6.4
Fe2O3 17 800 mg/kg
Al2O3 11 200 mg/kg
SiO2 23 400 mg/kg

Specific surface area 174.82 m2/g

CONTAMINATED SEDIMENTS



Proce

The p
2. Se
confi
of he
Aana
next
were

Resu

Speci

Sequ
metal
The c
The o
residu
samp
fracti
oxide

SSE o

Sequ
confi
coppe

R
organ
most
dure for Selective Sequential Extraction (SSE)

rocedure used for the sequential extraction was similar to that of Yong et al. �1993� shown in Table
diment samples �10 g� were washed with the biosurfactant solutions and controls in a continuous flow
guration to determine the soluble fraction. Each of the fractions was collected and the concentrations
avy metals were determined by atomic absorption spectrometry �Perkin Elmer Atomic Absorption
lyst 100 Spectrophotometer�. Samples were washed with distilled water to prepare samples for the
step after each step. The amounts of copper, zinc, and nickel extracted from each of the extractants
then calculated.

lts

ation of Heavy Metals in the Sediment before Washing

ential extraction procedures were used on the sediments to determine the speciation of the heavy
s �Cu, Zn, and Ni� before surfactant washing. The exchangeable fractions of all metals were small.
arbonate and oxide fractions accounted for over 60 % of the zinc present in the sediments �Table 3�.
rganic fraction constituted over 80 % of the copper. A major proportion of nickel was found in the
al fraction. Similar to the results of the present study, Chartier et al. �2001� reported that in their

le of sediment, 65 % of copper was found in organic matter and 50 % of nickel was in the residual
on. Jenne �1968� stated that the fraction of soil in which zinc exists is dependent on the Fe and Mn
content.

f the Sediment after Washing with Different Agents in Continuous Flow Configuration

ential extraction of the sediments was performed after washing with the biosurfactant in a column
guration for three days. The flow rate was kept at 0.5 mL/min. The results of these experiments for
r, zinc, and nickel are shown in Figs. 1, 2, and 3, respectively.
hamnolipid, as in the batch configuration �Mulligan and Dahrazma 2003�, removes copper from the
ic fraction when NaOH was added while without NaOH in the solution, the oxide fraction was the
affected fraction in copper removal. Comparing the SSE results for copper washed by 1 % NaOH

TABLE 2—Sequential extraction process (Adapted from Yong et al. 1993)

Sequence Chemical reagents Fraction
1 Extraction of metals by surfactants and controls Soluble
2 Extraction of metals with 8 mL of 1 M MgCl2 �pH 7�

for 1 h.
Exchangeable

3 Extraction of metals with 8 mL of 1 M NaOAca

adjusted to pH 5 with acetic acid for 5 h.
Carbonates

4 Extraction of metals with 20 mL of 0.04 M
NH2OH.HCl in 25 % �v/v� acetic acid �pH 2.5� at
96°C for 6 h

Oxides and hydroxides

5 Extraction with 3 mL of 0.02M HNO3 and 5 mL of 30
% H2O2 �pH 2� for 2 h at 85°C, followed by 3 mL of
30 % H2O2 �pH 2� at 85°C for 3 h and then 5 mL of
3.2 M NH4OAc in 20 % �v/v�HNO3 diluted to 20 mL
at room temperature for 30 min

Organic matter

6 Digestion at 90°C with 25 mL of dilute aqua regia �50
mL HCl, 200 mL HNO3 and 750 mL water� for 3 h

Residual fraction

aAc denotes acetate

TABLE 3—Sequential extraction characterization of metal contaminants in sediment before washing with the
biosurfactant (Mulligan and Dahrazma 2003).

Metal Fraction �% of total�
Exchangeable Carbonate Oxide Organic Residual

Copper 1 1 4 86 12
Nickel 0 9 23 29 39
Zinc 4 18 46 22 10
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the other solutions of rhamnolipid and NaOH, indicates the proficiency of NaOH in association with
amnolipid for solubilizing the organic associated copper in the sediment since the removal of copper
the organic fraction by 1 % NaOH is not as significant as by the others �Fig. 1�.
or zinc, a major decrease in the carbonate fraction for the solution with no NaOH was detected. A
er decrease of zinc in the exchangeable fraction of sediment was also observed. Although in the
nce of NaOH and the biosurfactant, there was removal from the organic and oxide fractions of zinc,
ost influenced fraction was the exchangeable fraction where the zinc was almost completely removed
2�.

n the case of nickel, the reduction of the metal in the oxide and carbonate fractions was proportional
concentration of the biosurfactant �Fig. 3�. There were also significant reductions in the organic

on, upon addition of 1 % NaOH to the 0.5 % surfactant solution. The same result was obtained from
SE tests for the two other metals.

f the Sediment after Washing over Time in the Continuous Flow Configuration

tests were performed to study the sensitivity of the removal of each fraction over time. Samples
went the SSE tests before as well as after washing with a solution of 2 % rhamnolipid for 3 days and

1—Sequential Extraction of Cu after washing sediments with each agent, 0.5, 1, and 2 % rhamno-
with and without 1 % NaOH and 1 % NaOH in a continuous flow configuration of 0.5 mL/min. The
ons are indicated as Solub for Soluble, Exch for Exchangeable, Carb for Carbonate, Oxid for Oxide,
or Organic, and Res for Residual.

2—Sequential extraction of Zn after washing sediments with Each Agent, 0.5, 1 and 2 % rhamnolipid
), with and without 1 % NaOH and 1 % NaOH in a continuous flow configuration of 0.5 mL/min.
ractions are indicated as Solub for Soluble, Exch for Exchangeable, Carb for Carbonate, Oxid for
, Org for Organic, and Res for Residual.
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ys. Figures 4, 5, and 6 show the results of these tests for Cu, Zn, and Ni, respectively. The results of
SE tests for copper after 3 days and 13 days support the results of the test of removal of copper from
diment which showed that the removal of copper remained constant after 3 days. It indicates that not
the total removal of copper from the sediment after 3 days remains constant, but also the concentra-
f copper in each fraction will be the same after 13 days in comparison with 3 days �Fig. 4�.

4—Sequential extraction of Cu after washing sediments for different periods of time with the solution
rhamnolipid in a continuous flow configuration. The flow rate was 0.5 mL/min and samples were

on days 0, 3, and 13. The fractions are indicated as Solub for Soluble, Exch for Exchangeable, Carb
arbonate, Oxid for Oxide, Org for Organic and Res for Residual.

5—Sequential extraction of zinc after washing sediments for different periods of time with the solu-
f 2 % rhamnolipid in a continuous flow configuration. The flow rate was 0.5 mL/min and samples
taken on days 0, 3, and 13. The fractions are indicated as Solub for Soluble, Exch for Exchangeable,
for Carbonate, Oxid for Oxide, Org for Organic, and Res for Residual.

3—Sequential extraction of nickel after washing sediments with each agent, 0.5, 1 and 2 % rham-
id (Surf), with and without 1 % NaOH and 1 % NaOH in a continuous flow configuration of
L/min. The fractions are indicated as Solub for Soluble, Exch for Exchangeable, Carb for Carbon-
xid for Oxide, Org for Organic, and Res for Residual.
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igure 5 shows the outcome of the SSE tests for zinc removal over time. The noticeable result of the
test for zinc in this part of investigation is the behavior of the exchangeable fraction interacting with
amnolipid. The concentration of the metal in the exchangeable fraction changed in the first three days
mained constant after this period while the concentration of zinc in carbonate and organic fraction

nuously decreased during the period of the test. The major effect was seen for the organic fraction,
e the concentration of zinc decreased remarkably over time.
ickel showed a different behavior over time. The concentration of nickel in the soluble fraction

ased and then declined over time, which means that the removed nickel returned to the sediment when
moval rate was lower than the readsorption rate. By using the results of the SSE tests, this behavior
e interpreted. The returning nickel to the sediment, the readsorbed nickel, was not evenly distributed
the fractions of sediment. As shown in Fig. 6, the concentration of nickel in carbonate and organic
ons declined over time although the concentration of nickel decreased in the soluble fraction at the
point in time. The reason for this decrement can be explained by the accumulation of the readsorbed
l in the oxide and hydroxide fraction, which was at a higher rate than the rate of nickel removal from
ther fractions. According to Yong and Mulligan �2004�, carbonate minerals are more soluble than
inum/iron oxides, hydroxides, and oxyhydroxides; thus nickel that was removed from oxide and
nate fractions of the sediments, preferentially readsorbs to the oxide fraction which is less soluble.

ssion

ontamination of sediments with heavy metals and the required removal measures are complicated
menon and require further investigation. As Kabala and Singh �2001� stated, the mobility and
bility of heavy metals depends on the ways that metals are associated with different soil components.
namurti et al. �1995� and Gismera et al. �2004� have also indicated that the measurement of mobility
vailability of heavy metals is needed to predict the behavior of heavy metals in the soil. To determine
peciation of metals in sediments �the distribution of elements among chemical forms or species�,
fic extracts are used in a process called selective sequential extraction. This method can be used to
mine if heavy metals are removable by remediation techniques or to predict removal efficiencies.
ential extraction can be employed for the evaluation of the most appropriate sediment remediation
ology and for monitoring remediation procedures. Exchangeable, carbonate, reducible oxide, and
ic fractions are amenable to washing techniques, and residually bound contaminants are not eco-
cal or feasible to remove. This information is not only important in designing the most appropriate
tions for sediment washing, but also, as Gismera et al. �2004� mentioned, even a slight variation in
availability may make trace metals toxic to animals and plants. With due attention to the importance
SSE, these tests were performed in a variety of manners by different researchers �Tessier et al. 1979;
et al. 1993; Ho and Evans 2000; Chartier et al. 2001; Koeckritz et al. 2001; Elass et al. 2004�.

n this study, SSE tests were performed for different samples of sediment with regard to the procedure
sed by Yong et al. �1993�. The sediment samples were subjected to SSE before and after washing

6—Sequential extraction of nickel after washing sediments for different periods of time with the
on of 2 % rhamnolipid in a continuous flow configuration. The flow rate was 0.5 mL/min and
les were taken on days 0, 3, and 13. The fractions are indicated as Solub for Soluble, Exch for
angeable, Carb for Carbonate, Oxid for Oxide, Org for Organic, and Res for Residual.
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the agents during a short time �three days� in both batch and continuous flow configurations. The
se of this part of the present research was to investigate if the configuration can change the share of
fraction in heavy metal removal process. To be able to predict and interpret the soil washing tech-
�continuous flow configuration�, SSE tests were performed for different samples that were washed

a variety of agents and over time.
he affinity of the heavy metals for various fractions in the sediment was determined through the SSE
for the sediment before applying any washing agent �Table 4�. Similar to these results, Chartier et al.
� reported that 65 and 73 % of total copper existed in the sediments detected in the organic matter
ulfide fractions respectively while 50 and 80 % of nickel and chromium were found in the residual
ons. Ho and Evans �2000� reported that copper and lead mostly existed in oxidizable organic matter
inc was found in all soil fractions. Jenne �1968� stated that Fe and Mn oxides determine the fractions
il in which Zn exists. The present study has also found that 46.2 % of Zn exists in oxide fraction of
diments. Karam et al. �2003� stated that humic substances �HS� have a high affinity to form stable
lexes with copper. As a result, copper is usually immobile in organic soil. Kabata-Pendias �2001�
ated that copper and HS interaction could be a result of complexation, ion exchange, precipitation,
issolution.
omparing the results of SSE after washing the sediment with different washing agents in batch

ligan and Dahrazma 2003� and continuous flow setups, one can conclude that regardless of the
ity of metal removal, each fraction follows the same pattern in interaction with an individual agent.
he results of the SSE for the samples that were washed with different agents in batch �Mulligan and
azma 2003� and continuous flow column configurations show that the organic phase-associated metals
e mostly removed by rhamnolipid with sodium hydroxide. Conditions without NaOH addition were
tive for removing the zinc and nickel in the carbonate and oxide phases. Residual fractions, the most
ult to remove, were not affected during the surfactant washing studies. It was shown that copper

be removed mostly from the oxide-bound fraction and zinc from the carbonate-bound fraction
g washing with the rhamnolipid biosurfactant.
his information is important in designing the appropriate conditions for soil washing. A combination
idic and basic conditions, therefore, would increase the amounts of metals removed in the case of
nate, oxide, and organic-associated metals. Sequential extraction procedures can provide indications
ot specific information on the chemical binding of metals. This information can then be used to
mine remediation procedures and to monitor the procedures during the treatment phase. Knowing the
on�s� in which heavy metals exist, the engineer is able to conclude the degree of mobility of heavy
s and consequently the environmental impact of the contaminated soil. In the case that removal
es necessary, the SSE guides the selection of the right treatment techniques based on the fractions in
heavy metal should be removed.

t has also become known that copper removal from each fraction remained constant throughout the
over time �between 3 to 13 days�. Zinc removal from each fraction is time dependant. Exchangeable
available for removal in the short time �3 days�, while organic fraction releases more Zn as time
Nickel shows a high degree of dependency with time. According to the SSE and removal tests, the

vable nickel was available in carbonate, oxide, and organic fractions. If the removal was applied over
rt time �3 days�, all of these fractions participated in the release of metal to the solution but over an
ded time �13 days� the oxide fraction acted differently. Accumulation of readsorbed nickel can be
ved in the oxide and hydroxide fractions as illustrated in Fig. 6.

lusions

mmarizing the results of selective sequential extraction tests, it becomes more reasonable to employ
tests before designing any treatability protocol. Ho and Evans �2000� mentioned that SSE results help

TABLE 4—Heavy metal affinity for various fractions in the sediments (Mulligan and Dahrazma 2003).

Heavy metal Affinity for each fraction
Copper Organic� residual�oxide�carbonate, exchangeable
Nickel Residual�organic�oxide�carbonate�exchangeable
Zinc Oxide�organic�carbonate� residual�exchangeable
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derstanding the feasibility of remediation and the ecological significance of contamination by metals.
rate, time, and the type of washing agent can be optimized according to the type of contaminant and
action in which the heavy metal exists. To illustrate the above statement, one can say for a zinc-
minated sediment, an extended time period will not be helpful in removing the zinc if the metal exists
y in the exchangeable fraction. Also, it can be added that if the contamination is by nickel in the
nate fraction in the presence of the oxide fraction, removal shows a remarkable deficiency if the time

tended because of readsorption. With the same analogy, it can be said that copper removal is more
tive to the washing agent than time.
s indicated earlier, SSE can be used as a basis for designing a sediment washing protocol depending
e metal, the fraction with which the metal is associated, and the type of washing as well as other
cal and chemical conditions.
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rview of Natural Attenuation of Sediments

ABSTRACT: Natural attenuation involves the use of the natural processes with the soil and groundwater to
remediate contamination by physical, chemical, and biological processes to reduce the risk to human
health and the environment. Although the use of natural attenuation as a treatment process is increasing for
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remediation of contaminated groundwater, much less research has focused on contaminated soils and

sediments. Industrial effluents, agricultural runoff, and sewage discharges are major sources of contami-
nants for the sediments. In addition, benthic organisms can transport contaminants through bioturbation
and there is considerable variability at sites. Organic materials, a particularly important component of the
sediments, can sequester the contaminants. Sediment-water partitioning controls the release of the con-
taminants into pore water and benthic organisms. Fate and transport mechanisms for both organic and
inorganic contaminants within the sediments need to be understood to establish protocols for the monitor-
ing and use of natural attenuation.

KEYWORDS: natural attenuation, sediments, contaminant transport, protocols, mechanisms

duction

oximately 0.9 billion m3 of sediment are contaminated which are a risk to fish, humans, and animals
at the fish, according to the United States Environmental Protection Agency �USEPA� �1998�. The
minants that are left in the sediment environment without intervention can undergo naturally occur-
rocesses. It is often more cost effective than dredging, capping, or treatment or combinations thereof,
contaminated sediments and can be appropriate for low risk areas. Like natural attenuation of soil

roundwater, monitoring is a key element in determining the success and applicability of this reme-
n method. The natural processes include biological degradation, volatilization, dispersion, bioturba-
dilution, radioactive decay, sorption of the contaminant onto the organic matter and clay minerals in
diments, and natural capping processes. These mechanisms will be discussed further later on.
atural attenuation is mainly used for benzene, toluene, ethyl benzene, and xylene �BTEX� and more
tly for chlorinated hydrocarbons. Other contaminants that could potentially be remediated by natural
ation include pesticides, polychlorinated biphenyls �PCBs�, and inorganic compounds �Yong and
gan 2004�. The success of natural attenuation depends on the site conditions, sediment characteris-
and microbiology. In this paper, the mechanisms involved and case studies of natural attenuation of
us pollutants at contaminated sediment sites will be examined.

ral Attenuation Processes of Sediments

ic Processes

al capping is one of the dominant mechanisms in sediments. This involves the covering of the
minated sediments with clean sediments �Cardenas and Lick 1996�, thus forming a barrier between
ontaminated sediments and the aquatic environment. Sediment deposit rates will thus determine the
f attenuation in this case.
dsorption reactions or processes involving organic chemicals and soil fractions are governed by: �a�
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urface properties of the soil fractions; �b� the chemistry of the porewater; and �c� the chemical and
cal-chemical properties of the pollutants. In general, organic chemical compounds develop mecha-

of interactions which are somewhat different from those given previously for inorganic contami-
. If the transport of organic chemicals in soils is considered, interactions between the contaminant and
urfaces are important in predicting the retention capacity of the soil and the bioavailability of the
minant. The interaction mechanisms are influenced by soil fractions, the type of and size of the
ic molecule, and the presence of water. As in the case of inorganic contaminant-soil interaction, the
nce of surface active fractions in the soil such as soil organic matter �SOM�, amorphous noncrys-

e materials, and clays can significantly enhance oil retention in soils significantly because of large
ce areas, high surface charges, and surface characteristics.
he distribution of organic chemical pollutants between soil fractions and porewater is generally
n as partitioning. By this, chemical pollutants are partitioned such that a portion of the pollutants in
orewater �aqueous phase� is removed from the aqueous phase. From the study of partitioning of heavy
s, it seems that this assumption of sorption by the soil fractions may not be totally valid. This is
se precipitation of the heavy metals will also serve to remove the heavy metals from solution.

pitation mechanisms for organic chemical pollutants do not occur so, it is generally assumed that the
“partitioned” organic chemicals are sorbed or attached to the solids. The partitioning or distribution

organic chemical pollutants is described by a coefficient identified as kd. As defined previously, this
cient refers to the ratio of the concentration of pollutants “held” by the soil fractions to the concen-
n of pollutants “remaining” in the porewater �aqueous phase�, i.e., Cs=kdCw, where Cs refers to the
ntration of the organic pollutants sorbed by the soil fractions and Cw refers to the concentration

ining in the aqueous phase �porewater� respectively.
he linear constant kd, partition coefficient, used in the retardation coefficient R which is represented
+ ��* /n� /kd�, implies that adsorption by the soil fractions is infinite. The factors �* and n are bulk
ty of the soil divided by the density of water and the soil porosity, respectively. As the concentration
ntaminants increases, the sorption also increases. Kd is strongly related to foc �fraction of organic
n� and this relationship is often shown as kd= fockoc where koc is the soil/sediment-water distribution
cient. Although it is not always linear adsorption with soil organic matter �SOM�, koc is important in
nd transport modeling.

oc estimations have been through one-parameter linear free energy relationships over many decades.
titative structure-activity relationships �QSARs� have been developed. Correlations between log koc

og kow �the octanol-water partition coefficient� and between log koc and log Sw �water solubility� have
been utilized. Recently, polyparameter linear free energy relationships for estimating koc have been
oped as the one parameter linear relationships are not accurate for polar chemicals �Nguyen et al.
�. Various factors can influence the koc. For the sorption of oils, the concentration of the oil and the
ering state must be accounted for �Jonker et al. 2003�.
or the Dover site �Witt et al. 2002� where the organic fraction is low �foc=0.00025� , R values for
loroethylene �PCE�, trichloroethylene �TCE�, and dichloroethylene �DCE� were determined as 1.3,

and 1.1, respectively. At R=1.3, transport across the site would take about 49 years. Polycyclic
atic hydrocarbons �PAHs� with increasing molecular weights exhibit higher low kow and are thus
d more strongly to organic matter.
rganic matter exists as dissolved and suspended forms and on the bottom sediments. The functional
s of the organic matter interact with heavy metals. The affinities of these groups for heavy metals in
asing order are

enolates � amines � azo compounds � ring N � carboxylates � ethers � carbonyls.

e other hand, however, organic matter may lead to the extraction of the heavy metals via mineral
lution and solubilization of metal sulfides and carbonates.
olatilization may be an important attenuation mechanism for volatile organic contaminants. Freshly
d petroleum products such as gasoline can exhibit high rates of volatilization that can occur from the
hase or dissolved phase. Henry’s constant law describes volatilization from the dissolved phase. The
f volatilization slows as the age of the spill increases. As a general guideline, a dimensionless
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y’s constant greater than 0.05 means that volatilization or off gassing is likely, while if it is less than
volatilization would be negligible. In sediments, this mechanism is not a dominant one due to the
of the sediments in the water column.

he abiotic reactions and transformations are sensitive to at least two factors: �a� the physicochemical
rties of the pollutant itself, and �b� the physico-chemical properties of the soil �i.e., soil fractions
rising the soil�. Similar to inorganic contaminants, abiotic chemical reactions with organic com-
ds occur and include �a� hydrolysis, �b� formation of a double bond by removal of adjacent groups,
c� oxidation/reduction, dehydrohalogenation, or hydrolysis reactions. For example, hydrolysis half-
for PCE and TCE have been estimated as 9.9�108 and 1.3�106 years �Jeffers et al. 1989�.
hemical mass transfer is responsible for partitioning of contaminants in the fate and transport of
minants. Reduction-oxidation reactions can also play an important role in the fate of the contami-
. Assessment of the retention or retardation processes is required to understand partitioning and the
ation of contaminants within the sediment. If potential pollution hazards and threats to public health

he environment are to be minimized or avoided, we must ensure that the processes for contaminant
ation are irreversible and the levels of contaminants are below allowable limits or levels.

or example, for arsenic, two models exist in respect to possible mechanisms for release of arsenic
the arsenic-bearing materials: �a� reduction mechanisms and �b� oxidation processes. In the former
ss, it is reasoned that reductive dissolution of arseniferrous iron oxyhydroxides releases the arsenic
nsible for pollution of the groundwater. The other model for arsenic release from the alluvium relies
xidation of the arsenopyrites as the principal mechanism. This occurs when oxygen invades the
dwater because of the lowering of the groundwater from the abstracting tubewells. The sorption of
ic�III� by anoxic estuarine sediments has been studied by Bostick et al. �2004�. Although sorption was
ent at all pH values, it was more significant at pH�7. Sorption conformed to Langmuir isotherms.
ulfide fractions led to most of the sorption. In addition, over time, the FeAsS-like precipitates reacted
m As2S3 and when combined with the drop in redox potential stabilized the arsenic as shown in Fig.
e sorbed species of arsenic were determined by extended x-ray absorption fine structure �EXAFS�
roscopy.

Processes

rstanding the types of chemicals that can be biodegraded or transformed, and the pathways of
rsion, are important and will be discussed, as well as the toxicity and availability of several chemi-
ince this will serve as the foundation of knowledge required for determining the potential for natural
ation. These concepts are described in further detail in Yong and Mulligan �2004�.
icroorganisms, the key to the biological treatment of contaminants, include bacteria, protozoa, fungi,

, and viruses �Mulligan 2002�. A wide variety of hydrocarbons can be degraded by microorganisms
gh electron transfer by various mechanisms. Most of the knowledge related to natural attenuation is
d to the degradation of BTEX compounds. The availability of oxygen and other electron acceptors
as nitrate, sulfate, and iron �III� determine the rate of biodegradation. However, anaerobic methano-

FIG. 1—As cycling mechanisms in sulfidic environments (adapted from Bostick et al. 2004).
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degradation of benzene in aquifer sediments has been shown despite the lack of the electron
tors �Weiner and Lovley 1998�. Other factors include the presence of water and mineral nutrients.
ugh the rate of aerobic biodegradation is higher than anaerobic, the latter type may be more domi-
Products of aerobic degradation are carbon dioxide and water while the products of anaerobic
dation include carbon dioxide, water, methane, hydrogen, nitrogen, and others. For chlorinated com-
ds �PCE and TCE�, the reductive dehalogenation products of cis-DCE, vinyl chloride �VC�, and
e are indicators of degradation.
he fuel oxygenate �methyl tert butyl ether, MTBE� has been found in various surface water sources
atmospheric deposition, stormwater runoff, industrial releases, recreational activities, and discharge
undwater. Microorganisms, however, within the stream and lake sediments are able to biodegrade the
E �Bradley et al. 2001�. Increasing the silt and clay content decreased MTBE degradation almost
letely, most likely due to a decrease in oxygen permeability into the sediments. Increasing the organic
nt also slightly correlated with a decreased in biodegradation. There may have been competition
en the organic substrates.
eavy metals are also subject to microbial conversions. Sediment samples, near a mining area in Spain

e largest producer of mercury �Hg�, indicated concentrations of 2300 �g/g of Hg and 82 ng/g of
yl-Hg �Gray et al. 2004�. These elevated methyl-Hg levels are an indication that microbial methyla-
s highly likely to occur in the wet, anoxic sediments with high organic contents. Rittle et al. �1995�
ed in the laboratory that arsenic could precipitate by bacterial sulfate reduction, thus immobilizing the
ic on the sediments.
icrocosm studies, polymerase chain reaction analysis �PCR� and site data can be used to determine

otential for natural attenuation at a site. Samples from both the groundwater and sediment are
red. Microcosms are useful for identifying degradation potential under various nutrient and electron-
r conditions. For example, PCR analysis can provide information on the presence and spatial distri-
n of dechlorinating bacteria on site �Fennell et al. 2001�.
lthough the remediation of most sites is in temperature climates, the feasibility of natural attenuation
arctic sites has been evaluated �Richmond et al. 2001�. Although TCE and TCA degradation products
found and reductive dechlorination conditions were likely, rates of degradation were slow and thus
on not biodegradation was the dominant attenuation mechanism. BTEX biodegradation was likely in
ast. In situ sediment microcosm studies with organic acid measurement may be helpful in determining
al attenuation biodegradation mechanisms in dilute systems.

tenuation and Bioavailability

mination of the capacity for bioattenuation has not received a great deal of attention in assessment of
atural attenuation of organic chemical pollutants. Substrates can become less bioavailable via inter-

with negatively charged clay particles and organic material �Alexander 1982�. Sorption and seques-
n can be influenced by pH, organic matter content, temperature, and pollutant characteristics. The
gradation of PAHs is particularly affected by sorption.
ioavailability of contaminants can influence microbial activity and biological responses. There exist
definitions of bioavailability, depending on the discipline. The National Research Council �NRC�
� in a recent report indicated that “bioavailability processes as the individual physical, chemical, and

gical interactions that determine the exposure of organisms to chemicals associated with soils and
ents.” Ehlers and Luthy �2003� recently attempted to define the terms, bioaccessibility, and bioavail-

y to improve risk assessment and remediation technology selection. Bioavailable contaminants are
diately available to an organism for storage, transformation, or biodegradation. However, bioacces-
chemicals could be available to an organism after release from soil organic matter or other physical
raints after a short or lengthy time period. This is indicated in Fig. 2.
herefore, determination of sediment or soil contents could be used to indicate biodegradation poten-
hanges in porosity can also occur as a result of dissolution processes. Excessive carbon dioxide

ced can also increase porosity because of calcite and dolomite dissolution under acidic conditions
ett et al. 2000�. Other reactions under anoxic conditions such as carbonate and bicarbonate saturation

calcite can plug pore spaces and decrease permeability.
variety of other products from bacteria can also influence the desorption of hydrocarbons and metals
the soil and sediments. Due to their anionic and hydrophilic/hydrophobic nature, biodegradable
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ctants including rhamnolipids, surfactin, and sophorolipids, by-products of bacteria or yeast, have
able to remove metals and hydrocarbons from an oil-contaminated soil by disruption of the pollutant/
onds �Mulligan 2005�.

rbation

wing, feeding, and ventilation activities of benthic organisms are known as bioturbation. Deposit
rs ingest sediment, move sediments toward the surface, and irrigate porewater. Banta and Andersen
� reviewed the mechanisms of the interaction of bioturbating organisms with sediment contaminants.

lcitrant organic matter can be moved from anoxic to oxic zones, thus stimulating biodegradation.
uble metal complexes may also be oxidized which can then serve as electron acceptors for biodeg-
ion. The focus of the review was on the polychaetes Arenicola marina and Nereis diversicolor. A.
a affects transportation via particle mixing, pore water flushing through irrigation, and degradation

ganic pollutants via stimulation of microbial activity. N. diversicolor stimulates biodegradation di-
through metabolism of the contaminants and affects biodiffusive mixing. It can also stimulate

bial activity. This study has indicated the complicated effects that bioturbation has on the fate and
ort of contaminants in the sediment. Models should be mechanistically correct to predict the effect

oturbation on the fate of pollutants such as shown by the model by Forbes and Kure �1997�. This
l was coupled with a adsorption-degradation model by Timmermann �2001�.
he effect of the burrowing of the polychaete on sediment contaminated with 3, 3�,4, 4� tetrachloro-
nyl was evaluated �Gunnarsson et al. 1999�. Bioturbation enhanced the release of the contaminant
rganic matter enhanced the release of the contaminant in the water column by 280% compared to the
ol. The enhanced release of the contaminant by the organic matter is contrary to other studies.
inc fluxes in the presence of bioturbating organisms with and without capping were studied �Simpson
2002�. Without capping, zinc fluxes were in the order of 10 to 89 mg Zn/m2-day. Removal of benthic
isms decreased bioturbation. Capping with clean sediment �5 mm thickness� was effective in reduc-
inc fluxes by forming anoxic environments for the formation of metal sulfides. Capping materials
disturbed by the organisms and therefore it was recommended that depths of the capping material
be greater than 30 cm. Overall, the mechanisms for natural attenuation in sediments can be seen in
.

tive Sequential Extraction

termine the speciation of metals in soils and sediments, various methods are used. The speciation
es evaluation of the solubility, transport, and bioavailability of the components and can be effective
esigning treatments. One method is to use specific extractants. By sequentially extracting with solu-
of increasing strengths, a more precise evaluation of the different fractions can be obtained �Tessier
1979�. A soil or sediment sample is shaken over time with a weak extractant, centrifuged, and the
natant is removed by decantation. The pellet is washed in water and the supernatant removed and
ined with the previous supernatant. A sequence of reagents is used following the same procedure
finally, mineral acid is used to extract the residual fraction. Heavy metal concentrations are then

FIG. 2—Bioavailability and bioaccessibility of contaminants in sediments.
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mined in the various extracts by atomic absorption, inductively coupled plasma �ICP�, or other means.
erous techniques and reagents have been developed and have been applied to soils �Shuman 1985�,
ents �Tessier et al. 1979�, sludge-treated soils �Petrozelli et al. 1983� and sludges.
etal speciation of solid-state sediments may be obtained by spectroscopic methods such as X-ray

ption fine structure in sediments �XAFS� �Helz et al. 1996�. Detection limits as low as microgram/
can be achieved at ambient atmospheric temperatures for wet sediments. Since synchotron radiation
uired for XAFS, only a few researchers have access to this type of equipment. X-ray absorption

edge structure �XANES� or extended X-ray absorption fine structure �EXAFS� can be used to deter-
the valence states of elements.
oth solid state and chemical extractions were used for mercury speciation �Kim et al. 2003�. 100% of
g was in the form of insoluble cinnabar, and metacinnabar were identified by XAFS removed from
rongly complexed fraction �12 N HNO3� and the aqua regia extraction of a marine sediment. Reduc-
onditions could increase the mercury sulfides that could be removed by concentrated HCl. Bloom et
003� determined the methylation potential of anoxic sediments. The F3 fraction �extracted with 1 M
, organochelated� exhibited the greatest potential for methylation. This fraction and the F5 �aqua regia
ction� were the most commonly found in the sediment samples. Multiple analytical techniques can
ve predictions of availability and the design of potential remediation techniques.
his method can be used to determine if heavy metals are removable by remediation techniques or to
ct removal efficiencies �Mulligan and Dahr Azma 2003�. Sequential extraction can be employed for
valuation of the most appropriate sediment remediation technology and for monitoring remediation
dures. A biosurfactant, rhamnolipid, was used to remove organic-bound copper and carbonate-bound
Exchangeable, carbonate, reducible oxide and organic fractions are amenable to washing techniques,
esidually bound contaminants are not economical or feasible to remove. This information is important
signing the most appropriate conditions for sediment washing.

cols Developed for Natural Attenuation

us technical protocols have been established such as the Designing Monitoring Programs to Effec-
Evaluate the Performance of Natural Attenuation by the Air Force Centre for Environmental Ex-
ce �Weidemeier and Haas 1999�. Sampling type, frequency and location, and analyses required for

L contaminants are described. The Technical Protocol for Evaluation Natural Attenuation of Chlori-
Solvents in Ground Water �Weidemeier et al., 1998� was established to demonstrate mechanisms of

inated solvent natural attenuation. The USEPA �2001� points out, however, that field information can
bstantially different from laboratory research, particularly regarding dechlorination rates and product
ntrations. For chloromethane, chloroethanes, chlorinated benzenes, and chlorinated ethers, the reduc-
echlorination rates need to be compared in the laboratory and field. Field information is not available
any processes and their reaction rates. There are other uncertainties related to interactions with other

IG. 3—Mechanisms of natural attenuation of sediment (adapted from Yong and Mulligan 2004).
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minants, high concentrations at the source area, and other mechanisms for degradation than reductive
orination.
o demonstrate that natural attenuation is taking place, lines of evidence are established to indicate
ases in contaminant concentrations �NRC 1993�. They include:

Decreases in contaminant concentration and/or plume size over time. This is used to indicate that
biodegradation is occurring faster than plume size increases.
Geochemical and biochemical indicators of microbiological activity in the groundwater chemistry
such as consumption of oxygen, nitrate, and sulphate and production of Fe�II�, Mn�II�, and meth-
ane.
Laboratory microcosm studies are used to simulate aquifer conditions to determine if bacteria at the
site can biodegrade the contaminants and at what rate. This step is mainly used if neither of the first
two clearly indicates significant trends.

f the three lines of evidence suggested by the NRC �1993�, it is suggested that primary lines are
ly required. Secondary or tertiary are required only if primary lines are insufficient. Site specific
ation rates can be used as a secondary line of evidence showing that attenuation is occurring and the
t which is occurring. Monitoring frequency is according to the potential impact on receptors, ability
et remedial goals, plume behavior, and institutional controls used. Contingency plans are necessary
if the goals cannot be met.
rotocols have been reviewed by the NRC �2000�. The number of samples, parameters to be monitored
ontaminant concentrations to be obtained can vary substantially among the protocols. For example, in
ion to those mentioned above, 14 federal, state, profession and industry protocols were evaluated.

unity concerns, scientific and technical issues, and implementation issues were considered. Only
have been peer reviewed.

he USEPA �2001� has recommended the establishment of procedures for evaluating the natural
ation of inorganics. Natural attenuation mechanisms for arsenic and other inorganics should be

mined. The effect of geochemical conditions on remobilization must be established. The effect of
ics on inorganic contaminant behavior and vice versa should be studied. Guidelines need to be
oped to understand immobilization processes based on laboratory and field data and the use of
ls. Uncertainty needs to be incorporated.
he majority of the available protocols address only fuel hydrocarbons or chlorinated solvents. Other
ic contaminants such as PAHs, PCBs, explosives, and pesticides are not addressed while metals,
anics, and radionuclides are infrequently discussed. Therefore, there are major shortcomings in these
cols.
ne aspect not considered by the NRC, since their focus was groundwater, was that most protocols are
ned for groundwater natural attenuation and not for soil natural attenuation or sediments. Few pro-
s exist for soil with the exception of the USEPA �1998� and those by the Department of Energy
�. Sediments have not received much attention at all. Sediments differ from soils since they can be
orted. Organisms can transport contaminants and there is considerable variability at sites. Technical

cols have not been developed for sediments. The USEPA �2001� has recommended that research be
ded to determine natural attenuation mechanisms in sediments, monitoring methods need to be
oped for quantifying natural attenuation, the contaminant transport and bioaccumulation for analysis
ssessment. Research specific for fresh water, coastal, and marine aquatic environments is also re-
d. A protocol adapted from Yong and Mulligan �2004� for sediments can be seen in Fig. 4.
itt et al. �2002� demonstrated the use of a lines of evidence approach in indicating natural attenuation

roundwater and aquifer sediment remediation. The first line of evidence was a loss of 40% of PCE
CE at field scale. The second line of evidence was the presence and distribution of biogeochemical

ators including low and higher concentrations of dissolved oxygen, low concentrations of iron �II�,
oncentrations of sulfate, and the presence of elevated levels of methane and hydrogen, presence of
CE, VC, and TCE and elevated chloride levels. The presence of catabolic genes of mono- and
ygenases indicated co-oxidation of PCE and TCE and decreasing cis-DCE, VC, and methane levels.
ly, the third line of evidence was that microbiological data supported biodegradation. Indigenous
ria were capable of degrading PCE and TCE.
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is section, various case studies of natural attenuation will be examined. For example, in Germany,
of nitrate as high as 250 mg/L, aluminium as high as 0.64 mg/L and potassium up to 60 mg/L

been found in the groundwater in agricultural areas �Houben 2002�. Acid rain has decreased the pH
e soil to 2.75 and the groundwater to 3.4. The soil buffering capacity has also diminished. Cation
nge and autotrophic denitrification �reaction of nitrate with FeS2� natural attenuation mechanisms
restricted the movement of the pollutants. Modeling including determination of the groundwater age,
balances, and reactive transport was performed using hydrochemical and geochemical data. The
EQC-2 model was used for the hydrochemical equilibrium modeling. Sorption and desorption col-

experiments with undisturbed samples of sandy sediments for magnesium, sodium, potassium, and
inium ions were performed. Modeling was accurate for most ions with the exception of potassium.
etition cannot be accounted for in the mass balance approach. Due to the high velocity in the
ns, there was not even time for the nitrate to react with the pyrite. The models indicated that the

minants move a few centimeters per year.
he ability of sediments to retain organic contaminants is one of the keys to natural attenuation. At
er site in Germany, a lignite seam accumulated aliphatic and aromatic chlorinated hydrocarbons
stream from a chemical plant �Dermietzel and Christoph 2002�. A two-compartment model was
n to approximate the experimental results. An initial fast desorption based on transfer from the outer
ce of the sediment was followed by a slower diffusion controlled released from the interior of the
ent.

n 1998, sediment samples at Lake Harwell, SC were taken at five places to determine the occurrence
tural attenuation of polychlorinated biphenyls �PCB� �Pakdeesusuk et al. 2005�. The mole percentage
ch congener of PCB and/or changes in the total of meta, para, and ortho chlorines and total chlorines
iphenyl were determined and compared to 1987 sediment samples. Solubilization and desorption
negligible according to mass balances. It was concluded that in situ dechlorination was occurring at
w rate since 1987, after an initial rapid rate. Microcosm studies supported the findings. Lack of

ation on organic matter and electron acceptors such as nitrate, sulfate, iron, and manganese make it
ult to predict optimal dechlorination conditions. Capping with fresh sediment may need to be in-
ed to decrease the risk of bioaccumulation in fish.
richloroethene contamination in the groundwater was first detected in 1982 at a Michigan National
ities List site �An et al. 2004�. Samples were monitored in 1991, 1992, 1994, 1995, and 1998, 100 m
the shore and later, 3 m from the shore. Products of dichloroethene �DCE�, vinyl chloride �VC�,
e, and methane were found, indicating anaerobic degradation. Degradation rates were estimated using
-dimensional �2D� model. Analysis of the water in the lake sediments indicated natural attenuation.
lthough most protocols indicate the dominance of the biological degradation, other mechanisms may

be significant. Ferrey et al. �2004� indicated that although there was no evidence of biodegradation
chloroethylene �cis-DCE� and 1,1 DCE, iron minerals such as magnetite removed these compounds

IG. 4—Protocol for natural attenuation of sediments (adapted from Yong and Mulligan 2004).
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sterilized sediments by reductive dechlorination. Sorption, particularly to organic matter, did not
r to be responsible for the loss.
t the Columbus Air Force Base, Columbus, MS, 60 sediment samples were taken to evaluate the fate

ransport jet fuel contaminants �Stapleton and Sayler 1998�. DNA probes were used to determine the
for the following degradative enzymes: alkane dioxygenase, toluene monooxygenase, naphthalene

genase, toluene dioxygenase, toluene monooxygenase, xylene monooxygenase, carbon monoxide
rogenase, and methyl coenzyme reductase. 107 to 108 organisms per gram of sediment were found,
ared to 104 to 106 organisms per gram by traditional methods. Degradation of BTEX and naphthalene
also indicated, particularly after five to seven days. More than 40% of these 14C-labeled compounds
mineralized in the sediments, without nutrient addition. Correlations of laboratory assay and field
ses are required and thus further field tests will be performed.
t the Dover Air Force Base, Dover, DE, contaminated with chlorinated ethenes, a characterization of
icrobial community was performed �Davis et al. 2002�. Low biomass levels ��107 bacteria per gram
ent� were found. Mineralization of vinyl chloride and cis-DCE was occurring and 16 S rRNA gene
nce indicated the presence of anaerobic microorganisms that were capable of anaerobic halorespira-
nd iron reduction. The data showed that the microorganisms were the major mechanism for reductive
xidative attenuation of the chlorinated ethenes.
he weathering of PAH contaminated sediments was monitored by Brenner et al. �2002� at the
off/eagle Harbor Superfund Site near Seattle, Washington. Three PAH sources were determined

sote, urban runoff, and natural background�. Urban runoff was found to contribute to the contamina-
ver the past 50 to 70 years. Unweathered and pure-phase creosote deposits were found below 30 cm

pth. However, surface sediments �upper 20 to 30 cm� were a mixture of weathered creosote and urban
f. Lower molecular weight PAHs in particular were lost in creosote-contaminated weathered sedi-
s. Capping of 1 to 3 m of clean sand was performed since the deposit of clean sediments was not
sive due to continuous contamination from urban runoff.
oser et al. �2003� evaluated a “freeze core” sampling method for determining the geochemistry and
biology of sediments contaminated with chromium �VI�. Liquid nitrogen was used to freeze the
. Significant numbers of sulfate, nitrate, and iron-reducing bacteria in addition to amounts of acid-
ile sulfide were found but the freezing decreased the numbers viable bacteria. This indicated the
tial for a combination of anaerobic microbial and chemical processes to contribute to the natural
ation of chromium at the Hanford site. Reduction of chromium �VI� to chromium �III� decreases its

ility and toxicity.
rias et al. �2003� also studied Cr �VI� natural attenuation in sediments by laboratory mesocosms to
c environmental conditions. Cr accumulated in the upper 5 mm of the sandy sediments. However, Fe,
and total organic contents did not correlate with total Cr levels. PCR of 16S rRNA genes were used
alyze microbial populations and indicated that the microbial population were inhibited and therefore
information regarding the bacteria present if natural attenuation is to be employed.
study of heavy metals was conducted in Port Philip Bay, Australia as there were indications of toxic

s in fish and shell fish �Fabris et al. 1999�. The objective was to determine the partitioning of heavy
in dissolved and particulate species in the bay waters. Despite a flushing time of 10 to 16 months in

ay, concentrations in the near shore and estuarine areas were not higher than those in the coastal
e waters. Most of the mechanisms for partitioning were related to precipitation of iron and manga-

oxyhydroxides that coprecipitate with dissolved heavy metals. There was a strong correlation of iron
chromium, nickel and zinc in the particulates. Contrary to the metals, arsenic concentrations �as As
increased in depth in the sediments and thus did not seem to be the result of anthropogenic activity.
the surface layer of sediments, arsenic is oxidized to As �V� and leaves the sediments. Fe �III� can
ecipitate some of the arsenic and become trapped in the sediments.

ation of the Natural Attenuation of Sediments

ith soil, the application of natural attenuation requires the understanding of the sediment-contaminant
ctions, in addition to the environmental conditions. Much less information exists regarding the
al attenuation of heavy metals than for organic chemicals, although there are numerous partitioning
anisms that can play a role. Dredging, however, can disrupt these conditions by increasing the
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tion conditions which can lead to increased mobility and bioavailability of heavy metals. Zinc,
r, lead, cadmium, nickel, and mercury have all increased in mobility during dredging �Darby et al.

�.
owever, unlike soil, special environmental conditions in lakes, streams, rivers, estuaries, seas, and
s can potentially lead to the mobilization of contaminants. Some of these include flowing water and

nts which enhance mixing, dilution, and diffusion of contaminants. Storms and other high wave
s may resuspend sediments. Bioturbation can cause particle mixing and solute transport which can
nfluence pollutant movement. Knowledge on the presence and distribution of the infauna and their
anisms of bioturbation will be required to predict the behavior of the contaminants in the sediments
a and Andersen 2003�. Natural capping through sedimentation of clean sediments can maintain the
ing conditions.
hanges in pH, oxidative/reduction conditions, inorganic and organic complexation, and microbial

lations can influence adsorption, absorption, sedimentation, and precipitation. The factors must be
stood to determine the potential of natural attenuation for remediation of the contaminated sediments.
iques such as selective sequential extraction can assist in evaluating the potential for heavy metal

lization. For organic contaminants, knowledge of the koc and kow partition coefficients provide infor-
n on the contaminant characteristics. The strength of the bonding mechanisms and the age of the
mination in the sediments must be known.
igure 5 shows the general protocol for considering monitored natural attenuation �MNA� as a reme-
n of contaminated sediments. Site specific data must be evaluated. Laboratory tests and predictive
ls are also necessary to provide information on the ability of the site materials and conditions to
ate the contaminants. Insufficient conditions for natural attenuation would require technological

diation such as capping with clean sediments, sand, or other materials or other methods including
ing.
onitoring is essential in determining the success of natural attenuation in reaching the remediation
and thus, the use of the terminology, MNA. The pollutants both in the water and sediments need to

sted to ensure that the environmental conditions �pH, redox changes� have not changed and that the
tants are not released into the environment. In addition, the laboratory tests and models used for
ction can be confirmed by the monitoring. Human and other receptors must be protected from
ure to the contaminants.

lusions

are various advantages regarding the natural attenuation of sediments including the possibility of
ying the contaminant completely, potentially for reduction in remediation costs and limited site

5—Schematic for determining the applicability of natural attenuation for sediments (adapted from
and Mulligan 2004).
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ption. Potential disadvantages, however, include longer remediation times compared to other tech-
ies, a lack of knowledge concerning mechanisms for remediation particularly with regard to inor-
contaminants, substantial requirements for monitoring, and the potential for desorption or resolubi-

on of contaminants.
lthough there are many similarities between existing protocols and guidelines for natural attenuation,
ularly concerning lines of evidence and data requirements, very few consider the sediments in their
cols and most have been adapted for hydrocarbon and chlorinated solvent contamination. The natural
ation of many other contaminants has been limited for PAHs, PCBs, pesticides, and inorganic

minants. The interaction of organic and inorganic contaminants with the soil components may also be
portant factor in natural attenuation processes. Some of the natural attenuation processes that are

fic for sediments are sediment deposition and resuspension, mixing due to wave action, and biotur-
n and thus are not included in groundwater protocols.
n addition, there is little information available regarding the comparison of the natural attenuation
sses in the various sediment environments �rivers, estuaries, lakes, and coastal seas and oceans�. The
sses are site specific and therefore, the evaluation of these processes must also be.
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deling TPH Desorption in Unconsolidated Dune Sand
ing Remediation Using Dual-Equilibrium Desorption
D… Model

ABSTRACT: The verification of the cleanup of dune sands from a dissolved phase petroleum hydrocarbon
plume at an active service station site undergoing ozone treatment is being accomplished through soil and
groundwater sampling. We hope to use modeling by the dual-equilibrium desorption �DED� model in order
to determine when remedial goals negotiated with the regulatory agencies have been met. The site is
located in the harbor area of Crescent City, California in an area underlain by dune sands of marine origin.
During remediation of sorbed-phase gasoline and diesel range organics �GROs and DROs� and dissolved-
phase methyl tertiary butyl ether, target compounds, intrinsic indicators, by-products, and bacterial compo-
sition were monitored in the area groundwater and soil. At present, this monitoring has been employed to
establish the degree of cleanup of the sands. In this paper the use of the DED model to verify the degree
of cleanup of the sands is presented. Results indicate rapid degradation of the target compounds from the
dissolved phase with gradual degradation from the sorbed phase. Degradation of the sorbed phase GROs
and DROs was indicated by periodic spikes in dissolved-phase concentrations, which are interpreted as
representing desorption events. Co-located soil and groundwater samples were collected at intervals of
approximately six to nine months. Results from this verification sampling were modeled using the DED. We

Journal of ASTM International, Vol. 3, No. 6
Paper ID JAI13334

Available online at www.astm.org
hope to find a tool that an investigator at a typical underground storage tank site can use to gauge the
success of remediation systems. So far, the DED appears to correlate with samples collected using stan-

dard field techniques. The use of this methodology has application in establishing the degree of cleanup of
contaminated sandy dredge sediments.

KEYWORDS: dual-equilibrium, desorption, sands, dredge sediments, petroleum hydrocarbons,
ozone, remediation, model

duction

tes contaminated with petroleum hydrocarbons are being remediated, there remains a need for a
minant desorption model that project scientists can use to determine the efficacy of cleanup methods.
are various models available to demonstrate the rate of desorption of various chemicals from either

quifer matrix or sediment/water interface; however, most models assume either Langmuir or linear
ption rates and are valid for pure chemicals only. The average consultant working in the field will
data for the most common mixtures of gasoline or diesel range organics �GROs and DROs� in the
of results from Total Petroleum Hydrocarbons as gasoline or diesel �TPHg and TPHd� analyses.
mining the physical-chemical constants for mixtures is difficult at best.

n addition, most models assume that adsorption and desorption are similar, but opposing processes
ccur at similar rates. Several recent studies, however, indicate that adsorption and desorption most
occur in a biphasic manner, with a rapid initial response characterized by high concentrations and a

d more resistant response characterized by relatively low concentrations �Zhang 2003, Chen et al.
, Kan et al. 1998�. What this implies is that while adsorption may happen at a rapid rate, desorption,
past the initial rapid phase, is likely to proceed slowly. There may even be a portion of material in this
d “compartment” that is irreversibly sorbed �i.e., combined in some sort of organic matrix from
the reaction processes are different from the pure chemical and occur at a much slower rate�. This

cript received March 30, 2005; accepted for publication June 27, 2005. Presented at ASTM Symposium on Contaminated
ents: Evaluation and Remediation Techniques on 23–25 May 2006 in Shizuoka, Japan; M. Fukue, K. Kita, M. Ohtsubo, and
aney, Guest Editors.
ciate Geologist, LACO ASSOCIATES, 21 W. 4th Street, Eureka, CA 95501.
ssor Emeritus, Department of Environmental Resources Engineering, Humboldt State University, 1 Harpst Street, Arcata,
521.
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be leading to the common hysteresis effect observed in many treatment technologies and the persis-
of contaminants in both groundwater plumes and water bodies.
hen et al. �2002� published a dual-equilibrium desorption �DED� model to demonstrate this biphasic
e in the hope of providing a more accurate representation of the desorption process. The basic
pts of the model are that the two compartments have fundamental differences in the patterns of
ption and desorption that have long-term implications as to remediation goals and the efficacy of
dial technologies. However, as is frequently the case, the model was developed looking only at pure
ances and not the mixtures that are most commonly dealt with in a field situation.
ypically, regulators choose concentrations of the contaminants of concern in groundwater as project
for regulatory closure. Few desorption models can help predict when these remedial goals have been
or concentrations of mixtures such as GROs and DROs given the limitations of the data that are
ally collected. Typical data available are limited aquifer and sediment matrix characteristics such as
ic carbon and metals content. Our site is an active fueling station located in a coastal area of Crescent
California. The underlying geology is approximately 40 ft of unconsolidated dune sand comprising
attery formation overlying the Plio-Plistocene St. George formation, which consists of poorly con-
ted silt- and sandstone. In situ chemical oxidation by the sparging of ozone through microporous
e points began in November 2002. To date, approximately 100 kg of an ozone/air mixture have been
ed. The site had been contaminated with approximately 700 kg of sorbed and dissolved-phase TPHg,
, the gasoline constituents benzene, toluene, ethylbenzene, and xylenes �BTEX�, and the fuel oxy-
es methyl tertiary butyl ether �MtBE�, tertiary butyl alcohol �TBA�, and tertiary amyl methyl ether
E� as well as small volumes of nonaqueous phase liquid �NAPL�. These constituents formed the

minants of concern.
n the program run by the State of California under which this site is being remediated, goals are
dered to be met when all of the monitoring wells associated with the project have achieved the
d-upon concentrations and can remain below them for four consecutive quarters of monitoring after
ystem is shut down. As petroleum hydrocarbons in groundwater/pore water are remediated fairly
ly, the question becomes at what point the sorbed contaminants are reduced to where rebound will
below the remedial goals. Rebound is generally the process by which contaminant desorption and
ion from fine-grained sediments, or passage of a contaminated plume through the treatment area
s in an increase in concentrations following remedial treatment. The mode of desorption is directly
ant to the lifetime of the remediation and to the associated costs incurred.

ription of Dual-Equilibrium Desorption Model

Model

ual-equilibrium desorption �DED� model �Chen et al. 2002� assumes that the sorption and desorption
sses are biphasic, occurring in two discrete “compartments” with varying rates and behaviors. The
ation of the model is in Chen et al. �2002�; however, the general model can be expressed by

q = Koc
1stfocC +

Koc
2ndfocqmax

2nd C

qmax
2nd + Koc

2ndfocC
�1�

e Koc is the organic carbon partition coefficient and is represented by the commonly used relationship
0.63Kow for the first coefficient �Karickhoff et al. 1979�, Kow is the octanol water solubility coeffi-
Koc

2nd is the organic carbon partition coefficient for the second compartment that has been shown to
presented for a wide range of compounds by Koc

2nd=105.92±0.16 �Kan et al. 1998�, foc is the fractional
ic carbon �unitless�, Csat is a measure of the highest concentration of a specific chemical species that
emain in a soluble state, and C is the aqueous concentration. The typical range of Csat for hydrocar-
is from 100 to 300 milligrams per liter or mg/L. The final term, qmax

2nd can be quantitatively derived on
-specific basis, or calculated by

qmax
2nd = �focKowCsat�0.534 �2�

he relationship between log q and log C is a curve comprising of three parts. These parts are an
l inclined linear curve in the low aqueous concentration range followed by a plateau which in turn
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es a linear inclined curve again in the high aqueous concentration range, Fig. 1. Corrections can be
for the presence of NAPL or cosolvents, both of which have the effect of shifting predicted aqueous
ntrations toward lower or higher values, respectively.

the DED Model in Typical UST Investigation

g a typical underground storage tank investigation, the type of data that a project scientist is com-
y able to obtain is fairly limited. This data are commonly restricted to concentration data only for
mixtures such as “gasoline” and “diesel” �both of which have definitions that differ by laboratory�,

constituents, and some of the fuel oxygenates, such as MTBE, TBA, and TAME. Because none of
compounds are present alone, but instead are found in a soup with varying amounts of other

ounds, using any of the desorption models developed to date has been difficult. Research into the
ical constants required for models is not performed on gasoline due to its inherent variations during
ction, let alone during weathering. However, for a model to be useful to a field worker, it does not
sarily need to provide high precision. A prediction precise to an order of magnitude is typically
ate to calculate the lifespan of a remediation project.

n evaluating the degree to which the DED model would be applicable given the data limitations
ibed above, an evaluation of parameter sensitivity is necessary. To do this, the predicted DED
ption isotherm is calculated keeping all variables constant except for the one being tested. In all, three
variables were tested; Koc

1st, foc, and Csat.Koc
1st and Csat are the least well-defined for gasoline and diesel

res. Fractional organic carbon �foc� is an easily measured parameter; however, during some remedial
ologies �such as in situ chemical oxidation� it is probably not constant. Figures 1–3 demonstrate the
ts of varying these parameters. It is apparent that the model is most sensitive to changes in foc.

FIG. 1—Log q versus log C as a function of Csat, foc=0.001, Koc
1st=1 862 L/kg.

FIG. 2—Log q versus log C as a function of Koc
1st, foc=0.001, Csat=150 mg/L.
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he amount of contaminant sorbed to the soil/sediment is represented by q �in units of milligram
minant per milligram soil� while C is the concentration present in groundwater/pore water �in units of
rams contaminant per liter water�. The groundwater/pore water sample is the quantity typically

ured during remediation. The variation of log q versus log C as a function of Csat is presented in Fig.
e foc and Koc

1st are held constant. A review of the figure indicates that the effect of varying Csat is
d to a range of log C from −4 to +2 for the conditions studied. Within this range of log C the effect
reasing Csat from 150 to 150 000 mg/L results in decreased desorption from the sediment into the

water in the plateau range of the curve for a constant q. As Csat for gasoline is generally thought to
se to 150 mg/L and certainly less than 1 500 mg/L �Methanol Institute 2005�, the actual variability
q expected to be encountered in the field is probably between 0 and something less than 1. The

t of varying the organic carbon partition coefficient from the first compartment �Koc
1st� on the amount

sorption occurring in sediment is shown in Fig. 2. A review of Fig. 2 shows that as Koc
1st increases, the

relationship becomes more linear with the disappearance of the plateau. This represents a decrease in
te of desorption of the contaminant from the sediment and into the groundwater/pore water. As Koc

1st

es a maximum at 300 000 litres per kilogram or L/kg, the desorption relationship becomes linear;
ver, as the partition coefficient decreases, the desorption isotherm becomes increasingly biphasic. The
t of increasing foc concentration translates the DED curve upwards �Fig. 3�. This results in a decrease
sorption of a chemical species from the sediment and into the pore fluid/groundwater for a constant
is is expected given the function of organic carbon as an organic contaminant sorption site.
ased on this sensitivity analysis, the parameter that most effects the prediction of desorption of a
minant from a sediment is foc.

Program

ral Description

toring during this remediation project involved an intensive program of groundwater and soil sam-
. Groundwater samples were collected bimonthly for the first six months, monthly for the following
onths, and quarterly thereafter. In addition to the contaminants of concern, periodic analyses were run
xidation by-products such as chromium IV �CrVI� and tertiary butyl formate �TBF�. Pre- and in-
ent samples were collected for the analysis of oxidation indicators such as: chemical oxidation

nd; dissolved and total iron, chromium and selenium; bromide and bromate; free carbon dioxide; and
nity. The field intrinsic parameters temperature, pH, oxidation-reduction potential, conductivity, and
lved oxygen were collected with every groundwater sample.
olocated soil and groundwater samples were collected from two locations on site using a GeoProbe®

3 direct push rig at approximately 6 to 9-month intervals to gauge the degradation of sorbed-phase

obe Systems, Salina, Kansas.

FIG. 3—Log q versus log C as a function of foc, Csat=150 mg/L, Koc
1st=1 862 L/kg.
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minants. Soil samples from approximately 6 in. intervals were analyzed for the contaminants of
rn and total organic carbon. Depth-discrete groundwater samples were collected at approximately 0.5
t intervals from across the same zone. Both of these samples were analyzed for the contaminants of
rn. The GROs and fuel oxygenates were analyzed by EPA Method 8260B modified for VOCs by
S.

ation of Ozone Sparge System

en sparge points were installed in nine wells and were connected to two Kerfoot Technologies
arge® control panels.4 Air was converted into approximately 95 % oxygen by passing through
p® molecular sieve filters, which removes nitrogen from the air stream. After concentrating oxygen
the air stream, it is converted to ozone by passing the stream through a corona discharge ozone
ator. An air compressor mixes the ozone with ambient air for distribution to individual sparge points,

is controlled through a manifold and a series of solenoids. Discharge is determined by a pro-
med timer allowing flow to each sparge point for a predetermined length of time. Air flows to each
is at the rate of 0.11 m3/s �4 scfs� and delivers approximately 5 g ozone per hour per panel. To date,
ximately 85 kg of ozone have been injected.
he pretreatment fractional organic carbon �foc� versus depth below the ground surface is presented in
along with a polynomial best-fit curve �solid line�. A review shows that the foc drops off with depth
soil column from 0.01 to approximately 0.002 at 5 ft below ground surface �bgs�. The variation of

nt passing the 0.074 mm sieve �#200 sieve� versus depth is shown in Fig. 5 along with a polynomial
t curve �solid line�. While the data are highly variable, the percent passing is shown to vary from

t Technologies, Mashpee, Massachusetts.

FIG. 4—foc as a function of depth.

FIG. 5—Percent passing No. 200 sieve as a function of depth.
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ximately 18 % at 5 ft bgs dropping to 10 % at 11 ft and then increasing to 20 % at 23 ft bgs. This
eld observations of silty surficial beds overlying the medium sands that make up the bulk of the
tion.
zone is an indiscriminant oxidizer in that it will oxidize organics and metals with which it comes into
ct. Typically, it is assumed that since chemical oxidants destroy soil organic carbon ozone acts the
way, releasing previous sorbed hydrocarbons into solution after destruction of the sorption sites.
ver, field data are less clear on the relationship between soil organic carbon destruction, desorption,

he slow input of low concentrations of ozone, especially in a soil naturally depleted in organic carbon.
e the data in this study are fairly limited, the reduction in foc seems insufficient to account for the
d mass reduction observed to date �Table 1, Fig. 6�. Therefore, it is likely that mass reduction is
ring through some combination of processes such as destruction of the organic carbon and or se-
ration of contaminants in organic ligands and other complexes. There are insufficient data at this
to determine the mode. In addition, the inherent heterogeneity in the analysis of soil samples leads
ficulties in interpretation.
ass reduction was determined by comparing the results of the soil samples collected during the
cutive boring installations described above and calculating changes in the resulting mass. Two
ons in the core of the source were sampled repeatedly in order to track the changes in contaminant
. Approximately 85 % of the initial contaminant mass, or nearly 500 kg, has been destroyed to date.
ugh soil concentrations are always highly variable due to the heterogeneous nature of the medium,
the masses from the two areas were compared over time, the trend was clear.
sing site values of Csat=150 mg/L, foc=0.01, Koc

1st=1 862 L/kg a dual equilibrium desorption curve
with field data are presented in Fig. 7. The data presented in Fig. 7 are further subdivided into poorly

d sand to silty sand �SP-SM� and silty sand �SM� material and show reasonable agreement between
eory and field results. In addition, any differences in desorption behavior between SP-SM and SM
ials cannot be distinguished based on the field results.

ssion and Conclusions

ual equilibrium desorption �DED� model was originally developed using pure substances and not
res that are most commonly dealt with in field situations. In this study the model has been utilized to
ate its ability to predict the amount of sorbed hydrocarbon contaminant remaining on dune sand

on a groundwater/pore water field sampling program. Variation between field data and model
ction can possibly be explained by considering the differences in volumes of material sampled for

TABLE 1—Changes in foc during ozone sparing.

Boring 7/22/2003 2/12/2004 1/27/2005
B12 0.0009 0.0007 0.0009
B13 0.0009 0.0010 0.0004

FIG. 6—Reduction in contaminant mass (in kilograms) in two borings over time.
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Koc

1st=
mining the contamination of sediments as compared to contaminated pore water/groundwater. As an
ximation, in the case of sediment contamination 5 g of material are used as compared to 40 ml �or
ximately 40 g� of liquid.

n addition, a parametric study was performed to evaluate the sensitivity of the DED model to various
ent input parameters. Based on this study it was found that the parameter that most affects the
nt of desorption is the fractional organic carbon �foc�. Specific conclusions are as follows:
. Results from the case study indicate that the DED model using site-specific parameters provides

an estimate on the amount of contamination left in the sediment based on measurements of the
contaminant mass in groundwater. This is based on a comparison between field data and model
predictions.

. Based on lab and field results, the behavior differences between SP-SM and SM materials cannot
be distinguished.

. The DED desorption model can potentially provide a means to evaluate the effectiveness of
different remediation techniques.

ences

, W., Kan, A. T., Newell, C. J., Moore, E., and Tomson, M. B., 2002, “More Realistic Soil Cleanup
ndards with Dual-Equilibrium Desorption,” Ground Water, 40�2�, 153–164 �2002�.
A. T., Chen, W., and Tomson, M. B., “Irreversible Adsorption of Neutral Organic Hydrocarbons—
perimental Observations and Model Predictions,” Environ. Sci. Technol., 32, 892–902 �1998�.
khoff, S. M., Brown, D. S., and Scott, T. A., “Sorption of Hydrophobic Pollutants on Natural
diments,” Water Resour., 13, 241–248 �1979�.
anol Institute. 2005. “A Summary of Physical and Chemical Properties of Methanol, Gasoline
TEX�, and Benzene.” http://www.methanol.org/methanol/fact/sumprop.cfm
g, C., “Characterization and Desorption Kinetics of PAHs from Contaminated Sediment in Houston
ip Channel,” Environmental Institute of Houston - 2003 Annual Report, 2003, pp. 39–41.

7—Log q versus log C model compared with field data, Csat=150 mg/L, foc=0.01,
1 862 L/kg.
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Galvez-Cloutier,1 Serge Leroueil,1 Delphine Allier,2 Jacques Locat,3 and S. Arsenault4

ombined Method: Precipitation and Capping, to Attenuate
rophication in Canadian Lakes

ABSTRACT: Eutrophication is a natural phenomenon, unfortunately amplified and accelerated by human
activities. Phosphorus and nitrogen are the principal nutrients responsible for eutrophication. Their excess
in the environment, of domestic and agricultural origins, represents an important toxicological risk for the
users of water. These excessive nutrients cause algae overgrowth and excess oxygen consumption, which
leads to anoxic waters, production of toxins �such as those produced by cyanobacteria�, and the production
of pollutant gases. Excess nutrients and dead biomass settles at the bottom of the lake together with other
trace contaminants such as toxic metals that are trapped within bottom sediments. Seasonally, the sedi-
ments release nutrients and contaminants that need to be mitigated in order to prevent eutrophication and
overall water contamination. In Quebec and in Canada several lakes suffer from this problem and solutions
have been divided in preventive practices �better runoff controls, protection of shores, elimination of leaking

Journal of ASTM International, Vol. 3, No. 6
Paper ID JAI13321

Available online at www.astm.org
domestic septic tanks� and rehabilitating practices �oxygenation of water, precipitation of nutrients, dredging

of sediments or capping�. This paper will present recent advances in the development of a combined
rehabilitating technique: Precipitation of phosphorous and capping of contaminated sediments. The paper
includes: a recent literature review; phosphorous precipitation experiments using alum under optimized
parameters; capping design considerations and theory; as well as the results of an experimental simulation
of capping using a composite liner calcite/sand.

KEYWORDS: eutrophication, phosphorous, heavy metals, capping, coagulation

duction

ents from industrial/municipal sources and polluted urban/agricultural runoffs have carried contami-
to water bodies causing contamination of water and sediments in rivers, lakes, estuaries, and bays.

tants, often considered indefinitely locked within sediments pose threats because of mechanisms that
r their release: particle resuspension, burrowing by bioturbators, upward groundwater flow through
minated sediment layers and diffusion due to concentration gradients. Today, 43 areas in the Great
s, five ports along the St. Lawrence River, Champlain Lake �at the U.S. border�, and numerous
dian lakes contain bottom sediments that are considered polluted �IJC 2002; Tuchman et al. 1997�.
1998, fish consumption advisories have been issued for more than 2506 bodies of water in Canada

he United States. Typical contaminants found in bottom sediments are excess nutrients �P and N� and
s �e.g., Pb, Cd, Cr, Hg�. These contaminants become available to benthic organisms and disrupt the
chain through bioaccumulation, biomagnification, and reduce biodiversity. They also pose a risk to
n health through water or fish consumption or contact with contaminated water and they accelerate
phication which causes specific algae blooms �e.g., cyanobacteria�, oxygen depletion, anoxic condi-
and production of toxins. As citizens lose water uses and become aware of health and ecological risks
iated with contaminants and the negative impacts on regional economy, governments have recog-
that restoring water quality and use are unattainable without Watershed Restoration Plans �WRPs�,
very often include Sediment Restoration Actions �SRAs� �IJC 2002�. Typically, WRPs require

atory control and reduction of external sources of pollution such as better agricultural practices,
ing surface runoff, and restoring vegetation buffers �Exxep 2002, 2004; Klapper 2003�. These are

cript received May 24, 2005; accepted for publication September 28, 2005. Presented at ASTM Symposium on Contami-
Sediments: Evaluation and Remediation Techniques on 23–25 May 2006 in Shizuoka, Japan; M. Fukue, K. Kita,
tsubo, and R. Chaney, Guest Editors.
rtment of Civil Engineering, Laval University, Quebec.
PE, Lyon, France.
rtment of Geology and Geological Engineering, Laval University, Quebec
var, Quebec.
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ntive actions that need to be prioritized. The longevity and success of any in-lake remediation action,
as the one proposed here, will depend on the achievement of source pollution reduction. In-lake

diation constitutes a curative approach where preventive measures are proven insufficient. Indeed,
rch studies �Bishop 1997; Klapper 2003; Simoneau 2004� show that water bodies may require long
ds of time for recuperation �from decades to centuries� after input sources were stopped.
issisquoi Bay �in Champlain Lake� and St. Augustin Lake sites include SRAs as part of in-lake

tion controls. Both sites present high metal and P content within sediments. Extreme eutrophication
tions occur each summer. Both sites have been controlling external sources of pollution for the last
15 years without measurable water quality improvement �Simoneau 2004; Exxep 2004�. Both sites
ell oxygenated and phosphorus is considered to be an internal source. The first site is the subject of

.S.-Canada agreement and is a strategic issue in Canadian/Quebec international politics. St. Agustin
is the unique remaining natural lake in the urbanized Quebec region. These two sites, for their

rtance, location, history, and representative conditions constitute excellent sites to be studied and used
odels for the development of an original and innovative restoration technique consisting of the
ration of “active capping” with “enhanced coagulation.”

ature Review

tional capping is the controlled placement of a covering cap of clean isolating material �usually
l, sand, or silt� over contaminated sediments at an open-water site. Until today, capping layers have
designed to serve two primary physical functions: �a� physical isolation of the contaminated sedi-

s from the benthic environment and �b� stabilization of contaminated material, preventing resuspen-
and transport to other sites. Considerations in evaluating the feasibility of capping include: site
metry, water depth, currents/waves, climate, physical characteristics of contaminated sediments, cap-
placement technique and capping material availability �Palermo et al. 1998�. It should also include
ydrogeology and input water quality but are seldom considered. With respect to capping layer design,
t and consolidation have been the master designing parameters.
ecause multicontaminant retention and overall environmental performance and long-term stability of
p are of concern today, new design considerations need to be included. In this project we have aimed

d two new considerations: �1� capping material chemical characteristics and functions and �2� incom-
ontaminant loadings from all contaminated water fluxes. By doing so, the new and original capping
od will offer a sustainable technically superior solution that combined with pollution prevention will
permanent results.

ing Material Characteristics and Functions—“Active Capping”

nt research �Klapper 2003� indicates that much thinner caps �clay, geomembranes� can be successful
questering contaminants for long periods of time but at higher costs due to expensive material and
ment techniques. Clay caps have been used in Europe in connection with control of eutrophication,
ey cannot be used in lakes under artesian pressures. Our recent studies �Galvez et al. 2003, 2004; Ize

� have shown that other active materials such as calcareous and oxides minerals can be effective
ng materials due to their high sorption/precipitation capacities. When treated before use �e.g., grind-
nd washing�, calcite has shown a high retention capacity for phosphorus and heavy metals �Galvez et
03, 2004�. In the case of groundwater transporting nutrients in an upward flow, the “active layer” will
pitate these contaminants until this source fades out. Fresh sorption sites in a calcareous “active cap”
reatly reduce if not stop the rate at which heavy metals and phosphorus move through the cap both

g consolidation and long-term diffusive processes. In addition, calcite offers a high pH buffering
that will attenuate lake acidification. Other considerations in favor of the use of a calcareous cap

de: �1� placement techniques of noncohesive materials are far easier than for clays, organic rich fine
ials or silt are more likely to require armouring; �2� calcareous silt gravel is stable at steeper slopes

fine grained materials, the footprint of a fine grained cap will be larger than a calcareous cap; �3� more
aterial is needed to cap the same deposit as with a coarser cap, and finally; �4� a calcareous cap may

nt high potential to improve water physico-chemical characteristics more suitable for benthic recolo-
on.
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minant Charges in Water Fluxes—“Enhanced Flocculation”

e capping will stop or limit contaminant flux from the bottom sediments to the water column �internal
ngs� and may cause some phosphorus coagulation during cap placement, but it may still be necessary
rther remove P from water column in order to attain quality limits to stop eutrophication �Quality
ria �QC� Total Phosphorus �TP� �20 �g/L, MDDEP 2005a�. Enhanced selective coagulation pre-
ng capping will result in P precipitation, floc formation, and settlement which can then be trapped by
alcite cap. “Alum” �aluminum sulfate� is a nontoxic compound commonly used in water treatment
s increasingly studied as an efficient coagulant to reduce phosphorus in the water column Exxep
; Klapper 2003; Szmelter 1999�. Alum binds with phosphorus to form aluminium phosphate, in-
le in water under most conditions, so that phosphorus can no longer be used as food by algae. The
lso tends to collect suspended particles in the water and carry them down to the bottom, leaving the
noticeably clearer. In the United States, few P flocculation projects have been fully documented but

us cases report long term results �Szmelter 1999�, though coagulant dispersion efficiency, fragility,
obility of floc have been issues that need to be solved. Last year, alum dosages where calculated
on enhanced jar test experiments, using geochemical information �P speciation� and water charac-

ics �pH and alkalinity� to minimize water chemical manipulations �ban of pH adjustments and addi-
�Parant 2004; Allier 2004�. This preliminary study, run with water samples from Missisquoi Bay and

ugustin Lake, showed that low alum dosages �10–20 mg/L� plus calcite addition could precipitate TP
a final concentration of 15 �g/L which fall under QC. Residual Al levels fall under 0 ,05 mg/L
is below 0,087 mg Al/L, the concentration reported as showing no toxic effect on rainbow trout or

n �MDDEP 2005a�.

and Objectives

project aims at developing an original and integrative active capping method. The method will
ate contamination and will stop eutrophication in Canadian shallow lakes where preventive measures
ource reduction have been proven insufficient.

To determine an optimal alum dosage and application technique �in water and/or close to sediments,
in solid or liquid form� in order to attain high coagulant dispersion, stronger, and stable flocs, and
to increase phosphorus and metal retention.
To maximize/optimize contaminant retention characteristics of calcite by pretreating and grinding
�manipulation of surface area�. To evaluate and assess retention mechanisms using microanalysis
and analytical speciation tools.
To validate and calibrate two hydrogeochemical models and to use them in order to determine an
initial “active layer” thickness. To compare results and recommend one model for design purposes.
To use the recommended model, to simulate large column results, and to predict hydraulic and
geochemical behavior of the “active calcite layer” for evaluation of long term performance.

ods and Materials

e I—Coagulation/Capping Design

inary Alum coagulation experiments were carried last year �Allier 2004�, low dosages of alum have
calculated based on phosphorus forms to be neutralized �TP, SP, orthophosphates�. During this

ct, coagulation-flocculation process and P removal were studied using jar tests and geochemical
analysis. The role of calcite when combined with alum has shown various positive effects: �1� no
of addition of buffers; �2� final pH falls within good ranges for protection of fauna and flora; and �3�
horus precipitation during calcite deposition, which allows certain reduction of alum dosages.
alcite retention capacity was assessed using precipitation and adsorption batch experiments after

pulations of calcite surface area �by grinding and sieving�. Adsoprtion mechanisms where studied
microanalysis �scanning electron microscope� and analytical speciation tools �SSE� according to the

ods described in �Galvez-Cloutier 2003; MDDEP 2005b�. These results serve to assess the stability

CONTAMINATED SEDIMENTS



and s
cap t

T
lation
Four,
ment
syste

T
to red
Thus
for is
desig
the o
used

Resu

Table
can b
2.5 a

Optim

Table
failed

F
one n
trength of contaminant bonding, the speciation of contaminants, and to calculate an initial minimum
hickness.
he “active cap” was designed integrating calcite retention capacity batch results with column simu-
s and mathematical modeling. Figure 1 shows the general layout of the column experimental setup.
3 m vertical columns will simulate the following profile: a given thickness of contaminated sedi-

s �20–50 cm�, a 10–15 cm depth of calcite layer, 15 cm of sand, and a 2 m water column. The
ms to be modeled are: upward continuous groundwater flow �for St. Augustin Lake�.
he desired function of the active cap is to chemically isolate the contaminants in the long term and
uce the flux of contaminants such that a water or sediment quality standard level can be maintained.

, both advective and diffusive processes will be considered in determining the cap design parameters
olation. If ground water/surface water interaction indicates that advection is not significant, the cap
n may only need to address diffusion mechanisms ignoring colloidal transport due to advection. Since
bjective of the cap is the attainment of a given contaminant flux, two mathematical models will be
to back calculate an effective “active cap” thickness.

lts

1 shows the initial water column conditions of St. Augustin Lake before coagulation with alum. It
e noticed that the pH is very high varying between 8.5 and 8.9. Turbidty is also very high �between
nd 3.2 NTU�.

ization of Alum Application

2 presents the results of four different Jar tests. Due to the high pH of the lake, lower alum dosages
flocculation and required dosages higher than 15 mg/L.

igure 2 also shows the failure of flocculation for alum concentrations lower than 25 mg/L. Indeed,
otes no reduction of turbidity �about 2 NTU� before adding 30 mg/L of alum. It can be noticed in

FIG. 1—General column experimental layout (w/wo=with or without).

TABLE 1—Initial water conditions.

pH 8.6
Temperature �°C� 15
Turbidity �NTU� 3.2
Filtered Turbidity �NTU� 0.3
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3 a strong reduction in the final pH �reduction of two units of pH for an alum concentration of
m�. To compensate for this fall of pH, one can add soda, but a reduction in pH can be desirable in
ase given the initial high pH.
igure 4 shows residual P as a function of alum dosages. An interesting fact shows that even if
lation failed for a concentration of 25 alum ppm, the residual phosphorus concentration of the treated
decreased under remedial objective concentrations.

hus, the optimal alum concentration was chosen as 30 mg/L of alum. During this study other
lants such as ferrous sulphate were tested, but alum gave the best results.

ization of pH

oal of these tests is to find an optimal pH to obtain a good flocculation with an alum concentration
ppm. Table 3 shows the results of flocculation and highlights the optimal pH at 6.

TABLE 2—Optimization of alum concentration.

Alum dose
�ppm� Flocculation

Water Analysis

Final pH

Final
Turbidity

�NTU�
0 raw water 8.9 1.9
5 Failure 8.3 2.55

10 Failure 8.2 1.95
15 Failure 8.1 2.07
20 Failure 7.9 2.02
25 Failure 7.8 2.02
30 Good 7.7 0.98
35 Very Good 7.6 0.67
40 Good 7.6 0.74

FIG. 2—Optimization of alum as function of turbidity.

FIG. 3—Final pH after alum addition.
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4 and Figs. 5 and 6 shows various coagulation times and mixing gradients as function of phosphorus
val. Thus, the most effective agitations were those carried on Jar no 1: one minute of rapid mixing at
PM and slow mixing of 20 min at 40 RPM and 20 min at 20 RPM.

igure 7 shows the phosphorus leaching and adsorption results. The histograms show the phosphorus
ed by calcite rock which fell between 30 and 70 mg; P/kg of calcite. Leached phosphorus into the
column �solid curves� always surpassed the background concentration of P in groundwater, thus P

eached out from bottom sediments. Phosphorus concentrations leached form sediments into the water
n were always higher than the eutrophication limits given by MDDEP and equal to 20 �gP/L.

e 8 shows SEM results on calcite after percolation time ended. The analysis showed particles of Cu
n carbonates validating the results on heavy metal adsorption.

TABLE 3—Optimal pH.

Jar n°
Alum
dosage Initial pH Flocculation results

1 20 8.6 Failure
2 20 7.4 Failure
3 20 7.6 Failure
4 20 6.9 Failure
5 20 6.5 Failure
6 20 6.4 Very good
7 20 4.8 Failure

TABLE 4—Coagulation and flocculation times and mixing gradients.

Jar 1 2 3 4
osage �ppm� 30 30 30 30
ation time 1 min at 230 RPM 45 s at 230 RPM 30 s at 230

RPM
1 min at 150

RPM
lation time 20 min at 40 RPM

+20 min at 20
RPM

10 min at 40 RPM
+10 min at 20

RPM

30 min at 30
RPM

50 min at 20
RPM

FIG. 4—Residual P as function of alum dosage.

FIG. 5—Final turbidity.
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FIG. 7—Phosphorous leaching/adsorption column results.

FIG. 6—Final phosphorus (Eau du lac=Lake water).
CONTAMINATED SEDIMENTS
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The results showed that heavy metals are well retained within the sediment matrix or within the
calcite rock, thus there is low potential for solubilisation.
On the contrary, phosphorus is highly mobile and was easily leachable from sediments. The calcite
rock retained large amounts of phosphorus between 30 and 70 mg ·P/kg of calcite. Since the P
leachable concentrations were higher than the eutrophic limit the pre-coagulation step appears
necessary.
Coagulation with alum concentration between 15 and 25 mg/L of alum gave the best results in
term of removal of orthophosphates.
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FIG. 8—Metal adsorption results.
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Lasting Effect of Sand Capping Techniques on Nutrient
ease Reduction from Contaminated Sediments in
yo Bay
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ABSTRACT: This paper describes the lasting effect of sand capping techniques on nutrient release reduc-

tion from contaminated sediments. Bottom sediments in Tokyo Bay are very contaminated as the results of
eutrophication behavior. From the sediments, a large amount of nutrients are released into seawater bod-
ies. In order to know the effect of the sand capping technique on nutrient release reduction and its lasting
effect, we carried out the undisturbed sediment sampling at Yokohama Port. Then we carried out the
laboratory tests to estimate the nutrient release rate. From the study, it is concluded that the sand capping
technique has a still effect on nutrient release reduction from the contaminated sediments, and the effec-
tiveness is dependent upon the thickness of mud layer accumulated on the capped sand.

KEYWORDS: contaminated sediments, nutrient release, sand capping, laboratory test, tokyo bay

duction

r quality in enclosed coastal seas is generally contaminated because of the large amount of sewage
discharged into the sea and small water exchange between polluted enclosed coastal water and clean
water. Especially in 1970s, the water quality in Tokyo Bay was very contaminated by eutrophica-

Therefore, red tides and other environmental problems occurred very frequently in those days.
fter establishment of the Environmental Agency of Japan in 1971, several water quality control

ations against water contamination were enacted. As the results of these regulations, the amount of
ge loads discharged into Tokyo Bay was decreased greatly. However, water quality in Tokyo Bay is
ontaminated condition �Ministry of Land, Infrastructure and Transport 2003�.
he reason why the water quality is still contaminated is because of a large amount of nutrient release
from contaminated sediments. To cope with the nutrient release loads, the sand capping techniques

ver the contaminated sediments with clean sands were conducted in several coastal seas. Yokohama
cipal Government carried out the sand capping constructions at Yokohama Port in Tokyo Bay. It is
n that the sand capping technique has considerable effect on nutrient release reduction from con-
ated sediments �Murakami et al. 1996�, however, the lasting effect of sand capping technique is not
ed yet. So in this paper, we studied the lasting effect of the sand capping technique on nutrient
e reduction from contaminated sediments by field observations and laboratory tests. It is expected
he effect of nutrient release reduction by sand capping construction is maintained at least 20 years.

Observations of Sediment Quality and Executions of Sediment Sampling

e 1 shows the study site map of Yokohama Port, which is located in Tokyo Bay, Japan. Yokohama
cipal Government carried out the sand capping constructions at Yokohama Port. The construction
d St. 2 was conducted in 1994, and around St. 3 was conducted in 1998. The area of St. 1, the sand

cript received April 21, 2005; accepted for publication December 8, 2005. Presented at ASTM Symposium on Contami-
Sediments: Evaluation and Remediation Techniques on 23–25 May 2006 in Shizuoka, Japan; M. Fukue, K. Kita,
tsubo, and R. Chaney, Guest Editors.
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FIG.
2 and
1—Study site map of Yokohama Port in Tokyo Bay (Site 1 is the site without sand capping, and Sts.
3 are the sites with sand capping).
TABLE 1—Results of water quality measurements at study sites in winter, 2004.

NO2-N
�mg/l�

NO3-N
�mg/l�

NH4-N
�mg/l�

T-N
�mg/l�

PO4-P
�mg/l�

T-P
�mg/l�

0.0381 0.5519 0.0726 1.3204 0.0529 0.0530
0.0357 0.4408 0.0808 1.2736 0.0672 0.0583
0.0370 0.5710 0.0969 1.3925 0.0687 0.0618
TABLE 2—Observation results of bottom surface sediments in winter, 2004.

St. 1 St. 2 St. 3 St. 4 St. 5
rature�C� 16.9 16.6 16.1 16.6 16.3

Hydrogen
sulfide

No smell No smell Hydrogen
sulfide

Hydrogen
sulfide

ance Silt Sandy silt Sandy silt Silt Silt
Dark olive

5GY3/1
Dark olive
2.5GY3/1

Dark olive
5GY3/1

Dark green
7.5GY3/1

Dark green
10GY3/1

e Nothing Shell Shell Shell, Woods Shell, Cloths

V� −119 82 11 −59 −99
TABLE 3—Sediment qualities of bottom surface sediments in winter, 2004.

Unit St. 1 St. 2 St. 3 St. 4 St. 5
mg/g�dry� 3.10 0.86 0.80 2.80 4.50
mg/g�dry� 0.74 0.27 0.25 0.89 1.10
mg/g�dry� 22.0 5.3 5.5 22.0 37.0

content % 73.8 35.8 35.5 63.2 72.1
loss % 9.2 2.9 2.5 9.7 13.9

ize Gravel % 0 9 0 1 0
Sand % 11 69 79 17 6

ution Silt % 59 15 14 55 64
Clay % 30 7 7 27 30
MURAKAMI ET AL. ON THE EFFECTS OF SAND CAPPING 241
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ng construction was not conducted yet. Sites 4 and 5 are located in the Ohoka River, where is also not
rea of sand capping construction.

e carried out field measurements of water quality at Sts. 1 to 3, the sampling of bottom surface
ents at Sts. 1 to 5 for sediment quality measurements, and the undisturbed core sampling of bottom
ents at Sts. 1 to 3 for nutrient release laboratory tests in winter, 2004. The sampling of bottom

ce sediments was carried out by using the Ekman Birge type sediment sampler, and the core sampling
disturbed sediments was carried out by using two types of acrylic pipes which are 20 cm diameter
0 cm length for laboratory tests and 10 cm diameter and 150 cm length for observation on the boat.
able 1 shows the results of water quality of nitrogen compounds and phosphate compounds at Sts. 1
For example, the values of total nitrogen at all stations exceed the fifth class of environmental quality
ard value, that is, the worst class. From the results, it is shown that the water quality at Yokohama
is the state of eutrophication.
able 2 shows the observation results of bottom surface sediments. The sediments at Sts. 1, 4, and 5
a strong odor of hydrogen sulfide, because these sediments are very contaminated fine silts materials.
e other hand, at Sts. 2 and 3, the smells of the sediments are odorless, and the sediment materials are
re of silt and sand. The values of ORP �oxidation reduction potential� of the sediments at Sts. 1, 4,
are negative, but the values of sediments at Sts. 2 and 3 are positive. The negative ORP value means

ate of reduction of the sediment. Therefore hydrogen sulfide is generated from the sediment. This is
ason why the bad smell of the sediments is noticed at Sts. 1, 4, and 5.
ediment quality at each measuring stations is shown in Table 3. From the table, it is shown that the
ent qualities at Sts. 1, 4, and 5 show a high concentrations of T-N �total nitrogen�, T-P �total
horus�, sediment COD �chemical oxygen demand�, and large values of water content and ignition

The particle size distributions of sediments at Sts. 1, 4, and 5 contain a high percentage of fine silt and
On the contrary, sediment qualities at Sts. 2 and 3 show a low concentrations of T-N, T-P, and COD,
mall values of water content and ignition loss. This means that the sediment quality of bottom surface
ent on the sand capping area is relatively clean.
ables 4 and 5 show the same results of sediment quality at Sts. 1 to 3, when measurements were
d out in the summer of 2004 by the Ministry of Land, Infrastructure and Transport. The sediment

ties obtained in both summer and winter show similar properties, but the values of water content and
on loss obtained in winter are smaller than the values obtained in summer. The results say that the
ent quality of bottom surface sediments in winter is slightly improved in comparison with the
ent quality in summer. We do not know the reason for the difference, so we intend to study the

n in the future.

TABLE 4—Observation results of bottom surface sediments in summer, 2004.

St. 1 St. 2 St. 3
Temperature�C� 23.7 25.4 23.7
Smell Hydrogen sulfide Hydrogen sulfide Hydrogen sulfide
Appearance Silt Silt Silt
Color Black

N2/0
Black
N2/0

Black
N2/0

Mixture Shells, woods Shells Shells, plants
ORP�mV� −160 −121 −149

TABLE 5—Sediment qualities of bottom surface sediments in summer, 2004.

Items Unit St. 1 St. 2 St. 3
T-N mg/g�dry� 3.60 1.20 0.80
T-P mg/g�dry� 0.84 0.37 0.30
COD mg/g�dry� 23.0 8.9 6.9
Water content % 339.0 83.2 67.6
Ignition loss % 11 4 3
Grain size Gravel % 0 7 0

Sand % 6 68 76
Distribution Silt % 44 9 11

Clay % 50 16 13

CONTAMINATED SEDIMENTS
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hen undisturbed sediment core samplings were carried out at the same stations for observation of
ent quality and for laboratory tests of nutrient release. Photo 1 shows the pictures of undisturbed
ents taken in winter at Sts. 1 to 3, respectively. The property of the sediment at St. 1 shown in Photo
dark black color and occupied by contaminated fine silt for all layers. While the properties of the

ents at Sts. 2 and 3 are a gray colored silty sand covered with thin dark black sandy silt. The
ness of the dark black sandy silt layer accumulated on the capped sand at Sts. 2 and 3 are approxi-
y 1 cm and 5 cm, respectively.

HOTO 1—Undisturbed sediments taken from at Sts. 1, 2, and 3 in winter, 2004.

imilar undisturbed core samplings were carried out in summer at same stations. The properties of the
ents in the summer are relatively similar, but the thickness of the dark black sandy silt layer
ulated on the capped sand at Sts. 2 and 3 are 10 cm and 5 cm, respectively. The thickness of the

layer accumulated on the capped sand is different between winter and summer. In general, it is said
the seasonal change of bottom sediment quality is small. From the field observations, however,
nal change of bottom surface sediment quality is relatively large. The difference is very important to
der the lasting effect of sand capping techniques.

ratory Tests of Nutrient Release

der to investigate the effect of sand capping on nutrient release reduction from contaminated sedi-
s, we carried out the laboratory tests of nutrient release from the sediments. At Yokohama Port,
turbed core sampling of bottom sediments were carried out. At each station, three sediment samples
collected for laboratory tests. Figure 2 shows the experimental apparatus for nutrient release test. The
ic pipe for undisturbed sediment sampling is 50 cm in length and 25 cm in diameter. In the pipe, the
ness of the sediment layer is 25 cm and the remains are the water which was taken from the bottom
just above the bottom sediment at each sampling station.
he experimental conditions for laboratory tests are shown in Table 6. Water temperature in the tank,
covers the experimental apparatus, is controlled as 20°C. And the condition of dissolved oxygen in
above the sediment is aerobic supplied of air or anaerobic supplied of nitrogen gas. After the

atory test starts, a small amount of water is picked up by siphon in order to know the nutrient release
rom the sediments at the fixed time intervals as shown in Table 6.
igures 3–8 show the laboratory test results of nutrient release such as nitrite nitrogen �NO2-N�, nitrate
en �NO3-N�, ammonium nitrogen �NH4-N�, total nitrogen �T-N�, phosphate phosphorus �PO4-P�, and
phosphorus �T-P�. From the figures, it is shown that the release rates of ammonium nitrogen, total
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TABLE 6—Experimental conditions of nutrient release tests.

Items Conditions
Test duration 72 h
Sampling time 0, 2, 4, 6, 10, 24, 48, 72 h after test starts
Water temperature 20°C
Dissolved oxygen Aerobic and anaerobic conditions
Light condition Dark condition

CONTAMINATED SEDIMENTS
FIG. 3—Experimental results of NO2-N release from sediments.
FIG. 4—Experimental results of NO3-N release from sediments.
FIG. 5—Experimental results of NH4-N release from sediments.
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en, phosphate phosphorus, and total phosphorus from bottom sediments under the anaerobic condi-
re larger than the ones under the aerobic condition.
he order of release rate is Sts. 1, 3, and 2. This means that the release rate from sediment without
capping is larger than the rate from sediment with sand capping. The nutrient release rate is depen-
upon the thickness of the mud layer, which is accumulated on the capped sand. The result says that
sting effect of sand capping techniques on nutrient release reduction from contaminated sediments
aintains after ten years of the construction. But the effectiveness of the sand capping construction is

vely decreased by the accumulation of fluid mud on the capped sand.
rom the figures, it is shown that there are some different properties of the concentrations of nutrients
en before 10 h and after 10 h from the laboratory test starts. By considering above results, the
nt release rates of phosphate phosphorus are estimated by using the results of before 10 h and after

FIG. 2—Laboratory test apparatus for nutrient release.

FIG. 6—Experimental results of T-N release from sediments.

FIG. 7—Experimental results of PO4-P release from sediments.
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respectively, as shown in Table 7. From the table, in the case of after 10 h, the nutrient releases from
diment only under anaerobic condition. This result says that the concentration of dissolved oxygen in

m layer is a very important factor to consider the nutrient release reduction.

luding Remarks and Discussion

study, we carried out field observations of water and sediment qualities, bottom sediment sampling,
aboratory tests in order to know the lasting effect of sand capping techniques on nutrient release
tion from contaminated sea bottom sediments at Yokohama Port. From the study, the following
usions are obtained.

1. By undisturbed sediment core sampling, it is shown that the dark mud of 1 cm thickness is
accumulated on the sand capping materials at St. 2, and the mud of 5 cm thickness is accumu-
lated at St. 3.

2. By laboratory tests for nutrient release, it is shown that the nutrient release rate from the
contaminated sediment without sand capping is larger than the rate from the sediment with sand
capping. And the nutrient release rate is dependent upon the thickness of mud layer accumu-
lated on the capped sand and the concentration of dissolved oxygen of bottom water.

3. The sand capping techniques has a still effect on nutrient release reduction, but the effectiveness
of the sand capping is decreased due to the accumulation of dark fluid mud on the capped sand
in sea bottom.

imilar sediment core samplings were carried out by Ministry of Land, Infrastructure and Transport
� in the summer. According to the report, the thickness of the dark mud layer was about 10 cm at St.
about 5 cm at St. 3. The sediment qualities between in winter shown in Table 3 and in summer

n in Table 5 are relatively different. These results say that the thickness and sediment quality of the
accumulated on the bottom at St. 2 varied from summer to winter. Two reasons are considered to vary
ickness and sediment quality of the mud. One reason is the weather condition. In 2004, there were
al typhoons that attacked Japanese islands, so strong currents and/or strong waves would be gener-
Then the mud would be transported by current and/or wave actions. Therefore, we have to consider
ovement of bottom mud by current and wave actions in order to know the lasting effect of sand
ng. Another reason is water quality difference between winter and summer. There were big differ-
of water quality such as the concentrations of dissolved oxygen and chlorophyll-a. Due to the big

TABLE 7—Experimental results of PO4-P release rate for before and after 10 h data. (Unit: mg/m2/day).

Station DO condition before 10 h after 10 h
St. 1 Aerobic −6.80 −1.07
St. 2 Aerobic −5.50 −0.69
St. 3 Aerobic 4.05 −0.99
St. 1 Anaerobic 49.99 4.28
St. 2 Anaerobic −3.06 2.52
St. 3 Anaerobic 4.25 4.36

FIG. 8—Experimental results of T-P release from sediments.
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ence of water quality between winter and summer, the variance of the thickness of fluid mud layer
d be generated. We intend to study the behavior of mud accumulation or transport on the sea bottom

near future.
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ctive Material Options for In Situ Capping

ABSTRACT: Environmental dredging creates challenges in finding areas to construct confined disposal
facilities and typically results in residual contamination. In situ capping �either in place of dredging or for
capping residual contaminants� can be limited by concerns regarding navigation, uniform cap placement,
biointrusion and geotechnical stability. A potential solution for many in situ capping concerns is the use of a
reactive material cap. A reactive material cap could greatly reduce the thickness required for the cap
compared to conventional sand caps. Various reactive materials �e.g., activated carbon, apatite, organo-
clay, zeolite, zero-valent iron� are used for removal of organics and metals in wastewater and groundwater
treatment and may be applicable to in-situ capping. There are several ways that could be used for in-situ
capping with reactive materials. A layer of reactive material could be placed in bulk using a clamshell or
pumped through a tremie pipe. Another option is a reactive material filled geotextile mat. A reactive material
mat would have several advantages over loose placement of reactive materials, including: �1� uniform and
verifiable mass per area placement of reactive or adsorptive material; �2� ability to mix reactive or adsorp-
tive materials in defined proportions; �3� geotextiles provide separation of the reactive material from the

Journal of ASTM International, Vol. 3, No. 6
Paper ID JAI13342

Available online at www.astm.org
contaminated sediment and cover material; �4� geotextiles provide a barrier to biointrusion; �5� multiaxial
strength of the geotextiles provides resistance to uplift and differential settlement; and �6� geosynthetic

reinforcement provides stability on sloped areas. In the United States, a carbon-based geotextile mat was
constructed and successfully deployed. A barge with a crane was used to deploy the material off shore.
Other deployment methods have also been used for installing geosynthetics in waterways from shoreline
and would be applicable to a reactive material mat.

KEYWORDS: capping, reactive, adsorption, sequestration

duction

ging has evolved into a highly sophisticated process drawing from some of the latest technology. The
ods of navigational dredging range from clamshell buckets to sophisticated hydraulic dredges. More
tly, these techniques have evolved into the processes used for environmental dredging applications.
igh concentrations of certain contaminants in sediments pose human heath and ecological risks.

ging of contaminated sediment provides a method of removal of these contaminants of concern
�. One of the most obvious benefits of environmental dredging is the fact that contaminated sedi-

s are permanently removed from the water body. These sediments are typically disposed of in an
d containment facility or landfill. In some cases, disposal of contaminates may not be permitted or
osts to transport them to a permitted facility may be very high. Alternate uses for the contaminated
ents may be considered and may help to reduce or eliminate risks. The cost of these alternate
ent and use methods must be evaluated against other permissible disposal options.
f paramount concern when dredging is the ability of the process to remove the COCs to a level that

low the regulated concentration. Although dredging techniques have been demonstrated to reduce
ent contaminant concentrations, it appears that these techniques can result in residual contamination.

residual contamination may be the result of re-suspension of contaminates into the water column or
hing of adjacent materials into the dredged areas. Concern over these residual concentrations may
to subsequent passes or other means to minimize risk from the residuals.
he impacts of the cleanup activity to the surrounding area need to be evaluated regarding the impact
operation or long-term disturbance of an area. A dredging operation will typically require some sort

cript received April 3, 2005; accepted for publication July 14, 2005. Presented at ASTM Symposium on Contaminated
ents: Evaluation and Remediation Techniques on 23–25 May 2006 in Shizuoka, Japan; M. Fukue, K. Kita, M. Ohtsubo, and
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diment dewatering process. After removal of the solids, the associated water may have to be treated
e it can be discharged back into the waterway. Because of these facts a dredging operation typically
res onshore support facilities. Construction of these facilities will likely impact the area surrounding
redged area.

tu Capping

ternate solution to dredging contaminated sediments is to cap them in place. In situ sediment caps are
ally designed to take into consideration stabilization and physical isolation of the sediments as well as
minate transport mechanisms �Palermo et al. 1998�. Laboratory treatability testing and computer
ling is used to predict long-term movement of contaminants into or through the cap. The U.S.
onmental Protection Agency �EPA� has developed a model that considers both diffusive and advec-
uxes, the thickness of the sediment layers, physical properties of the sediments, concentrations in the
ents and other parameters �Reible 1998�
ue to a limited set of information on many mechanical processes that can affect the long-term
ity of the cap some uncertainty exists over this issue. Concerns exist over the effects of ice heaving,
nts, tides, wave action, propeller, and thruster wash on the cap. Caps may be limited for areas where
rns over these erosion forces may not exist. Alternatively, these concerns are typically addressed by

asing the cap thickness to the point that it exceeds the thickness of material that may be affected by
forces. Additional research in this area may provide a more clear understanding of these forces on a
esign. Another alternative is to include a component in the cap design that would act to minimize the
t of these erosion forces.

proper cap design should take into account the indigenous benthic community. To do so means to
rly address the potential for biointrusion into the contaminated sediment. This is typically done by

asing the overall cap thickness to the point that it exceeds the depth of penetration of the local
os. Another approach is to block biointrusion with some other layer in the cap design.
onstruction processes have evolved to allow an accurate placement of the cover materials in a
ional sand cap. Although these processes have advanced, an allowance in the cap design is typically
to account for the spatial variability of the cover material placement. Once again this allowance

ly entails adding more material to account for the variability of placement. Methods of ensuring
rm placement of materials are needed.
ith all of the variability in the conditions which a cap may be in service, comes a degree of

tainty. This uncertainty is typically compensated by adding more and more material to the cap design.
his reason cap designs may become impractical in water depths that do not even exceed the total cap
ness. Clearly, the impact to navigability must be assessed when evaluating whether a cap design is
ical. From a practical point, if a thin cap can be designed that provides as good or better a perfor-
e than a traditional sand cap, then the capping alternative may become a practical solution for a wider
of applications.
espite the variability in cap designs based on the range of considerations herein, in situ capping
er traditional or thin cap design does offer some inherent advantages over dredging. First, the cost to

s typically only 30 % of the cost to dredge and dispose �Evison et al. 2004�.
n addition to the cost advantage, typically a remediation of contaminated sediment can be completed

by in situ capping than by dredging. This may be of significance to a heavily navigated area or an
where recreational use needs to be restored rapidly.
inally, the impact to the surrounding area may be of importance. In an urban setting the shoreline
not be conducive to the operation of a dewatering facility. Or, the impact of having sustained dredging
tions to the area may be financially significant. These impacts are generally less if capping is chosen
remedial option.

tive Materials

us reactive materials �e.g., activated carbon, apatite, organoclay, zeolite, zero-valent iron� are used for
, wastewater, and groundwater treatment and can be applied to in situ capping. Activated carbon is a
y used adsorptive media for water treatment removal of phenol, halogenated compounds and pesti-
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. Activated carbon is made by the thermal decomposition of various carboneous materials followed by
tivation process. Raw materials include woods, rice hulls, and nutshells. The resulting activated
n is amorphous and contains complex networks of interconnected micropores. �Thomas and Crit-
n 1998�. Apatite, Ca10�PO4�6�OH,F�2, is a commercially available mineral that has been shown to be
tive at sequestration of lead. Apatite removes contaminants from water through three mechanisms: ion
nge, isomorphic substitution, and precipitation �Gardner and Stern 2004�.
rganoclays are surface-modified clays that have been shown to be effective adsorbents for insoluble
artially insoluble compounds. The production of organoclays replaces the surface cation of bentonite
ctorite clay with an organic molecule. Quaternary amines based upon tallow are the most commonly
organic compound. The resulting organoclay is oleophilic, hydrophobic, and permeable. A properly
ounded organoclay will exhibit minimal swelling upon organic adsorption and maintain high perme-
y. Several manufacturing quality control tests have been developed using x-ray diffraction and thermo
metric analysis to assure proper compounding. In treatment of produced water from off-shore crude
roduction organoclays have removed polyaromatic hydrocarbons to non-detect levels �Darlington
�.
eolites are porous crystalline aluminosilicates. Both natural and synthetic zeolites are used commer-
for their adsorption, ion exchange, molecular sieve, and catalytic properties. Zeolites are used in
treatment for removal of nitrates and metals such as lead, zinc, and copper �Thomas and Crittenden

�. Zero-valent iron, Fe�0�, is a strong reductant and has been used successfully in permeable reactive
rs for the dechlorination of chlorinated hydrocarbons and the reductive precipitation of chromate �

as CrO4
−2 �Powell et al. 2002�. Reductive precipitation involves the transfer of electrons from Fe�0�

hexavalent chromium and transforming the chromium to a less soluble form, Cr�OH�3.

Deployment

er of reactive material can be placed in bulk using a clamshell, pouring from super sacks or pumped
gh a tremie pipe. At the Anacostia River Demonstration Project in Washington, D.C. apatite material
laced in bulk over sediments using a clamshell. The clamshell was opened just above the surface and
aterial settled over the sediments. The target thickness was 150 mm. Core samples indicated that the
l thickness was 130 mm±45 mm. A sand layer approximately 150 mm thick was placed over the
e to allow for colonization by benthic organisms. Operator experience and a global positioning
m on the crane were critical for controlling the thin lifts. In the Willamette River in Oregon, a 600
thick organoclay bulk layer was placed over hydrocarbon nonaqueous phase liquid �NAPL� seeps

1800 kg heavy duty woven polypropylene bags, referred to as super sacs. The super sacs were
oned over the area with a backhoe and then the bottom of the sacs were opened above the surface
ing the organoclay to pour out and settle over sediments �Fig. 1�. An articulating concrete mat was
d over the organoclay cap for protection.

tive Material Mat

tem has been devised that encapsulates reactive materials within a geotextile composite that can be
deployed as an in situ capping material over sediments. Geotextiles are textiles that are manufac-

FIG. 1—Deployment of Organoclay Cap at Willamette River.
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into flexible, porous fabrics with synthetic fibers. Synthetic fibers are resistant to biodegradation.
xtiles have varying properties based upon the type of polymer, the type of fiber, and fabric style. The

main functions of geotextiles are separation, reinforcement, filtration, and drainage. Geotextiles are
in civil engineering, and particularly in coastal work. Some early uses of geotextiles were in the late
s behind precast concrete seawalls and under large riprap �Koerner 1998�.
eactive mats have been constructed by CETCO using two methods. The first method is by nee-
nching. This method has been used since the late 1980s to manufacture geosynthetic clay liners. In
eedlepunching operation a layer of geotextile, either woven or nonwoven, is fed onto the line. A
er disperses an even layer of the reactive material onto the geotextile. A top nonwoven geotextile is
unrolled on top of the reactive material. The material is then fed through a loom where nonwoven
are needlepunched through the reactive material and into the lower geotextile. Typical thickness of

eedlepunched mat is 6 mm. The reactive mat is rolled onto a core tube and then wrapped in a
thylene bag.
he second method is a laminating method �Fig. 2�. This method allows a higher mass per unit area

needlepunching and the ability to use abrasive reactive materials that cannot be needlepunched. In the
ating method a nonwoven core is bonded either by needlepunching or adhesive to a geotextile. The

ed material is then fed core side up through the line. Reactive material is fed onto the core from a
er. The core has an apparent opening size �AOS� that is larger than the maximum particle size of the
ve material. The reactive material is worked into the core openings by suction and/or vibration. A cap
xtile is then bonded to the top of the core by heat or adhesive. Typical thickness of the laminated mat
mm. The reactive mat is rolled onto a core tube and then wrapped in a polyethylene bag.
ertain reactive materials, such as activated carbon, are buoyant. The reactive mat may be engineered
a geotextile with a high specific gravity and/or a fraction of sand mixed with the reactive material to
eract the buoyancy.

fits

vantage of a reactive cap over a sand cap is reduced cap thickness. Lab column testing and modeling
rate that a thin layer of highly adsorptive material such as activated carbon can have over 100 times
dsorption capacity for polychlorinated biphenyls �PCBs� as sand or organically rich soil containing

carbon fraction �Murphy and Lowry 2004�. Project specific conditions and adsorptive material
rties will affect results. However, a 10 mm thick reactive mat can theoretically replace 1 m of sand
il. This can help maintain navigable depths and flow capacity of waterways.
ne factor with using reactive materials is their cost. By constructing a mat encapsulating the reactive
ials within geotextiles they can be used in a controlled and potentially cost-effective manner. The
ve mat also combines the benefits of reactive materials and geotextiles. Activated carbon reactive mat
recent project cost �US$16.5/m2. The reactive mat properties included permeability per ASTM
4 �1 by 10−2 cm/s and grab tensile strength per ASTM D4632 �660 N.
he U.S. EPA program on Assessment and Remediation of Contaminated Sediments �ARCS� has
oped guidance on the design of in situ caps that includes laboratory tests and models of the following
rocesses; advective/diffusive contaminant flux, bioturbation, consolidation and erosion. The potential
ions of geotextiles in in situ cap designs include: �1� providing a bioturbation barrier; �2� preventing
g of cap materials with underlying sediments; �3� reducing contaminant flux; �4� promoting uniform
lidation; �5� stabilizing the cap; and �6� reducing erosion of the capping materials �Palermo et al.

�. Since the reactive mat is constructed with two geotextiles the composite mat can be designed to
rm multiple cap functions.
ampton et al. �2002� showed that geotextiles can greatly reduce movement of benthic invertebrates

FIG. 2—Cross section of laminated reactive core mat.

OLSTA ET AL. ON IN-SITU CAPPING 251



in se
preve
vide
over
ASTM
of the

Mat D

Reac
succe
moun
subm
mm a
unrol
radio
the re
Servi

L
on sh
mater
side o

D
and d
This
with

Conc

The
sedim
treatm
conta
reacti
been
techn

Refer

Darli
Hy
Fo

Eviso

252
diments. As previously stated, a geotextile with a proper AOS can contain the cap material and
nt mixing into the underlying sediments. The multiaxial tensile strength of the geotextiles can pro-
stabilization to the cap. At the Anacostia River Demonstration Project the reactive mat was installed
soft sediments with 0.6 kN/m2 undisturbed shear strength �at 600 mm depth� per field vane shear

D2573 test results. The geotextile, along with appropriate armoring, can also help reduce erosion
capping material.

eployment

tive mats may be deployed in a number of ways. The Anacostia River demonstration project was a
ssful demonstration of a barge based deployment technique �Fig. 3�. In this demonstration, a barge
ted crane was used to position the rolls and unroll the reactive mat underwater. The mats were first
erged to allow them to absorb water and displace entrained air. Then the rolls were positioned 450
bove the river bottom and anchored with sand at one end. The crane was able to swing across and
l the mat. The installation was assisted by a global positioning system and coordinated by a diver in
communication with the crane operator. A sand layer approximately 150 mm thick was placed over
active mat for protection and to allow for colonization by benthic organisms �Horne Engineering

ces 2004�.
and based deployment techniques may also be used to deploy reactive mats. Rolls may be positioned
ore suspended by a spreader bar system with a clamp connected to the leading edge of the roll. The
ial is then pulled off of the roll using a winch that is either mounted on a barge or on the opposite
f the waterway.
eployment techniques may also take advantage of temporary buoyancy before the mat absorbs water
isplaces air to allow the material to “float” into position and subsequently sink as it takes on water.
technique is planned for capping approximately four hectares of hydrocarbon contaminated sediment
an activated carbon reactive mat in a Minnesota bay in early 2006.

lusions

environmental remediation community is seeking innovative methods to remediate contaminated
ents. Reactive materials and geotextiles have been used extensively in civil engineering for water
ent and coastal applications, respectively. The use of reactive materials for in situ capping of

minated sediments has many potential benefits. A reactive material mat combines the benefits of
ve materials and geotextiles in addressing concerns with in situ capping. Several techniques have
used or planned for deployment of reactive material mats. It is likely that as the reactive material mat
ology develops, the methods of deployment will also evolve.

ences

ngton, J. W., “New Technology Achieves Zero Discharge of Harmful Alkyl Phenols and Polyaromatic
drocarbons from Produced Water,” Proceedings of ONS 2002 Conference, Offshore Northern Seas
undation, Stavanger, Norway, 2002.
n, L., Grosso, N., and Stansbury, J., “Dollars and Sense in Risk Management Decision Mak-
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ctrokinetic Remediation of Contaminated Dredged
iment

ABSTRACT: This paper investigates the feasibility of electrokinetic remediation of contaminated sediment
at Indiana Harbor, Indiana. The sediment is a fine-grained material with high moisture content of 78 % and
high organic content of 19 % and it is contaminated with a wide range of polycyclic aromatic hydrocarbons
�PAHs� and heavy metals. Four bench-scale electrokinetic experiments were conducted at 2.0 VDC/cm of
constant voltage gradient using two surfactants �5 % Igepal CA-720 and 3 % Tween 80�, a cosolvent �20 %
n-butylamine�, and a cyclodextrin �10 % HP-�-CD� as flushing solutions for the solubilization/desorption of

Journal of ASTM International, Vol. 3, No. 6
Paper ID JAI13344

Available online at www.astm.org
PAHs. The mobility and removal of heavy metals was also investigated while flushing these solutions. The

experimental results show that 20 % n-butylamine and 5 % Igepal 720 systems are effective for the partial
solubilization of the PAHs in the sediments; however, both 3 % Tween 80 and 10 % HP-�-CD systems are
found to be ineffective for desorption/solubilization of PAHs in the sediment. None of the selected flushing
agents is found to be effective for the removal of heavy metals from the contaminated sediment. The low
removal of PAHs and heavy metals is attributed to the high organic content and high acid buffering capacity
of the sediment.

KEYWORDS: electrokinetics, sediments, PAHs, heavy metals, remediation

duction

minated sediments are of great concern to humans and wildlife who live within the Great Lakes
. Over the decades, heavy metals and toxic organic chemicals mixed with the particles of rock, soil,
ecomposing woods have contaminated the sediments and are deteriorating the quality of rivers and
rs in the Great Lakes Basin. Evidence now supports that pollutants trapped in sediment can adversely

ct humans and the environment. The USEPA �1998� reports the locations of different sites in the Great
s Basin where large quantities of contaminated sediments are found. These sediments contain both
ic �e.g., polychlorinated biphenyls �PCBs�, polycyclic aromatic hydrocarbons �PAHs�, 2,3,7,8-
hlorodibenzo-p-dioxin, and hexachlorocyclohexane�, and inorganic �such as mercury, lead, and ar-
� contaminants �Mulligan et al. 2001�.
t is critical that the concentrated deposits of contaminated sediment be addressed quickly, because
time they may be transported from a river or harbor to the Great Lakes. Once dispersed into the lakes,
up is virtually impossible �Nobbs and Chipman 2003�. The most common remediation method has
dredging the contaminated sediments followed by disposal in permitted confined disposal facilities
s�. However, disposal of dredged sediments in CDFs can create potential concerns such as contami-

exposure, slow dewatering and consolidation, high costs, and long-term liability. The USEPA created
ssessment and Remediation of Contaminated Sediment �ARCS� Program to evaluate different tech-
ies that may be used to remediate the contaminated sediments. Sediment treatment refers to the use
ysical, chemical, or biological processes to remove or degrade contaminants or immobilize the
minants within the sediment. Different techniques to remediate contaminated sediments include
al desorption, washing, and bioremediation. The available processes and approaches for design and
mentation of treatment have been well documented �USEPA 2001�. In addition, field pilot studies
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promising treatment technologies have been conducted under USEPA programs including the ARCS
am. Many treatment technologies have proven to be effective, but cleanup cost is the major constraint

wider application of treatment for sediment remediation projects. Treatment costs can range from
d $50US per cubic meter for a process such as stabilization to over $1000US per cubic meter for
temperature thermal processes. As of 1998, over 2 million cubic yards of sediment have been reme-

at a total expense of over 360 million dollars �USEPA 1998�.
t is necessary to develop a simple, safe, and cost-effective cleanup process for contaminated sedi-
s. This study investigates the feasibility of using electrokinetic remediation process to cleanup con-
ated sediments. Electrokinetic remediation can be implemented as an ex situ or in situ process to

diate both heavy metals and organic compounds. Essentially, electrokinetic remediation involves the
lation of electrodes into the contaminated sediments �ex situ or in situ�. After the electrodes are
led, a low electric potential is applied across the anodes �positively charged electrodes� and the
des �negatively charged electrodes�. Application of electric potential induces the following three
r transport processes in the sediment: �1� electroosmosis, the movement of interstitial water toward
de; �2� electromigration, the movement of ionic species to the oppositely charged electrode; and �3�
ophoresis, the movement of charged colloids and particles to the oppositely charged electrode. In
ion, electrolysis reactions occur at the electrodes which generate H+ ions at the anode and OH− ions

cathode. The electromigration of H+ and OH− ions can reduce the sediment pH near anode and
ase the sediment pH near cathode �Reddy and Parupudi 1997�.
lectrokinetic remediation can remove dissolved contaminants from fine grained, low permeability
ents. However, contaminants with limited solubility or that sorb to sediment surfaces cannot be

diated by electrokinetic remediation. In order to increase dissolution, solubilization, or desorption of
ontaminants, flushing of different selected solutions such as surfactants, cosolvents, and chelants
gh the sediments during electrokinetic remediation is often required.
his study investigates the efficiency of electrokinetic remediation of contaminated sediment obtained
Indiana Harbor of Great Lakes Basin. Dredged sediment samples were obtained and characterized for
ent physical and chemical properties. The sediment was found contaminated with a wide range of
yclic aromatic hydrocarbons �PAHs� and heavy metals. A series of bench-scale electrokinetic experi-
s was conducted using different flushing solutions for the removal of these contaminants. Efficacy of
urfactants �namely, 5 % Igepal CA-720 and 3 % Tween 80�, a cosolvent �20 % n-butylamine� and a
dextrin �10 % HP-�-CD� were investigated to enhance the solubilization of PAHs from the sedi-
s. The experimental results are used to evaluate the relative performance of these flushing agents to
ce the electrokinetic removal of PAHs and heavy metals from the sediment.

rimental Methodology

ent Characterization

ediment samples were obtained from Indiana Harbor, Indiana. The sediment was homogenized and
cterized for physical and chemical properties �Table 1�. The results revealed that sediment possesses

TABLE 1—Properties of dredged sediment.

Property Test methoda Value
Moisture content ASTM D 2216 78.60 %
Specific gravity ASTM D 854 1.25
Grain size distribution ASTM D 422 % gravel=0.1

% sand=8.4
% fines=91.5

Atterberg limits ASTM D 4318 Liquid limit=45%
Plastic limit=32%

Plasticity index=13%
Maximum dry density ASTM D 698 1.35 g/cm3

Optimum moisture content ASTM D 698 24.0 %
Hydraulic conductivity ASTM D 5084 3.3�10−7 cm/s
pH ASTM D 4972 7.0
Organic content ASTM D 2974 19.20 %
USCS classification ASTM D 2487 OL

aASTM �2003�.
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moisture content of 78 % and high organic content of 19 %. The sediment constitutes over 90 % of
but exhibits low plasticity. The sediment possesses low hydraulic conductivity of 3.3�10−7 cm/s.
H of the sediment is found to be 7.0. As shown in Table 2, the sediment was contaminated by heavy
s and PAHs. The toxic heavy metals found in high concentration include zinc �3700 mg/kg�, lead
mg/kg�, chromium �530 mg/kg�, copper �200 mg/kg�, barium �92 mg/kg�, and arsenic �42 mg/kg�.
al carcinogenic PAHs exist in the sediment at relatively high concentrations.
he acid buffering capacity of the sediment as determined by titration method using 0.5 M HNO3 is
n in Fig. 1. The results of control test on deionized water are shown for comparison purposes. The
s reveal high acid buffering capacity of the sediment, possibly due to high carbonate content.

TABLE 2—Contaminants found in dredged sediment.

�a� Total metals
�USEPA Method 6020/7471A�a

�b� Polycyclic aromatic hydrocarbons
�USEPA Method 8270/8270C�a

Chemical
Concentration
�mg/kg-dry� Chemical

Concentration
�mg/kg-dry�

Aluminum 5400 Acenaphthene 23
Antimony 1.7 Acenaphthylene 9.6
Arsenic 42 Anthracene 27
Barium 92 Benz�a�anthracene 52
Beryllium 0.94 Benzo�a�pyrene 36
Cadmium 9.5 Benzo�b�fluoranthene 23
Calcium 26,000 Benzo�g,h,i�perylene 23
Chromium 530 Benzo�k�fluoranthene 25
Cobalt 9 Carbazole 58
Copper 200 Chrysene 34
Iron 110,000 Dibenz�a,h�anthracene 11
Lead 570 Fluoranthene 94
Mercury 1.1 Fluorene 31
Magnesium 8,900 Indeno�1,2,3-cd�pyrene 24
Manganese 1,800 Naphthalene 66
Nickel 67 Phenanthrene 100
Potassium 680 Pyrene 66
Selenium �0.99
Silver 2.4
Sodium 150
Thallium 3.5
Vanadium 17
Zinc 3700

aUSEPA �1986�.

FIG. 1—Acid buffering capacity of dredged sediment.
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rokinetic Test Setup

e 2 shows the schematic of the electrokinetic test setup used for this study. Reddy and Parupudi
� have described this setup in detail. The setup consists of an electrokinetic cell, two electrode
artments, two electrode reservoirs, a power source, and a multimeter. Plexiglas3 cells having an

diameter of 6.2 cm and a total length of 19.1 cm were employed in this study. Each electrode
artment consisted of a valve to control the flow into the cell, a slotted graphite electrode, and a
s stone. The electrode compartments were connected to the either end of the cell using screws. The
ode reservoirs were made of 3.2 cm inner diameter Plexiglas tubes and were connected to the
ode compartments using Tygon4 tubing. Exit ports were created in the electrode compartments, and
bing was attached to these ports to allow the gases generated due to the electrolysis of water to
e. The other end of these gas tubes was connected to the reservoirs to collect any condensable liquid
as removed along with the gases. A power source was used to apply a desired constant voltage to the

odes, and a multimeter was used to monitor the voltage and measure current during the test.

ariables

own in Table 2, quality of the sediment is largely deteriorated by the presence of carcinogenic PAHs
mpared to heavy metals. Keeping this in view, the testing program was first aimed to determine the
ility of removing PAHs from the contaminated sediment. Because of the hydrophobic characteristics
Hs, different flushing solutions were investigated to enhance solubilization of PAHs. The flushing
ons selected were two different surfactants, 5 % Igepal CA-720 and 3 % Tween 80; a cosolvent, 20

ark of Rohm & Haas Company.
ark of Norton Company.

FIG. 2—Electrokinetic test setup.
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butylamine; and a cyclodextrin, 10 % HP-�-CD. Surfactants and cosolvents were selected mainly to
ce the removal of PAHs, but the mobility/transport of heavy metals while observing the removal of
was also examined. Cyclodextrins were employed to determine their efficiency in the removal of

PAHs and heavy metals simultaneously. These flushing solutions and their concentrations were
mined based on batch experiments conducted on different soils contaminated with PAHs and heavy
s �Maturi 2004�. Table 3 lists the details of the four experiments conducted in this study. All the
iments were conducted under a constant voltage gradient of 2.0 VDC/cm. All the tests were con-
d using different flushing solution. Based on the elevation difference between the liquid levels in the

and cathode reservoirs, the maximum hydraulic gradient was either 1.0 or 1.5 �Table 3�. These
ulic gradients were not significant enough to generate substantial hydraulic flow because of the low
eability of the sediment.

g Procedure

ediment �as received from the field� was placed in the electrokinetic cell in layers and each layer was
y compacted uniformly using a hand compactor. The electrode compartments were then connected to
lectrokinetic cell. In each electrode compartment, filter papers were inserted between the electrode
he porous stone as well as between the porous stone and the sediment. The electrode compartments
connected to the anode and cathode reservoirs using Tygon tubing. The anode reservoir was then
with selected flushing solutions and the cathode reservoir was initially filled with deionized water.

electrokinetic cell was then connected to the power supply and a constant voltage gradient of
DC/cm was applied to the sediment sample. Throughout the test duration, the elevation of solution/
in both reservoirs was monitored and adjusted to maintain a constant hydraulic gradient across the

men. The electric current and voltage across the sediment sample as well as the outflow or inflow at
node and cathode reservoirs was measured at different time periods throughout the duration of the
iment. Effluent from the cathode reservoir was collected at different time intervals.
fter completion of each test, aqueous solutions from the anode and cathode reservoirs and electrode
blies were collected and the volumes were measured. Then, the reservoirs and electrode assemblies
disconnected, and sediment specimen was extruded from the cell using a mechanical extruder. The
ent specimen was sectioned into three equal parts: S-1 �near anode�, S-2 �middle�, and S-3 �near
de�. Each part was weighed and preserved in a glass bottle. From each sediment section, 10 g of
ent was taken and mixed with 10 mL of a 0.01 M CaCl2 solution in a glass vial. The slurry was
n thoroughly by hand for several minutes and the solids were allowed to settle for an hour. This
was then used for measuring the sediment pH. The pH of the aqueous solutions from the electrodes
lso measured. The moisture content of each sediment section was determined in accordance with

D 2216 �ASTM 2003�.

ical Analyses

sentative samples from both reservoir solutions, sediment sections, and the initial sediment for each
ere analyzed for total metals and PAHs. The total metals were analyzed using the USEPA Method

020/SW7471A and the PAHs were analyzed using the USEPA Method SW8270/SW8270C �USEPA
�. The chemical analysis of all the samples was performed with stringent quality control by the STAT
sis, Inc., Chicago, Illinois �an USEPA certified laboratory�. To ensure accuracy of the test results,

electrodes, porous stones, and tubing were used for each experiment, and the electrokinetic cell and
artments were washed thoroughly and then rinsed first with tap water and finally with deionized
to avoid cross contamination between the experiments.

TABLE 3—Electrokinetic testing program using dredged sediment.

Test number
Voltage gradient

�VDC/cm�
Hydraulic gradient

�cm/cm� Flushing solution
1 2.0 1.5 5 % Igepal CA-720
2 2.0 1.0 3 % Tween 80
3 2.0 1.0 20 % n-Butylamine
4 2.0 1.5 10 % HP-�-CD �HPCD�
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ric Current Density

e 3 compares the current density variation with time for all tests. Current density values were
lated by dividing measured current values �recorded during experiments� by the cross-sectional area
sediment specimen. The results show that when surfactants are employed, initially current density is

�0.8–1 mA/cm2� and then it decreases and stabilizes at about 0.4 mA/cm2 as the experiments
ed. Experiment with HPCD showed that current density increases slowly to 0.7 mA/cm2 in 100 h,
decreases and stabilizes at 0.2 mA/cm2. In general, current density remained less than 1 mA/cm2 for
sts conducted with surfactants and HPCD. However, the current density values show an interesting
for the test conducted with 20 % n-butylamine. Results reveal that current density increases rapidly
mA/cm2 value within 20 h and continues to increase gradually to 3 mA/cm2 in 80 h when the test

erminated. The high current values generated in the n-butylamine system indicates introduction of
antial mobile ions to the pore water. A slow initial current increase in the HPCD test may be due to
artial contaminant dissolution/desorption from the sediment minerals. The current generated in the

ctant systems is similar due to the formation of micelles in both the Igepal system and the Tween 80
m.

roosmotic Flow

e 4 shows the electro-osmotic flow data for all tests in terms of cumulative number of pore volumes
elapsed time. In all tests, the flow occurred from anode to cathode. The results suggest that flow
ior was dependent on the type of flushing solutions employed to extract contaminants from the
ent. Typically, the flow increases with time for all the tests. Maximum flow was observed in the

vent system, i.e., 20 % n-butylamine system, while the lowest flow was observed with the HPCD
m. A similar flow behavior was observed in both surfactant systems. The flow variation in all the

systems correlates with the measured current densities.
uring the beginning of the test, when the current is high, the transfer of momentum to the surround-
uid molecules may be substantial. This often corresponds to a significant volume of electroosmotic
A high ionic strength, however, can also be detrimental for electro-osmotic flow, because it reduces
ickness of the diffuse double layer and, thereby, constricts the electro-osmotic flow. The electro-
tic flow depends on the properties of flushing solutions such as dielectric constant and viscosity. The
o-osmotic flow is proportional to the dielectric constant and inversely proportional to the viscosity.

minant Removal

ow samples collected periodically at the cathode were analyzed for metals and PAHs. Figure 5�a�
s the cumulative metal removal per pore volume of the flow, and Fig. 5�b� shows the cumulative total

FIG. 3—Measured electric current density during electric potential application.
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removal per pore volume of the flow. These results show that several metals are removed during the
cation of electric potential; however, the removal of toxic metals was found to be low in all tests. It
tinent to mention here that the flushing solutions employed in these studies were selected mainly for
ilization of PAHs and thus they have an insignificant removal capacity for the metals. Approximately
g of total PAHs were removed with HPCD, while the PAHs removal was less than 10 mg with
vent and surfactants. The reason for this may be the sorption of PAHs and flushing solutions to the
ic fraction of the sediment.

ture Content and pH

nitial moisture content of the sediment was 78 %. Figure 6�a� shows the variation of moisture content
normalized distance from the anode after the completion of electrokinetic treatment. The normalized
ce is defined as the distance to the specific location from the anode divided by the total distance from

node to the cathode. In general, moisture content decreased throughout the sediment in all the tests
t near the anode in 5 % Igepal test. These changes in moisture contents may be attributed to the

tions in the electro-osmotic flow that occurred as a result of the physicochemical changes occurring
n the sediment due to increased ionic strength, conductivity, and/or electrical gradient. These results
st that the electro-osmotic flow may not be uniform and there may be changes in pore pressures
olt 1997�. Nevertheless, it appears that the sediment moisture content remained higher than 50 % in

e tests. It is possible that regions where the electro-osmotic flow was high created a pressure gradient
at the solution was pulled from regions where the electro-osmotic flow was lower. Since the solution
ontinuously transported throughout sediment, the moisture content did not substantially decrease.
he electrolysis of water results in the formation of H+ ions �low pH solution� at the anode and OH−

�high pH solution� at the cathode, and, primarily due to electromigration, these ions tend to migrate
d the oppositely charged electrode�s�. However, because of high acid buffering capacity of the
ent, the H+ ions are neutralized and the H+ ions are not migrated through the sediment. However,
ions migrate through the sediment toward the anode. Figure 6�b� shows the variation of sediment pH
s normalized distance from the anode for all the tests. The initial pH of the sediment was 7.0. Figure
howed a slight decrease in the sediment pH in the first section near the anode in the systems flushed
surfactants and HPCD. This may be due to slow migration of acidic front into sediment due to the
acid buffering capacity of the sediment. The sediment pH of the second section ranges from 6.2 to 7.0
emains approximately the same as initial pH of 7.0. The third section, which is closest to the cathode,
tion in sediment pH was slightly pronounced. For surfactants flushed tests maximum sediment pH
ound to be 8.8 and 7.2 for 3 % Tween 80 and 5 % Igepal CA-720 system, respectively. However, in
PCD flushed system, the sediment pH remains a slightly low value of 6.8. A uniform higher sediment

FIG. 4—Measured pore volumes during electric potential application.
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anging from 11.5 to 11.9� was recorded for all three sections of the sediment that was flushed with 20
butylamine cosolvent solution. The high pH in the cosolvent test was due to very alkaline nature �pH
er than 12� of the cosolvent solution.

ual Contaminant Distribution

the completion of testing, the sediment samples were sectioned into three equal parts: S-1 �near
�, S-2 �middle�, and S-3 �near cathode�. The contaminant concentrations determined for each of these
ns are plotted together in order to elucidate the migration behavior of the contaminants. Figures 7�a�
�b� show residual distribution of total metals, and PAHs concentrations, respectively, in the sediment
d with 5 % Igepal CA-720. As seen from Fig. 7�a�, all the metals are found to be evenly distributed
ghout the sediment. But sodium concentration was found to be higher at anode, i.e., section S1 while
m was in excess at cathode section S3. This may be due to their respective migrations toward
ode or heterogeneous distribution of the contaminants in the sediment. These results also indicate
se of high pH, toxic metals existed in unfavorable forms �sorbed/precipitated� that do not allow

val by the surfactant flushing. Figure 8�b� shows that Igepal CA-720 has potential to remove a wide

5—(a) Measured total metal removal during electric potential application. (b) Measured total PAHs
val during electric potential application.
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262
of PAHs from the sediments. The results show that the concentration of all the PAHs in the sediment
ppreciably low near anode �i.e., Section S-1�, indicating the migration of PAHs from anode toward
de. These results also confirm that hydrophobic character of the PAHs increases with the number of
, as the concentration of higher ringed PAHs was found to be considerably high in S-1 section,
ating that these PAHs were strongly attached to the sediments.
igures 8�a�, 9�a�, and 10�a� show the residual metal concentrations in different sections for tests
cted with 3 % Tween 80, 20 % n-Butylamine, and 10 % HPCD, respectively. Based on these results,
be observed that there are no significant changes in the metal concentrations of different sections.

implies that the metals are not migrated toward the electrodes under the influence of flushing solu-
used. This indicates that flushing solutions used were not effective for desorption and/or dissolution
tals in the sediment. This may be due to a significant amount of organic matter that strongly adsorbed
s. In addition, the high pH of the sediment may have caused some metals to precipitate. Thus, strong
ption and precipitation of metals resulted into low migration and low removal of metals in all
iments.
he residual concentrations of PAHs in different sections are shown in Figs. 8�b�, 9�b�, and 10�b�, for

6—(a) Sediment moisture content distribution after testing. (b) Sediment pH distribution after testing.
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sts conducted with Tween 80, n-butylamine, and HPCD, respectively. Figure 8�b� shows low con-
ation of PAHs at anode indicating the migration of PAHs from anode to cathode. Further the concen-
n of all the PAHs was found to be higher in the middle section �S-2�. This reflects that the flushing
on Tween 80 partially solubilized PAHs and caused migration toward the cathode. Similarly, Fig.
shows that PAHs were partially solubilized by 20 % n-butylamine and migrated toward the cathode.
e 10�b� shows low solubilization of PAHs and there is no evidence of significant migration of PAHs
d the cathode. However, it should be noted that PAHs were removed in the effluent in HPCD flushing
Fig. 5�b��. This indicates that the HPCD may have formed inclusion complexes with some of the

initially and these complexes were removed by the electro-osmotic flow. The reduced electro-
tic flow at later stages in this test may have prevented PAHs removal from the sediment.
n general, the concentration of PAHs increases from Section S-1 to Section S-3 in all the studied
ms. This shows that PAHs partially solubilized and migrated toward the cathode. The cosolvent, i.e.,

7—(a) Metal concentrations in sediment sections from anode to cathode in 5 % Igepal CA-720 test.
AHs concentrations in sediment sections from anode to cathode in 5 % Igepal CA-720 test.
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264
n-butylamine had contributed to the solubilization/desorption of the PAHs from the sediment result-
their migration toward the cathode. The variation in the concentrations of PAHs in the three sections

also be contributed to heterogeneous distribution of the contaminants in the sediment. Among the
ctants used 5 % Igepal CA-720 was found to be more effective for the solubilization of the PAHs
ating formation of stable micelles. It is important to mention here that below the critical micelle
ntration �CMC�, surfactants exist solely as monomers and have minimal effect on the solubility of
contaminants of interest. Above the CMC, the surfactant monomers aggregate to form micelles.

lles in aqueous systems have a hydrophilic exterior and a hydrophobic interior, with the latter acting
phase to which low polarity contaminants can partition. This partitioning produces an increase in
ent solubility, thereby increasing the dissolution and desorption of the contaminants. In Tween 80
m, mobilization of contaminants due to the reduction in interfacial tensions seems to be the dominant
anism. The HPCD system showed poor affinity for the solubilization of the contaminants from the

8—(a) Metal concentrations in sediment sections from anode to cathode in 3 % Tween 80 test. (b)
concentrations in sediment sections from anode to cathode in 3 % Tween 80 test.
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ents. Generally, cyclodextrins form inclusion complexes with the low polarity contaminants that fit
ir relatively nonpolar cavity. But in this study it appears that the inclusion complexes formed during

reatment process may have adsorbed to the minerals and organic contents of the sediments that
ed in the reduced removal efficiency of the tested system. Metals are readily precipitated under the
conditions and PAHs were not efficiently solubilized by the flushing solutions under the experimen-

nditions. Although substantial electro-osmotic flow can be induced in the sediment using different
ng solutions, the removal of contaminants is difficult to achieve. Since the contaminants are not
desorbed or solubilized, the risk posed by the contaminants to the environment and public may be
al and should be assessed based on the site-specific conditions.

lusions

sediment obtained from Indiana Harbor, Indiana, was found contaminated with heavy metals and
. Under the applied electric potential, substantial electro-osmotic flow was induced in the sediment.

9—(a) Metal concentrations in sediment sections from anode to cathode in 20 % n-butylamine test.
AHs concentrations in sediment sections from anode to cathode in 20 % n-butylamine test.
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ediment pH increased significantly and remained the same throughout the sediment sections for the
vent systems. However, the surfactant and HPCD systems did not induce substantial change in the
ent pH.
eavy metals remained strongly adsorbed/precipitated due to high sediment pH conditions before and
the treatment. Only a small extent of metal transport and removal was observed in the Tween 80
m, but in all other tested systems the metal transport was negligible. Overall, the removal of heavy
s from the sediment for all flushing solutions used in this study was insignificant.
he removal of PAHs from the sediments depends upon the type of flushing solution. PAHs were
lly solubilized by the flushing solutions and then they migrated from anode toward the cathode.
ver, PAHs remained strongly adsorbed to the sediment. Among the flushing agents used 5 % Igepal
20 and 20 % n-butylamine systems were found to be more effective than Tween 80 and HPCD in
l solubilization/desorption of the PAHs. The PAHs may be strongly sorbed to the organic content in
diment, leading to low removal efficiency.

10—(a) Metal concentrations in sediment sections from anode to cathode in 10 % HPCD test. (b)
concentrations in sediment sections from anode to cathode in 10 % HPCD test.
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ABSTRACT: This research focuses on electrokinetic dewatering and settling of contaminated sediment. A

series of laboratory experiments with different magnitudes of applied voltage is performed with artificially
made contaminated sediment mixed with contaminant. Investigated parameters in experiments are settle-
ments of the slurry specimen, volumes of water extracted from the slurry specimen, and the changes in
fluid content of the specimen. The results show that the sedimentation rate and velocity are varied and
controlled by the applied voltage. From the test results, a significant investigation is derived for the mecha-
nisms associated with dewatering and sedimentation of contaminated sediment. A coupled effect of elec-
trokinetic dewatering and settling processes is investigated.

KEYWORDS: electrokinetics, electroosmosis, electrophoresis, slurry, waste, settlement

duction

are many engineering applications that demand dewatering and settling acceleration, volume reduc-
and contaminant extraction of contaminated fine solid suspensions and sediments existing in river and
ore environments. These suspensions and sediments contain significant clay, colloidal fraction, and
minants. This small sized clay and fraction can result in very high water content and void ratio, and
soft strata. Its potential hazards exist in subsurface environments. It is important to improve the
tion of thickness as well as the extraction pore water and contaminant because settling acceleration
edged soil decreases the scale of industrial process and volume reduction, and the extraction of
minant from dredged soil decreases environmental challenges to disposal sites and treatment pro-
s.
irect electric current induces the movement of fine solid particles suspended in water and the trans-
f water molecules in soil. Upon formation of a soil structure, the current further induces the move-
of water and contaminant in the soil skeleton. These phenomena are known as electrokinetics �Acar
1993; Lockhart 1993�. This study investigates the viability of using the technique of electrokinetic

tering to dredge sediments for settling acceleration and volume reduction, and analyzes the efficiency
ing the technique of electrokinetic migration of contaminants during dewatering from contaminated
ed soil �Shang 1997; Chung and Kamon 2000; Chung 2001�. Simulated dredged sediments on the
m of the river and seashore were used for the laboratory test specimen. Laboratory electrokinetic
tering and settling tests were carried out. The height and volume of specimens, the quantity and
ntration of dewatered outflow, and current density were measured during electrokinetic tests. Aspects
as dewatering rate, sedimentation velocity, volume reduction of soil specimen, and water content are
iscussed. The solid particles in sediments were moved to the anode part by electrophoresis, and the
in sediments was moved to the cathode part by electrosomosis. From the test results, a significant

tigation is derived for the mechanisms associated with dewatering and settling on dredged contami-
sediments.
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an Daemyung Kaolin spiked with organic substance was used to simulate contaminated waste slurry.
n ensured homogeneity of the specimens and consistency between tests. Table 1 contains the physical
hemical properties of he Kaolin used in this experiment. The percent of clay fraction finer than 2 �
.63 %. The organic matter content is 5.14 %. The mineralogical composition is as follows: SiO2,

%, Al2O3, 30.1 %, Fe2O3, 0.97 %, etc. The study waste slurry is artificially contaminated with
ic substance, ethylene glycol �C2H6O2�. Ethylene glycol is a colorless and odorless liquid com-
y miscible with water and many organic liquids.

g Programs

ematic diagram and photograph of the electrokinetic sedimentation and dewatering system is shown
g. 1. This system consisted mainly of an electrokinetic cell, power supply, and electrodes. The
okinetic cell was a cylindrical tube 200 mm in length and 100 mm in diameter. A stainless steel
ode was used to prevent production of corrosion.

g Procedure

lectrokinetic settling and dewatering experiments were conducted in electrokinetic cells. To prepare
ple, predetermined quantities of dry soil and organic solution were blended to slurry of gravimetric
content of 28 % and organic solution of 78 %. The organic solution was a mixture of 80 % distilled
and 20 % ethylene glycol. The mixture was poured into an electrokinetic cell. The initial fluid

nt of the mixture was about 250 %. The cell was assembled to the electrokinetic test system. One
ess steel electrode was placed at the bottom of the cell and the other at the top of the sample,
sting of a parallel plate arrangement. The top electrode was removable for the convenience of sample
ration.

TABLE 1—The physical and chemical properties of Korean Daemyung Kaolin.

Items Values
Type Korean Daemyung Kaolin

Visual appearance White color �%�
Clay fraction 42.6

SiO2 48.35
Al2O3 30.88
Fe2O3 0.97
CaO 11.13
K2O 0.42
Na2O 2.70

Loss on ignition 5.14

FIG. 1—A schematic diagram and photograph of the electrokinetic testing system.
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he tests were conducted in electrokinetic sedimentation condition. A regulated constant voltage was
ed on the testing sample, directed upward, top cathode �−� and bottom anode �+�. In this case,
ively charged clay particles will be attracted toward the bottom resulting in accelerated sedimenta-
The phenomenon is known as electrophoresis �Shang 1996�.
he time-dependant settlement due to electrophoresis was measured on an hourly basis. The settlement
time was recorded through reading the mudline from the scales installed on the cells. After an
okinetic test, the cell was disassembled from the electrokinetic system and the soil specimen was
ded and sliced into three parts as upper, middle, and lower. The value of pH and the fluid content
measured in each slice to assess the change of chemical and physical properties in the slurry

men.

lts and Discussion

entation Rate

e 2 shows the results of sedimentation of contaminated waste slurries versus time. Settlement was
ased with time elapsed in all cases. The sedimentation heights in the cases of 0, 1, 2, 3, 4, and 5 V/cm
about 58, 132, 137, 141, 147, and 152 cm respectively. Applied voltage denotes the upward electric
ent for electrophoretic sedimentation using top cathode �-� and bottom anode �+�. Clay particles are
ively charged, so the movement of clay particles is developed downward due to electrophoresis. The
ophoretic sedimentation was developed in a first short time, and then sedimentation was constant.
e 3 represents the time to reach 50 and 100 % maximum sedimentation. The time to reach 50 %
mum sedimentation was 12, 9, 7, 6, and 5 h and the time to reach 100 % maximum sedimentation was
9, 15, 12, and 11 h with the applied voltage of 1, 2, 3, 4, and 5 V/cm, respectively. The time to reach
mum sedimentation is short in the case of higher applied voltage compared with lower applied
ge.
he settlement rate in Fig. 4 is presented as �H /H, the amount of sedimentation divided by the initial
le height. The initial sample height was H=200 mm. At the end of the test, the final heights of the

FIG. 2—Sedimentation height with time.

FIG. 3—Time to reach 50 and 100 % of maximum sedimentation.
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les were about 142, 68, 63, 59, 53, and 48 mm corresponding to 0.29, 0.66, 0.68, 0.71, 0.74, and
H /H in the case of 0, 1, 2, 3, 4, and 5 V/cm respectively. The settlement rate is increased with time

ed and constant after about 20 h. After this time, the electrokinetic and gravitational sedimentation
ompleted. The settlement rate is high and rapid in the case of higher applied voltage compare with
applied voltage. The volume reduction of waste slurries achieved was 29, 66, 68, 71, 74, and 76 %
test conditions of 0, 1, 2, 3, 4, and 5 V/cm by electrokinetic processing.

entation Velocity

ariation of sedimentation velocity with time and applied voltage can be observed in Fig. 5. As seen,
edimentation velocity increased within the first short time. The sedimentation velocity was clearly
ased in the first stage; on the other hand, the sedimentation velocity was decreased in the later stage
eached nearly zero after 25, 19, 15, 12, and 11 h with the applied voltage 1, 2, 3, 4, and 5 V/cm,
ctively. The reason for rapid sedimentation of the specimen in a short time after voltage applied is
he clay fraction of the specimen is lower and electrical power is applied to the specimen. Sedimen-

was attributed to both gravitational and electrophoretic effects. As the electrokinetic sedimentation
eds, the sedimentation velocity is gradually decreased.

tity of Dewatering

first stage, the negatively charged solid particles are moved to the anode part by electrophoresis, and
ater is moved to the cathode part by electroosmosis. In the second stage, the water is moved to the
de part by electroosmosis. Thus, the solid particles are moved downward and the water is moved
rd. At the same time, the contaminants in the pore water and on the solid particles are moved upward
water in first stage. On the other hand, the water and the contaminants downward in the second stage.
igure 6 shows the volume of dewatering from the sample. In this figure, we note that the volume of
tering is increased with time elapsed and constant after 25, 19, 15, 12, and 11 h with applied voltage
3, 4, and 5 V/cm. The final volume of dewatering was reached at 4553, 10 338, 10 731, 11 069, 11
and 11 932 ml in the case of 0, 1, 2, 3, 4, and 5 V/cm applied voltage density. The contaminant that

FIG. 4—Sedimentation rate with time.

FIG. 5—Sedimentation velocity with time.
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d in water of the soil pore was removed by extraction of pore water. The water that accumulated at
p can be evaporated by solar radiation and drained by a hydraulic or pumping system in the field

cation.

Content Changes

e end of the electrokinetic experiments, the soil fluid contents in the three sliced samples were
ured, as shown in Fig. 7. The initial fluid content was 250 % and final fluid content was about 150,
5, 55, 51, and 48 % with applied voltage of 0, 1, 2, 3, 4, and 5 V/cm respectively. Thus the final fluid
nt was decreased 100, 180, 185, 195, 199, and 202 %, respectively, compared with the initial fluid
nt. The reason is that the water and organic substance are moved out of the specimen by electroos-
.

lusions

rokinetic settling and dewatering to simulate the rapid volume reduction and water extraction on
minated slurry-type wastes with high water and void were investigated in an experimental study.
the results of the experiments, the following conclusions were reached:

. The effectiveness of electrokinetic settling and dewatering technology for stabilization of contami-
nated waste slurries can be evaluated. Effects on settlement, reduction of volume and fluid content,
extraction of porewater, and contaminant were achieved.

. The rate of sedimentation and volume reduction calculated from sample heights measured before
and after electrokinetic tests were about 29, 66, 68, 71, 74, and 76 %, respectively, in applied
voltage of 0, 1, 2, 3, 4, and 5 V/cm.

. The sedimentation velocity was increased in the first stage and decreased in the later stage. The

FIG. 6—Volume of dewatering with time.

FIG. 7—Fluid content distribution in specimen.
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solid particles were moved to the anode part by electrophoresis, and the water was moved to the
cathode part by electroosmosis.
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ctrokinetically Enhanced Settlement and Remediation of
taminated Sediment

ABSTRACT: Electrokinetic technique has been used in sedimentation at mining applications as a volume
reduction for slurry tailing wastes. This technique has been used in remediation for environmental applica-

Journal of ASTM International, Vol. 3, No. 6
Paper ID JAI13307

Available online at www.astm.org
tion as a potential in-situ remediation method for contaminated soils and wastes. Thus electrokinetic tech-

nique can be used in sedimentation and remediation of sediments. A regulated constant voltage was
applied on the testing sample, directed upward, top cathode ��� and bottom anode ��� during electrokinetic
sedimentation process. On the other hand, constant voltage was applied on the testing sample, directed
downward, top anode ��� and bottom cathode ��� during electrokinetic remediation process. This means
that the polarity reversal was employed. The time dependent settlement and concentration due to electro-
phoresis and electro-osmosis was measured on an hourly basis. The sedimentation rate of specimen and
removal rate of contaminant in contaminated sediment were increased with increasing of applied voltages.

KEYWORDS: electrokinetic, sedimentation, remediation, contaminant, sediment

duction

uantity of sediments such as river and seashore sediments is increasing significantly by the growth in
trialization and population all over the world. If these sediments are to be contained in impoundment
andfill, they are usually placed hydraulically as slurry by open dumping. Design problems associated
these impoundments and landfills include storage capacity, densification of filling materials, embank-
stability, migration of contaminated pore fluid, and final land use. These sediments contain significant
colloidal fraction, and contaminants. This small-sized fraction can result in soft strata with high initial
and its potential hazards in subsurface environments are existing. In these cases, it is needed to
ent the slurry-type waste for volume reduction and to remediate the contaminated waste for pollutant

ction.
lectrokinetic technique has been used in sedimentation at mining applications as a volume reduction
urry tailing wastes. This technique has been used in remediation for environmental application as a
tial in situ remediation method for contaminated soils and wastes �Acar et al. 1989; Yakawa et al.
�. Thus electrokinetic technique can be used in sedimentation and remediation of sediments �Been and
1980; Chung and Kamon 2000; Chung 2001; Shang 1997�. Electrokinetic technique was developed
provement of soft soil using electro-osmotic consolidation and dewatering mechanism, and recently

echnique was extended for remediation of contaminated soil using electro-osmosis and electromigra-
echanism. In this research, the coupled effects of sedimentation and remediation of contaminated

ents are focused on using electrokinetic sedimentation and remediation techniques. Electrokinetic
entation and remediation is discussed from experimental aspects.
he contaminated sediments in rivers, lakes, and harbors contain significant clay, colloidal fraction,
ontaminants. This small-sized fraction can result in soft strata with high initial void and high water
nt, and its potential hazards in subsurface environments are existing. In these cases, it is needed to
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the slurry-type waste for volume reduction and to remediate the contaminated waste for pollutant
ction. A series of laboratory experiments including two cases of applied voltage are performed with
ntaminated sediment specimens dredged at the river basin. The electrokinetic experimental apparatus

sted of electrokinetic sedimentation and remediation units with direct current power supply. Investi-
parameters in experiments are volumes of water extracted from and through the specimen, the

tion of electric current, and the changes of concentration level in the specimen. From the test results,
ariation of settlement and concentration of contaminated sediments in which simultaneous sedimen-

and remediation processes are involved by electrokinetics is investigated with different solid con-
applied voltage, and concentration level. The coupled effects of slurry soil densification and contami-
transport are analyzed.

riments

rials

aterials used in this experiment were contaminated natural sediment and artificial sediment. Two
of sediments such as natural and artificial sediments were used as test samples in this study. In the

of natural sediment, which was sampled in the river basin, various types of contaminants originally
d in the sediment section. In the case of artificial sediment, ethylene glycol was artificially mixed

water, and the mixtures were blended with Kaolin, so ethylene glycol existed in the sediment section.
ontaminated sediment sampled at the river basin in Korea as shown in Fig. 1 was used to simulate
minated natural sediment. The Kaolin called Speswhite fine china clay, produced in the United
dom admixed with organic substance �ethylene glycol, C2H6O2� was used to simulate contaminated
ial sediment. Commercial Kaolin ensured homogeneity of the specimens and consistency between
The index properties of Speswhite Kaolin are specific gravity 2.61, liquid limit 62–69 %, plastic limit

8 %, and the percent finer than 2� is 82 %. The organic matter content is 13.14 %. The mineralogical
osition is as follows: SiO2 46.2 %, Al2O3 38.7 %, Fe2O3 0.56 %, etc.
thylene glycol is a colorless, odorless liquid completely miscible with water and many organic
s. The ethylene glycol cannot represent a real field contamination in dredged sediments. The simu-
of contaminated sediment that has pollutants was required in this test. A chemical agent that is

letely miscible with water and is non-hazard for safe handling of the specimen during the test was
d. The ethylene glycol was one of the proper chemical agents in organic substances for this, so

ene glycol was selected as a contaminant in this test. In the case of natural sediment, which was
led in river basin, various types of contaminants originally existed in the sediment section. In the case
tificial sediment, ethylene glycol was artificially mixed with water, and the mixtures were blended
Kaolin, so ethylene glycol existed in the sediment section.

g Program

s study, 13 tests were conducted by using one-dimensional electrokinetic test apparatus for sedimen-
and remediation of contaminated waste slurries. Two tests using natural sediment with variation of

FIG. 1—Photograph of river basin sampled natural sediment.
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ed voltage �1 V/cm, 3 V/cm� and eleven tests using artificial sediment with variation of initial solid
nt concentration level, and applied voltage were conducted. Eleven tests can be divided into three
s: �1� tests EK1-EK4 for the effect of initial solid content �15, 25, 40, and 50 %, respectively�
cted under the same electric field intensity of 3 V/cm and the same concentration level of 25 % of

ene glycol; �2� tests EK2 and EK5-EK8 for the effect of concentration level in specimen �25, 0, 50,
nd 100 %, respectively� conducted under the same applied electric field intensity of 3 V/cm and the
initial solid content of 25 % mass/mass; �3� tests EK2, EK9, EK10, and GR for the effect of applied
ic field intensity �30, 10, 20, and 0, respectively� conducted under the same initial solid content of 25
ss/mass and the same of concentration level of 25 % of ethylene glycol.
est GR was the control test by gravitational sedimentation not applied electric field intensity. The
contents chosen are 15, 25, 40, and 50 %, and these solid contents are the same as 560, 300, 150, and

of water content, respectively. Normally, the water content of sediment dredged from river and
ore has a range of 100–500 %. Thus, the chosen solid content and water content were reasonable to
ate the condition of real field sediment.
onstant voltage conditions were used in all tests. Investigated were the changes of settlement, the
e of dewatering and outflow, the electric current, and contaminant transport with the variation of

parameter.

g Methods

ematic diagram of the electrokinetic sedimentation and remediation system is shown in Fig. 2. The
f this study is to enhance and accelerate the volume reduction and dewatering of the slurry-type
ent and removal of contaminant from contaminated sediment after volume reduction. If electroki-
remediation with the water supply was implemented from the start of the experiment, the settlement

t of the specimen due to a continuous supply of water and a constant water content of the sample was
ccurring and only the migration of the contaminant was occurring, so only remediation effect was
ring at the whole test time and volume reduction effect was not occurring. This result deviates from
riginal aim of this paper. Thus electrokinetic sedimentation was implemented at the first stage and

FIG. 2—A schematic diagram of the electrokinetic testing system.
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okinetic remediation was implemented at the second stage. The water accumulated at the top of the
fter electrokinetic sedimentation can be evaporated by solar radiation and drained by hydraulic

ent or a pumping system in a typical field application.
he contaminant transported back and forth due to the difference of water movement direction and
ity reversal during electrokinetic sedimentation and remediation stages. In this study, a downward

outlet system toward the bottom of the cell was selected in electrokinetic remediation stage for
g an electro-osmosis effect coupled with a gravitation effect to increase water and contaminant
ments. On the other, if an upward outlet system toward the top of the cell was selected in the
okinetic remediation stage, a gravitation effect could not couple to the electro-osmosis effect, so
and contaminant movements would be decreased some compared to the downward system.

he selected system mainly consisted of electrokinetic cell and power supply. The electrokinetic cell
a cylindrical tube with 100 mm in length and 100 mm in diameter. To prepare a test sample for
ation of natural sediment, predetermined quantities of natural sediment were stirred and poured in an
okinetic cell. To prepare a test sample for simulation of artificial sediment, dry soil and organic
on were blended and poured in an electrokinetic cell. Organic solution was a mixture of deionized
led water and ethylene glycol. The cell was assembled to the electrokinetic test system. One stainless
electrode was placed at the bottom of the cell and the other at the top of the sample, consisting of a
lel plate arrangement. The top electrode was removable for the convenience of sample preparation.
he tests were conducted in two phases, namely, sedimentation and remediation. In the first phase, a
ated voltage was applied on the testing sample, directed upward, top cathode ��� and bottom anode
to induce the movement of clay particles to downward due to electrophoresis. This is the electroki-
sedimentation process. On the other hand, in the second phase, a regulated voltage was applied on the
g sample, directed downward, top anode ��� and bottom cathode ���, to induce the movement of

and organic substance downward due to electro-osmosis. This is the electrokinetic remediation
ss. In this phase, the polarity reversal employed and the bottom drainage channels were open. The
dependent settlement and concentration due to electrophoresis and electro-osmosis was measured on
urly basis. The settlement or interface height with time was recorded through reading the slurry line
the scales installed on the cell. The concentration of outflow with time was measured by a liquid
ometer. The electrical current with time was measured using current meter.

lts and Discussion on Natural Sediment

ments

es 3�a� and 3�b� show the results of settlement and settlement rate of contaminated natural sediment
elapsed time under the applied voltage of 1 and 3 V/cm. Settlement is increased with time elapsed in
sts. Settlement is rapidly increased to about 10 h in the applied voltage of 3 V/cm and 15 h in the
ed voltage of 1 V/cm and then constant to the end of experiment. The maximum settlement were
mm in 1 V/cm and 67.7 mm in 3 V/cm comparing with an initial height of 100 mm.
he electrophoretic sedimentation accelerated in the first and middle stages, and lasted to the last stage
e electrokinetic sedimentation process even though some differences were happened with experimen-
nditions. Clay particles are negatively charged, so the movement of clay particles is developed
ward due to electrophoresis in the electrokinetic sedimentation process. Settlement is attributed to
gravitational and electrophoretic effects.

tering and Outflows

olid particles are moved toward the anode part by electrophoresis and the water is moved toward the
de part by electro-osmosis and the drained water is remained over solid particles. Thus, the solid
les are moved downward and the water is moved upward in the electrokinetic sedimentation process.
e same time, the contaminant in the pore water is moved upward with water.
igure 4 shows that the accumulated quantity of dewatering during the electrokinetic sedimentation
ss and the accumulated quantity of outflow during the electrokinetic remediation process with time.
uantity of dewatering is increased with time elapsed in all tests. At the end of the electrokinetic
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entation test, the final quantities of dewatering are about 433 and 505 ml for 1 and 3 V/cm, and at
nd of the electrokinetic remediation test, the final quantities of dewatering are about 912 and 987 ml
and 3 V/cm, respectively. The accumulated quantity of dewatering and outflow is high with increas-
f the applied voltage.

nt Density

e 5 shows the variation of the applied voltage and current density with time. Positive voltage and
nt density denote the upward electric gradient using the top cathode and bottom anode for electroki-

FIG. 3—Settlement characteristics.

FIG. 4—Dewatering and outflow.
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sedimentation process, and the negative voltage and current density denote the downward electric
ent using the top anode and bottom cathode for the electrokinetic remediation process. The polarity
reversed after 25 h for electrokinetic remediation. The constant voltage of 1 and 3 V/cm and the
ximate current density of 5 and 20 A/m2 was decreased with test time.
he current generally decreases due to increasing of resistance by volume and pore space reduction at
lectrokinetic sedimentation process, and the current generally decrease due to the decreasing of the
nt conductor by a depletion of ions in pore water at the electrokinetic sedimentation process. As
n in Fig. 5, the current is decreased due to a reduction of volume and pore space during the
okinetic sedimentation stage and also decreased due to a depletion of ions in pore water during the
okinetic remediation stage.

minant Transport

e electrokinetic sedimentation process, the solid particles are moved downward and the water is
d upward. At the same time, the contaminant in the pore water is moved upward with water. In the
okinetic remediation process, deionized distilled water is continuously supplied from the mariotte
with a constant head on the anode. The contaminated pore water passed through soil specimen

ward toward the cathode by electroosmoosis and contaminated pore water replaced with deionized
led water.
he results of chemical analysis for dewatering and outflow water are shown in Fig. 6 and Table 1.
ical analysis was carried out at 0, 10, and 20 h on the water sample collected at the upper part of the
okinetic cell during the electrokinetic sedimentation process, and at 30 and 40 h on the water sample
ted from the drainage channel during electrokinetic remediation process. Data at 0 h represent the

l pore water concentration.
he pH of initial pore water in specimen and fresh water supplied by mariotte bottle is 6.5–7.0. The
f dewatering and outflow water was measured and the pH of the sliced specimen section was not
ured in this experiment. The pH of the dewatering water from the specimen increased to 10.4–11 at
elapsed and 10.7–11.3 at 20 h elapsed due to the cathode reaction �H2O→H2↑ +OH−� at the upper
f the specimen in the electrokinetic sedimentation process as shown in Table 1 and Fig. 6. On the
hand, the pH of outflow water passing through the specimen remained at 10.6–11.2 at 30 h elapsed
elapsed from the start time of the electrokinetic remediation process� due to the cathode reaction at
wer part of the specimen and decreased 8.0–8.5 at 40 h elapsed �20 h elapsed from the start of the
okinetic remediation process� due to the dilution of high pH by intrusion of low pH generated by the
reaction �H2O→O2↑ +H+� at the upper part of the specimen and intrusion of fresh water from the
mariotte bottle toward the lower part of the specimen in the electrokinetic remediation process as

n in Table 1 and Fig. 6. The pH difference at the upper and lower parts of the specimen for the

FIG. 5—Current density.
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okinetic sedimentation process and electrokintic remediation process varied from 6.5 to 11.3; it
rs that the electromigration of products from the electrolysis reactions �H+ and OH−�, the dilution of
and cathode products, and the introduction of fresh water were the main causes of pH changes.

he dewatering concentration of sodium, potassium, iron, cadmium, and lead cations gradually in-
ed due to electromigration and transportation of cations with water movement upward in the electro-
ic sedimentation process; on the other hand, the outflow concentration of these cations gradually
ased with time due to transportation of cations downward by electro-osmosis and electromigration in
okinetic remediation. The contaminant was transported with dewatering outflows from the sediment
n at the electrokinetic sedimentation stage, and the contaminant was transported by electrokinetic
ushing effects from the sediment section at the electrokinetic remediation stage. In the stage of
okinetic sedimentation, the settlement of specimen is dominant and the migration of contaminant due
ing up of water and going down of a soil particle by electrophoresis and electro-somosis effects is a
In the stage of electrokinetic remediation after electrokinetic sedimentation, the migration of con-
ant due to the electrokinetic soil flushing effect with fresh water is dominant. Contaminant transport

t continuously occurs in both stages as illustrated in Fig. 6.

FIG. 6—Chemical analysis of dewatering and outflow.

TABLE 1—Chemical analysis data of dewatering and outflow.

eters

Concentration of ions with applied voltage and elapsed time

Applied voltage, 1 V/cm Applied voltage, 3 V/cm

0 h 10 h 20 h 30 h 40 h 0 h 10 h 20 h 30 h 40 h
7 11 11.3 11.2 8.5 6.5 10.4 10.7 10.6 8

17.2 17.3 7.2 7.4 17.6 16.5 16.4 6.8 7 16.9
5.2 5.3 18.6 4.9 5 4.7 4.6 17.2 4 4.2
1.8 1.9 4.5 1.9 1.8 1.62 1.63 4.4 1.5 1.45
0.25 0.48 0.492 0.231 0.198 0.15 0.32 0.47 0.21 0.18
40 42 176 165 35 32 40 165 151 30

0.51 0.84 1.87 1.8 0.524 0.43 0.71 1.71 1.65 0.45
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ment Characteristics by Solid Content in Electrokinetic Sedimentation Process

e 7�a� shows the results of the settlement rate of contaminated waste slurries with time by solid
nt 15, 25, 40, and 50 % for EK1, EK2, EK3, and EK4 test under the same applied voltage and
ntration level. Settlement is increased with time elapsed in all tests by a variation of solid content.
particles are negatively charged, so the movement of clay particles is developed downward due to
ophoresis in electrokinetic sedimentation process. The electrophoretic sedimentation accelerated in
rst and middle stages, and lasted to the last stage for the electrokinetic sedimentation process even
h some differences happened with experimental conditions. Settlement is attributed to both gravita-

l and electrophoretic effects.

FIG. 7—Settlement characteristics with solid content.
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he sedimentation rate is presented as �H /H, the amount of sedimentation divided by the initial
le height in Fig. 7�b�. The initial sample height was H=10 cm. At the end of the test, the final height
of the samples are about 0.72, 0.53, 0.31, and 0.15�H /H for EK1, EK2, EK3, and EK4, respec-

. This means that the initial height was reduced 72, 53, 31, and 15 %, respectively. The volume
tion of waste slurries was achieved 72, 53, 31, and 15 %, respectively, compared with initial volume
e electrokinetic sedimentation processing. The settlements of specimen are in the order: EK1, EK2,
and EK4. This means that the settlement rate is high and rapid with a decreasing of the solid content,

wise the settlement rate is low and slow with an increasing of the solid content. The length and
e of the specimen is reduced due to the extraction of pore water and the settlement of the specimen
proceeding of electrokinetic sedimentation tests.

igure 7�c� shows the relationship between maximum settlement rate and solid content under the same
ed voltage and concentration level. The corelative equation between maximum settlement rate, so-

final settlement rate, and solid content is derived from regression analysis and can be expressed as
s:

��H/H�max = − 0.016S + 0.9486 �1�

t100 = − 0.018S2 + 1.6562S − 15.302 �2�

e:

H � settlement,
H � initial sample height,
S � solid content, and

100 � time to reach final settlement.

ment Characteristics by Applied Voltage in Electrokinetic Sedimentation Process

e 8 shows the results of the settlement rate of contaminated waste slurries with time by applied
ge 0, 10, 20, and 30 V, that is 0, 1, 2, and 3V/cm, for GR, EK9, EK10, and EK2 tests under the same
content and concentration level. Settlement is increased with time elapsed in all tests by a variation
plied voltage. The final sedimentation rates are 0.23, 0.45, 0.47, and 0.53 �H /H for GR, EK9, EK10,
K2, respectively. This represents that the initial sample height was reduced 23, 45, 47, and 53 %,

ctively, by electrokinetic sedimentation processing. It can be recognized that the settlement rate of
men is increased with an increasing of applied voltage; on the other hand, the settlement rate is
ased with a decreasing of applied voltage. The regressive equation between final settlement rate and
to final settlement versus applied voltage can be expressed as

��H/H�max = − 0.0004V2 + 0.0212V + 0.242 �3�

t100 = 0.05V2 − 2.36V + 42.9 �4�

e:
applied voltage.

ment Characteristics by Concentration Level in Electrokinetic Sedimentation Process

e 9 shows the relationship of the settlement versus the concentration level. It is very difficult and
licated to investigate and we suggest the regression equations regarding relationships between settle-
and concentration level are due to diversity of contaminant and concentration. Settlement rate is

ased with a decreasing of the concentration level. It is attributed from that the current decreases and
ment decrease in the higher concentration than lower concentration due to increase of resistance by
nic characteristics of ethylene glycol.
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pecific gravity of ethylene glycol is 1.13 and pure water is 1.0. Pore water in specimen is mixtures
ylene glycol and pure water, so the density of initial pore water is higher than pure water. The density
re water is varied with time and outflow. The density of outflow liquid was measured by precision
ometer. The density of initial pore water is decreased with time and outflow and finally reached the
density as pure water because mixed liquid with ethylene glycol and pure water migrate from the

men and replaced with pure water during electrokinetic remediation stage. Where the difference of
density has the same meaning as the difference of liquid concentration. The concentration ratio can

tained from the ratio of final and initial ethylene glycol density instead of ethylene glycol concen-
n due to difficulty of chemical analysis for ethylene glycol. Concentration profile in Figs. 10�a� and
was obtained by this method.
he contaminant in specimen is transported with water flow downward to the cathode by advection
o electro-osmosis and by diffusion due to concentration difference. The concentration of ethylene

FIG. 8—Settlement characteristics with applied voltage.
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l was measured from the outflow. The normalized ethylene glycol concentration profile with the
ed time of four experiments is shown in Fig. 10�a� for the electrokinetic remediation process. Eth-
glycol removal rate which is the inverse of concentration profile with elapsed time is shown in Fig.

. The normalized ethylene glycol concentration profile with outflow rate is shown in Fig. 11�a�.
ene glycol removal rate that is the inverse of concentration profile with outflow rate is shown in Fig.
. The concentration of the contaminant in outflow is normalized by the initial concentration of the
minant in soil prior to electrokinetic treatment. Where, C is the ethylene glycol concentration of
w and Co is the initial ethylene glycol concentration in specimen.
s observed from the figures of concentration profile and removal rate, contaminated specimens are
cleaned by introducing of electrokinetic remediation technique. The ethylene glycol concentration in

FIG. 9—Settlement characteristics with concentration level.

FIG. 10—Concentration profiles and removal rate with time.
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ffluent collected at the cathode is not detected for some time in the initial stage. After that, the
ene glycol concentration is detected with time. The concentration ratio decreased rapidly in the
le stage and decreased slightly before the experiment stopped. The 50 % removal times of contami-
in specimen are 27 h for EK1 test, 46 h for EK2 test, 55 h for EK6 test, and 56 h for EK10 test,
ctively. The 100 % removal times of contaminant in specimen were 34 h for EK1 test, 65 h for EK2
9 h for EK6 test, and 68 h for EK10 test, respectively. The contaminant diluted in pore water in the

le was removed as extraction of pore water by the electrokinetic flushing mechanism. From the above
s, the contaminant in the specimen was almost fully removed from the specimen, and the removal
and time of contaminant was shortened with an increasing of applied voltage, and with a decreasing

lid content and contamination level.

ary

is research, the coupled effects of sedimentation and remediation of natural sediment contaminated
various substances and artificial sediments contaminated with ethylene glycol are focused using
okinetic sedimentation and remediation techniques. From the test results, the variation of settlement
oncentration of contaminated sediments in which simultaneous sedimentation and remediation pro-
s are involved by electrokinetics is investigated with different solid content, applied voltage, and
ntration level. The coupled effects on densification and decontamination for contaminated slurry-type
ent are analyzed. Limited to these conditions, the following results can be summarized:

. The current at the electrokinetic sedimentation process decreased due to an increasing of resistance
by volume and pore space reduction, and the current at the electrokinetic sedimentation process
decreased due to a decreasing of current conductor by depletion of ions in pore water.

. The outflow pH at the electrokinetic sedimentation process increased to 10.4–11 at 10 h and
10.7–11.3 at 20 h due to the cathode reaction; on the other hand, the outflow pH at electrokinetic
remediation process remained 10.6–11.2 at 10 h due to the cathode reaction and decreased 8.0–8.5

FIG. 11—Concentration profiles and removal rate with outflow.
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at 20 h due to the dilution of high pH by intrusion of low pH generated by the anode reaction and
intrusion of fresh water supplied from mariotte bottle.

. The corelative equation between maximum settlement and solid content �S� was derived from
regression analysis. Settlement rate and time to maximum settlement �t100� could be expressed as
��H /H�max=−0.016S+0.9486, t100=−0.018S2+1.6562S−15.302 for ethylene glycol contami-
nated sediment.

. The corelative equation between maximum settlement rate and applied voltage �V� was derived
from regression analysis. Settlement rate and time to maximum settlement �t100� could be ex-
pressed as ��H /H�max=−0.0004V2+0.0212V+0.242, t100=0.05V2−2.36V+42.9 for ethylene gly-
col contaminated sediment.

. The particle settlement rate at the electrokinetic sedimentation process was increased with an
increasing of applied voltage and a decreasing of solid content and a concentration �ethylene
glycol� level.

. The cations and organic substances such as sodium, potassium, iron, cadmium, lead, and ethylene
glycol were transported and extracted by electrophoresis and electro-osmosis mechanisms at the
electrokinetic sedimentation process, and electro-osmosis, electromigration, and soil flushing
mechanisms at electrokinetic remediation process.

. The contaminant removal time at the electrokinetic remediation process was shortened with an
increasing of applied voltage, and with a decreasing of solid content and contamination �ethylene
glycol� level.

. The rapid and simultaneous volume reduction and contaminant removal from contaminated sedi-
ments with high initial void and water content were achieved by the coupled effects of electroki-
netic sedimentation and electrokinetic remediation techniques suggested in this research.
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ABSTRACT: In this paper, an in situ bioremediation method is proposed for dioxin contaminated sediments
and its efficiency is assessed in laboratory tests including microbial analysis. The main outcomes of this

research are �1� Proposal of an in situ bioremediation method using anaerobic micro-organisms monitored
by molecular microbial techniques. �2� It was shown that the proposed method can reduce dioxin concen-
trations and can increase populations of the dehalogenating micro-organism �Dehalococcoides sp.�. �3� It
was further shown that the dioxin degradation processes can be monitored using polymerase chain reac-
tion �PCR� denaturing gradient gel electrophoresis and real-time PCR. Microbial analysis using molecular
techniques was useful for the monitoring and management of the sediment remediation process.

KEYWORDS: Contaminated sediments, Dioxins, Bioremediation, PCR, DGGE

duction

pan, increasing evidence of dioxin contamination of sediments led to a “Law Concerning the Special
ures against dioxins” being enacted in 1999. The law defines “dioxins” as a general term for
hlorodibenzo-p-dioxins �PCDDs�, polychlorodibenzo furans �PCDFs�, and coplanar PCBs �Co-
�. Dioxins are highly toxic to human beings and animals even at low concentration and are suspected
fecting the reproductive, thyroid, and immune systems. Although remediation methods, such as
al treatment, have been developed to treat small quantities of highly concentrated wastes, dioxin

tion in sediments is generally at low concentrations and widely dispersed. Moreover, the environ-
al standard for sediments is stricter than that for wastes and soil, and accordingly the amount of
ent to be treated is extremely large. Thus, conventional methods are difficult to apply in terms of

costs and facilities and new technologies urgently need to be developed for sediment remediation. In
esearch a new enhanced natural attenuation technology for safe and in situ treatment of sediments
minated with dioxins was developed. This paper describes the method and assesses its effectiveness
gh laboratory testing using environmental samples.
he objectives of this study are to �1� effect the dechlorination of highly chlorinated congeners in
ally contaminated sediments and �2� to elucidate the dehalogenation mechanisms involved. Batch
es were incubated with added nutrient salts and carbon source under anaerobic conditions. Slurry
les were taken at various times over a one-year period and were analyzed for evidence of dehaloge-
n by High-resolution mass spectrometer �JMS-700D, JEOL�.

cript received March 30, 2005; accepted for publication June 29, 2005. Presented at ASTM Symposium on Contaminated
ents: Evaluation and Remediation Techniques on 23–25 May 2006 in Shizuoka, Japan; M. Fukue, K. Kita, M. Ohtsubo, and
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archer, Research Center for Water Environment Technology, The University of Tokyo.
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view of the Proposed Remediation Techniques

ctive dechlorination of dioxins and PCBs by micro-organisms has been reported in sediments at the
m of lakes and rivers �Barkovskii and Adriaens 1996, Ballerstedt et al. 2004�. Recently, a strain of
lococcoides sp. CBDB1 was found to dechlorinate highly chlorinated PCDD �Bunge et al. 2003�. The
orination rate by the strain CBDB1 is slow but can be accelerated by improving its environment
engineering methods. The process of the proposed remediation method is shown in Fig. 1, and a
atic diagram of the remediation system is shown in Fig. 2. Before initiating this type of remediation

ct the mobility of dioxins should be evaluated. When contaminants are located near groundwater,
minated sediment must be separated by sand caps and sheet piles to prevent dioxins from spreading
o factors such as groundwater flow. A treatability test should then be conducted to evaluate the
position performance in a laboratory with various combinations of nutrients and carbon sources.

g with the monitoring of dioxin concentrations, microbial monitoring was conducted to evaluate
er the soil conditions remain appropriate for continued reductive dechlorination. The microbial

toring included both community analysis and the enumeration of Dehalococcoides sp. strain CBDB1
ts lineage. A combination of nutrients and a carbon source �selected according to the treatablity test�
ected into the ground through the injection well to accelerate the remediation activities of microor-
ms. During remediation, microbial monitoring was also conducted to ensure optimal conditions for
ntire microbial community in general and the dehalogenation microorganisms in particular.

FIG. 1—Process of the remediation method.

FIG. 2—Schematic diagram of the remediation site.
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ent Collection

oximately 20 kg sediment �0–20 cm� was collected using an acetone-rinsed shovel from the actual
ontaminated with dioxins. Sediments were stored at room temperature in an airtight container until

acterization of Sediment Sample

physical properties of the soil samples are shown in Table 1. Dioxin isomer concentrations were
ured with a high-resolution mass spectrometer �JMS-700D, JEOL�. The dioxin concentrations were
rted to the TEQ �Toxicity Equivalence Quantity� value by using the TEF �Toxic Equivalency Factor�
. Hydrogen ion concentration �pH� and moisture content were measured with The Japanese Geotech-
Society �JGS� standard method �The Japanese Geotechnical Society, 2000a�.

ability Tests

c acid, lactic acid, and molasses were used as carbon sources. Samples for the tests were prepared as
s: �1� The contaminated sediment was air-dried; �2� sediment pH was adjusted to nominal value of

y the addition of 30 mM sodium phosphate; �3� 15g of the dried sediment, 15g of nutrient salts �Table
d 1000 mg/L of the carbon source either acetic acid, lactic acid, or molasses were put into 70 mL
�4� the headspace of the vials was purged with N2 gas; and �5� the vials were rapidly sealed with
rubber caps.
he vials were incubated for 12 months at 30°C and shaken at 120 rpm. Samples were taken after 1,
and 12 months. Duplicate vials were prepared for each sampling time so that the whole sample could
ed for analysis.

tical Methods

ampling and pH Measurement—Two grams of the sediment slurry were collected from the vial for
bial analysis. Then, the remaining 28 g of residual slurry was continuously stirred for 1 min before

uring pH using a pH electrode. The rest of the sample was used for the dioxin analysis.

ioxin Concentration—The cultivated slurry samples were sampled at 1, 3, 6, and 12 months and
zed for Octachlorodibenzo-p-dioxon �OCDD� and other toxic dioxin isomers. The slurry sample was

TABLE 1—Physical properties of the soil sample.

Item Unit Measured value Testing method
Dioxin Concentration pg−TEQ/g 28,000 …

Hydrogen ion concentration … 7.4 JGS 0211-2000
Moisture content % 27.3 JGS 0122-2000

TABLE 2—Composition of nutrient salts.

Culture medium Trace element solution Vitamin solution

NH4Cl 10 MM FeCl2 10 mM biotin 20 nM
KH2PO4 1 MM CoCl2 1 mM 4-aminobenzoic acid 20 nM
MgCl2 ·6H2O 1 mM MnCl2 ·4H2O 1 mM pantothenate 20 nM
CaCl2 ·2H2O 1 mM ZnCl2 1 mM pyridoxine 20 nM
NaHCO3 30 mM H3BO3 0.1 mM nicotinamide 20 nM
Na2S ·9H2O 1.5 mM NiCl2 0.1 mM thiamine 20 nM
Cystein-HCl 1.5 mM AlCl3 0.1 mM lipoic acid 20 nM
Trace elements solution 1 ml/L Na2MoO4 ·2H2O 0.1 mM folic acid 20 nM
Vitamin solution 1 ml/L Na2SeO3 0.01 mM vitamin B12 20 nM

Na2WO4 ·H2O 0.01 mM riboflavin 20 nM
CuCl2 0.01 mM
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ed into the solid phase and liquid phase.
he solid phase was extracted in a Soxhlet extractor by using toluene for over 16 h. The liquid phase
xtracted using liquid-liquid extractors using dichloromethane for 30 min by 3 times. Samples were
zed on a Hewlett Packard 6890 gas chromatograph with a JEOL JMS-700D high-resolution mass
rometer, using a SP-2331 column �60 m by 0.25 mm i.d., film thickness 0.2 �m, SUPELCO,
A-ALDRICH�. The injector and detector temperatures were 270°C. The oven temperature was held

0°C for 1 min, ramped at 20, and then 3°C/min to 261°C, and held for 12 min, ramped at 3°C/min
3°C, and held for 1.5 min. The dioxin isomer concentrations were calculated in accordance with the
urement result of solid phase and liquid phase. The dioxin concentrations were converted to the TEQ
city Equivalence Quantity� value by using the TEF �Toxic Equivalency Factor� Value.

icrobial Community Analysis by PCR-DGGE (Polymerase Chain Reaction-Denaturing Gradient Gel
rophoresis)—Microbial DNA was extracted from the 2 gs of slurry samples by using ISoil DNA
ction kits �Nippon Gene, Tokyo�. The DNA extracts were used for all the microbial analysis. Partial
DNA was amplified by the universal PCR pair GC-341f&534r for DGGE analysis. The PCR condi-
were as follows: 95°C for 10 min. 94°C for 1 min. and 53°C for 1 min 72°C for 1 min �32 cycles�,
°C for 20 min. The reactions were conducted with Thermal Cycler PERSONAL �TaKaRa TP240�.
E was performed by the D-CODE system �Bio-Rad Lab, CA.�. The denaturing gradient gel was
red to obtain 8 % acrylamide gel with denaturant gradient of 30 to 60 %. The electrophoresis
tions were at 130 V for 5 h.

etection and Enumeration of Dehalococcoides sp.—Dehalococcoides sp. CBDB1 lineage was de-
by using the nested PCR method �Bunge et al. 2003�. The almost complete 16SrDNA was first

ified with the universal PCR pair fD1&rP2. Then, Dehalococcoides sp. CBDB1 lineage targeted PCR
one with a specific primer �DET730, 1350�. The primer sequences are shown in Table 3. The PCR
tions were as follows: 95°C for 10 min, 94°C for 1 min, 55°C for 1 min, 72°C for 1 min, �40 cycles�,
°C for 20 min. The reactions were conducted with a Thermal Cycler PERSONAL �TaKaRa TP240�.
uantification of oligonucleotides targeting 16SrRNA gene sequences of Dehalococcoides sp. was
rmed by a real time PCR method �Jianzhong He et al. 2003�. Primers and probes used are shown in
3. Each MicroAmp optical tube had a 30-�L reaction volume containing 1�TaqMan Universal
Master Mix �including DNA polymerase, deoxynucleoside triphosphates, and MgCl2�; forward
r, reverse primer, and TaqMan probe �300 nM each�; and a series of tenfold-diluted DNA templates.

FIG. 3—Calibration curve of Dehalococcoides sp.

TABLE 3—Primers and probes for PCR detection and real-time PCR.

Analysis method Name Alignment References

PCR detection
DET730 GCGGTTTTCTAGGTTCTC Bunge et al. �2003�

DET1350 CACCTTGCTGATATGCGG Bunge et al. �2003�

Real-time PCR

FW-Primer CTGGAGCTAATCCCCAAAGCT He et al. �2003�

RV-Primer CAACTTCATGCAGGCGGG He et al. �2003�
Probe CCTCAGTTCGGATTGCAGGCTGAA He et al. �2003�
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CR conditions were as follows: 2 min at 50°C and 10 min at 95°C, followed by 45 cycles of 15 s at
and 1 min at 60°C. PCR was carried out in a spectrofluorimetric thermal cycler �ABI Prism 7700,

ied Biosystems�. Standard Dehalococcoides DNA fragments were prepared by PCR amplified with
r sets of DET730 and DET1350. A calibration curve was obtained by using serial dilutions of DNA
own concentration �Fig. 3�. The Ct �threshold value� values for each sample were compared with the
ard curve to determine the template DNA concentration. With a sample size of 2 g used for DNA
ction, the lower limit of quantification is 102 copies/g-soil.

lts and Discussion

of Dioxin Concentrations and pH

ges in the TEQ value during the test period are shown in Fig. 4. After one month of incubation, the
st reduction in the TEQ value was shown in the sample with acetic acid. After three and six months
ubation, increases in the TEQ concentration were observed in the sample with lactic acid. This was
probably due to the production of more toxic dioxins by the dechlorination. After twelve months of
ation, decreases in the TEQ concentration were observed in the samples with lactic acid and acetic
The sample with molasses showed continuous decreases in TEQ concentration and the greatest
ase over twelve months.
he rates of changes in PCDDs, in the sample with molasses are shown in Fig. 5. Dechlorination of
y chlorinated dioxins was observed. Among tetra chlorinated DDs, 1,3,6,8-T4CDD and 1,3,7,9-
D decomposed rapidly, but 2,3,7,8-T4CDD, which is the most toxic, was found to have accumulated

one month. The concentration decreased thereafter and the initially observed increase is most likely
o a temporary accumulation of dechlorination products from higher chlorinated DDs.
he rates of changes in PCDFs in the sample with molasses are shown in Fig. 6. Dechlorination of
hlordibenzofuran �OCDF� was observed. Among tetrachlorinated DFs, 2,3,7,8-T4CDF decomposed
but 1,2,7,8-T4CDD, which is the nontoxic, was found to have accumulated after one and three
hs. Pentachlorinated DFs, 2, 3, 4, 7, 8-T5CDF and 1, 2, 3, 7, 8-T5CDF were not found to have

FIG. 4—Dioxins concentration change as TEQ equivalent.

FIG. 5—PCDDs concentration in sample with molasses.
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ulated. The concentration decreased thereafter and thus it seems to be caused by the temporal
ulation of the dechlorination products like 1, 2, 3, 6, 7, 8-H6CDF from higher chlorinated DFs.

ther main results were as follows. Acetic acid samples showed increases in the 2, 3, 7, 8-T4CDD
r after six months. Lactic acid samples showed an increase in concentrations of the 2, 3, 7, 8-T4CDD
r after three and six month. Therefore, the increase in TEQ concentration is caused by accumulation
h toxicity PCDDs isomers.
he pH changes in each sample during the test period are shown in Fig. 7. The pH rose to about 8.2
first month and then gradually lowered to become neutral in all samples. Thus, the addition of carbon

es does not change the pH significantly.

ges in Microorganism Community Structure

esult of the PCR-DGGE analysis is shown in Fig. 8. Each unique band suggests the existence of a
ent species of microorganisms. The number of bands increased notably from the beginning of the
iment, which shows proliferation of the micro-organisms. A comparison between bands at one and
months of incubation showed a shift of the bacterial community. It has been documented that
es in the microbial community can result in different dechlorination patterns. Thus, the genetic

sity revealed in the DGGE assays may be attributable to the different dechlorination patterns observed
ree carbon sources. The micro-organism structure is scheduled to be analyzed through the base
nce decision of each band in the future.

tion of the Dehalococcoides sp. Strain CBDB1 Lineage

detection of Dehalococcoides sp. CBDB1 lineage in the one month sample is shown in Fig. 9. The
fic primer for the strain CBDB1 detected the lineage of the strain in the sample with acetic acid,

showed the sharpest reductions in dioxin concentrations among the three conditions tested. Since
rain was not detected in the samples before incubation, the strain reached detectable levels through
ation with acetic acid and the nutrients. The CBDB1 lineage was not detected in the sample with
acid and molasses, though reductions in TEQ concentration were observed. This suggests that the

FIG. 6—PCDFs concentration in sample with molasses.

FIG. 7—pH trends.
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B1 lineage might be active even at undetectable levels or that microorganisms other than the CBDB1
e were involved in the decomposition of dioxins.

tification of Dehalococcoides sp.

results of the quantification of Dehalococcoides sp. by real-time PCR are shown in Fig. 10. The
ntration of the organisms in the sediment before incubation was below the detection limit

copies/g−soil�. Growth of Dehalococcoides sp. was observed in all samples incubated with nutrients
arbon sources after one month.
ehalococcoides sp. were detected in the specimens cultured in a nutrient salt medium with acetic
which showed rapid decomposition at the start of incubation. The number of micro-organisms as well
concentration of dioxins decreased along with the incubation. Slight growth of Dehalococcoides sp.

observed in the sample with lactic acid after one month. However, no Dehalococcoides sp. were
ted in the specimens cultured for three months and thereafter.
he sample incubated with molasses, which showed the largest reduction of dioxins after six months,
ed growth of Dehalococcoides sp. after one and three months. However, no Dehalococcoides sp. was
ted after six months, even though the dioxin concentrations continued to drop. This suggests that
-organisms other than Dehalococcoides sp. might be involved in the decomposition of dioxins. The

onship between the degraded concentration of dioxins and Dehalococcoides sp. was investigated in

FIG. 8—Gel image of PCR-DGGE analysis.

FIG. 9—PCR detection of Dehalococcoides sp. CBDB1 lineage.
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cetic acid specimens, in which Dehalococcoides sp. were detected. The relationship between the
ded concentration of dioxins and the number of Dehalococcoides sp. copies is shown in Figure 11.
cetic acid specimens showed a trend of reduced dioxin concentration as the number of the copies of
lococcoides sp. increased. The trend was notable at the start of culture and after three months of
re. From three to six months of culture, the number of the copies of Dehalococcoides sp. was stable
e TEQ concentration rose.

lusion

ratory tests were conducted to verify the effects of nutrient and carbon source addition to biodegra-
n of dioxins in sediments. The major conclusions of this study are as follows:
. The TEQ concentration of sediments contaminated with dioxins can be reduced by activating the

endogenous microorganisms in the sediments.
. A maximum reduction of 5000 pg-TEQ/g in twelve months was attained by adding 1000 ppm of

molasses with nutrients.
. The addition of 1000 ppm of acetic acid and nutrients enhanced the growth of the known PCDDs

dechlorinator, Dehalococcoides sp. strain CBDB1 lineage.
. The number of Dehalococcoides sp. appeared to have some correlation with the dioxins dehalo-

genation when acetic acid was added as a carbon source, but the relationship was not obvious with
molasses.

uture research should attempt to determine optimal conditions for limiting the accumulation of
ogenated intermediate products and further identify the bacteria which are actually involved in the
ns’ reduction.

ences

rstedt, H., Hantke, J., Bunge, M., Werner, B., Gerritse, J., Andreesen J., and Lechner, U., Properties
a Trichlorodibenzo-p-Dioxin Dechlorinating Mixed Culture with a Dehalococcoides as Putative

FIG. 10—Quantification of Dehalococcoides sp. by real-time PCR.

11—Relationship between the numbers of Dehalococcoides sp. and the dioxins’ degraded
ntration.
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ct of Dispersivity of Filling Material on Performance of
taminant Barrier

ABSTRACT: The performance of pollution barriers is discussed using solute soil dispersion parameters.
Masa sandy loam and Toyoura sand, with dispersivities of 0.21 and 0.17 cm at saturation, respectively,

Journal of ASTM International, Vol. 3, No. 6
Paper ID JAI13340

Available online at www.astm.org
were used as barrier material. 2.5 wt.% of the synthetic P-type zeolite was mixed with the soil to control the

adsorption capacity of the barrier without changing soil structure. Soils were packed into an acrylic plastic
column to form model barriers with different thicknesses. Adsorption capacity of the columns was between
6.1 and 7.5 mmolc per column. 42 mg·dm�3 Cd as nitrate solution was applied to the column under water
saturated conditions, and effluent was collected at the bottom of the column. A relatively thin barrier, i.e.,
five times greater than the dispersivity, resulted in the detection of Cd with only 0.075 mmolc load of Cd,
while a thicker barrier, 30 times greater than dispersivity, showed no leak of Cd with a 0.9 mmolc load of Cd
added to the column.

KEYWORDS: dispersivity, dispersion coefficient, synthetic zeolite, pollution barrier

duction

y metals are released to the environment through atmospheric deposition, fertilizer impurities, sewage
e, and wastes from stockbreeding. Understanding the processes of solute transport through and
ical adsorption by sediments is important for the design of counter measures, such as isolation and
diation. Static physicochemical properties, cation exchange capacity and equilibrium constant are
used to express the performance of chemical barriers �Selim et al. 1992; Hinz and Selim 1994�, and

ct the release of contaminants from polluted soils �Boekhold and van der Zee 1992; Oste, Lexmond,
an Riemsdijk 2002�. However, soil layers with similar adsorption characteristics do not always show

ar responses to pollution loads, including the release or adsorption of contaminants �Voegelin et al.
�.
revious studies have omitted several important factors. The column experiments of most previous
s assumed the columns as homogeneous reactors. The adsorption capacity and kinetics of the fill
ial are often considered in describing the behavior of contaminants in porous media, while travel
is the only physical factor taken into account. Relatively little attention has been paid to the transport
ior of contaminants �Seuntjens et al. 2001�. Parameters of solute transport, such as the dispersion
cient and dispersivity or dispersion length �Jury and Horton 2004�, are important parameters to
ibe contaminant transport through porous media, and thus design contaminant isolation and release.
previous heavy metal remediation and prevention studies did not adequately consider transport

sses. Proper consideration of both transport and adsorption properties of soil is necessary to design
tion reduction procedures.
onvection dispersion equation �CDE� is a model of chemical transport through soils that has been
ssfully applied to the transport of soluble salts �Simunek et al. 1999� and heavy metals �Kookana and

1998�. The results of these studies suggested that CDE modeling can be utilized to help interpret
metal behavior in soils. CDE assumes chemicals moving through a soil migrate, repeatedly mixing,

ll as adsorbing and desorbing �Jury and Horton 2004�. Dispersivity is the parameter that describes the
t of instance of mixing event of flowing pollutants. If a porous material having high adsorption

cript received March 31, 2005; accepted for publication September 16, 2005. Presented at ASTM Symposium on Contami-
Sediments: Evaluation and Remediation Techniques on 23–25 May 2006 in Shizuoka, Japan; M. Fukue, K. Kita,
tsubo, and R. Chaney, Guest Editors.
rtment of International Environmental and Agricultural Sciences, Tokyo University of Agriculture and Technology.
stry of Agriculture Forestry and Fishery.
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ity also has a thick macropore, most of the polluted liquid may flow through the macropore and the
adsorption capacity cannot show its whole performance. This is similar to a porous material having
e dispersivity for mixing of flowing solution.

n the present study, authors tried to use the physical parameter of CDE, dispersivity, as an index of the
g process in soil, to discuss the performance of pollution barriers.

rials and Methods

sandy loam �10 % clay, 10 % silt, and 80 % sand� from Fukushima prefecture and Toyoura sand
5 mm�d�0.0425 mm� from Yamaguchi prefecture, Japan, were used in this experiment. Masa

loam is derived from weathered granite and Toyoura sand is sediment at a former sea shore in
guchi, Japan. Soils were sieved through a 3-mm-mesh screen. Additionally, only Toyoura sand was
ed with distilled water to remove fine and reactive materials such as clay particles. Packing dry bulk
ty was 1.30 and 1.60 g-cm−3 for the Masa sandy loam and the Toyoura sand, respectively. To prevent
gation of soil particles during packing, soils were moistened, 10 wt% and 5 wt-% for Masa sandy
and Toyoura sand, respectively, prior to packing. Soils were packed into an acrylic plastic cylinder

a 4-cm-inner diameter. Compacting of the soil sample was conducted using a rod that was fitted to the
diameter of the plastic cylinder. Packing of each 5-mm-thick soil layer was completed to form the

e soil column. Following the packing, the soil column was saturated from the bottom, and the
iment was carried out under saturated conditions.
he P-type synthetic zeolite synthesized from coal ash of an electric power plant by sodium hydroxide
ent was used in this study. 2.5 wt-% of the synthetic zeolite �R-107 from Plantec Inc., Osaka, Japan�
ixed with the soils to enhance adsorption capacity. Cation exchange capacity �CEC� determined by

onia acetate adsorption, specific surface area �SSA� by ethylene glycol monoethyl ether �EGME�
ption, and pH by 1:5 soil-water ratio are shown in Table 1.

e Displacement Experiment

ute displace experiment was conducted to measure solute transport parameters. Soils were packed
n acrylic plastic cylinder with a 4-cm-inner diameter and 14-cm length using the procedure described
. The column had four-probe electrical conductivity sensors at depths of 2.5 �EC1�, 5.5 �EC2�, 8.5
�, and 11.5 �EC4� cm from the top �Rhoades and Schilfgaarde 1976; Inoue and Shiozawa 1994� and
ured bulk electrical conductivity �EC� using a CR10X data logger �Campbell Sci. Inc., Utah, USA�.
op of the column was connected to a solution supply reservoir and the bottom of the column was
cted to a drainage pipe. The flow velocity of the solution was controlled by manipulating the heights
reservoir and drainage outlet.

he soil column was first saturated from the bottom with 10-mmol-L−1 calcium chloride �CaCl2�
on and then the top inlet was connected to the reservoir having the same solution, and downward
transport started. The 10-mmol-L−1 CaCl2 solution flow was maintained until all the sensors showed
value appropriate to the corresponding solute concentration and flow velocity reached steady state.

, 10-mmol-L−1 CaCl2 solution was replaced with 100-mmol-L−1 CaCl2 solution. During the displace-
experiment, EC inside the column was monitored using four-probe electrical conductivity sensors.

TABLE 1—Specific surface area (SSA) and cation exchange capacity (CEC) of materials.

Toyoura sand
Masa sandy

loam Synthetic zeolite �R-107�
SSA �m2·g−1� 2.8 39.0 211.3
CEC �molc ·kg·soil−1� 0.0 0.15 3.0
Charge density �molc ·m−1� ¯

a 3.85�10−6 1.42�10−5

pH ¯

a

aToyoura sand is assumed to have no charge.
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sionally, EC of effluent solution was measured. The experiment was completed when EC of the
nt solution was identical to that of the inlet solution. pH of the flowing solution was 5.5 to 6.0. Two
r replicates were created for each condition.

ium (Cd) Transport Experiment

transport experiment was conducted to examine potential performance of synthetic zeolite-soil mixed
r to isolate Cd pollution. The same acrylic plastic cylinder as used for the displacement experiment
sed for this experiment. Different thickness barriers, 2.0, 2.5, 5.0 cm, with similar adsorption capac-
ere prepared. The barriers consisted of Masa sandy loam �2.5-cm thick�, mixture of Masa sandy loam
.5-wt-% synthetic zeolite �2.0-cm thick�, and Toyoura sand and 2.5-wt-% synthetic zeolite mixture
thick� and were constructed in the acrylic plastic cylinder. The cation adsorption capacity of each

r is shown in Table 2.
he column was saturated with 10-mmol-L−1 CaCl2 solution and then 42-mg-dm−3 Cd�NO3�2, which
quivalent to 0.48-mmolc-L

−1, was applied from the top of the column. pH of the solution was 5.5 to
he drainage outlet of the column was connected to a fraction collector and took effluent samples

dically. Cd concentration of collected samples was measured by an atomic adsorption spectrometer.
to three replicates were created for each condition.

ry of Solute Transport Parameters

dimensional solute transport through homogeneous adsorbing media at constant water content is
ibed here using the convection dispersion equation �CDE� �Jury and Horton 2004�.

R
�C

�t
= Ds

�2C

�z2 − �
�C

�z
�1�

e t is time �s�, z is distance �cm�, C is concentration of chemical, Ds is dispersion coefficient, and R
ardation factor. Retardation factor and dispersion coefficient are defined as follows:

FIG. 1—Schematics of column experiment.

TABLE 2—Cation adsorption capacity of each column.

Soil
Masa sandy loam
�2.5 cm in thick�

Masa sandy loam-
zeolite mixture

�2.0 cm in thick�
Toyoura sand-zeolite

mixture �5 cm in thick�
adsorption capacity �mmolc-column−1� 7.2 6.1 7.5
ated hydraulic conductivity �cm-s−1� 3.62±1.0�10−3 3.62±1.0�10−3 7.33±0.07�10−3
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R = 1 + ��

�
�Kd �2�

DS = Dm + �v �3�

e � is dry bulk density, � is volumetric water content of the media, Kd is partition coefficient of ion
nge �kg-L−1�, Dm is molecular diffusion coefficient �cm2-s−1�, � is dispersivity or dispersion length
� is average pore water velocity �cm-s−1�. Numerical solution of Eq �1� is coupled with nonlinear
ization as provided by the CXTFIT code �Toride et al. 1999� to optimize the dispersion coefficient,
pore water velocity, and retardation factor. Dm in water is an order of 10−5 cm2-s−1 and often

gible when there is water flow through the media. In this case dispersivity � can be derived using Eq
y linear regression of Ds with various pore water velocity ���. STANMOD software �Simunek et al.
�, which is implemented with the CXTFIT, was used for data analysis in presenting study.

n Adsorption

n selectivity of the synthetic zeolite was measured by batch experiment. 0.1 g of airdry zeolite was
ibrated with several different concentration electrolyte solutions �0.01, 0.1, and 1 mol-L−1�. Then the

concentration of a supernatant solution was measured by atomic adsorption spectrometry. The
ured supernatant concentration was subtracted from the initial concentration, and was assumed to
the amount of adsorption of the synthetic zeolite. During the batch experiment, pH of the testing
on was between 5.8 and 6.6.

lts and Discussions

e Transport Parameters

es 2 and 3 show breakthrough curves �BTC� of the Masa sandy loam and synthetic zeolite-Masa
loam mixture column. Marks in the figures denote measured concentrations and lines show fitted

s. Both figures show a strong agreement with experimental and numerical results except the results of
which were 2.5-cm deep from the top of the column. The position of EC1 was too shallow to assure
lete dispersion phenomena. In addition, some disturbance could occur at the surface to shallow depth,
top 2.5-cm soil layer during application of solutions.

xcept EC1, the numerical solution of CDE by STANMOD could represent solute transport through a
olumn with and without synthetic zeolite fairly well. According to the nonlinear optimization by
MOD, mean pore water velocity, the dispersion coefficient, and the retardation coefficient were

mined to represent the solute transport observed in each experiment. Figure 4 shows the results of the
onship between sample mean pore water velocity ��� and dispersion coefficient �Ds�. The slope of the

regression of the �-Ds relationship may give the dispersivity of the soil. Toyoura sand showed
rsivity similar to the Masa sandy loam.

2—Measured and fitted breakthrough curves of Masa sandy loam. EC1 to EC4 in the figure denote
on of the sensor.
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he mixing of fine material may cause changes in the structure of a soil and thus change its transport
cteristics. In the present study, incorporating 2.5 wt-% of zeolite did not change the saturated hy-
ic conductivity of Masa soil, suggesting a pore structure, and, as shown in Table 3, the transport
cteristics of both soils were consistent. Masa sandy loam showed a small increase in dispersivity
ing mixing 2.5 wt-% of synthetic zeolite, however, Toyoura sand showed dispersivity decreasing

the addition of 2.5 wt% synthetic zeolite �Table 3�. However, those changes were small, around 0.1
t is concluded that the mixing of a small amount of synthetic zeolite, 2.5 wt-% in the present study,
ot cause significant changes in the soil transport characteristics.

rption Characteristics of Soil Materials

ynthetic zeolite used in the present study had a high CEC, 20 times higher than that of the Masa
loam, however the synthetic zeolite had a large specific surface area, as well. Thus, the charge

ty of the synthetic zeolite was only four times greater than the charge density of Masa sandy loam.
he batch experiment designed to measure the cation exchange isotherm showed that the synthetic
e used in the present study showed linear adsorption for the concentration range of 0.01 to
l-L−1 electrolyte solution �Fig. 5�. The slope of the linear regression 6.66 was assumed to be the
ion coefficient Kd of synthetic zeolite for cation exchange. The Kd of Masa sandy loam was deter-
d using the estimated retardation factor by STANMOD and Eq �2�. It was assumed that Kd for the
eolite mixture can be estimated using the weighted average of Kd of the Masa sandy loam and the

3—Measured and fitted breakthrough curves of 2.5-wt-% synthetic zeolite-Masa sandy loam mixture.
to EC4 in the figure denote position of the sensor.

FIG. 4—�-Ds relationship with Toyoura sand.

TABLE 3—Dispersivity of soil materials.

Toyoura sand
Toyoura sand with
2.5-wt-% zeolite

Masa sandy
loam

Masa sandy loam
with 2.5-wt-% zeolite

Dispersivity �cm� 0.17 0.09 0.21 0.31
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etic zeolite. Results are shown in Table 4. Kd of synthetic zeolite was 100 times greater than that of
sandy loam. The retardation factor of the zeolite-Toyoura sand mixture and the zeolite-Masa sandy
mixture was similar. Calculated retardation factors using Kd for the materials tended to be smaller

those estimated by STANMOD alone.

through of Cadmium through Pollutant Barrier

e 6 shows the relationships between amount of polluted �Cd� solution input and the concentration of
nt from the column. Pore volume is a nondimensional variable, which was derived as cumulative
age divided by the volume of all the pores in the soil column. As shown in Table 2, the cation
ption capacity of each barrier was similar, independent of the barrier thickness. However, during the
ad experiment, the synthetic zeolite-Masa sandy loam mixture barrier showed quick penetration of
ith a small application of Cd solution. The Masa sandy loam barrier showed breakthrough of Cd
d, and the synthetic zeolite-Toyoura sand mixture barrier was most tolerant of the Cd load. It showed
eakthrough of Cd when 50 pore volumes of Cd solution was applied. The Cd pollutant load was
molc when there was a breakthrough of Cd through the synthetic zeolite-Masa sandy loam mixture
r. This load was 1.6 % of the barrier’s adsorption capacity. No penetration of Cd through the Masa
loam barrier �d=2.5 cm� and the synthetic zeolite-Toyoura sand mixture barrier �d=5.0 cm� oc-

d until the load was less than 0.6 and 0.9 mmolc, respectively. This was 8.3 and 12 % of the barriers’
adsorption capacities, respectively. A thin barrier showed pollutant breakthrough with a smaller load
than predicted by the barrier’s adsorption capacity.

t is questionable why the barriers with a similar adsorption capacity showed differences in tolerance
application of Cd contaminated solution. This may be due to the process of solute transport through

olumn. As shown in the miscible displacement experiment, Figs. 2 and 3, CDE can represent solute
ort in the present study. The CDE solute transport model employs the dispersion coefficient to

sent the mechanical behavior of solute. The dispersion coefficient is a function of the multiplication

FIG. 5—Adsorption isotherm of the synthetic P-type zeolite (R-107).

TABLE 4—Retardation factor and partition coefficient of the soil materials.

Zeolite
Zeolite-Toyoura

sand mixture Masa sandy loam

Masa sandy
loam-zeolite

mixture
R ¯ 2.2 1.25 2.4
Kd

a 7.65 ¯ 0.077b
¯

R*c
¯ 1.8 ¯ 1.7

aslope of linear adsorption isotherm.
bEstimated by using Eq �2� and retardation factor
cEstimated by using Eq �2� and weight averaged Kd.

NISHIMURA ET AL. ON DISPERSIVITY 301



of m
avera
of the

D
flowi
down
zeolit
ter si
occur
durin

C
contr
soil.
pollu
capac
loam
zeolit

Conc

In th
perfo
mater
tamin
sand
be ex
Masa
break

T
evalu
porou

Ackn

The c
Techn
their

FIG.
of the

302
ean pore water velocity and dispersivity. Dispersivity is a scale upon which solute convection is
ged �Jury and Horton 2003�. The solute moves through the soil with repeated mixing, and the interval

mixing is conceptually expressed as dispersivity.
ispersivity, or dispersion length, is the measurement of the mixing process frequency for chemicals

ng through porous media. One conceptual mixing process can be expected to occur when solute flows
for a distance equivalent to dispersion length. As shown in Table 3, the dispersivity of the synthetic

e-Masa sandy loam barrier was 0.31 cm. This suggests that Cd solution could approximately encoun-
x mixing instances during its flow through the 2.0-cm-thick barrier, while 12 mixing events could

in the 2.5-cm-thick Masa sandy loam barrier, and 55 consecutive mixing events were expected
g flow through the 5-cm-thick synthetic zeolite-Toyoura sand mixture barrier.
ation exchange capacity is a static property of a soil, however cation exchange capacity can not
ibute to the capture of pollutants unless the pollutants have a chance to access adsorption sites in the
The number of mixing occasions can be an index showing the extent of accessing adsorption sites by
tants. A lower mixing frequency may lead to a lower chance of adsorption, thus a higher adsorption
ity cannot be demonstrated. This may indicate the reason for the thin synthetic zeolite-Masa sandy
mixture barrier did not show the characteristic of capturing Cd similar to that of the thicker synthetic
e-Toyoura sand mixture barrier, which had a similar adsorption capacity.

lusion

e present study, soil barriers having similar adsorption capacity did not show similar Cd capture
rmance in a column experiment. The results suggested that not only chemical properties of the fill
ials but also the solute transport process in the column played an important role in capturing con-
ants. Interpretation of the dispersivity of the fill materials indicated that the synthetic zeolite-Toyoura
mixture barrier had smaller dispersivity, in which a larger number of consecutive mixing events could
pected, and showed higher performance in capturing Cd pollutants. In contrast, the synthetic zeolite-
sandy loam mixture barrier had greater dispersivity and fewer mixing occasion, which led to quick

through of Cd after the application of a Cd-contaminated solution.
he present study suggests that the physical process of solute transport is also an important factor in
ating the performance of a contaminate isolation barrier and discusses the release of pollutants from
s materials.
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6—Breakthrough of Cd-contaminated solution through barriers. “d” in the figure denotes thickness
barrier.
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ediation Technology for Boron and Fluoride
taminated Sediments Using Green Plants

ABSTRACT: Phytoremediation is the direct application of green plants and their associated micro-
organism to stabilize or absorb contaminants from soils, sludge, sediments, surface water, or groundwater.
Boron and fluoride were listed to the soil standards a few years ago in Japan; however, few researches
have been reported about phytoremediation on the above elements. In this paper, the authors report the
experimental results of accumulation and tolerance ability of green plants focusing on the fluoride and
boron contamination. In the pot laboratory tests, the growth rate of Chinese cabbage was not affected by
low fluoride concentration ��15 mg/L� or low boron concentration ��5 mg/L�. In the hydroponics tests,
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fluoride content in both stems�leaves and roots increased 3–10 times higher than control. Fluoride is easy
to be concentrated in the roots. Boron content in both stems�leaves and roots increased 1.2–1.5 times

higher than control. Boron is easy to be concentrated in the upper portion. Especially, Phytolacca Ameri-
cana, Ambrosia trifida L., and Commelina communis can accumulate boron with higher efficiency. The
boron content in soil was 480–550 mg/kg, and the boron content in these grasses was 2–3 times higher
than that in soil. These results show they can accumulate boron and fluoride, and phytoremediation can be
adopted for relatively lower contamination.

KEYWORDS: phytoremediation, boron, fluoride, contaminants, plant

duction

-scale redevelopment of the former factories is now active by reason of industrial restructure in
. In some cases, toxic substances left or spilled underground cause problems, and there are many sites
cleaned up so far. However, there are some sites which have not been remediated by the increase of
up cost due to the strict target standard, and long range period necessary for remediation works. Also
utheast Asian countries, typically in Thailand, there are some problems of soil and groundwater
mination �Parkpian et al. 2004�; however, few contaminated sites have been cleaned up yet mainly
o the financial problem. Clean up methods using microbes or green plants are developing and they
e the promising technologies to reduce the contaminated soil remediation cost.
hytoremediation is the direct application of green plants and their associated micro-organism to
ize or absorb contaminants from soils, sludge, sediments, surface water, or groundwater �USEPA
�. The first attempt on actual sites was carried out in early 1990s, followed by more than 200 sites in
nited States �USEPA 2004�. Because of its harmony to nature, phytoremediation can be an effective

diation method at a variety of sites and on numerous contaminants. For phytoremediation, plant
es of fast growth and large water uptake capacity, such as hybrid popular, is suitable for the sites
minated by volatile organic hydrocarbons.
oron and fluoride were listed to soil environmental standard in 2002 in Japan, and a few studies about
remediation for boron and fluoride contaminants have been carried out. Boron usually exists as boric
salts with a high solubility �4.9 g/100 g-water at 20°C�, and is easy to penetrate into the soil with

flow. On the contrary, fluoride usually exists as stable chemicals like calcium fluoride
16 g/100 g-water at 18°C� and tends to stay on the ground surface. Soil standards for boron and
de in Japan are established by both leaching value and soil content, and they are 1.0 mg/L and
mg/kg for boron and 0.8 mg/L and 4000 mg/kg for fluoride.

cript received April 12, 2005; accepted for publication September 16, 2005; published online March 2006. Presented at
Symposium on Contaminated Sediments: Evaluation ad Remediation Techniques on 23–25 May 2006 in Shizuoka, Japan;
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atsumi �1984� reported the experiments of fluoride influence as an air pollutant to the plants. Yamada
� studied the absorption of fluoride by Theaceae trees from soils and the chemical state of absorbed
de in relation to absorption of aluminum by the plants. Arnesen �1997� reported two pot experiments
dy uptake of fluoride in clover and grasses from soil. Fluoride concentrations in white clover and
ass were highly collated with the amounts of H2O- and 0.01 M CaCl2-extractable F in soil. On the
hand, there are few investigations about boron phytoremediation as the contaminated pollutants,

ugh plenty of studies on plant growth affects of boron have been reported �Fujiwara et al. 2004�.
n this paper, the authors report the experimental results of tolerance and accumulation ability using

plants to investigate the efficiency and limitation of phytoremediation technology for cleaning
de and boron contamination. The laboratory tests were conducted both in Japan and Thailand, and the
survey was conducted in Japan.

edure

vestigate the tolerance of plants against boron and fluoride, pot tests and hydroponic tests were
cted in the laboratory scale. Fluoride and boron content in upper portion �leaves and stems�, and
were measured in the hydroponics tests. Also, at boron contained areas in the former factory site,
phase and flora was investigated to examine the suitable species for boron phytoremediation. Pot

and field survey were conducted in Japan. Hydroponic tests were conducted in Thailand using Thai
e species.

ratory Pot Tests

se cabbage �Brassica campestris� was selected for the laboratory pot tests to clarify the maximum
ing value and content for the limitation of plants growth. Twenty five seeds sowed in one pot �d

cm, H=6.5 cm� with 500 ml of soil. The seeds were bought in the market. The soil was diluvial
loam and was sampled from the test field where there was no contamination of fluoride and boron at
hima, Japan. Fluoride concentration was adjusted from 200 mg/kg to 4000 mg/kg using sodium
de, and boron concentration was adjusted from 42 mg/kg to 4000 mg/kg using boric acid.

TABLE 1—Germination rate in fluoride contaminated soil.

F-Content
�mg/kg�

Leaching value
�mg/L�

Germination �%�

2 days 3 days 4 days 5 days 10 days
200 �control� 0.4 15 78 85 85 85

500 6.6 12 72 83 85 77
750 15.9 25 77 95 92 82

1000 21.0 30 80 92 85 77
1500 48.0 8 47 67 65 62
2000 54.9 12 33 63 60 52
4000 120.0 2 7 7 7 5

FIG. 1—Hydroponics apparatus.
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he moisture content of the soil was kept at 25 wt-%. The plants were harvested after 20 days from
ng. Rate of germination was counted after 2, 3, 4, 5, and 10 days. Length of leaves was measured
10 and 20 days, and weight of plants was measured after 20 days. This test procedure was based on
ultivation test for plant damage determined by the Ministry of Agriculture, Forestry and Fisheries,

�1984�.

ratory Hydroponic Tests

r mushroom �Hydrocotyle unbellata L.�, Phakbung �Ipomoea aquatica�, Silver fern �Pityrogramma
elanos� were used for hydroponic laboratory tests. Aquatic plants, water mushroom, and phakbung
collected from the fields at Bangkok area and they were fixed directly in the hydroponics apparatus
1�. Silver fern was bought from the market and was fixed on the apparatus after the soil was removed
their roots. The plants were cultivated using Hoagland’s nutrient solution for 30 days without addi-

l fluoride or boron. After 30 days of plants acclimatized to hydroponics condition, the boron and
de concentration was increased from 3 to 50 mg/L for 80 days gradually. After the experiment,
de and boron content in upper portion �leaves and stems� and roots was measured.

Survey

eld survey was conducted in a former glass enamel factory site in Japan. Leaching value of boron
ver the soil standard; it was 1.5 times higher than the soil standard 1.0 mg/L. All the names of plants
listed in the two designated areas �2 m�6 m,2.5 m�6 m� and the plants were categorized into six
s; Dicotyledons, choripetalae, trees, and grasses, Dicotyledons, sympetalae, trees and grasses, and
cotyledons trees and grasses. Also the boron content was analyzed in the roots, stems, leaves and
rs of the collected plants.

tical Methods

ing method of the soil is as follows; �1� Put 50 g soil in the 500 mL pure water �pH5.8–6.3�; �2�
6 h; �3� filter the liquid to make the analysis samples; and �4� analyze samples by absorbance

TABLE 2—Plant growth in fluoride contaminated soil.

F-Content
�mg/kg�

Leave length Weight �20 days�

10 days �cm� 20 days �cm� Weight �g/pot� Weight index
200 �control� 1.5 4.7 3.6 100

500 1.5 4.5 3.1 86.0
750 1.5 4.5 3.6 102.3

1000 1.4 4.5 4.0 111.4
1500 0.9 3.2 2.0 57.2
2000 0.6 2.1 0.8 21.2
4000 ¯ ¯ ¯ ¯

FIG. 2—Plant growth after 20 days in fluoride contaminated soil.
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od for fluoride and by inductivity coupled plasma method for boron. This was based on the test
dure for soil pollution standard determined by the Ministry of the Environment, Japan �1991�.
ClO is used to extract hydrogen fluoride in the soil, and the concentration is measured by absorbance

od. Alkali fusion is used for boron extraction, and the concentration is analyzed by inductivity
ed plasma method. This test procedure was based on the procedure determined by the Ministry of the
onment, Japan �2001�.

ratory Pot Test Results

1 shows the germination rate in fluoride contaminated pots. After ten days from seeding, 85 % of
germinated in control, germination rate was same until 1000 mg/kg as control. At 2000 mg/kg, 52

rminated at ten days, and at 4000 mg/kg, germination rate decreased down to 5 % at ten days. Table
ws leaves length and plant weight in fluoride contaminated pots. Weight index shows the relative
t of each condition when the weight of control condition is calculated as 100. Figure 2 shows the
growth in fluoride contaminated soil. After 20 days from seeding, leave length was 4.7 cm in control
tion. Until 1000 mg/kg, leave length was the same as the control condition. At 4000 mg/kg, there
o growth of leaves. The weight index showed its maximum at 1000 mg/kg. Arnesen �1997� pointed

hat with 400 mg/kg soil visible toxicity symptoms were found on the clover and Italian ryegrass
n. In this pot tests, Chinese cabbage showed higher tolerance clover and Italian ryegrass. The envi-
ental standard of fluoride is 0.8 mg/L leachating value, and the growth rate was not affected by low
de concentration ��15 mg/L�.
able 3 shows the germination rate in boron contaminated pots. After ten days from seeding, 85 % of
eeds germinated in control, and until 250 mg/kg, germination rate was the same as control. At

g/kg, 18 % germinated at ten days, and at 1000 to 4000 mg/kg, germination rate decreased down to
at ten days. Table 4 show leaves length and plant weight in boron contaminated pots. Figure 3

s the plant growth in boron contaminated soil. After 20 days from seeding, leave length was 4.7 cm
ntrol. Until 75 mg/kg, leave length is the same as control. At more than 150 mg/kg, there was little
th of leaves. Weight index showed its maximum at 75 mg/kg. The environmental standard of boron

mg/L leachate, and the growth rate was not affected by low boron concentration ��5 mg/L�.

ratory Hydroponics Test Results

e 4 shows the growth of water mushroom in control, high fluoride, and boron concentration after
ys. Roots in both fluoride and boron liquid grew worse than those in control. In fluoride liquid, leave

TABLE 3—Germination rate in boron contaminated soil.

B-Content
�mg/kg�

Leaching value
�mg/L�

Germination �%�

2 days 3 days 4 days 5 days 10 days
42 �control� �0.1 15 78 85 85 85

75 1.7 37 75 90 85 82
150 6.6 10 60 82 88 85
250 17.1 8 48 67 70 80
500 38.8 7 12 23 27 18

1000 79.2 3 3 3 2 0
4000 323.0 0 0 0 0 0

TABLE 4—Plant growth in boron contaminated soil.

B-Content
�mg/kg�

Leave length Weight �20 days�

10 days �cm� 20 days �cm� Weight �g/pot� Weight Index
42 �control� 1.5 4.7 3.6 100

75 1.5 4.5 3.7 104.1
150 0.8 1.1 0.5 14.0
250 0.7 ¯ ¯ ¯

500–4000 ¯ ¯ ¯ ¯
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of aquatic plants like water mushroom and phakbung showed visible defects at more than 25 mg/L,
ver, silver fern can tolerate up to 50 mg/L without any visible defect. In boron liquid, aquatic plants
ed their durability until 5 mg/L, but at more than 5 mg/L, the color of the edges of leaves changed
llow or brown. Moreover, the leaves died at the higher concentration of boron. This result agrees with
st results of the above pot tests; leaching value affects the plant growth. Silver fern can grow until
g/L of boron.
igures 5 and 6 show the fluoride and boron content in the plant body after 80 days exposure of
de or boron. Fluoride content in both stems+leaves and roots increased 3–10 times higher than that
ntrol. Fluoride is easily concentrated in the roots. Especially, silver fern can concentrate fluoride up to

g/kg. This concentration ability is not the same as that of camellia, which is famous for hyperac-
lator of fluoride and can concentrate more than several hundred mg/kg �Yamada 1980�; however,
fern can concentrate much more than typical plants which can concentrate fluoride up to 30 mg/kg.

n content in both stems+leaves and roots increased 1.2–1.5 times higher than that in control. Boron
y to be concentrated in upper portion.

Test Results

were 19 families and 24 types of choripetalae, 6 families and 13 types of sympetalae, and 5 families
3 types of monocotyledons. In this survey, 30 families and 50 types of plants were found without any
der growth. The ground was covered more than 90 % by grasses.
able 5 shows the boron content in the collected plants. The boron content was analyzed in roots,
, leaves, and flowers. The result shows that boron is easily concentrated in leaves. Grasses can
ntrate more boron than trees in their body. Especially, Phytolacca Americana, Ambrosia trifida L.,
ommelina communis can accumulate boron with higher efficiency. The boron content in soil was

550 mg/kg �soil content standard 4000 mg/kg�, and the boron content in grasses was more than that
il. Boron hyperaccumulator was studied by Babaolu �2004� and caryophyllaceae can concentrate

FIG. 3—Plant growth after 20 days in boron contaminated soil.

. 4—Growth of water mushroom in control (left), fluoride (middle), and boron condition (right).
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with high content �more than 2000 mg/kg� in its above-ground parts. Phytolacca Americana can
ntrate up to 1400 mg/kg in its leaves, and it can be a hyperaccumulator of boron.

lusions

s paper, the authors report the experimental results and field survey of phytoremediation technology
green plants focusing on the fluoride and boron.

n the pot laboratory test, the growth rate of Chinese cabbage was not affected by low fluoride
ntration ��15 mg/L� or low boron concentration ��5 mg/L�. There is a possibility of phytoreme-
n contaminated by fluoride and boron with relatively lower concentration.

n the hydroponics tests, fluoride content in both stems+leaves and roots increased 3–10 times in the
ure condition more than in the control condition. Fluoride is easily concentrated in the roots. Espe-
, silver fern can concentrate fluoride up to 120 mg/kg. Boron content in both stems+leaves and roots
ased 1.2–1.5 times in the exposure condition more than in the control condition. Boron is easy to be
ntrated in upper portion.

n the field survey, Phytolacca Americana, Ambrosia trifida L., and Commelina communis can accu-
te boron with higher efficiency. The boron content in soil was 480–550 mg/kg, and the boron content
asses was more than that in soil. These results show they can accumulate boron and fluoride, and
remediation can be adopted for relatively lower contamination.

FIG. 5—Fluoride content in the plant body after 80 days.

FIG. 6—Boron content in the plant body after 80 days.
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TABLE 5—Boron content in the plants at the survey area.

Name

Boron content �mg/kg�

Roots Stems Leaves Flowers
ledons, choripetalae, trees
japonica, Celtis sinensis, Aphananthe aspera,
australis,
niapseudo-acacia

49–77 47–75 230–610 ¯

ledons, choripetalae, grasses
ia japonica, Achyranthes bidentata var. tomentosa,
cca americana

61–130 71–130 310–1400 630

ledons, sympetalae, trees
indicum, Sambucus nigra

180 57–60 350–410 ¯

ledons, sympetalae, grasses
stramonium, Solanum americanum, Erigeron

nsis, Ambrosia trifida L.

54–86 56–76 160–990 ¯

otyledons, trees
carpus fortunei

79 83 140 ¯

otyledons, grasses
enus undulatifolius var. japonicus, Zoysia
a,
blastus chino, Setaria viridis, Commelina
nis

110–240 41–230 70–600 67
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ciency of Arsenic Removal Unit Working in Bangladesh
Cement Stabilization of Its Sludge

ABSTRACT: To supply safe water to the arsenic affected community, an arsenic removal unit, gravel sand
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filter �GSF�, was developed by modifying the pond sand filter �PSF� so that it can be used to overcome the

dry season low flow problem of it. Performance data of that arsenic removal unit shows that it can be the
most suitable option to solve that problem of the PSF. GSF uses the naturally occurring iron to remove
arsenic by coprecipitation. In this process it produces arsenic rich iron sludge. Disposal of this sludge to the
nature may pose a risk of secondary contamination to the stratum. Leaching tests of the arsenic rich iron
sludge and the solidified sludge with cement indicates that arsenic leaching ratio of sludge ranges between
3 and 13 % and that of cement stabilized sludge is between 1 and 6 %. This means that the arsenic has a
strong bond with the iron sludge and its treatment may not be difficult.

KEYWORDS: arsenic, cement stabilization, leaching, sludge

duction

ic contamination in the groundwater of Bangladesh is the most catastrophic arsenic poisoning in the
y of water supply. According to the survey report conducted by the government and British Geo-

al Survey, an estimated 35 million people are exposed to the risk of arsenic greater than 50 ppb
ntration �Bangladesh standard for arsenic in potable water� in the drinking water �BGS, 2001�
ed 2003�. The arsenic containing sediments that formed this deltaic plain causes this pollution �Islam
ddin 2003; Kinniburgh et al. 2003�. The majority of the rural population of Bangladesh depend on
dwater for domestic water requirement �Ahmed 2003�. Therefore, it is very important to find a way
get safe water with arsenic below the acceptable concentration for drinking water. One alternative

be the use of surface water, but surface water is polluted by microbial contaminants, which also needs
ent. Besides, due to the increase of pisciculture in the ponds and other water bodies it is difficult to
suitable source of surface water, because, those water are chemically and biologically loaded with

eed. To find a sustainable solution to this problem, many government and nongovernment organiza-
are presently working in Bangladesh.

ground

al laboratory researches have been conducted by the researchers aiming the use of naturally occur-
iron for arsenic removal from iron-rich groundwater of Bangladesh. Mamtaz and Bache �2001�
nstrated that adsorption and coprecipitation with iron followed by settlement could remove signifi-
amounts of arsenic provided that there is sufficient iron and a sufficient settling time ��=3d�. They
ioned this method having considerable promise as a low-cost technique because of the total absence
ded chemicals. Leupin and Hug �2005� showed that a few cycles of aeration of synthetic groundwater
ubsequent filtration through quartz sands containing zero-valent iron fillings could bring arsenic down
0.5 mg/L to below 0.05 mg/L. Along with arsenic, most of the added phosphate in the synthetic
was also removed by this process without an added oxidant.

he university of Miyazaki has been working on the cause and remediation of arsenic poisoning in

cript received March 31, 2005; accepted for publication October 24, 2005. Presented at ASTM Symposium on Contami-
Sediments: Evaluation and Remediation Techniques on 23–25 May 2006 in Shizuoka, Japan; M. Fukue, K. Kita,
tsubo, and R. Chaney, Guest Editors.
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ladesh since 1997. Pond sand filter �PSF� has been developed and constructed in some severely
ic affected villages to provide safe water to the villagers. Those PSFs were supplying safe water to
illagers with an excellent performance �Yokota et al. 2001�. But in dry season these units cannot work
rly due to the lack of water in the ponds. This situation compelled the users of those units to use the
ic contaminated tube well �TW� water. Reexcavation of the ponds is expensive and might not be
inable. So, it was necessary to find an alternative solution to this problem of the PSF.
he PSFs had a horizontal roughing filter attached to it as a pretreatment unit for the high turbid pond
. The interparticular spaces of the gravels in that roughing filters worked as a mechanical strainer as
as a bunch of mini settling basins to remove the turbidity. It was thought that settling basin property

roughing filter could be utilized to remove the settable arsenic rich iron flocs, which can be produced
esult of oxidizing the iron rich ground water of Bangladesh. This hypothesis was tested in laboratory;
batch tests in the rural Bangladesh showed positive results regarding arsenic removal from iron rich
d water by oxidizing it and passing it through the similar setting of the roughing filters �Hamabe et
04�. Based on those test results an arsenic removal unit, structurally similar to the PSF, has been
oped to overcome the low flow problem encountered by it during dry season. It was constructed at
a village of Chougacha upazila of Jessore district in eastern Bangladesh �near 23°15.25�N, 89°05�E
served on the “small area atlas of Bangladesh” published by Bangladesh Bureau of Statistics, 1989�.
he developed unit has operated about two years solely with groundwater to evaluate its long term
rmance as well as to adjust its setting for the finest performance. The groundwater contained arsenic
=0.217 mg/L, �Std. Dev.=0.038, averaged from 30 measurements, by atomic absorption spectro-
meter, Shimadzu AA 680� and total iron conc.=4.68 mg/L, �Std. Dev.=1.03, averaged from seven
urements by spectrophotometer Hach DR2010, Shimadzu UV-1600� but there is temporal variation of
ntrations of these parameters �BGS 2001�. In this paper, performance of GSF has been discussed
y. The unit produces arsenic rich iron sludge in the process of arsenic removal, which is washed out
dically. The washed sludge is allowed to settle in an underground reservoir where other natural debris,
ashed soil particles, leaf, etc., also mixes up naturally. That sludge has been collected and tested for

senic leaching characteristics. The leaching test results have also been presented in this paper. But
e going into that discussion, the working principle of the GSF will be discussed.

el Sand Filter

ravel sand filter �GSF� consists of four major units: inlet, gravel chambers, slow sand filter �SSF�,
eservoir �Fig. 1�. Water from the tubewell passes through gravel roughing filters and the sand filter
e reaching the supply tap. Water flows from the pump to the inlet chamber and then flows to the
l tank/chamber 1 through the bottom holes of the partition wall between them. Average diameter of
l in the gravel chambers and outlet are about 5 mm but drain section at the bottom of the chambers
in larger gravels up to an average diameter of 20 mm. Water flows diagonally along the chamber to
the holes, located near the upper part of the partition wall between gravel tank 1 and gravel tank 2.

avel tank 2, water flows diagonally downward and enters into the outlet chamber of the roughing
through the bottom holes in the partition wall. Then water spills over to the sand filter through a

e in the partition wall between them. In the sand filter water flows vertically down and is collected
gh the bottom drainage section consisting gravels and goes to the reservoir section. The users collect
by opening the tap of the reservoir/supply tank.

n this process, water gets aeration in the inlet chamber which helps chemically �Deutsch 1997�
g divalent iron �Fe2+� and trivalent arsenic �As3+� to their oxidized trivalent iron �Fe3+� and pentava-
rsenic �As5+� compounds respectively. In the prevailing pH range of the water, Fe3+ forms relatively
ble ferric hydroxide �Fe�OH�3� �Peavy et al. 1985�. Arsenic ions have strong adhesion toward the

H�3 particle surface and hence are adsorbed there �Ali and Ahmed 2003�. Then, while flowing
gh the gravels in the roughing filters, the particles experience sudden constrictions, leading to floc-
on, and then wider areas, leading to slower flow and hence, settling. Thus the arsenic containing iron
e is being deposited in the inter-particular space of the gravels and relatively arsenic free water passes
gh the next sections. Thus arsenic is being removed from groundwater. In this process the gravel
bers gradually get clogged with accumulated arsenic rich iron sludge and eventually stops the flow.
ch situations when flow rate falls, bottom drain valves of the gravel chambers are opened for some
to allow the sludge being washed out. The sludge is accumulated all over the gravels in the gravel
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Cleaning by backwashing is not enough to bring out all the sludge from all the parts of the gravel
Only sludge accumulated near the drain zone is being washed out. Majority of the sludge being
ulated near the bottom due to gravity force, so, small amount of sludge remains accumulated in the

l after the backwashing. But after several backwashing the accumulated sludge in the upper part of
ravel tank becomes large enough to clog the flow. Therefore, thorough cleaning of the gravel, by
g them out of the tank and placing them inside after cleaning becomes necessary. In the field such
e clogging occurred almost once in every three months.
he washed sludge flows to an underground reservoir, where it settles down along with other debris
ay fall in the drains and the reservoir from the surroundings. The supernatant water from that

ground reservoir flows to a lined pond for expected further bioremediation �Stolz et al. 2002� before
ng to a natural pond. The method of monitoring and maintaining along with the data analysis has
provided in the following sections.

ods

and laboratory measurements were performed for several parameters, i.e., dissolved oxygen content
�, oxidation-reduction potential �ORP�, arsenic �As� and iron �Fe�, from different sampling points

ghout the unit. Sampling points in the gravel chambers were pre-installed vertical PVC tubes of
m diameter reaching at different depths into the gravels. Before the measurements, tubes were purged
ow fresh water from the gravel inside the tube. The analysis of the collected data gave a better
standing of the processes going on inside the newly built unit during December 2003 to January 2004
d. During another field visit and measurements in January 2004, after one year of operation, some
fication/rearrangements were made to solve some maintenance problems encountered by the users.
he modification is done because the users reported about clogging problem of the unit. To reduce
ing the pore volume of the bottom large gravels in the drain section is increased by introducing small
s of polyvinyl chloride �PVC� plastic pipes �Fig. 1�. PVC pipe of 18 mm diameter has been cut into
m long pipe pieces; to make such cutting locally available cutter used for cutting PVC pipe strainer
ngs was used. Therefore, the 20–30 mm gravels, used at the bottom drain zone of the gravel tank,
imilar sizes of those small pipe pieces. It was expected that a pipe piece would occupy almost same
e as large gravel, but would leave a considerable amount of empty space inside the hollow cylin-

l piece helping an increase of pore volume of the drain zone. Any ratio of mix would increase the
ity by some degree and this presumption has been checked out by a simple test where equal volume

FIG. 1—Diagram of the modified gravel sand filter (GSF).
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t pieces of PVC pipes has been mixed with gravel, all measured by buckets. The volume of water
red to overflow a bucket filled with �a� only large gravels and �b� large gravel and pipe piece mix has
measured. After five trials the measured average water volumes required were 37.2 and 56.3 % of the
t volume, respectively. A comparison of the porosity of coarse gravels �Todd 1980�, which shows 28

rosity for 16–32 mm sized gravels, ensures the justification of this measurement as the samples used
were more uniform in particle size. This test verified the expectation of porosity increase, which was

to solve the frequent clogging problem of the gravel filter. A longer clogging cycle was expected by
odification.

eriodical �twice a month� water samples were also collected from different parts of the unit and
ic concentrations was checked to track the malfunctioning part as well as the efficiency of the unit.
showed a malfunction of the unit causing increased arsenic concentration in the supply than the
ntration of arsenic in water before it passed the sand filter. Investigation showed that it was due to the
ing of the sand bed with finer particles. Along with problems of lower flow it created a reducing
ion inside the sand causing arsenic leaching back to the water. This problem was solved by periodical
ing of the sand surface �Hussainuzzaman et al. 2004�. Among other parameters, total daily water
mption by the users is recorded from an attached water meter at the supply tap. During field

urements with the unit, a model pumping pattern, consisting of a two minute pumping followed by a
minute rest, was maintained with a view to mimic the actual stop-go-stop type flow experienced by

nit.
esides these water samples for arsenic and flow data, samples were also collected from the accumu-
sludge in the underground reservoir, once a month. The sludge tank is cleaned twice a year hence the
ted sludge sample comprises of sludge from different months washouts. Sludge samples were then
ed to settle for 2 /3 days in glass containers and the supernatant water had been spilled out. Then the
olid compound has been stored in laboratory grade airtight plastic containers and brought back to the
atory of the university of Miyazaki at Japan. The semisolid materials were air-dried and then oven
for about 24 h in 105 °C. The dried material is then crushed in sieved to take out particles larger than
. Samples were then tested for total arsenic determination, leaching tests with and without cement
fication.
ement stabilized sludge samples were prepared by hand mixing the dry sieved sludge with ordinary
nd cement at three different cement to sludge ratios �wt. cement/wt. dry sludge�: 0.02, 0.1, and 0.2

ctively. Then distilled water was used to provide hydration water at a water to sludge ratio �wt.
/wt. dried sludge� of 0.2. They were mixed thoroughly with steel spatula and stored in airtight plastic
iners for 28 days and then pulverized before leaching test. The leaching tests were done according to
panese standard procedure for leaching test �JLT 463�, which includes: oven drying sludge and smash
ake only that part having a maximum particle size of 2 mm; then put distilled water at a solid/water
ratio of 0.1 and then put it into a shaker with 200 cycle/s, 4–5 cm shaking for 6 h; then the water
arated from the solid by centrifuging it at 3000 rpm for 20 min; then the liquid part is filtered by

�m filter paper to get the leachate; the leachate was tested with a Hydride-generation atomic absorp-
pectrophotometer �AAS, Shimadzu AA-6650�.
etermination of total arsenic content of the sludge was performed following Japanese standard
ss of solid extraction �JLT 46�. In this process digestion of the soil sample �2 g� was performed with
ntrated nitric acid �15 ml� and 1:1 sulfuric acid �15 ml� on a hot plate �below 300 °C�. More nitric

�10 ml� was added when the liquid is decreased approximately to 15 ml. This process was repeated
white smoke came out following brown gas. Then for two or three times distilled water �15 ml� was

with the cooled liquid and heated again. The mix was then cooled at room temperature and was
filtered with a glass fiber filter �0.45 �m�, volume adjusted to 100 ml with distilled water and stored

sting with AAS.
ludge samples were tested for total arsenic content as well as for the leaching properties of arsenic.
ing test data for sludge along with its stabilization experiments with cement has been presented in
llowing sections. Chronological arsenic removal performance data before and after increasing the
l pore volume by applying PVC pipe pieces �as mentioned before� has also been presented and
ared.

iation for Environmental Measurement & Analysis in Japan. The bottom sediment test methods �as listed in the environmental agency
tion no. 46; published in 2001, pp 1511–1514, in Japanese�
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lts and Discussions

ic Removal Performance

ic removal performance data is obtained from the periodical samples’ test results by hydride-
ation atomic absorption spectrophotometer �AAS; Shimadzu AA-660�. Results show that the arsenic
val performance met the Bangladesh standard �concentration below 0.05 mg/L� before the applica-
f the PVC pipe pieces. But after this modification to reduce clogging problem, the arsenic removal

rmance deteriorated �Fig. 2�.
n Fig. 2, Raw indicates the raw water sample; Inlet indicates the sample obtained from the mid-depth
n of the inlet chamber; Gravel indicates the sample obtained from gravel tank 1, near the holes
gh which water passes from gravel tank 1 to gravel tank 2; Outlet indicates the sample from the
ce of the outlet section, just before overflowing to the SSF; and, Supply indicates samples collected
the supply tap. Average after PVC indicates the average arsenic concentration data of the samples
ted after applying PVC pipe pieces, it comprises of 18 data points from February 14, 2004 to
mber 21, 2004. On the other hand, Average before PVC is developed from the average data before
odification with PVC pipe pieces; it comprises of 11 data from July 12, 2003 to January 13, 2004.
gure shows that the slope of the lines from outlet to supply remains the same before and after the

fication. The deterioration is concentrated around gravel chambers, which have some influence over
and outlet sections.
he reason for this deterioration might be explained by the changed sludge accumulation pattern as
ved during cleaning of gravel tank due to low flow situation. A thick, sticky mud like sludge cluster
bserved in the gravels near the inlet holes, spreading about 20–50 cm from the holes as the gravel
bers were cleaned with the initial setting. In that situation, the passing water and oxidized iron flocs
rsenic were forced to pass through that sludge-packed region, which resulted high removal efficiency.
e other hand, when the clogged gravel tank was cleaned after applying PVC pipes, absence of such
mud like sludge cluster was noticed within the initial 0–15 cm from the inlet holes. Instead, thick

e cluster was observed about 15 cm away from the inlet holes spreading along the drainage zone.
change of sludge accumulation pattern might have resulted from the difference of porosity between

all gravels and the large gravels in drain zone. Before applying the PVC pipes, the pore fraction of
rge and small gravels were almost the same �measured average value, 35.2 % in small gravels and
% in large gravels�. Therefore, sludge tended to settle at the vicinity of the entrance holes of the
l tank 1. But with the new setting the drainage section near the bottom had more empty spaces for
e accumulation. Therefore, most of the sludge bulk was flown to and being accumulated in that
n leaving the entrance hole vicinity relatively clean. Water was not forced to pass through the gravels
hus chance of contact between arsenic and iron sludge became low resulting reduced removal and
ency. Besides, channeling within the accumulated sludge in relatively large pore space might have
d a role in this case �Ali et al. 2001�.

2—Comparison of arsenic removal performance before and after putting PVC pipe pieces at the
section of the gravel tank 1; error bars indicate data range.
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esides arsenic, total iron concentration of the treated water was below 0.01 mg/L �measured by Hach
10�. In fact, almost all the iron is removed before water reaches the second gravel tank �in Fig. 1�.
ured oxidation-reduction potential �ORP� of groundwater always was negative �ORP�−100� indi-

a reducing state but treated water had positive ORP all the time. The ORP shifts from negative to
ve indicating reducing to oxidizing state in the gravel tank 1 and continues rising along the water
path at gravel tank 2. Dissolved oxygen content �DOC=1.3 mg/L� showed a fall of its concentration

the water path through the gravel tanks as the DOC being used up by iron and arsenic as well
ainuzzaman et al. 2004�. During these field measurements �December 02–January 03 and January
odel pumping flow rate was approximately 720 litres/hour. The flow meter data �October 31, 2004 to
mber 21, 2004� reveals that average daily water consumption was about 1500 liters.

ic Leaching Test from Sludge

iron sludge accumulates arsenic and hence it may pose a risk of secondary contamination if not
sed properly. Generally the arsenic concentration of the soil stratum in Marua village is very small.
of the arsenic is contained in a clay layer, where the highest arsenic concentration is about 20 mg/kg
be et al. 2001�. Therefore, delivering this arsenic bearing iron sludge to the surrounding soil may not
ood option of disposal because of probable leaching of arsenic. Ali et al. �2003� checked the leaching
enic from some common arsenic treatment units operating in Bangladesh and found by the TCLP test
in general, leaching of arsenic from the wastes was not significant and that none of the waste samples
“hazardous” as defined by the USEPA. But leaching with groundwater showed higher leachability of
ic from some samples, by which, they suggested that TCLP test did not appear to be appropriate for
sing long-term leaching of arsenic from treatment wastes. Badruzzaman �2003� showed that in the
disposal conditions, as practiced by the users of arsenic removal systems in rural Bangladesh, a
cant amount of arsenic is lost from sludge through biomethylation induced by the presence of
ic matters.
herefore the arsenic bearing sludge should be stabilized by some means. Jing et al. �2005� stated that
nt treated arsenic sludge showed reduced leachability of As�III� in TCLP tests. They also showed that
r curing time of cement stabilized waste material reduces the As�III� leachability further. Phenrat et
005� showed that arsenic can be chemically fixed into cementitious environment of solidified/
ized matrices by three important immobilization mechanism; sorption onto C-S-H surface, replacing
− or ettringite, and reaction with cement components to form calcium-arsenic compounds, the solu-
limiting phases. Dermatas et al. �2004� checked the arsenic leachability of quicklime-fly ash stabi-
field and artificial soil samples in a semidynamic leaching test by measuring the effective diffusion
cient. They found that solidified/stabilized samples had lower leachability of arsenic. They also

that precipitation is the dominant mechanism of arsenic immobilization. Mollah et al. �2004�
ed that the early hydration of cement inhibited by the presence of AsO4

3−, and that the inhibition is
ly caused by the formation of highly insoluble Ca3�AsO4�2 on the surface of hydrating cement
les. They concluded that Portland cement may be considered as a potential matrix to immobilize
� bearing wastes.
herefore it can be expected that stabilizing the arsenic rich sludge with cement can reduce leaching
enic from it to the environment. To evaluate the possibility of arsenic leaching and its stabilization
the prevailing situation, leaching tests were performed with collected sludge and cement stabilized
e. Test results are presented in Tables 1–3.
able 1 shows the total arsenic content in the sludge along with its pH. Table 2 shows leaching of
ic from the sludge, cement stabilized sludge �containing 2 and 10 % cement�, pH of the leachate, and

TABLE 1—Arsenic content test result for sludge.

Sample ID Source GSF No. Collection date pH
Arsenic content,

mg/kg
1-6 GSF#1 28-Jun-2003 6.9 66.47
1-7 GSF#1 27-Jul-2003 6.7 48.16
1-8 GSF#1 30-Aug-2003 6.8 68.49
2-6 GSF#2 28-Jun-2003 7.0 10.19
2-7 GSF#2 27-Jul-2003 7.1 11.80
2-8 GSF#2 30-Aug-2003 6.9 18.97
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ercentage of total arsenic as shown in Table 1. Table 3 contains data of tests with a different set of
les. It contains the total arsenic content of the sample along with the leached arsenic from sludge
ut any cement and with 20 % cement.
SF 1 refers to the GSF of this discussion and GSF 2 is another GSF located in the same village but

different design, input water quality and number of users than GSF 1. Results show wide variation of
arsenic content of the collected sludge. This variation is not easy to explain because in reality the
e settles in the underground reservoir in an uncontrolled environment. Therefore, the amount of
n materials, carried by runoff from its surrounding, varies with time and level of maintenance of the
Besides, the settled sludge may have spatial variation in concentration along the reservoir bed
se of the point source with respect to the reservoir. Therefore two grab samples, collected simulta-
ly from different locations at the reservoir bed, may result in different concentrations of total con-
nts as well as leaching.
esult of the test �Table 2� shows that 3.8 to 12.82 % of the arsenic leaches out of the sludge.
fore 85–95 % of the arsenic is confined into the sludge. The leaching figures ranging from

to 0.27 mg/L meet the criteria for industrial sludge disposal site in Japan but exceed the World
h Organization �WHO� guideline value for leaching �0.01 mg/L� by a wide margin.
he decreasing tendency of arsenic leaching with increasing amount of cement �Table 2 and Fig. 3�
iates higher pH. In this condition calcium �source=Portland cement� arsenate solids may have
d, which are stable under this condition and hence prevent the release of arsenic �Khoe et al. 1997;
h et al. 2004�. With a different batch of samples, an increased amount of cement has been used to
r verify the stabilization effect. The results are very much in line with the previous results as shown

ble 3. Therefore, cement stabilization of sludge might be a very effective way for safe sludge disposal
prevailing field condition. Carbonation of the cement-stabilized sludge in humid conditions might

e this high pH associated with the use of Portland cement �Gervais et al. 2004�.

lusions

study shows the long term performance data of a community based arsenic removal unit which was
oped to solve the low flow problem encountered by the existing PSFs during the dry season. The
term data shows that the unit performs efficiently to remove arsenic from tubewell water �raw water
ic=0.217 mg/L� and produces safe drinking water �arsenic concentration below 0.05 mg/L�. This
ss is very cost efficient as no additional chemical is needed and it uses the naturally occurring iron of
dwater. The only problem associated with the system is maintenance, which includes clogging of the

TABLE 2—Elution test result for arsenic sludge.

Arsenic leaching
Sludge Only sludge+2 % Cement Sludge+10 % Cement
mg/kg % pH mg/kg % pH mg/kg %
2.04 3.08 10.5 1.09 1.64 11.8 0.80 1.20
2.04 4.28 10.7 0.93 1.94 11.8 0.82 1.71
2.72 3.97 10.7 1.25 1.83 11.8 0.86 1.25
0.91 8.92 10.9 0.59 5.83 11.8 0.35 3.42
1.51 12.82 10.8 0.51 4.30 11.9 0.41 3.45
1.18 6.21 10.9 0.78 4.09 11.8 0.44 2.31

TABLE 3—Leaching test results for cement stabilized and nonstabilized arsenic sludge.

Collection
date

Total
arsenic
content,
mg/kg

Leaching, mg/kg Percent leaching pH condition

Without
cement

With 20 %
cement

Without
cement

With 20 %
cement

Without
cement

With 20 %
cement

26-Jun-03 269 1.08 0.04 0.40 0.01 7.53 12.26
31-Jan-04 81 6.43 0.12 7.94 0.14 7.75 12.29
27-Mar-04 19 1.36 0.10 7.17 0.53 8.13 12.31
26-Jun-03 24 0.46 0.02 1.89 0.10 7.65 12.19
31-Jan-04 228 1.49 0.47 0.65 0.20 7.80 12.24
29-May-04 55 4.60 0.21 8.42 0.39 7.85 12.09
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l filter requiring thorough cleaning of the gravels once about every three months. Therefore, to make
stem more efficient and to use it solely as a good arsenic removal unit, this clogging problem should
lved or an easy maintenance system should be developed.
he unit produces arsenic rich iron sludge, which may pose a risk of secondary contamination of the
onment by the leached arsenic if not disposed properly. This study also checked the possibility of
nt stabilization of the sludge in the prevailing condition. Data shows that arsenic leaching has been
ed by solidification/stabilization with cement. An increase of cement amount in the stabilization
ss increased the stabilization efficiency as less arsenic is leached out in that case. The first batch
iments showed arsenic leaching between 3 and 13 % and for raw sludge while stabilization with 2 %
nt reduced that to 1.5–6 % �Table 2�. A further increase of cement to 10% has decreased leaching to
%. Use of 20 % cement for stabilization with a different sample set showed a decrease of leaching

the 0.4–8.5 % range to the 0.01–0.55 % range. Higher pH associated with the increase of cement for
ization seems to be a common problem like any other material containing cement. Therefore it
rs that safe disposal of arsenic rich sludge may not be a problem.
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elopment of Filtration System for Removal of
taminated Suspended Solids in an Enclosed Sea Area

ABSTRACT: The quality of seawater can be improved by removing suspended solids �SS� that may adsorb
hazardous substances, such as heavy metals, polycyclic aromatic hydrocarbons, bacteria, etc. In this
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study, two types of filtration systems are developed in order to remove SS from sea, lake, and pond water.
The first filtration system is a larger system for the rapid reduction of SS, and the other can be used for a

slower removal of SS. The features of the smaller system are that solar panels were used as the power
source and clogging of the filter can be prevented by a reverse water flow with an automatic control.
Long-term in situ experiments showed that SS were almost completely removed by filters made of granular
materials. Removal capacity was dependent primarily on both the sectional area of the filter and the
relationship between the permeability of filter materials and the size of the SS. With treatment, good water
quality was obtained in terms of SS, chemical oxygen demand and concentrations of nutrients.

KEYWORDS: suspended solids, filtration, enclosed sea, eutrophication, heavy metals

duction

us substances are discharged into the sea through anthropologic activities. Additionally, hazardous
ances have accumulated in sea animals as a result of the pollution of seawater and its sediments.
utrophication has been described as one of the biggest environmental problems in enclosed sea areas
mura et al. 2004; Sfriso and Marcomini 1999�. Eutrophication results in the production of excessive
plankton that can trigger the occurrence of a red tide. Red tide causes a reduction of dissolved

en in water and may subsequently kill fish and shellfish.
ehabilitation of marine environments can be achieved by the recovery of substances that have been
ed into the sea. To accomplish this recovery, bioaccumulation and sorption characteristics of solids
e conveniently used �Gifford et al. 2004�. For example, nutrients released into seawater are first taken

phytoplankton. Therefore, the removal of phytoplankton would directly prevent eutrophication.
n order to clean up polluted sea areas, both the sediments and seawater require treatment. The
ing of polluted sediments and sand capping of polluted sediments are used to decontaminate sedi-

s. To preserve the environment after such artificial treatments, improvements in natural depuration are
tably required. Therefore, complete rehabilitation of coastal environments can be achieved by the
ery of natural depuration, which consists of physical, chemical, biological, and/or combined treat-
s. To achieve improved recovery of contaminants by the use of a natural purification system, high
ty seawater is required. For example, sea grass, which forms marine biomass, requires sunlight for
synthesis. Algal �phytoplankton� blooms cloud the water and block sunlight, which causes underwa-
a grasses to die. The dredging of sediments often causes a resuspension of sediment particles �Lohrer
etz 2003; Mulqueen et al. 2004�. Since pollutants are adhered to sediment particles, the diffusion of
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1

pended particles causes diffusion of the pollutants. To prevent this diffusion of pollutants, the sus-
d solids �SS� must be collected. Thus, an important treatment for the rehabilitation of coastal envi-

ents is water purification.
he primary objective of seawater purification is to remove SS. SS are either solid organic or solid
anic particles that are held in suspension in a solution. The removal of SS, including phytoplankton,
prevent the occurrence of red tide. Nutrients, such as phosphorus and nitrogen, are generated from
ents when organic matter is decomposed by micro-organisms. The dissolution of nutrients into

ater again causes eutrophication. Therefore, removal of organic matter from seawater will result in a
tion of both the nutrients in seawater and also the organic matter. It is important to note that since SS
in pollutants as high or higher than contaminated sediments �Woitke et al. 2003; Sfriso and Marco-
1999; Morrison et al. 2001�, the removal of SS provides a reduction of hazardous substances from
ater. Thus, techniques for the removal of SS from seawater is a necessity for preservation of coastal
onments.
he general concept of SS removal from an enclosed sea area is illustrated in Fig. 1. The final goal of
moval is to maintain SS concentrations lower than the guidelines. In Fig. 1, “rapid removal of SS” is
ed to mean to lower the concentrations of a hazardous substance or nutrient to an acceptable level as
as possible, while ”slow removal of substance” is defined as the maintenance of constant water

ty. To achieve the slow removal of SS, substance removal must overcome the increasing rates of
ance concentrations, dC /dt and dC� /dt, where C is the current concentration, C� is the concentration
SS removal, and t is time. A combination of the rapid and slow removal of SS is a filtering technique
e preservation of the environment. Bioaccumulation is another method used for the extraction of

ances from enclosed sea areas �Sheng et al. 2004; Gifford et al. 2004�.

emoval

closed sea areas, the accumulation of toxic chemicals is a problematic phenomenon. First, seawater
ty may be evaluated by the amount of SS present, where the amount of SS is defined as the dry weight

per unit volume of �sea� water. At present, SS retain hazardous substances, such as heavy metals,
yclic aromatic hydrocarbons �PAHs�, chlorinated organic compounds, and nutrients �Morrison et al.
�. Bacteria, such as Escherichia.coli also adhere to SS. Therefore, SS removal provides:
. Greater transparency

FIG. 1—Concept of SS removal in enclosed sea areas.
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. Improved water quality for bathing

. Lower frequency of eutrophication

. Lower frequency of red tide

. Improved sediment quality

cation Vessel

tion is one of the most reliable techniques to remove SS. To treat a large volume of seawater using
ion, a barge �2350 t� was converted into a purification vessel �Minato et al. 2004�. The barge had been
for the transportation of sandy materials for the reclamation of Kansai International Airport.
his purification vessel contained 38 filter units with a total area of 205 m2. Each filter unit had an area
m by 3.6 m and a height of 50 cm. The filter consisted of a steel slag layer with a thickness of 40

d a 5-cm-top layer of sea sand. The initial coefficient of permeability of the steel slag was 10−3 m/s.
ntrast, the coefficient of permeability of the surface sand was 10−4 m/s. Thus, the permeability is
for the upper layer and the filtration of seawater becomes an unsaturated flow in the slag layer. In

the steel slag was installed in baskets made from geotextile mesh. Since the steel slag layer has
us ventilation, the filter units are maintained in an aerobic state during filtration. An outline of the
is shown in Fig. 2. This purification system was composed of the following equipment:

. Two pumps with a capacity to move 10 000 m3 of seawater/day

. Water tank to allow larger particles of sediment to settle

. Carbon fibers and tank to collect organic matter

. Two waterways with connection pipes

. Filter units

rimental Site

ly 2003, the vessel �barge� was towed by a tugboat into Kasaoka Bay as shown in Fig. 3. The present

FIG. 2—Purification vessel floating in Kasaoka Bay.

FIG. 3—Experimental site in Kasaoka Bay.
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aphical features of the bay were formed by environmental reclamation that began in 1972. The length
e bay is approximately 5 km and the width ranges from 50 to several hundred meters. Since the
oka port is located at the northern part of the bay, many boats and ships navigate this narrow route.
ay area is approximately 2 500 000 m2 and the water volume is 3 200 000 m3. The range of the tide
roximately 4 m and it causes a rapid water velocity in the bay.

t may be important to note that a specified zone of Kasaoka Bay has been designated as a natural
ment for the breeding of the Japanese horseshoe crab, which appears on the endangered list by the
try of the Environment of Japan. This experimental site is located in the northern limit of the habitat
s horseshoe crab, although at present, the horseshoe crab is rarely found in this region �Fukue et al.
�.

ts and Discussion

purification experiment described here was performed for 80 consecutive days, from August 1 to
er 25, 2002. The water samples were pumped and the filtrates were analyzed. The variables mea-
included SS, dissolved oxygen �DO�, chemical oxygen demand �COD�, and pH.

r Quality

uality of seawater in Kasaoka bay is described as containing a concentration of SS of 30 mg/L. This
does not satisfy any standards for water quality. For example, the Japanese standards for SS at

ies define Class 1 water as a SS concentration of 1 mg/L or less, Class 2 water as 2 mg/L or less,
lass 3 water as 3 mg/L or less. The SS value influences the transparency of water. Figure 4 shows
ansparencies of both pumped and filtered seawaters, respectively. The height of the tube is 30 cm.
e 4 shows that the filtered water is clear enough to see the bottom of the tube. The SS values that
spond to before and after filtration are approximately 20 and 1 mg/L, respectively. Details will be
ssed later.
ater is sprinkled over the filters to provide aeration. The water is transferred from the filter unit to the

urface in a drop-wise fashion, which causes an increase in the DO of the seawater. The results
ned for DO are shown in Fig. 5. This figure shows that the DO is relatively high for filtered seawater.
alculation of saturated DO with regard to water temperature indicates that filtered seawater contains

FIG. 4—Differences in transparency between pumped and filtered seawater.

FIG. 5—Changes in DO by filtration.
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ient oxygen. Furthermore, the filter unit was designed to not induce an anaerobic condition since the
lter layers are constructed with different permeabilities, as previously mentioned.
hemical oxygen demand, COD, is defined as the measurement of the oxygen-consuming capacity of
anic and organic matter present in water, which is expressed as the amount of oxygen consumed in
rams per litre. Therefore, COD is an important index for water quality. The Japanese standards for
at fisheries define Class 1 water as COD of 2 mg/L or less, Class 2 water as 2–3 mg/L, and Class

ter as for 3–8 mg/L. The measured COD values of pumped and filtered seawaters are shown in Fig.
ure 6 indicates that COD of filtered seawater is lower than that of pumped seawater and that these

s vary with time. Thus, the filtering process acts to clean the seawater. The mean reduction rate of
achieved was 16 %.
he steel slag used has a high pH, and thus, may have adverse effects on the environment. Figure 7
s the change in pH values for both pumped and filtered seawater. The results show that there are no
cant differences in pH values between them.

e of Filtration and Removed Solids

S remain on the surface of the sand filter. Since the size of SS are smaller than sand, the permeability
filter decreases with filtration time, which causes a reduction of the filtration volume. The volume of

ion q, is given by Darcy’s law

q = k A i �1�

Q = k A i t �2�

e
: volume of filtered water per unit time �m3/s�,
: volume of filtered water �m3�,

FIG. 6—Changes in COD of seawater by filtration.

FIG. 7—Changes in pH of seawater by passing through steel slag.
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he k of the filter unit was initially 1 by 10−1 cm/s, but decreased with time. The decrease in k to 1
−3 cm/s was due to the clogging of the filter with SS after 700 h. When k is high, the water table is

low, and the hydraulic gradient is relatively low under constant water supply. When the pore spaces
filter are clogged, the k of the filter decreases. The average volume of purified water is given by the
ulation of treated water divided by the operating time. During the experiment, the average filtration
e was maintained at approximately 6000 m3/day.

efore filtration of seawater, organic matter was removed with carbon fibers, as shown in Fig. 8. Three
red bunches of carbon fibers were suspended in the carbon fiber tank that is installed just before the
ways. The basic idea is to allow micro-organisms to breed on the fibers because the organic matter
e adsorbed and consumed by the microorganisms. The amount of SS was decreased by, at most, 30%
carbon fiber tank. However, it is noted that excessive breeding of micro-organisms increases the

nt of SS because of bacterial waste. Therefore, the organic matter and micro-organisms had to be
quently removed from the carbon fibers by washing.
thick, drifting mud layer exists at the bottom of Kasaoka Bay, which is resuspended by the wakes

ferries and fishery boats. Therefore, the SS consist of these resuspended particles, phytoplankton, and
les discharged from existing rivers. The photomicrographs of SS that remain on the filter sand are
n in Fig. 9, which shows mostly silt-clay-sized inorganic particles, organic matter, diatoms, etc. The
of ignition loss of the SS ranges from approximately 4 to 12 %. In Kasaoka Bay, the resuspension

diments is observed by the action of wakes induced by boats. The resuspended particles may occupy

FIG. 8—Clusters of carbon fibers with organic matter.

FIG. 9—Photomicrographs of filtered SS.
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of the total SS or more. This reason may explain why the inorganic content of the SS is approxi-
y 90 %. It is noted that the organic content is much lower than the value of ignition loss.
igure 10 shows the changes in SS for pumped and filtered seawater. As seen in the figure, the SS
e with time and day because the resuspension occurs easily by waves during low tide. Therefore, the
nt of SS from pumped seawater depends on tides and waves from boats, and often exceeds 25 mg/L,
own in Fig. 10. On the other hand, the SS of filtered seawater is generally lower than 2 mg/L �Fig.
uggesting that the amount removed is about 20 mg/L. The removal rate is also shown in Fig. 10,
appears to be as high as 90 % and contributes the improvements in seawater quality.

val of Chemicals

define the removal rate a, and calculate the removal amount divided by the volume of filtered
ater, then the removal of pollutants can be expressed by

Rn = Q a SS En �3�

e
n: removed amount of pollutant n�mg�,
: volume of filtered water �m3�,
S: amount of SS�kg/m3�, and
n: concentration of element n �compound� in SS�mg/kg�.

f we take that a is 0.8, En is 271 mg/kg, Q is 6000 m3/day, and SS is 0.015 kg/m3, the removed
nt of the element is given by

Rn = Q a SS En = �6000��0.8��0.015��271� = 19 512 mg/day

imilarly, various elements, such as lead, copper, zinc, arsenic, etc., can then be calculated. If we
e that the above calculation is for zinc, the amount removed by filtration for two months may be

arable to the amount removed by an annual harvest of 10 000 kg of oysters �Gifford et al. 2004�.
able 1 shows the calculations of the amounts of pollutants removed by the purification vessel. The
ntrations of pollutants were measured on SS of pumped seawater. For the calculation, a was assumed
0.8, which may be a little less than the actual value. From this point, the calculation of the removed
nt is slightly underestimated. The calculations are based on the assumption that the concentration of

lement is constant during filtration. This assumption may be invalid, because removal of the element
ecrease the concentration of the element. From this point, the calculations are overestimated. How-
the technique can be used in more contaminated sea areas, and the purification work lower contami-
concentrations to some extent. Since it is difficult to consider the actual effects of tidal currents,
ate calculations that consider decreasing concentrations may not be useful. Nevertheless, the results
that pollutants are effectively removed by the purification vessel, and that the technique is feasible
e preservation of enclosed sea area environments.

FIG. 10—Changes in SS of seawater by filtration.
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aintain the environment after the rapid removal of SS, a smaller filtration system was developed. The
m consists of a main body with a floater, three pumps, two float sensors, solar panels, and batteries.
ectional area of the small model is only 0.126 m2. Filtration is achieved by drawing water with a
, as shown in Fig. 11. The pump is operated continuously with batteries that can be charged in the

me with the two solar panels. The dimension of the panel is 1580 mm by 802 mm by 50 mm �in
h by width by thickness�. The electric capacity supplied by the panels is 24 V, 180 W, and 5.05 A.

pumps were used for upward and downward water flows, and for vacuuming the SS that accumulate
e bottom of the main body, respectively. An experiment using this model was carried out in a small
in Shizuoka City, as shown in Fig. 12.
or the seepage force upward, measurements against quicksand are needed. In Fig. 11, such conditions
e written by

TABLE 1—Estimation of pollutants removed by the purification vessel.

Amount removed per day �g�

Pollutant

Concentration
En

�mg/kg�
SS

0.01 kg/m3
SS

0.03 kg/m3

Al 42 000 2016 6048
Cu 360 17.2 51.6
Fe 23 400 1123 3369
Mn 2900 139.2 417
Pb 71 3.4 10.2
V 43 2.1 6.2
Ni 27 1.3 3.9
Zn 880 42.2 127
P 2880 138.2 415

Dry weight of SS 60 kg 180 kg
Pumped water 6000 m3

FIG. 11—Schematic of a small filtration system.

FIG. 12—Purification experiment using a small-sized filtration system.
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i�w � ��sat − �w� � �� �4�

0 � ��/�w �5�

e
hydraulic gradient,

w: unit weight of water �kN/m3�,
sat: unit weight of filter materials �kN/m3�, ��: submerged unit weight of filter materials, ��sat−�w�
�kN/m3�.
owever, Eq 5 is theoretical, and the weight of the filter should be adjusted empirically. If the
tions required are not satisfied, quicksand will develop and expected filtration results will not be
ved.
he upward water flow, shown in Fig. 11, can be given by Eq 6

Q = kAit �6�

e i=�h /L.
o recover the permeability that was lowered by the filter clogging with SS, downward water flow is
as shown in Fig. 11. As the decrease in the permeability causes a drop in the water level above the
a float will drop down synchronous with the dropping water level. When the float drops down to a
level, the upward water pump will switch off. At the same time, the downward pump will operate.
ownward flow washes away the materials that are clogging the filter and that have accumulated on

ottom.
he effect of small-system filtration is assumed to be similar to that of the purification vessel because
ilar filter materials and the same principle. The volume of filtered water is proportional to the

cient of permeability k and the sectional area A. The linear relationship between A and the volume of
d water are given in Fig. 13. As seen in Eq 2, the volume of water is also proportional to the
ulic gradient i. The amount of hazardous substances that can be removed is estimated by Eq 3. The
idea for the use of this filtration system is that the amounts of hazardous substances should be

tained at levels below the standard or guideline.

e Study

s study, a full-scale, purification vessel and a very small filter model are developed. The size of the
m is altered with respect to the area and water volume in considered sites. Therefore, the method of
n is established. In principle, Eq 3 can be used for the design process.
n many cases, a huge amount of SS can be collected with the filtration system. The collected materials
to be disposed or utilized, and depend on the degree of contamination. If the collected materials are
y contaminated, they can be used as an organic fertilizer in the sea, although the concept of sea
zer should be established. In some sea areas, bottom trawling has made seabeds compacted and flat.

13—Relationship between area of filter and filtration volume, at a constant permeability and with
us hydraulic constants.
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ch a situation, the fishery hauls have decreased. Solid fertilizers made of SS can be distributed to
ve the bottom environment for microorganisms and benthos. The leachates from the fertilizer will

ase marine basic production.

lusions

move SS from seawater, filtration systems were developed in this study. The results showed that
ion systems are quite effective at the removal of SS from water. The measurements that were
rmed showed that SS removal improved the quality of water in terms of transparency, COD, pH, DO,
herefore, SS removal will provide a good impact on not only water, but also on bottom sediments.
mount of removed pollutants was calculated using the experimental data obtained. This calculation
es the design of filtration systems for future individual cases. Furthermore, SS removal can be used
rious types of engineering work along coastal regions and lakes, including the prevention of red tide.
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ABSTRACT: Disposal of contaminated dredged material in local confined disposal facilities �CDF� has the
advantages of reduced costs and reduced need for transport of the dredged material compared to many
other disposal alternatives. CDFs can often be combined with land reclamation which can add considerable
value to a dredging project. A local CDF has been constructed for Hg and HCB contaminated dredged
material on a contaminated seabed close to one of Norway’s largest industrial areas, Herøya. The con-
struction has been completed with permeable barriers allowing transport of water from dewatering of
dredged material and consolidation of sediment below the CDF. However, this design will also allow some
transport of contaminants with the released pore water. The efficiency of the CDF was evaluated by making
a budget of estimated contaminant emission from the disposal area before, during, and after construction
and filling of the CDF. Laboratory tests and an analytical model were utilized for calculation of advective and
diffusive transport of contaminants both from the dredged material and from the original contaminated
seabed sediment at the disposal site. Our estimation of contaminant transport predicted that the leakage of
contaminants from dredged material in the disposal facility would be orders of magnitude less than what
was released from the seabed sediments at the disposal site before the realization of the CDF. Monitoring
of contaminant transport, after realization of the CDF, has so far shown that the actual transport is much
lower than the conservative estimate presented in our budget of contaminant transport. These results show
that there can be a large and positive cost benefit from disposal of dredged material in CDFs constructed
with permeable barriers in already contaminated areas. Sensitivity of calculated remediation efficiency to
uncertainties in the estimated transport was found to be small in the case presented here. Our results also
show that budgeting and accounting of contaminant transport can be a powerful tool both for impact
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assessments before realization of a project in contaminated sediments and for interpretation of monitoring

data during and after the realization. Budgeting of contaminant transport also helps identifying the most
critical transport mechanisms during the different phases of the project.

KEYWORDS: dredged material, confined disposal facility, environmental impact assessment

duction

sal of dredged material from areas with a long industrial history is an environmental and economical
nge. Disposal in local confined disposal facilities �CDF� has the advantages of reduced costs and
ed need for transport of the dredged material. A CDF for dredged materials consists of a confined
e with barriers often made from rock debris or other available clean fill material. When the CDF is
with dredged material the function of the barrier is to keep contaminants inside the CDF. CDFs can

aced on land or in water with barriers extending above the water surface.
he dredged material placed in the CDF will replace the water that is inside the CDF. Excess water
lso be released from the dredged material as it consolidates. This water, as well as infiltrating rain
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, can transport contaminants out of the CDF and therefore a strategy is necessary to handle this water.
can be done by constructing a drainage system from the CDF to the ambient water. Water drained
tly from the CDF without a system for filtering particles from the effluent water can carry substantial
nts of contaminants �Price 2002�. Therefore a water treatment system is often necessary as a part of
a drainage system. An alternative strategy is to use permeable barriers as a combined drainage and
treatment system. The barrier of the CDF is constructed to keep particulate materials from moving

gh it. Since only very small fractions of most contaminants are soluble in water, this effect alone can
ough to sufficiently clean the effluent pore water from the CDF. In addition, many barrier materials
ct as a sorbent for contaminants that are dissolved in the effluent and thereby contribute further to
ing the effluent.
n order to evaluate the environmental impact of the disposal of contaminated dredged material,
arison is often made with toxicity-based quality criteria for effluent water �Wiley et al. 2002; Burton
2003�. Direct biomonitoring outside the CDF has also been reported �Velleux et al. 1993�. To do the
ation of the potential impact in the design phase before construction, methods based on modeling of
minant migration from the CDF are used �Velleux et al. 1993; Schroeder and Aziz 1999; Schroeder
ziz 2002�. However, none of these methods directly addresses the positive environmental impact of
DF as a cap over existing contaminated sediments.
he Herøya peninsula near the city of Porsgrunn in southern Norway has been the site for one of
ay’s major chemical industries during the major part of the last century. Herøya still hosts a variety
ustries today. Although the release of contaminants from the industry has been reduced by orders of
itude since the 1960’s �Skei et al. 1989�, sea bed sediments along the quays of the industrial harbor
røya and in the adjacent bay Gunneklevfjorden are still contaminated with mercury �Hg�, dioxins,
hlorobenzene �HCB�, and polycyclic aromatic hydrocarbons �PAH� �Helland et al. 2004�. In order to

tain navigational depths along the quays it was necessary to dredge about 18 000 m3 of sediment. A
edging survey showed that all sediments to be dredged were contaminated �Pettersen 2003�. In order
cure a safe and cost-efficient disposal of these sediments it was decided to build a local confined
sal facility �CDF� in the Gunneklevfjord. Creation of a new land area after completion of the CDF
lso an important advantage that counted for the use of this disposal option for the dredged materials.
he location of the CDF on heavily contaminated sediments in the Gunneklevfjord has two important
cations: �1� The impact of the CDF on contaminant migration both from the sediment at the CDF site
rom the disposed dredged material in the CDF needs to be considered; �2� The CDF will act as a cap
the original sediments at the CDF site and reduce the migration of contaminants from these sediments

water in the Gunneklevfjord. Therefore an environmental benefit from this disposal option can be
ted in addition to the intended safe disposal of the dredged material.
his paper presents an alternative approach to environmental impact assessment of disposal of dredged
ials. Estimates of the release of Hg and HCB, based on a site-specific conceptual model �SCM�, were
to make a contaminant release budget of the planned project. Hg and HCB were chosen because Hg
most important inorganic contaminant in this area and HCB is one of several chlorinated organic

minants found in the sediment in this area. Contaminant release during construction, filling, and after
letion of the disposal facility was calculated and compared to the background contaminant release at
DF site before the CDF was constructed. Based on these estimates the environmental impact of the
ct was calculated as remediation efficiency �RE, relative reduction of contaminant release�. Monitor-
ata from the construction phase were also utilized in the same model accounting for the actual
minant release. A comparison was made between the estimated release �budget� and the measured
e �accounts� to see how the accounts complied with the budget. We believe that this approach to

ct assessment and evaluation of monitoring data could be helpful in the planning and evaluation of
dredging and remediation projects in contaminated sediments.

ods

ept of Remediation Efficiency

basis for the evaluation of environmental impact in our system is a comparison of the release of
minants to the local recipient before, during, and after realization of the planned project. Normally, a
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release rate of contaminants from a sediment area, implying a potential environmental risk, will
r remedial actions. During the remediation, handling of contaminated sediment and pore water can
a preliminary increase in contaminant release. After a successful sediment remediation the release of

minants to the environment will decrease. To achieve a net positive environmental effect from
diation, the increased release during the remediation must be outweighed by the reduced release after
emediation �Fig. 1�. Fluxes from both the original location of the sediment and from the planned
sal area must be considered.
he efficiency of the remediation can be calculated from estimates or measurements of contaminant
ort in the different phases of the project �Oen et al. 2003�. Time �t� in formula 1 is years after the

diation is completed.

RE�t� = 1 −
�begining of remediation

t
Release of contaminantsduring and after remediation

�begining of remediation
t

Release of contaminantswithout remediation

�1�

n order to calculate the correct remediation efficiency �RE� it is important that the estimated or
ured release of contaminants during and after remediation is as complete as possible.
or projects where the only motivation is to remediate contaminated sediments, the RE must be greater
zero within a reasonable time frame �5 to 20 years after the end of the remediation, depending on the
ct�. This means that from the start of the remediation to the time of evaluation the overall contaminant
e �sum of release during and after remediation� has to be less than without remediation. RE�0,
s that the remediation has caused a net increase in release of contaminants rather than a reduction,
t means that no improvement has been achieved.
ven if remediation of contaminated sediments is not the main focus of a project, the concept of RE
e very useful. RE is then used to evaluate the impact of the project by evaluating the changes in
minant release caused by the project. RE�0 means that the project has a benefit in reducing con-
ant transport in addition to the direct benefits of the project, for example, greater sailing depth as a
of dredging. If the purpose of the project is sufficiently important, RE�0 can be tolerated.

-Location, Construction, and Dredged Material

DF, to be evaluated in this case study, was constructed in the north part of the Gunneklevfjord �Fig.
he CDF covers a total area of 12 000 m2 �=ACDF� including sub-aqueous fills outside the barrier to
ve geotechnical stability of the barrier. The area inside the CDF �Adm� is 6 200 m2. Below sea level

olume inside the CDF is 11 800 m3 �VCDF water�; with barriers 1.9 m above sea level, the total volume
es 23 000 m3 �VCDF�.
he soil below the CDF consists of 25–35 m clayey silt and silty clay above bedrock. The upper 2 m
sts of very soft contaminated clay with an average unit weight of about 15 kN/m3. Table 1 shows
ntrations of contaminants in two samples from the upper 10 cm of the soft clay in the sea bed
ent at the CDF location.

FIG. 1—Conceptual illustration of contaminant flux before, during, and after remedial action.
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he CDF was constructed and filled as follows: A geotextile �Geotex 300 g/m2, polyester� were
d on the seabed in the area where barrier and geotechnical counter fills were to be placed. A
izing sand layer of 0.25 m was placed on top of the geotextile before the CDF barriers were con-
ed. The barriers were constructed from a silica-manganese-slag �amorphous SiO2, CaO, Al2O3, MgO,
, and BaO pH=8.2–8.9 in water� available from a local company. Grain size distribution of this
ial �not shown� classifies it as a sandy gravel with d10=0.32 mm. Table 1 shows concentrations of
metals in this slag.

FIG. 2—Location and design of CDF, showing also position of monitoring wells.

1—Contaminants in sediments at the CDF location and in material used to construct the barrier (slag). All chemical analysis was done
andard methods and under a quality control system accredited according to EN ISO-IEC 17025.

Sediment at CDF site
�N=2�

Dredged material
�mixed sample from

sediment at
dredging site�

Slag material, used for
construction of barrier

content % of dw 132–230 121 0.1
rganic carbon % of dw 2.0 1.2 13

mg/kg dw 4.66–6.94 15 5.47
mg/kg dw 0.404–0.842 3.7 �0.05
mg/kg dw 21.8–37.5 28 31.8
mg/kg dw 53.7–66.8 47 12.6
mg/kg dw 60–67.4 6.4 �0.04
mg/kg dw 15.5–25.5 18 17.8
mg/kg dw 53.2–149 190 0.988
mg/kg dw 133–212 400 �2
mg/kg dw 6.2–8.9b 0.54 n.a.c

s ng-TEa/kg dw 7740–9690 n.a.c n.a.c

oxicity equivalents �WHO�.
Næs �1989�.
ot analyzed.
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hen the barrier was completed monitoring wells �Ø 5 cm� were immediately installed �see Fig. 2�.
different wells were installed, one with filter in the clay below the original seabed, one with filter

bove the original seabed, and finally one with filter just below the mean water level. It was assumed
he water in wells closest to the original sea bed �wells 1 and 2� will be mainly influenced by pore
from the sediment in the Gunneklevfjord. The water in well 3, in the upper part of the barrier wall,

the other hand assumed to be representative of the water flowing from the CDF interior. The transport
for water through the barrier wall is shortest here and therefore will give the least resistance to water
from the CDF interior. Ground water entering the CDF area was also monitored in a well up stream
the CDF �well 4�.
he CDF was then filled with dredged material transported in barges from the dredging site. A total
e of 29 300 m3 dredged material was placed in the CDF �Vdm�. It is possible to place a larger volume

edged material in the CDF than VCDF because the dredged material consolidates significantly during
lling of the CDF. About 20 % consolidation of the dredged material was observed in this case.
truction and filling of the CDF presented in this paper was completed in nine months.
n order to increase the geotechnical stability of the area, stabilizing the dredged material with cement
onsidered.

pecific Conceptual Model (SCM)

e specific conceptual model �SCM� was developed to assist budgeting of contaminant release. The
follows many of the concepts of contaminant transport from CDFs presented by Martin and Mc-
eon �1992�. The SCM was also used to design the data acquisition program both for the experimental
for the preconstruction estimates and for the monitoring during and after construction. Within the

, release of contaminants to the environment was defined as contaminants released to the ambient
outside the CDF. The following fundamental transport mechanisms were considered: �1� diffusion

seabed without cover; �2� contaminants released from particles resuspended from the seabed during
ruction of the CDF-barriers; and �3� advection of contaminated water through the barrier.
ontaminants entering the water with resuspended particles and settling to the seabed, before the
minants are desorbed from the particles, are not recognized as released to the environment. This is
onsidered a relocation of contaminated sediment within an already contaminated area. Figure 3

rates the most important mechanisms of transport of contaminants to ambient water in the Gunnek-
rd before, during, and after construction and filling of the CDF. Table 2 lists the transport mecha-
considered, data requirements, and methods used in data acquisition, both for the preconstruction

ates and for the monitoring during and after construction.

FIG. 3—Mechanisms of migration of contaminated pore water from the CDF.
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lation of Contaminant Release with the SCM for Budgeting and Accounting

) Background Release of Contaminants before Construction of CDF—The area selected for the
on of the CDF in the northern part of the Gunneklevfjord is heavily contaminated. Background flux
ntaminants from this area will be dominated by biodiffusion and erosion from the sediment. As part
environmental assessment, the Norwegian Institute for Water Research �NIVA� conducted in 1989 a
of diffusion flux of Hg and HCB from sediments from the Gunneklevfjord �Skei et al. 1989�. The
ntration of Hg in the sediment used in this test was 88 mg/kg, somewhat higher than the values of
7 mg/kg measured at the CDF site �Table 1�. The diffusion flux from the Skei �1989� study, without
pension, was assumed to be a modest estimate of the flux from the CDF site and was used as an
ate of the background flux from this area before realization of the CDF �Fbefore�. The influence of
ent estimates of background flux on the calculated RE is discussed in the results and discussion
n.

) Resuspension during Barrier Construction—Before constructing the barrier walls of the CDF a
xtile and 25 cm sand layer were placed on the seabed to protect it during dumping of barrier material.
s assumed that these protective measures would reduce the resuspension considerable and that any
pended particles would settle close to the CDF area. Transport out of the area is therefore only caused
ntaminants desorbing from the resuspended particles. An estimate of the amount of contaminants
ed from resuspended particles �Mresuspend� was calculated from equilibrium concentrations of Hg and

TABLE 2—Transport mechanisms, data requirement, and acquisition within the SCM.

sport mechanism Data requirement

Data acquisition for
preconstruction

impact assessment
Monitoring during and

after construction
ound release of contaminants before construction of CDF

usion and natural
nsion

Flux caused by diffusion
and resuspension from

local sediments

Measured diffusion flux of
Hg and HCB from

sediments from
Gunneklevfjorden
�Skei et al. 1989�

e of contaminants during construction of CDF
spension during
construction

Influenced sea water
volume �Vresuspension�

Sediment/water
distribution=Leachate

concentrations �Cpw sed�

Batch leaching test Pore water concentration
from monitoring wells

lacement of
inated water inside

Volume of water in the
CDF �VCDF water�

uring filling of
d material

Sediment/water
distribution=Leachate
concentration �Cpw dm�

Batch leaching test Pore water concentration
from monitoring wells

water percolating
the CDF

Precipitation during
construction phase

Precipitation data Precipitation data

Sediment/water
distribution=Leachate

concentrations �Cpw dm�

Batch leaching test Pore water concentration
from monitoring wells

lacement of
inated water inside
uring consolidation
ged material

Volume of water from de-
watering of dredged
material �Vdm−VCDF�

Sediment/water
distribution=Leachate
concentration �Cpw dm�

Batch leaching test

Daily log of volume
dredged material disposed
Pore water concentration
from monitoring wells

lacement of
inated pore water
consolidation of
nts below CDF

Consolidation of original
sediment

Sediment/water
distribution=Leachate
concentration �Cpw sed�

Geotechnical analysis

Batch leaching test
Pore water concentration
from monitoring wells

e of contaminants after completion of CDF
undwater transport

the permeable
the CDF

Diffusion rate from
surface of disposed

dredged materials �fdiffusion�

Diffusion tests Pore water concentration
from monitoring wells
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in water in contact with resuspended sediment �Cpw sed� and from the volume of water �Vresuspension�
s assumed to be influenced by resuspended particles during the time used for construction of the CDF
rs �tconstruction=five weeks�. Cpw sed was determined as the leachate concentration from a batch leach-
st based on the preliminary European standard prEN 12457. In this test, sediment and seawater was

d 1:2 �based on dw.�, after 24 h mixing concentrations of Hg and HCB in the water phase �leachate�
analyzed. All leachate concentrations were determined by standard analytical methods and under a

ty control system accredited according to EN ISO-IEC 17025.
he resuspension was assumed to influence the water 2 m above the seabed in the entire CDF area
�. From modeling of water transport the retention time of the water in the Gunneklevfjord �TGunneklev�
ssumed to be about four weeks �Hauge et al. 2002�. From the monitoring data, Cpw sed was taken as

verage concentrations in well 1 �Fig. 4�.

Vresuspension = ACDF · 2m ·
tconstruction

�Gunneklev
= 30 000 m3 �2�

Mresuspension = Vresuspension · Cpw sed �3�

) Displacement of Contaminated Water inside CDF During Filling of Dredged Material—When
ed material is filled into the CDF, water inside the CDF will be displaced and migrate through the
r and out into the recipient. This water has been mixed with the dredged material leaching contami-
that can be transported with the water phase out of the CDF. The amount of Hg and HCB released

the displaced water �MCDF water� was calculated from leachate concentration �Cpw dm, prEN 12457, as
ibed above� and from the volume of water in the CDF before filling of dredged material �VCDF water�.
m was taken as the average concentration measured in well 3 during filling of the CDF, �Fig. 4�.

MCDF water = VCDF water · Cpw dm �4�

) Transport with Infiltrated Rain Water—Precipitation registered at a local metrological station during
nstruction and filling of the CDF �P�, the area covered with dredged material in the CDF �Adm�, and

verage contaminant concentration in monitoring well 3 �Cpw dm� was used to calculate the amount of
minants transported with rain water �Mrain�.

Mrain = Adm · P · Cpw dm = Vrain · Cpw dm �5�

) Displacement of Contaminated Pore Water during Consolidation of Dredged Materials—The
ed material placed in the CDF contains extra water relative to the in situ water content. This water
e released from the CDF as the dredged material consolidates under its own weight. An estimate of

4—Local precipitation, volume of dredged material disposed in the CDF, and monitoring of Hg and
in barrier walls.
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olume of water from dewatering was made from the difference between the volume of dredged
ial placed in the CDF �Vdm� and the volume it occupies when the CDF was full �VCDF�. The amount
and HCB released by this mechanism �MCDF dewater� was calculated by

MCDF dewater = �Vdm − VCDF� · Cpw dm �6�

) Displacement of Contaminated Pore Water during Consolidation of Original Sediments below the
—Under the vertical stress caused by the weight of the CDF barriers and the dredged material, the
d soil will consolidate and release excess pore water. The pore water of the highly contaminated
d below the CDF can carry contaminants out of the CDF. The released amount of Hg and HCB
solidation� is estimated from leachate concentrations �Cpw sed� and a conservative estimate of the con-
tion �hconsolidation=1.5 m� based on geotechnical analysis of the CDF �Eek and Nerland 2003�.

Mconsolidation = hconsolidation · ACDF · Cpw sed = Vconsolidation · Cpw sed �7�

) Release of Contaminants after Completion of CDF—After filling and covering the CDF, ground
or rain water percolating the CDF are the major transport mechanisms for contaminants out of the

he permeability of the dredged material is very low and the flow of water through the dredged
ial will therefore be very small. In the more permeable material in the barrier and in the sand layer

and on top of the dredged material in the CDF, water will flow more easily. Although, these
eable parts of the CDF are made of clean materials, the water flowing here will also be in contact with
rface of the dredged material in the CDF. Diffusion of contaminants from this surface to the flowing
can be an important transport mechanism after the completion of the CDF. Stabilizing of the dredged
ial after placement in the CDF was considered during the planning of this project. The diffusion flux
the surface of the dredged material was therefore measured with a diffusion test using cement
ized dredged material �according to Dutch standard NEN 7345�. A monolith of cement stabilized
ed material was submerged in seawater. The seawater was changed at predefined times and analyzed
g and HCB. From the area of the monolith and the water concentrations at the different sampling
the diffusive flux from the monolith was calculated �fdiffusion�. The flux measured in the last stage of
st multiplied with the surface area of the dredged material after disposal �Asurface dm� was used as the
rom the CDF �Fafter� in the budget.

Fafter = fdiffusion · Asurface dm �8�

he annual amount of water flowing through the CDF after its completion is assumed to be dominated
in water as the ground water gradient in the area is low �0.002�. After the completion of the CDF a
part of the area will be covered with impermeable surfaces like houses and asphalt, reducing the
nt of rain infiltrating the CDF. It is assumed for the calculation of the annual flow through the CDF

F� that 10 % of the annual rain fall �P� of about 910 mm/year is infiltrated. In the monitoring the
ntration of this out flowing water was measured in well 3 �Cpw dm�

QCDF = 0.1 · P · Adm �9�

Fafter = QCDF · Cpw dm �10�

y inserting the fluxes and released amounts resulting from the experimental work or monitoring in
la 1 we get the formula for the case specific RE as a function of time �t� after remediation.

RE�t� = 1 −
Mresuspension + MCDF water + Mrain + MCDF dewater + Mconsolidation + Fafter · t

Fbefore · t
�11�

lts and Discussion

lts from the leaching tests �Table 3� were used according to the described model to make a budget of
ated release of contaminants during construction and filling of dredged materials in the CDF. Results
the monitoring of contaminant transport �Fig. 3� were used to account for the actual contaminant
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e from the CDF. Table 4 shows the data from the experimental work and monitoring that are used in
alculations of the budgeting and the accounting of the contaminant release.

ts from Experimental Work And Monitoring

toring of Hg and HCB in pore water from the wells in the CDF barrier showed that the concentration
and HCB was significantly lower than estimated from the batch tests �Table 3 and Fig. 3�. This

pancy between results from the batch test and from the monitoring wells could be explained by an
stimation of the solubility of Hg and HCB by the batch test. The batch test is designed to measure
minants in water in equilibrium with the solid phase of the dredged material. This assumption is
rvative with respect to the complex processes actually taking place when contaminants are released
the dredged material in contact with water in the CDF �USACE 2003�. Furthermore sorption of these
minants in the barrier material before reaching the well could reduce the concentration in the water
led from the wells further. The use of the results from the batch test to estimate the release of

TABLE 3—Results from batch leaching tests of sediment and dredged material and diffusion test of stabilized
dredged material.

Leached Hg Leached HCB
Batch test sediment from the
Gunneklevfjord

0.027–0.050 mg/m3 n.a.

Batch test dredged material 0.041 mg/m3 0.71 mg/m3

Diffision test stabilized dredged
material, long term leaching

0.003 mg-m−2-year−1 �0.018 mg-m−2-year−1

Note: n.a.: not analyzed.

TABLE 4—Input values for modeling of contaminant release.

ransport
chanism

Results from experimental work in
design phase

Results from monitoring during
construction and filling of CDF

Hg HCB Hg HCB
ound release of contaminants before construction CDF

usion rate
DF sitea

0.91 mg-m−2-year−1 0.50 mg-m−2-year−1 0.91 mg-m−2-year−1

�0.20–1.3�b
0.50 mg-m−2-year−1

�0.19–1.2�
e of contaminants during construction of CDF
spension
construction
ier

ACDF=12 000 m3

Cpw sed=
0.050 mg/m3

Cpw sed=
0.71 mg/m3

Cpw sed=
0.003 mg/m3

�0.002–0.030�

Cpw sed=
0.016 mg/m3

�0.005–0.059�
lacment of
inated water
CDF during
of dredged
l

VCDF water=18 000 m3

Cpw dm=
0.050 mg/m3

Cpw dm=
0.71 mg/m3

VCDF water=11 800 m3

Cpw dm=
0.0022 mg/m3

��0.002–0.007�

Cpw dm=
0.0062 mg/m3

��0.005–0.010�

water
ting through
F

¯ ¯ Vrain=2812 m3

Cpw dm=
0.0022 mg/m3

��0.002–0.007�

Cpw dm.=
0.0062 mg/m3

��0.005–0.010�
lacment of
inated water
consolidation
ged material

¯ ¯ Vdm−VCDF=6 300 m3

Cpw dm=
0.0022 mg/m3

��0.002–0.007�

Cpw dm=
0.0062 mg/m3

��0.005–0.010�
lacement of
ater during
dation of
nts below

Vconsolidation=14 400 m3

Cpw sed=
0.05 mg/m3

Cpw sed=
0.71 mg/m3

Vconsolidation=18 000 m3

Cpw sed=
0.0033 mg/m3

�0.002–0.008�

Cpw sed=
0.016 mg/m3

�0.50–1.9�

e of contaminants after completion of CDF
und water
rt through

Asurface dm=13 400 m2

fdiffusion=
0.003 mg-m−2-year−1

fdiffusion=
0.02 mg-m−2-year−1

P=0.91 m/year
Cpw dm=

0.0022 mg/m3

��0.002–0.007�

Adm=6 200 m2

Cpw dm.=
0.0062 mg/m3

��0.005–0.010�

rom Skei et al. �1989�.
ers in parenthesis are range of measured values
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minants during the filling of the CDF will therefore result in an overestimation of this release. This
des extra safety when the design and permission from authorities relay on these estimates. A more
rated analytical scheme, better reflecting field conditions �USACE 2003�, could be used if needed to
rt a less conservative design.
he monitoring also showed that the concentration of Hg and HCB in the pore water during filling of
ed material into the CDF was similar to the concentration before filling the CDF. It seems therefore

mixing of dredged material with the water in the CDF does not result in elevated Hg or HCB
ntrations in the water flowing out of the CDF.
he highest concentrations of both Hg and HCB were found in wells 1 and 2, installed just below and
bove the original seabed. This is assumed to reflect a higher release of Hg and HCB from the
ent below the CDF than from the dredged material. The concentration of Hg and HCB in well 3 was
the limit of quantification �LOQ� during the whole period where the CDF was filled with dredged

ial except once �0.007 mg/m3�. Transport of Hg and HCB out of the CDF was calculated from the
ge concentrations measured in wells 3 and 1 �Cpw dm and Cpw sed, respectively� and the volume of
from precipitation, replaced water, and consolidation.

et, Accounts and Remediation Efficiency (RE)

5 shows the estimated contaminant release of Hg and HCB from experimental data �budget� and
monitoring data during and after construction �accounts�. Since the concentrations of Hg and HCB
much lower in the monitoring wells than in the leachates the released amounts calculated from

toring data are also much less than estimated from leaching tests. As discussed above, this discrep-
can be explained by adsorbtion to the barrier material or by an overestimation of dissolved fraction
batch test.

he values in the budget and the accounts of the contaminant transport were used to calculate the
diation efficiency �RE� of this project using formula 11. This formula calculates the percentage
tion in release of contaminants after the remediation relative to the release before remediation.
g the remediation work, release of contaminants usually increase temporally due to handling of
minated sediment. The sum of this release and the release after remediation is used to calculate the
ve reduction in contaminant release �=RE, see formula 11�. Since the release during the remediation
poral and the release after the remediation is assumed constant per year, the release during reme-

n will have the largest negative impact on the RE for the years immediately after the remediation.
impact will diminish with time. RE will then asymptotically approach the relative reduction in release
ut the release during the remediation. Figures 5�a� and 6�a� shows RE calculated from the budget and
ccounts as a function of time �number of years over which the contaminant release during the

TABLE 5—Contaminant budget and accounts.

Transport mechanism

Results from experimental work in
design phase �budget�

Results from monitoring during
construction �accounts�

Hg HCB Hg HCB
ound release of contaminants before construction of CDF

usion rate from CDF site 10 960 mg/year 5960 mg/year 10 960 mg/year
�2400–15 360�a

5960 mg/year
�2280–14 520�

e of contaminants during construction of CDF
spension during
ction of barrier

1500 mg 21 000 mg 139 mg
�84–1264�

672 mg
�210–2478�

and 5� Displacement of
inated water inside CDF
filling of dredged material

900 mg 12 780 mg 46 mg
�42–146�

130 mg
�105–209�

lacement of contaminated
ater during consolidation of
nts below CDF

720 mg 10 224 mg 59 mg
�36–540�

288 mg
�90–1062�

e of contaminants after completion of CDF
und water transport through
F

40 mg/year 268 mg/year 1.2 mg/year
�1.1–3.9�

3.5 mg/year
�2.8–5.6�

ers in parenthesis are range of measured or estimated values.
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diation is normalized� showing that the estimate of RE from the monitoring data �accounts� is much
r than the estimate made during the design phase �budget�. This shows that the efficiency of the CDF
etter than expected.

5—Remediation efficiency for Hg with different scenarios: (a) Budget (dashed line) and accounts
line), (b) RE from monitoring using average concentrations from well 3 (solid line), RE calculated

highest and lowest concentrations from well 3 (dashed lines), (c) RE calculated with average diffu-
ux from original sediment (solid line), RE calculated from high and low diffusion flux (dashed lines),

E calculated with release of water with SS concentration 339 mg/ l (solid line), RE calculated with
se of water with SS concentration 2128 mg/1 (Price 2002) (dashed line).

6—Remediation efficiency for HCB with different scenarios: (a) Budget (dashed line) and accounts
line); (b) RE from monitoring using average concentrations from well 3 (solid line), RE calculated

highest and lowest concentrations from well 3 (dashed lines); (c) RE calculated with average diffu-
ux from original sediment (solid line), RE calculated from high and low diffusion flux (dashed lines);

E calculated with release of water with SS concentration 339 mg/ l (solid line); RE calculated with
se of water with SS concentration 2128 mg/1 (Price 2002) (dashed line).
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he RE calculated from the monitoring shows that the small increase in contaminant release caused by
nstruction and filling of the CDF is compensated by the reduced contaminant transport from the CDF

in less than one year resulting in a RE of more than 95 % for Hg and more than 80 % for HCB.
he models of contaminant transport and the input data used to make the contaminant budget and
nts will naturally be associated with uncertainties. The uncertainty in the budgeting based on leach-
sts is accounted for by conservatism in the calculations. In order to estimate the uncertainties of the
alculated from the monitoring, calculations were made assuming both the highest and lowest con-
ations measured in the monitoring wells �Cpw sed and Cpw dm�. Figures 5�b� and 6�b� show the RE
ing from this sensitivity analysis. The ranges of measured concentrations of Hg and HCB in the
toring wells in the CDF were both one order of magnitude �Table 4�. However, since the amount of
minant release calculated from the measured effluent concentrations was much less than the back-
d release, the importance of variance in the release during the CDF construction was small. This
ed in the relatively narrow range of RE already one year after the realization of the CDF. Similarly,
reater range of RE for HCB than for Hg was explained by less difference between the background
e and the release of HCB during the construction phase than what was observed for Hg.
ince the high background fluxes of Hg and HCB, in this case study, are able to reduce the sensitivity

RE to the variability in the release during the construction phase, it could be expected that the RE
re sensitive to uncertainties in the estimate of the background flux. To investigate this, RE was

lated with the lowest and highest values of diffusion flux found in the study by Skei et al. �1989� �The
s that are used are found in parenthesis in Table 4�. RE from this calculation is plotted in Figs. 5�c�
�c�. These results show, however, that the RE for Hg, after one year, changed only from 90 to 98 %,
consequence of the variability of the background flux. For HCB the range of RE was larger �52–
�. The variability of background flux was large enough to make a significant impact on the RE-value
CB. However, even with the lowest background flux the RE was more than 90 % ten years after the
ation of the CDF. To get RE values close to zero, the amount of contaminants released during the
ruction phase must be similar to or greater than the background flux. It is demonstrated that the
e of contaminants with the water phase from the CDF in the present study is much lower than the
ated original flux from the sediment at the CDF site. By acting as a cap over these sediments, the
has reduced the Hg and HCB flux from this area by more than 95 %.
he permeable barrier in the CDF works as a huge particle filter. As both Hg and HCB are strongly
iated with particles, dewatering of the CDF without particle control could result in a large transport
ntaminants. Price �2002� monitored suspended solids �SS� in runoff from a CDF during rainfall. He

average values of 2128 mg SS/l in storm water from uncovered CDF areas and an average of
g SS/l from areas with vegetation. If water with SS in this range were drained directly from the CDF

uld increase the release of Hg and HCB to the recipient considerably. RE was recalculated with
nt concentrations during the construction phase assuming the above range of SS and Hg and HCB
ntrations on the suspended particulate matter as in the dredged material �Table 1�. The RE �Figs. 5�d�
�d�� was, as expected, much lower in the case of the particle facilitated transport than what was
ved when effluent water is filtered through the barrier. In the worst case, RE is less than zero until
ars after the construction, meaning that it could take 25 years to compensate for particle facilitated
ort of this magnitude.

lusion

use of leaching tests together with a conceptual model and analytical calculations of contaminant
ort were successfully applied to make a conservative estimate of the transport of contaminants

g and after the construction and filling of dredged material in a CDF. Monitoring presented in this
showed that the actual release of Hg and HCB during and after the construction phase was less than

ated, demonstrating the conservativeness of this approach to the impact assessment. We believe that
oncept of remediation efficiency can be very useful as a part of impact assessments both in pure
diation projects and in other projects involving contaminated soil or sediment for the following
ns: �1� It can be used to evaluate both mechanisms causing increase and mechanisms causing reduc-
n contaminant release; �2� It can enable the user to evaluate which transport mechanisms cause the
st contaminant release; �3� The concept is simple and can be used with input from both simple
tical models and complex numerical simulations; and �4� Comparison of REs of alternative remedia-
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trategies can be used to evaluate the cost-benefit of different remediation alternatives.
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terial Behavior of Dredged Contaminated Sediments from
ple Laboratory and Oedometer Tests

ABSTRACT: Contaminated sediments, near urbanized areas, usually have a high content of organic mat-
ter and therefore a high water content and low shear strength. During dredging, additional water is mixed
with the sediment, increasing the water content even further. The resulting dredged material that has to be
disposed will be very soft with a very low shear strength. As a result, capping of a disposal site with clean
sediments will be a challenge and put restrictions on the thickness of the cap and the used placement
technique. Simple laboratory tests have been conducted to evaluate the transition of newly dredged ma-
terial from being a fluid to behaving like a continuum. The performed tests show that it is possible to put a
sand layer on top of dredged material after a short initial consolidation phase. This indicates that dredged
material at this stage is by definition a continuum. Results from special oedometer tests revealed that the
time needed for primary consolidation for contaminated clay from the Bjørvika area in Oslo �Norway�, was
approximately 30 h. The undrained shear strength of dredged material after consolidation under the influ-
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Paper ID JAI13323
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ence of a thin sand layer is difficult to measure using traditional methods. A simple laboratory test with a
transparent cylinder and a tilting table was conducted to force a failure mechanism. From these results, the

undrained shear strength can be back calculated. For Bjørvika clay, test results, using a 2–3 cm sand cap,
indicated a shear strength of approximately 0.10–0.15 kPa after three days of consolidation. Thin sand
layers will increase the shear strength of the dredged material and act as draining layers of excess pore
pressure during disposal site operation. This will improve the stability of the final cap after site closure.

KEYWORDS: dredged material, shear strength, consolidation, capping, laboratory tests

duction

ents in urbanized areas are usually highly contaminated. Dredging and disposal of this material is a
nge. Sub-aqueous disposal often requires a protective cap of clean material to prevent uncontrolled

ding of contaminated sediments. Failure of a cap construction can have major environmental and
my consequences. Two different failure mechanisms can be identified; sliding failure �Fig. 1� and

ng failure �Fig. 2�.

cript received May 23, 2005; accepted for publication January 5, 2006. Presented at ASTM Symposium on Contaminated
ents: Evaluation and Remediation Techniques on 23–25 May 2006 in Shizuoka, Japan; M. Fukue, K. Kita, M. Ohtsubo, and
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FIG. 1—Sliding failure.
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g Failure

ritical failure mechanism is the capping layer sliding on top of a very soft soil with hardly any shear
ance. Failure will be a function of slope angle and shear strength at the surface of the dredged
ial.

ng Failure

her failure mechanism occurs if the capping layer has a higher weight than the bearing capacity of
ed material. The bearing capacity is a function of the shear resistance along the failure zone �1�.
oth the sliding failure and bearing failure must be considered when a protective cap is to be con-
ed. Therefore, knowledge of the material behavior of dredged contaminated sediments is essential
making decisions on the thickness and placement technique of a protective cap.
ewly deposed dredged material can be very “fluffy” and it is relevant to question if this material
d be considered as fluid or not. By definition, a fluid is a substance that deforms continuously under
ction of an applied shear force or stress and it is able to flow �2�. It is important to emphasize that
will be a completely different failure zone for a fluid than for a continuum, and classical bearing
ity calculations for solids will not be true if the material is a fluid.
lassical in situ sediment investigation methods typically measure the shear resistance of a sediment.

xample is the Cone Penetration Test �3� that is used frequently both offshore and onshore. The main
tions to using in situ classical geotechnical investigation methods for dredged material are their
uracy at low shear strengths and the chance of overlooking an unclear transition zone between fluid
olid.
here are different standard laboratory tests that can be performed to measure the shear strength of
One example is the fall cone test that can be performed both for remolded and undisturbed clay.
ver, the accuracy of these results decreases with shear strengths below 1 kPa, and the results are not
le for shear strength below 0.5 kPa �4�.
his paper presents a simple laboratory test, “tilting table test,” which has been conducted to demon-
that it is possible to add sand on top of dredged material, shortly after dredging, and that dredged
ial has a measurable shear strength. In addition, a special oedometer test has been conducted to
l the time needed for primary consolidation for contaminated clay from the Bjørvika area in Oslo,
ay.

g Table Test

ground

d is added on top of newly deposed dredged material �capping�, it is likely that the sand particles will
rough the fluffy material. Laboratory tests performed at NGI show that the time between deposal and
ng is of great importance �5�. It was found that it took about one day before it was possible to add a
cm thick sand layer above the dredged material. One explanation is the increased strength in the
ed material simply because it was allowed to consolidate due to its own weight.
hen the dredged material is allowed to consolidate, the excess pore pressure will decrease and the

le contact increase, resulting in increased shear strength. A typical shear strength profile of normally
lidated clay can be expressed as:

su
DSS = �p0� �1�

FIG. 2—Bearing failure.
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he parameter � is a constant with a typical range between 0.15 and 0.35. The effective vertical
ure po� is a function of density and depth. It is assumed that the same function also can be applied for
minated dredged material, but that the range of � may differ.

tive

ming that the shear strength of dredged material increases with depth and that sand has a higher
n angle than dredged clay, the tilting of dredged material with a capping layer on top of it, should

a failure mechanism as illustrated in Fig. 1, with the weakest layer just below the sand layer.
he objective of the tilting table test, was to find the angle where sliding occurs, then back calculate
ndrained shear strength just below the capping layer. The tilting table test is not an alternative to any
ard laboratory tests, and should be considered as a supplement to better understanding the soil
ior of very soft contaminated sediments.

ration

ediment used in the tests originates from the Oslo Fjord and is highly polluted silty clay. It is very
nd pliable, with a total unit weight of about 16 kN/m3 and water content �on dry weight basis� of
d 150%.
Ø400 mm cylinder of plexiglass with a height of 1.0 m was used. The tilting table and column are

n in Fig. 3.
he cylinder was attached to a base plate on a tilting machine that was connected to an electronic
er. The measurements were recorded by using a motor which turned at approximately 2.5° per minute
ig. 4�.
eometry effects that may have arisen from the size of the cylinder were considered. After consoli-

n, the sediment was about 130 mm thick, and the capping layer 20 mm thick. Using a cylinder
eter Ø400 mm geometry effects were assumed to be minimal. In addition, the cylinder was equipped
an internal wall at the height of the sediment, and placed along the inside of the cylinder �Fig. 5�. This
ed the capping material to move freely. Three different tests were performed:
. Capping layer on top of sediment above internal wall �Fig. 5�
. Sediment without a cap above internal wall
. Sediment and cap above internal wall

FIG. 3—Cylinder connected to the tilting table (shell sand used as capping material).

FIG. 4—Motor and digital device for measuring the angle of the tilting table.
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nitially the material was blended with sea water and allowed to settle. In order to obtain an even layer
diment, the sediment was blended with around 16 l of sea water and then allowed to consolidate.
rch on the consolidation of sediments, gave an “optimal” time �around 1000 min� at which we could
the capping layer �5�. In the first test a capping layer of shell sand was applied around 1500 min after
lidation had begun. This can be seen in Fig. 6 along with the subsequent consolidation after the
ng layer was applied.
he capping layer was quite well defined as a 20 mm thick layer on the surface of the sediment. The
e system was allowed to consolidate for a further three days, with only a minimal change in the height

sediment over this period.

lts and Discussion, Tilting Table Test

: Capping Layer on Top of Sediment and Internal Wall

ylinder was rotated to 10° with only a few small particles being dislodged. It was then tilted to 20°
till only a few particles fell from the face of the wall. The cylinder was then tilted at around 1° every
min and during this time small particles fell continuously from the front of the wall face, as can be
in Fig. 7.
his gradual failure continued up until 40°, at which point a continual failure of the cap occurred. The

FIG. 5—Schematic cross section of the test column, showing the internal wall.

FIG. 6—Consolidation curve of sediment and cap.
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der was tilted a further 1° and then tilted back to horizontal. All water was drained and the resulting
e zone can be seen in Fig. 8. This failure was as deep as the capping layer itself but none of the
ent layer underneath was visible from the surface.
his failure mechanism was not as expected, since failure was believed to occur at a much lower
ation. Instead, the sand failed around its friction angle, the angle of repose, which is close to 40°.

n Fig. 9 the maximum shear strength in sand is shown as a function of submerged capping thickness
sponding effective normal stress�.
s seen in Fig. 9, the undrained shear strength at the top of the contaminated sediment must be greater

0.1 kPa �corresponding to a 20 mm cap�.

FIG. 7—Particles falling from the face of the cap.

FIG. 8—Failure zone of cap at 40°.

FIG. 9—Maximum shear strength in sand.
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: Sediment Without a Cap Above Internal Wall

on the results from the previous test, test 2 was performed without a cap. However the sediment
was higher than the internal wall. The sediment was mixed and allowed to consolidate about
min. The temporary wall was then removed to allow the sediment to slump forward from the wall.
igure 10 shows the fractures that formed in the sediment the moment the wall was removed, it must
id that at this point the exposed face of the sediment was still quite steep. The excess sediment that
allen down into the front of the cylinder was removed to allow further erosion. The whole system was
allowed to stand for approximately 24 h, the resulting slope can be seen in Fig. 11. This slope was
measured and the cross section drawn to find the angle of the slope �see Fig. 14�.

: Sediment and Cap Above Internal Wall

hird test was conducted similarly to test 2, although this time with a 3 cm capping layer of sand
d on the sediment. The sediment was permitted to consolidate after the application of the cap, the
s can be seen in Fig. 12.
s in test 2, the system was placed onto the tilt table and the temporary wall was removed. The result
hat the sand layer crumbed at the face but the sediment remained upright.
he system was allowed to stand for a further 24 h, although the face of the sediment failed around
fter the wall was removed. The resulting face can be seen in Fig. 13.
he angle of the face was measured and was found to be approximately 65° �see Fig. 14�.

FIG. 10—Fractures in sediment after the wall was removed.

FIG. 11—Slope in sediment after standing for 24 h.
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A
Fig. 1

F

rough stability analysis has been performed assuming a circular critical failure zone illustrated in
5. Height H and average slope angle � is based on the profile in Fig. 14.
or test 2 the average shear strength is calculated to 0.11 kPa, and for test 3 the average shear strength

FIG. 12—Consolidation curve of sediment and cap in test 3.

FIG. 13—Resulting face of capping and sediment material.

FIG. 14—Cross section through center of column, test 2 and test 3.

FIG. 15—Stability analysis.
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culated to 0.14 kPa. The results must be considered as rough estimates, but we see the effect of a
cap giving an increased strength in test 3 compared to test 2 without capping. Both results exceed the
of 0.10 kPa indicated in Fig. 9.

he increase in shear strength from test 2 to test 3 could also be calculated by using Eq 1 with �
and

�su
DSS = 0.2�p0� + �pv�� = 0.2�0 + 0.03�16 − 10�� = 0.035 �kPa�

f the shear strength of the material is 0.10 kPa, the maximum bearing capacity of this material is
ximately 0.5 kPa, which corresponds to a submerged capping thickness of 8 cm �total unit weight
/m3�.
plate-bearing test was performed with a cylinder. A 2 cm capping layer of sand was placed on top
same sediment as used for the tilting tests. The cylinder penetrated the cap with constant velocity

he resisting force was measured. Figure 16 shows picture of the setup and initial results from the test.
he results of the plate-bearing test indicate that the bearing capacity with a 2 cm capping layer with
is about 0.5 kPa, and this compares well with the findings from the tilting test.

ial Oedometer Test

parallel tests were performed with the same sediments used in the tilting tests. The material was
lded and had an initial water content of 130%, void ratio 3.65, and salt content of the pore water
35 g/ l �equivalent NaCl�. The specimen hight was 92.8 mm with diameter Ø40 mm. Measurements
taken for the following load steps: 1, 2, 3.9, 7.8, 15.7, and 31.4 kPa. The most interesting load step
ation to the tilting test is the first load step of 1 kPa.

lts and Discussion, Oedometer Tests

e 17 shows results for a load of 1 kPa. Time for primary consolidation was about 2000 min for the
est load steps. For the first load step, the permeability coefficient k is calculated to 0.26 m/yr and the
cient of consolidation cv is found to be 0.69 m2/yr. The permeability was decreasing with an in-
e in load steps. For the last load step, the permeability was found to be 0.05 m/yr.
ime for primary consolidation can be calculated from the following expression �1�:

tp =
H2

cv
�2�

e H is one-half of the consolidating stratum.

FIG. 16—Preliminary plate-bearing test.
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t should be mentioned that a thick layer of contaminated material will dissipate excess pore pressure
later than a thin layer. For test 1, the consolidating stratum is H=130 mm. Assuming cv to about

m2/yr, Eq 2 gives a time for primary consolidation of nine days. The sand was added after about one

mpirical correlation between compression index and in situ water content for clay and silt deposits
or peat is given in �6�. As can be seen in Fig. 18, results from the oedometer test show that the
ression index is within the expected range but in the lower end of the reported data.

lusions

le tests were performed with dredged material mixed into columns with sea water to determine very
hear strengths. One very important finding is that it is possible to add a thin sand layer on top of a
soft and fluffy dredged material, if initial consolidation of the dredged material is allowed. At this
the dredged material is by definition a continuum. If sand is added just after mixing, the sand
les will fall through the sediments.
simple tilting table test indicated a possible shear strength range from 0.10–0.15 kPa in the upper

f the dredged material after capping with 2–3 cm of sand and three days of consolidation. This thin
layer has two important functions. It will increase the shear strength after consolidation and it will act
raining layer of excess pore pressure if more dredging material is added on top of it.

FIG. 17—Results from oedometer test, 1 kPa.

18—Empirical correlation between compression index and in situ water content [6] and compression
measured in oedometer tests.
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edometer tests show that the time for consolidation and strength increase can be very long if the
ed sediment thickness is high. The addition of a thin layer of sand in between deposing dredged
ial in a sub-aqueous disposal facility is therefore recommended.
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licability of Cement-Stabilized Mud Soil as Embankment
terial

ABSTRACT: Although conventional improved soil using cement has high strength, a maximum strength
can be induced by a small strain, causing cracks. Thus, such improved soil is not considered to be fit for
core materials �i.e., impervious materials� for earth dam embankments. We have developed a method to
repair embankments with crushed and compacted soil utilizing earth dam mud soil. This method enables
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Paper ID JAI13354

Available online at www.astm.org
embankments which rarely crack to be constructed. The improved soil was produced in the following
manner. First, the stabilized soil was cured for a few days. The soil was then crushed, plowed, compacted,

and re-stabilized, resulting in an improved soil that, although it had lower strength, at the maximum strength
can only be generated by a large strain. In this paper, mechanical tests for soil specimens prepared in a
laboratory and obtained from actual embankments were used to obtain the curing times till crushing, and
the strength and deformation characteristics of the crushed-compacted soil. In addition, we carried out a
dry-wet cycling test for endurance for the crushed-compacted soil, and examined the mechanical charac-
teristics. Finally, we describe some actual examples where the present method has been applied.

KEYWORDS: earth dam, embankment, mud soil, improvement soil

enclature

tS � curing period at initial stabilizing process
�qu�IS � unconfined compressive strength of initial stabilized soil
u�IS10 � unconfined compressive strength at tS=10 days of initial stabilized soil

w � water content of mud soil before stabilization
�w0 � water content at reference condition�

qu�CC � unconfined compressive strength of crushed and compacted soil
tCC � curing period after crushing and compacting the initial stabilized soil

+ tCC� � total curing period after cement mixing
u�CC7 � unconfined compressive strength at tCC=7 days of crushed and compacted soil
u�CC* � design strength of crushed and compacted soil

CStability� strength required to keep embankment stability
CTrafficability� strength required to achieve trafficability of construction vehicles

R � strength reduction rate in crushing and compacting process of initial stabilized soil �R3:
value of R at tS=3 days�

�WC � cement weight required to achieve design strength
�tCC � wet density of crushed and compacted soil
�FL � ratio of field strength to laboratory strength in stabilized soil
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duction

pan, there are approximately 100 000 small-scaled earth dams �with a capacity to store 1000 tons of
� for irrigation called the “earth dams.” These earth dams were constructed in ancient times, and thus
uperannuated. In the areas that have become urbanized around the earth dams, nearly 20 000 earth

need to be repaired immediately due to the problems of increasing water leakage and safety con-
. The following problems appear in such areas: �1� it is difficult to obtain embanking and core
ials necessary for repairing and reinforcing the embankments and �2� mud soil often accumulates at

ottom of the earth dams, thus reducing the volume of water that can be stored and degrading the water
ty. In addition, the construction needs to be executed carefully to protect the living environment from
oise and vibration that are generated. We have developed a method for repairing the embankments
“crushed and compacted soil produced by utilizing the mud soil of earth dams.”

ne of Crushed and Compacted Soil

l soon become possible to harden soft soil using stabilization materials with cement and to obtain the
red mechanical strength. Although the stabilized soil has a high strength, it can be failed by a small

and suffer a larger deformation compared to that of the surrounding ground �embankment� soil
ng it difficult to use the soil as embankment materials �impervious materials� for the earth dams

require low permeability.
igure 1 shows the outline of the newly developed method. A soil improvement material with cement
ed to the mud soil of earth dams and the soil that is excavated from existing embankments and the

al ground. After mixing and solidifying, they are crushed to the required maximum grain size and
acted to construct embankments. The properties of the easily cracked, stabilized soil can be made
ar to those of natural soil by crushing once. Figure 1 shows that in earth dam repairs, embankments
ften widened and raised on the upstream and downstream slopes that need to be reinforced. Water
nature is not required for such embankments; rather, water permeability is preferred. It is ideal to
n the required mechanical strength and permeability coefficient according to usage for the embank-
materials that are to be used to repair earth dams. Necessary mechanical characteristics can be

ned with the crushed and compacted soil by varying the mixing ratios of the pond mud soil and the
ated soil from existing embankments and the natural ground, the amount of cement added, and the

mum size of the grains obtained by crushing.
n this paper, the mechanical characteristics of the embankment materials using purely pond mud soil
escribed, while multiple kinds of soil, together with the pond mud soil, are used in the actual
nkment construction. Thus, with the newly developed technique earth dams can be renewed without
ring costs for discarding the pond mud soil and for purchasing other types of soils.

1—Schematic of construction method with crushed-compacted soil and application of improved soil.

CONTAMINATED SEDIMENTS



Mech

Crush
tained
stabil
with
comp
initia
emba
tests
the re
water
dry-w
mech

Curin

Earth
work
soil.
in the
its hi
mater
prove
stabil

F
labor
�ts�. T
by m
no vo
mold
were
�Japa
were
�qu� o
anical Characteristics of Fracturing- and Rolling-Processed Soils

ed-compacted soil and initial-stabilized soil were developed by solidifying the pond mud soil ob-
from the bottom dam reservoir in a pit for a certain period of time �ts�, excavating it, crushing the

ized soil to the required maximum grain size �Dmax�, and compacting the crushed soil. Embankments
a deformation properties that are similar to those of natural soil can be constructed with this crushed-
acted soil. The curing time after crushing is denoted as tcc. The curing time t is ts �day� for the usual
l stabilized soil and ts+ tcc for the crushed and compacted soil because the stabilization continues after
nking. In the following section, we describe the experimental results obtained from the mechanical
for the specimens that were prepared in the laboratory and obtained from actual embankments. From
sults, we examine the curing times till crushing, and the characteristics of strength, deformation, and
permeability of crushed and compacted soil using the results. In addition, we have carried out a
et cycling processing test for endurance with the crush-compacted soil, leading to a study of their
anical characteristics.

g Times

dam mud soil that was obtained from the Nishiooya dam was used for testing. Considering the actual
operation, this state was defined as the initial one after the free water was removed from the mud

Figure 2 shows grain size curves and physical characteristics of the earth dam mud soil that was used
tests. The soil consists of mainly fine grains that are less than 0.075 mm in diameter, and because of

gh water content �w=121 % �, the soil has not been considered to be suitable as an embankment
ials. The stabilization material used in this test program was a cement stabilizer for soft soil im-
ment and the cement content was expressed by the additive ratio CW �%� that a percent of the cement
izer to the wet unit weight of the mud soil.
igure 3 shows the unconfined compressive strength �qu� of the specimens that were prepared in a
atory using a mold for initial stabilized soil and crushed-compacted soil on initial stabilization time
he specimens were 50 mm in diameter and 100 mm high. The initial stabilization soil was prepared

ixing prescribed amounts of stabilization material with cement and pond mud soil to fill a mold with
ids, and then cured. After curing for the necessary period, the stabilized soil was taken out of the

, and crushed into grains with an approximate maximum size of 10 mm by a straight edge. Then, they
packed in the mold to be compacted according to the method A of JGS T071 �Ec=550 KJ/m3�

nese Geotechnical Society, 2000�, and cured for the necessary period. Unconfined compression tests
performed on these specimens. Figure 3 shows the dependence of unconfined compressive strength
n the curing time �tcc� for initial stabilization periods ts, 1, 3, and 7 days. As the initial stabilization

FIG. 2—Grain size and physical characteristics of the earth dam mud soil.
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d increases, the strength immediately after crushing and compacting is reincreasing, while the final
th is small compared to that for shorter initial stabilization periods as these periods increase, indi-
that the increase in the strength after crushing and compacting is small.

igure 4 shows the effect of initial stabilization period on reduction in unconfined compressive
th �qu�cc for a 28-day-old crushed-compacted soil obtained from the pond mud soil with different

nts of fine grains Fc �i.e., weight fraction of the grains with the sizes less than 0.075 mm�, which is

3—Effect of initial stabilization period on strength of initial stabilized soil and crushed-compacted

. 4—Effect of initial stabilization period �ts� on strength reduction by crushing and compacting.
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sented using a strength ratio, R= �qu�CC/ �qu�IS. As the curing period of crushed-compacted soil �tcc�
ases, the strength �qu�CC becomes small compared to that of the initial stabilization soil �qu�IS, and the
th ratio R decreases, e.g., for a curing period of three days, R=0.3-0.55.
oreover, as Fc increases, R tends to decrease roughly. The strength immediately after crushing and

acting �qu�CC is related to the trafficability of a compacting machine, and the final strength is related
structural stability of the embankments and solidifying efficiency. Based on this information, the

ard initial stabilization period ts was determined to three days.

gth Characteristics

e 5 shows examples of stress-strain curves that were obtained from the isotropically consolidated
ined triaxial compression tests �at a confining pressure, �3=8�kN/m2�� for the initial stabilization
t t= ts=10 days� and the crushed-compacted soil at t= ts+ tcc=3+7=10 days with the same composi-
The initial stabilized soil exhibits a maximum strength at a strain of approximately 2 %, and the
th decreases at larger strains. On the other hand, the maximum strength of the crushed-compacted

s smaller than that of the initial stabilized soil; however, it exhibits stress-strain curves similar to those
ordinary soil, indicating that the deformability of the crushed-compacted soil is not much different

that of the ground or existing embankment soil.
igure 6 shows the specimens after the triaxial compression tests. While the initial stabilized soil
y shows the onset of a slip plane due to a local strain concentration, the crushed-compacted soil, as
as the ordinary soil, shows no strain concentration, but a barrel-shaped deformation. Figure 5 shows
the typical data; however, Fig. 7 shows all of the data concerning strains at peak stresses �i.e., failure
� in the initial stabilized soils and crushed and compacted soils that were obtained from the triaxial
ression tests. The additive ratio of the stabilization material is approximately Cw=15 %, the failure
of the initial stabilized soil is 2 %, while that of the crushed and compacted soil is 7–15 % at below
5 %. This indicates that the strength of the crushed and compacted soil is mobilized at a larger than
f initial stabilized soil �Fukushima, Kitajima, Tani, and Ishiguro, 2003�.

FIG. 5—Example of relationship between initial stabilized and crushed-compacted soil.
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t of Additive Ratio of Stabilization Material to Unconfined Compressive Strength

nitial stabilized soil �t= ts=10 days� and crushed-compacted soil �t= ts+ tcc=10 days�, the unconfined
ressive strength was compared at additive ratios of the stabilization material, Cw=5.0, 7.5, 10, and
. As shown in Fig. 8, the strength of the crushed-compacted soil was lowered to approximately half
f the initial stabilized soil at each additive ratio.

t of Crushed Grain Size on Strength of Crushed-Compacted Soil

amine the effect of the maximum size of grains that were obtained by crushing the initial stabilized
ith the strength of crushed-compacted soil, with the same pond mud soil as in Fig. 2, the crushed-

acted soil �t= ts+ tcc=10 days� was prepared by crushing the initial stabilized soil �with a cement
nt Cw of 7.5 %, ts=3 days� into three kinds of grain sizes �Dmax=10, 20 mm, and less by a mixer�,

“crushed grain.” Unconfined compression tests were carried out with the crushed-compacted soil.
igure 9 shows the grain size distribution for each specimen after crushing. The strength of the
ed-compacted soil exhibits approximately qu=120 �kN/m2� for the large grain size, 100 �kN/m2� for
iddle grain size, and 50�kN/m2� for the small grain size, indicating that the strength depends

derably on the crushed grain size.

FIG. 6—Specimens after triaxial compression test.

FIG. 7—Comparison of failure strains for initial stabilized and crushed-compacted soil.
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igure 10 shows grain size curves for the soil that was crushed by a bucket-type crashing machine
11� into three different sizes �Dmax=50, 100, and 200 mm�; the soil was prepared by solidifying �ts=3
the same earth dam mud soil. Figure 12 shows relative strengths of undisturbed specimens �t= ts

=3+7=10 days�, having different maximum grain sizes that were obtained from a constructed em-
ent; the strengths were determined from unconfined compression tests �where the strength of the

men with the maximum grain size of 200 mm is denoted by ��qu��200��. For �qu�200=1.0, �qu�100 and
are approximately 0.85 and 0.65, respectively, indicating that the strength decreases with decreases
in size. For large sized grains, large clusters exhibit a behavior as if rock materials formed a matrix,

increasing the strength. This result shows a tendency that is similar to that for the specimens which
prepared in the laboratory mentioned above. As the required grain size increases, the in situ crushing
ency by the machine increases, and in addition, larger strengths can be obtained for the specimens.

are the constructional and structural merits for embanking.

acteristics of Permeability Coefficients

e 13 shows the results from the permeability tests using triaxial cells that were carried out by varying
dditive ratio of the stabilization material �Cw� and the confining pressure in a triaxial cell. The
mens, 60 mm in diameter, and 60 mm high, are the crushed-compacted soil with Dmax=10 mm and a
action energy Ec of 550 �kJ/m3� that were produced from the pond mud soil shown in Fig. 2. The
eability coefficients are slightly dependent on the additive ratio of the stabilization material, while
are clearly dependent on the constraining pressure.

FIG. 9—Grain size distributions of specimens after crushing (laboratory test).

FIG. 8—Effect of additive ratio of stabilization material to unconfined compression.
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ccording to a standard for fill dams, permeability coefficients of core materials k are less than 1.0
6 �cm/s� in a laboratory test, and less than 1.0�10−5 �cm/s� for actual embankments. According to a
ical guideline for earth dam, k is less than 5.0�10−6 �cm/s� in a laboratory test, and less than 5.0
5 �cm/s� for actual embankments. The figure shows the results from the permeability test using
al cell. If the permeability coefficient k200 is defined as 1.0 for a grain size of 200 mm, k100=0.42 for
m, and k50=0.30 for 50 nm, indicating that the permeability coefficient increases with grain size.

hese results suggest that the grain size should be small for core materials so that the permeability
ases and should be large for embankment materials so that the strength increases. On the other hand,
ing site experiments �k=5.0�10−6�cm/s�� suggested that if the content of fine particles of the earth
mud soil is more than approximately 50 %, the required permeability can be obtained even for the
s with Dmax=200 mm.

10—Grain size distribution of crushed soil by a bucket-type crushing machine. (Grain size distribu-
f specimens after in-situ crushing test of embankment.)

FIG. 11—Schematic of bucket-type crushing machine.
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acteristics of Consolidation and Settlement

construction, embankments exhibit a consolidation-settlement behavior due to their own weight, and
onsolidation test was carried out to clarify such settlement characteristics. Specimens were 60 mm in

eter, and 60 mm high, and the preparation method was the same as that for the permeability test.
e 14 shows the relationship between the settling strain �v and the consolidation pressure �v for the
l stabilized soil with various additive ratios of the stabilization material �t= ts=10 days� and the
ed-compacted soil �t= ts+ tcc=3+7=10 days�. When �v exceeds a certain value, �v increases consid-
y for the initial stabilized soil, while it increases more gradually for the crushed-compacted soil,

is clearly seen particularly in low additive ratios, indicating a strain hardening behavior, as shown
stress-strain curves that were determined from the triaxial compression test. Thus, the deformation

new embankment that constructed the crushed and compacted soil can be considered to follow the
ment of the existing embankment without the local concentration of strain.

12—Permeability coefficient ratio and strength ratio of crushed-compacted soil (specimens prepared
oratory).

13—Effect of maximum grain size at crushing time on strength and permeability coefficient of
ed-compacted soil.
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t of Dry-Wet Cycling Procedure

dam embankment soil repeatedly undergoes dry and wet states due to the variation in the level of
water or the weather. Thus, to examine the long-term stability of crushed-compacted soil, the

fined compression tests were carried out for the soil by dry-wet cycling processing. For ts=3 days
cc=28 days, t= ts+ tcc=31 days, the unconfined compressive strength of the crushed-compacted soil is
ed as the standard strength. Two types of dry-wet cycling procedure were executed for t= ts+ tcc=3
0 days; one is the repetition of a serial process of air drying −	 water immersion−	 air drying, and

ther is the repetition of a serial process of 110°C oven drying −	 water immersion −	 oven drying.
ecute the procedure of the cycle number for the remaining 21 days, e.g., for three cycles, the dry-wet
is repeated 21/3=7 days/1 cycle.
igure 15 shows the relationship between the number of dry-wet cycles and the strength ratio �uncon-
compressive strength of the crushed-compacted soil undergoing dry-wet cycling N times �quN�/
fined compressive strength of crushed-compacted soil �qu� �t=31 days�. The reduction rate in the
th for case �2�, i.e., 110°C oven dry −	 water immersion −	 oven dry is larger than that for case

. 14—Relationship between settling strain �v and consolidation pressure �v (consolidation test).
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soil.
.e., air dry −	 water immersion −	 air dry, indicating that the reduction rate in the strength is larger
e soil at the more severe drying condition. However, the reduction rate is approximately 20 % at
thus by considering the dry-wet cycling condition which can actually occur, there is no problem if

rength is designed to have a sufficient margin.
mproved soil using cement has long been used as a protective material for the slope of the dam pond
and its long-term stability has been verified. To examine the durability of the crushed-compacted

as mentioned above, the dry-wet cycling test was carried out with the specimens, and it was verified
o problems occur regarding the stability if the designed strength has a sufficient margin. However, in

ctual construction, it is necessary for the cover soil layer of 30–50 cm thick to protect the embank-
from the dry and wet weather conditions.
ext, we describe examples where the newly developed method has been applied, such as works for
ding the water storage capacity of superannuated earth dams and the embankment repairing works
ater leakage protection.

n and Execution of the Embankment Construction Method with Crushed-Compacted Soil

ne of the Construction Method

mbankment construction method using crushed-compacted soil is a technique to construct inclined
zones for water leakage protection and raising embankments using crushed-compacted soil which is
red in the following manner: �1� “Initial stabilized soil” is prepared by adding a stabilization material
cement to the mud soil that has accumulated at the bottom of earth dams �pond mud soil� and cured
certain period ts �initial stabilization period� to acquire the required strength and the low permiability;
en the soil is crushed into grains with required maximum sizes Dmax; and �3�, the crushed soil is

ed and leveled to have a constant layer thickness, and then compacted afterward in the same manner
dinary soil. The embankment soil, called crushed-compacted soil can have a deformability that is
ar to that of the usual soil from crushing and compacting the once-stabilized soil.
he execution process of this method consists of three processes, initial stabilization of pond mud soil,
ing of the initial stabilized soil, and embanking with the crushed soil. The following procedure is
ardized in the initial stabilization process, that is, after emptying out of the dam reservoir, slurry with
position ratio of water to a stabilization material by weight, w/c=1.0 is added to the pond mud soil

15—Effect of dry-wet cycling processing on unconfined compression strength of crushed-compacted
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situ stirring using a trencher-type mixer. In this process, homogenous stabilization mixing is most
tial for constructing structurally homogenous embankments by the crushed and compacted with the
red strength and the low permeability.
n the crushing process, the initial stabilized soil that has been cured for a certain period ts �ts=3 days
ndard� is crushed into grains with required maximum sizes Dmax using a bucket-type crushing
ine which can do such operations as excavation -	 crushing -	 loading consecutively. This crushing
ine has a skeleton bucket with a capacity of 0.7 m3, having a soil extruding plate with a maximum
r of 196 kN, �the bucket is replaced with that of a backhoe having a capacity of 0.7 m3�. The initial
ized soil is pushed out of the skeleton by the extruding plate with a required mesh interval to execute
rushing and loading operations. �Dmax is adjusted by changing the skeleton mesh interval.� Dmax can
nce the strength and core performance of the crushed-compacted soil, that is, by increasing Dmax the
th increases, and the low permeability decreases.

n the embankment process, the crushed soil was plowed by a backhoe to mix the grains consisting of
e to fine particles homogeneously and to obtain a constant layer thickness, leveled by a bulldozer, and
acted by a vibrating roller. Furthermore, the surface region of the slope was covered by soil with a
ness of 30–50 cm for green planting to protect the crushed-compacted soil from degradation due to
ry-wet state cycling and the prevention of alkaline elution from the embankment constructed by the
ed and compacted soil.

of Target Strength

rding to the “quality improvement method for general soil,” the strength of the initial stabilized soil
crushed-compacted soil is represented by an unconfined compressive strength qu, and the strength
eter is indicated by the cohesion, neglecting the internal frictional angle 
.

C = qu/2 �1�

trength of the pond mud soil stabilized by a stabilization material with cement usually increases with
g time t, while it decreases drastically after t=10 days. Thus, the target strength �qu�cc* is determined

the strength at t= ts=10 days after adding and mixing the stabilization material for the initial
ized soil, and the strength �qu�cc7 at tcc=7 days �t= ts+ tcc=3+7=10 days� after crushing and com-
g to obtain the crushed-compacted soil.
he strength �qu�CC* is examined using �qu�CCStability�=2CStability�, which is transformed from the cohe-

Stability �estimated from a stability analysis� that is required for the crushed-compacted soil part of the
ed core zone so that the whole the embankment is stable or satisfies the safety ratio Fs*. By using

CTrafficability which is required for the trafficability of execution machines under construction.

�qu�CC* = ��qu�CCStability, �qu�CCTrafficability�max �2�

he embankments of many earth dams are less than 10 m in height, and for these embankments,
CTrafficability is usually larger than �qu�CCStability. The strength �qu�CCTrafficability can be obtained as shown
. The strength required for the trafficability of execution machines at the time of embankment

ruction with crushed-compacted soil is �qu�CC0 at tCC=0 day immediately after crushing and com-
g the initial stabilized soil. Thus, if �qu�CC0 must satisfy a bearing force �the cone index, qC

kN/m2, is the standard� where operation is possible on the embankment foundation ground of the
dam, then using the transformation equation, qu=qc /7.5

�qu�CC0 = 65 kN/m2 �3�

abilization proceeds, �qu�CCTrafficability changes from �qu�CC0 at the time of the embankment construc-
o �qu�CC7 generated at tcc=7 days which is the day to set the target strength and can be determined
the equation �qu�CC7= �qu�CC0 that was obtained from the mixing proportioning test.

f the target strength �qu�CC* �=�qu�CCTrafficability� of the crushed-compacted soil can be transformed into
rget strength �qu�IS* of the initial stabilized soil, using a strength reduction ratio R3 due to the
ing and compacting of the initial stabilized soil �R3 is the value at ts=3 days which corresponds to the
ard initial stabilization days�

�qu�IS * = �qu�CC * /R3 �4�
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present construction method, stabilization material with cement �for soft soil use� is intended to be
because it is suitable for the stabilization of the mud soil with high water content. The stabilization
ial can induce a large strength in the early stage of curing of such stabilized soil, and has character-
suitable for the present construction method which involves crushing and compacting at approxi-
y ts=3 days. For convenience, at the time of execution of working, the additive amount of the
ization material added is defined as the weight of the cement �WC to weight of pond mud soil of
. The cement was added to the pond mud soil by the slurry of w/c=1.0. The slurry method which is
le for homogeneous mixing, is standard for pond mud soil stabilization.
he mixing condition test was carried out on the basis of water content w=w0 that was expected at the
l execution for pond mud soil, and the effect of �Wc and curing times t�=ts� on the initial stabilization
th �qu�IS of pond mud soil was examined to determine a linear relation between �Wc and �qu�IS10 at
days which is the setting day of the target strength, that is

�WC = A + B�qu�IS10 �5�

mount of stabilization material added in the actual working site �WC
* can be obtained by substituting

xtra strength �qu�IS* /�FL=1/1.5. The value of �FL is the field-laboratory strength ratio to correct the
th by consider the different between the actual working site mixing and the laboratory mixing
tions, we adopted especially �FL=1/1.5 from the results of the mixing tests in the construction cite.
epending on the accumulation site of the pond mud soil, since the water content w before stabiliza-
f mud soil is not constant, if the effect of w on �qu�IS10 is not considered, the strength of a stabilized

soil is varied. Thus, for �WC at the time of the actual execution, w at the time before stabilization is
ured, and according to the difference from standard value w0 in the mix proportioning test, �WC

* at
0 is adjusted in the following manner. The relationship between �qu�IS10 and w, which is obtained
the mix proportioning test, is approximated by the following equation, independent of the kind of
mud soil and �WC:

�qu�IS10 = a*�w/w0�b �b = − 1.37� . �6�

, using Eq 5, the strength �qu�IS10 at w=w0 can be determined, and the effect of w on �qu�IS10 can be
into account.

ications to the Construction of Homogeneous-Type Embankment (The Repair Work of the
Dam Embankment)

Jige dam is located in Suzuka city in the Mie prefecture. To add a water storage capacity of
00 m3 for flood control to the present capacity of approximately 20 000 m3 for irrigation, the pe-

ral region of the old earth dam was excavated for expansion, and the main embankment was moved
downstream from the former embankment, and a new flat-bottomed earth dam embankment was

ructed there. The standard cross-sectional view is shown in Fig. 16, and the structural parameters of
mbankment are shown in Table 1. The embankment is a homogeneous type, because there are soft

FIG. 16—Standard cross section of Jige dam embankment.
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in the foundation ground, and also because it is necessary to decrease the amount of disposal portion
excavated soil, as described below. In this earth dam, there is no place to discard the pond mud soil
old earth dam, and the required amount of embankment soil with a high core performance cannot be

ned; therefore, the embankment construction method using crushed-compacted soil was applied,
can produce embankment soil artificially with the required performance of strength and core by

fying the pond mud soil.
or the embankment construction method using the crushed-compacted soil, the embankment soil is
ally produced by solidifying the mud soil that has accumulated at the bottom of the earth dam.
ver, for this earth dam, as the total amount of embankment soil is approximately 33 000 m3, while

mount of excavated soil for the reservoir expansion is approximately 110 000 m3, indicating that if
the pond mud soil is used, it would not be enough for the embankment. Thus, a mixed mud soil was

prepared by adding the excavated soil �e.g., sand and sand filter soil� to the pond mud soil. The ratio
amount of earth dam mud soil to that of excavated soil is defined as the volume ratio in the wet state

Mud/VCut. The ratio nV
* in the actual working site was also determined to satisfy the standard value of

ermiability for the homogeneous type embankment, kLab�1�10−5 cm/s. The target strength �qu�CC*
he Jige dam, was �qu�CCTrafficability=118 kN/m2, which is required for trafficability, and not
CStability=35 kN/m2, because the embankment height is low, and the slope gradient is small.
n this construction, stabilization processing was carried out in a pit to conveniently control the mixing
of pond mud soil and excavated soil. As shown schematically in Fig. 17, four pits were set for the
ing stabilization processes; mixing, first day curing, second day curing, and third day crushing.

vated soil and pond mud soil were carried in so that their mixing ratio was the required mixing ratio
Then the adding and mixing of the stabilization material were done by a trencher-type mixer. The
nsions of the pits were 4.5 m wide, 2.0 m deep, and 25–30 m long, corresponding to the amount of
ized soil per day. The embankment after repairing is shown in Fig. 18.

TABLE 1—Structural parameters of Jige dam embankment before and after repairing.

Embankment
specifications Before repairing After repairing

Type Homogeneous Homogeneous
Height �m3� 4.5 5.3
Length �m3� 90.0 4000
Volume �m3� 7000 33 000
Amount of stored
water �m3�

20 000 140 000

Amount of crushed
-compacted soil �m3�

¯ 30 000

Slope gradient 1: 2.0 �upstream� 1:3.0 �upstream�
1:1.8 �downstream� 1:2.5 �downstream�

FIG. 17—Initial stabilization by pit method.

CONTAMINATED SEDIMENTS



T
turbe
from
settin
ment
from
neous
The
emba
simpl
�WC

emba
to bu
good
achie
worse
he strength of the embankment was checked using the unconfined compression test for the undis-
d specimens sampled at intervals of embankment volume of �V=1000–15 000 m3 that was obtained
the embankment at each construction time. Figure 19 shows the relationship between �qu�IS10 at the
g day for the target strength, t= ts+ tcc=3+7=10, or �qu�CC and the accumulated amount of embank-
soil, where the symbol indicates the average value, and the vertical bars indicate the extent of data,
maximum to minimum. The figure shows a scatter of data, which is probably due to the inhomoge-
mixing of the stabilization material, and a variation of the values of nV or w of the mixed mud soil.

scatter range of �qu�CC7 is 1 /2 to �1/3 that of �qu�IS10. This suggests that more homogeneous
nkments can be constructed by crushing and compacting the initial stabilized soil rather than by
y using the initial stabilized soil. In addition, �qu�CC7 did not necessarily satisfy �qu�CC*; however,
was not altered to suppress the strength, when the trafficability and the strength stabilizing the

nkment �qu�CCStability were satisfied. This construction method with the crushed-compacted soil aims
ild the embankments having not only the strength required for stability but also the properties to have
contact with former embankments, while the usual methods for soil quality improvement only aim to
ve the required strength. However, compacted-crushed soil with strength stronger than necessary
ns the contact with the former embankment, and results in a loss of homogeneity of the embankment.

FIG. 18—Jige dam embankment after repairing.

FIG. 19—Relationship between �qu�IS10 or �qu�CC7 and V.
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he low permeability of the embankments was checked by the in situ permeability test of the soil with
tain volume of �V at the time of the embankment construction and the triaxial permeability test for
ndisturbed specimens obtained from the embankment by �D /H=75 mm/100 mm�. Figure 20 shows
elationship between the amount of the accumulated embankment soil V and the maximum and

um values of permeability coefficients kField, which were obtained by the in situ permeability test
ding to JIS A 1218, or the permeability coefficients �kTC�20 at �X=20 kN/m2 obtained by the triaxial
eability test. This figure demonstrates that �kTC�20 satisfies the standard value of permeability in the
atory test, kLab

* =1.0�10−5 cm/s, although there are the scattering in data, and kField satisfies the
ard value by the in situ permeability test, kLab

* =1.0�10−4 cm/s. This can be considered due to the
g of a strict condition that kLab

* should be one tenth of the in situ test value based on test data.

ication to the Construction of Sloping Impervious Zone for Water Leakage Protection

iring Work for Torakichizawa Dam Embankment

orakichizawa dam, located in Iide-cho, Nishiokitama-gun, Yamagata prefecture, was constructed in
, and has been used for irrigation. However, the embankment needed an oval repair because water was
g from the edge of the embankment slope and the periphery of the bottom gutter due to aging, the

-sectional deformation of the embankment, lack of height margin, the breakdown of the flood dis-
e outlet, and the reduction in flow performance. In this repair work, a large amount of pond mud soil
ccumulated during excavation for the cut-off trench of the inclined core zone. Such excavated pond
soil is highly hydrated and extremely soft, and thus must be taken to a treatment plant. However, it
ry expensive and not desired environmentally. For the Torakichizawa dam, an inclined water core
was constructed by the embankment construction method with the crushed-compacted soil, produced
lidifying the pond mud soil using a cement system stabilization material, and having the required
th and core performance �Fukushima, Tani, Kitajima, and Ishiguro, 2004�.

igure 21 shows the cross-sectional view of the embankment, and Table 2 shows structural parameters
embankment before and after repairing. In the repair work, the central region of the embankment

FIG. 20—Relationship between kField or �kTC�20 and V.
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transversely excavated in the a V shape to repair the conduit, then the root part of the sloping
rvious zone was excavated, with stepped-cut excavation of the former embankment, to construct a
sloping impervious zone. However, the target strength at that time, �qu�CC*, was not �qu�CCStability

kN/m2, but �qu�CCTraficability=132 kN/m2.
igure 22 shows the relationship between �qu�IS10 or �qu�CC7 that was determined from the uniaxial
ression test for the undisturbed specimens of the initial stabilized soil and crushed and compacted soil
=75 mm/150 mm� which were obtained for each embankment volume of 500 m3 and the accumu-
amount of embankment soil V. The vertical line symbols indicate maximum and minimum values
g the three types of specimens tested, and the symbols indicate the average values. This figure shows
lthough �qu�IS* and �qu�CC* which were set up for trafficability are not necessarily satisfied, �WC was
ltered because no problems can occur if the trafficability is kept during execution, and the strength
red for the stability of the embankment �qu�CCStability=100 kN/m2 is satisfied.
ext, to check the water core performance of the inclined core zone, �kTC�20 was determined by the
al permeability test for the core specimens that were obtained from the constructed embankment
=75 mm/150 mm�, and kField was measured by the in situ permeablility test for each embankment
e of approximately 500 m3. Figure 23 shows the relationship between the maximum and minimum

s of �kTC�20 and kField and the accumulated amount of embankment soil V. This figure shows that
20 satisfies the standard value of the permeability, kLab�1�10−6 cm/s, and kField satisfies the standard
of the permeability by the in situ test, kField�1�10−5 cm/s, indicating that the constructed sloping

rvious zone has the required permeability performance for the embankment.

ir Work for the Embankment of the Kitatani Dam

Kitatani dam is located in Matuzaka city in the Mie prefecture. The stability of the embankment
t be maintained due to erosion and deformation, and because of the water leakage from the edge of

FIG. 21—Standard cross section of Torakichizawa dam.

TABLE 2—Structural parameters of Torakichizawa dam embankment before and after repairing.

Embankment
specifications Before repairing After repairing

Type Homogeneous Sloping sealing zone
Height �m� 7.0 8.4
Length �m� 65.5 70.0
Volume �m3� 13 700 13 800
Amount of
stored water �m3�

3100 3100

Amount of
crushed-compacted soil �m3�

¯ 4000

Slope gradient 1: 1.5 �upstream� 1:2.0 �upstream�
1:1.8 �downstream� 1:2.0 �downstream�

TANI ET AL. ON MUD SOIL AS EMBANKMENT MATERIAL 369
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mbankment slope and the periphery of the bottom gutter due to aging. Thus, the water-leakage
ction by the inclined core zone, and the overall repairs of the bottom gutter and flood outlet were
d. Figure 24 shows the cross-sectional view of the embankment after repairing of the Kitatani dam,
able 3 shows structural parameters of the embankment before and after repairing.

FIG. 22—Relationship between �qu�IS10 , �qu�CC7 and V.

FIG. 23—Relationship between kField or �kTC�20 and V.
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he figure and the table show that the embankment is taller than 12 m, and is as large as the earth dam
nkment. Thus, if the embankment is repaired using an available amount of embankment soil to keep
ability and the low permiability for the embankment, the resultant slope gradient must be small, i.e.,
than 1:3.0. A large amount of embankment soil is required to repair this embankment, and the water
e capacity would be drastically reduced, so realistic repairs were considered to be impossible. Also,
e amount of pond mud soil was obtained by excavating the sloping impervious zone, but it was not
ble to remove it without any processing. Even if it were possible, it would be difficult to secure a site
sposing of the soil. For these reasons, the embankment construction method with crushed-compacted
as adopted for repairing this earth dam, which can artificially produce embankment soil with the
th required for embankment stability and low permiability capable of maintaining the water-storing

ion for the embankment by solidifying pond mud soil using a cement system stabilization material.
e 25 shows the embankment of the Kitatani dam under repair.
ince the amount of embankment soil planned fell short for the Kitatani dam and Jige dam, mixed mud
as prepared by adding earth and sand, which was obtained by excavating the earth dam bed to

FIG. 24—Standard cross section of Kitatani dam.

TABLE 3—Structural parameters of Kitatani dam embankment before and after repairing.

Embankment
specifications Before repairing After repairing
Type Homogeneous Inclined sealing zone

Height �m� 12.0 14.0
Length �m� 116.0 116.0
Volume �m3� 25 500 36 000
Amount of
water stored �m3�

150 000 150 000

Amount of
crushed
-compacted soil �m3�

- 16 000

Slope gradient 1: on average 1.6
�upstream�

1:2.1 �upstream�

1: on average 1.5
�downstream�

1: on averave 1.8
�downstream�
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ensate for the reduction in the water-storage capacity due to the embankment repairs, with pond mud
The mixing ratio of earth and sand to pond soil was determined to satisfy the required standard value

permeability, kLab�1�10−6 cm/s.
or earth dams which are lower than 10 m, the target strength of the crushed-compacted soil, �qu�CC*,
strength that is necessary to keep the trafficability for the construction machines that were used.

ver, since the slope gradient was set to be steeply. i.e., �1:2.1�, to keep the water-stored capacity,
C* was determined from the strength CStability= �qu�CCStability /2 that is required for a �the� embankment
ity satisfying the �a� necessary safety stability, �qu�CCStability.
ince �qu�CC* = �qu�CCStability which was determined from a stability analysis is large, when the strength
e existing embankment is small, there appears to be a large difference between the strengths of the
ng embankment and the newly constructed sloping impervious zone. Such a difference is not desir-
for maintaining a close contact between the existing and new embankments. Thus, to reduce the
ence in strengths of the existing and new embankments, �qu�CC* at the over and under layers of the
in sloping impervious zone were made different for the Kitatani dam. That is, the strength of the
over the berm, being affected significantly by the embankment deformation during an earthquake,
et to be the strength required for trafficability �qu�CC* = �qu�CCTrafficability and only the strength of the
under the berm, being hardly affected by the embankment deformation during earthquake, was set to

C* = �qu�CCStability, and the values were determined from the stability analysis. Furthermore, embank-
f the under layer by using crushed-compacted soil with high strength leads to the widens the under
which is an advantage for stability analysis.

luding Remarks

ed-compacted soil is produced first by solidifying the earth dam mud soil with a cement stabilization
ial, and then by crushing and compacting the stabilized soil. Although conventional stabilized soil is
crack, crushed-compacted soil has properties that are similar to those that of ordinary natural soil.

n this paper, laboratory tests for crushed-compacted soil was performed to investigate the strength
cteristics, the stress and strain behavior, permeability characteristics, consolidation characteristics,
urability. A new construction method was developed to use purely pond mud soil, but the size

bution of the grains of actual pond mud soil depends considerably on the water shed and the mud
pitation site in the earth dam, thus it is necessary to mix different types of pond mud soil. Thus, the
size distribution of pond mud soil should be checked carefully to determine the mixing ratio and the
of the crushed grains according to its intended use for the embankment before execution. Although,
ave mainly described the crushed-compacted soil using only pond mud soil in this report, in actual
cts it is necessary to effectively use the excavated soil from the embankment and natural ground soil
the pond mud soil effectively. The construction method with the crushed-compacted soil is also
cable by determining the most appropriate mixing ratios of soil and additive ratios of cement. By this
od, in principle, all the soil that was obtained in the construction site can basically be used.
t present, there are five examples where this construction method has been applied. Pond mud soil

FIG. 25—Kitatani dam embankment after repairing.
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xcavated soil from the former embankment and natural ground are used by mixing. All embankment
ials are obtained inside the earth dam site, and there is no introduction of other new embankment
ials and no removal of waste soil. Good execution management is necessary to determine the mixing
n according to the types of soil obtained in the earth dam site, and the sizes of the crushed grains,

is possible by establishing a laboratory at the working site. The cost of the embankment construc-
ith crushed-compacted soil is dependent on the cost of purchased soil and the cost of disposing of
mud soil. Considering the previous cases, a 20–50 % reduction in cost is possible for the direct

ruction cost of the embankment. Also, as introduced in the case of the Kitatani dam, this method is
le for high embankments; e.g., by increasing the strength of only the lower layer of the inclined core
where the deformation is small, when an earthquake occurs, and the slip plane passes through, the
ence between the strengths of the former embankment and the core zone can be reduced.
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nsport Phenomena of Volatile Solute in Soil during
venting Technology

ABSTRACT: Bioventing is one of the remediation techniques for volatile organic compound �VOC� con-
tamination with VOC in the vadose zone. The object of this study is to investigate the pollutant transport

Journal of ASTM International, Vol. 3, No. 7
Paper ID JAI13351

Available online at www.astm.org
and removal during aeration treatment focusing on convection, biodegradation, and volatilization. As for the

result of 20-cm column experiment, dodecane removal ratio of the samples with aeration was about 20 %
higher than those with no aeration. But after 30 days, the increasing rate of dodecane removal ratio
decreased drastically in all cases. Total germ density increased after 10 days, but stopped increasing after
30 days. In the samples with higher water content, total germ numbers and dodecane removal ratio in-
creased largely at the inlet of the air. From the estimations of the contribution of volatilization and biodeg-
radation, the authors found that volatilization played a more important role on dodecane removal during the
first 10 days of the column experiment, and biodegradation became predominant afterward.

KEYWORDS: bioventing, microorganism, andisol, volatilisation

duction

roblems of soil or groundwater pollution are occupying the interest of people all over the world
. Bioventing is one of the remediation techniques for volatile organic compound �VOC� contamina-
n the vadose zone. The advantages of using this technique are that the remediation cost is low and
lete remediation can be achieved. There have been several studies about bioventing. Most of these
s are conducted in the field contaminated with volatile organic compound, definitely the way pol-

t mass removed is calculated from O2 and CO2 gas concentrations was indicated �Hinchee et al.
�, monitoring O2 and CO2 gas concentrations and estimate of annual biodegradation ratio of pollutant
convective-diffusion equation and chemical formula were conducted �Lahvis et al. 1996�. In most of
searches about bioventing so far, the target soils are almost limited within sand and sandy soil. We
cted the difference of remediation efficiency between sand and Andisol �Suko et al. 2004�. This
aimed at investigating the pollutant transport and removal during aeration treatment in the aspects of
gradation and volatilization.

rials and Methods

onducted aeration experiment by using a column filled with Tachikawa Loam soil �Andisol� polluted
dodecane, a component of light oil and kerosene. Andisol was sampled at 1-m depth of farming field
shi-Tokyo, Tokyo, Japan in order to consider the subsoil pollution. We added 1-mg dodecane per 1-g
oil, mixed them, and stored at 4°C overnight. The column was made of acrylic plastic of 7.5-cm
eter and 20-cm height. We packed dodecane-polluted Andisol with bulk density of 0.50 Mg/m3 by

Figure 1 shows the schematic figure of aeration experiment. Air was put into the column at the
m using a pump with constant flow rate, 20 ml/min for 50 days. In order to stabilize the airflow and
d enough moisture to the air, a buffer was attached between the pump and the column. We installed
amplers, which is made of porous stone, in the depth of 3, 9, 13, and 17 cm from the surface of the

cript received March 30, 2005; accepted for publication October 19, 2005. Presented at ASTM Symposium on Contami-
Sediments: Evaluation and Remediation Techniques on 23–25 May 2006 in Shizuoka, Japan; M. Fukue, K. Kita,
tsubo, and R. Chaney, Guest Editors.
nal Institute of Advanced Industrial Science and Technology.
nal Institute of Rural Engineering.
uate School of Agricultural and Life Sciences, The University of Tokyo.
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le, extracted the gas in the soil gas phase by using syringes connecting with them every 10 days, and
ured gaseous dodecane concentration in the extracted gas with gas chromatography �FID, Shimadzu
4A�. After 50 days, we picked up the sample in the depth of 3, 9, 13, 17, and 19 cm from the surface,
easured the fluid dodecane concentration �mg-g−1 dry soil� with solvent �polychrolotrifluoroethylene,
� extraction method using fourier transform infrared spectroscopy �FTIR-8200PC, SHIMADZU� and

umber of micro-organisms with direct count technique �Someya 1995�. The experimental condition is
n in Table 1. We changed water content of the sample, that is to say, air filled capacity and evaluate
fficiency of pollutant removal. In order to observe the time series of these measurement indexes, we
mined three kinds of aeration period, 10, 30, and 50 days for Runs 1 and 2, respectively. All the
iments were conducted under constant temperature, 30°C.

lt and Discussion

arison with Removal Ratio of Dodecane

e 2 shows the time series of removal ratio of dodecane from the samples. Removal ratio of dodecane
sample �RRall� mentioned here was calculated using the following equation:

RRall =
Cf ,ini − Cf ,res

Cf ,ini
�1�

e Cf ,ini is the initial concentration of fluid dodecane �mg-g−1 dry soil�, and Cf ,res means the concen-
n left in the sample at a given time �mg-g−1 dry soil�. We give the average of the value measured at
ampling point for each point in Fig. 2. RR gradually increased in the whole experimental period, and
te of the increase was smaller for 30- to 50-day period, compared with the 10- to 30-day period.

t of Run 1

e 3 represents the distributions of removal ratio of dodecane as for Run 1. For the whole period of the
iments, almost uniform distributions of removal ratio was observed. Figure 4 shows the distributions
ncentrations of gaseous dodecane. The concentrations decreased drastically after 20 days, and did not
e afterward. We point out that the concentration at the surface was higher than that at the bottom in

FIG. 1—Schematic figure of aeration experiment.

TABLE 1—Conditions of the experiment.

Run No.
Water

content, g g−1
Air-filled

porosity, m3 m−3
Saturation,

m3 m−3

1 0.8 0.35 0.53
2 1.2 0.20 0.75
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period. Figure 5 shows the distributions of the numbers of micro-organisms per 1-g dry soil. For first
ys, micro-organisms decreased because the species of micro-organisms which cannot degrade dode-
as a substrate lost their activities. For the period from 10- to 30-day, the numbers were about twice
any as the initial value. For the period from 30- to 50-day, the number decreased slightly from the
ous period because at this period much dodecane is removed from the sample by volatilization and
gradation, so substance shortage happened to the micro-organisms there. The distributions in Fig. 5

FIG. 2—Time series of removal ratio of dodecane.

FIG. 3—Distributions of removal ratio of dodecane (Run 1).

FIG. 4—Distributions of concentrations of gaseous dodecane (Run 1).
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st that the numbers of micro-organisms at the bottom of the column, the inlet of airflow, were larger
that at the surface. The reason is that micro-organisms living at the bottom can take fresh air more

because of the air supplied from outside.
aking every factor into consideration, biodegradation was the main factor of the remediation of
ane at the inlet of airflow, and on the other side volatilization was at the surface. So the distributions
oval ratio were almost uniform.

t of Run 2

n 2, the condition of lower air-filled porosity, Fig. 6 represents the distributions of removal ratio of
ane. As time went by, the ratio at the bottom of the column was higher than that at the surface. Figure
ws the distributions of concentrations of gaseous dodecane. Similar to the result of Run 1, in that, the
butions were almost uniform. The values were lower than those in Run 1, and this can be because low
led porosity means the path of the airflow was restricted, in other words, the contact between air and
dodecane was restricted.
igure 8 shows the distributions of the numbers of micro-organisms per 1-g dry soil. For first 10 days,
-organisms were as many as initial values. For the period from 10 to 30 days the numbers was four
at a maximum as many as the initial value. For the period from 30 to 50 days, the number did not
e. From the distributions in Fig. 8, it is pointed out that the number of micro-organisms at the bottom
column was larger than that at the surface, the trend is similar to Run 1. In summary, at the bottom

FIG. 5—Distributions of the numbers of microorganisms (Run 1).

FIG. 6—Distributions of removal ratio of dodecane (Run 2).
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e column biodegradation was dominant for removal of dodecane, but the influence of volatilization
ow in this condition. Therefore we realized that the removal ratio at the bottom of the column was
r than that at the surface.

ibutions of Biodegradation and Volatilization to the Removal of Dodecane

we are going to separate the removal ratio of dodecane into two factors, i.e., biodegradation factor,
means the dodecane removal ratio only by biodegradation and volatilization factor, which means the

nly by volatilization. We can calculate the volatilization factor from the results of gaseous concen-
n of dodecane using the following equation �Malina et al. 2000�:

RRvol =
1

2
��Cg,t1 + Cg,t2�Qa �2�

e RRvol is removal ratio by volatilization, � is the density of dodecane, Cg,t1 and Cg,t2 mean the
us concentration of dodecane at t1 and t2, and Qa is the volume aerated between t1 and t2. We
late the biodegradation factor by subtracting volatilization factor from the whole removal ratio of
ane.
able 2 shows the result of calculations. For the first 10 days, volatilization is the ruling factor in
ane remediation, because microorganisms are trying to be accustomed with the environment where
ane existed �so-called lag time�. For the next period �10–30 days�, biodegradation degrade more

FIG. 7—Distributions of concentrations of gaseous dodecane (Run 2).

FIG. 8—Distributions of the numbers of microorganisms (Run 2).
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ane than before whereas volatilization decreased because of the decline of fluid dodecane. For the
eriod �30–50 days�, fluid dodecane decreased remarkably and therefore the removal ratio decreased
th factor.
onsidered with the difference of air-filled porosity, more dodecane was removed in the samples
had high air-filled porosity after 10 days, but afterward, the removal ratio of the sample with low air

ity was more than that with high porosity because the sample with low air-filled porosity have more
dodecane, namely, the sample have the power enough for indigenous micro-organisms to work for
diation.

lusion

bserved the remediation process of Andisol contaminated with dodecane by aeration treatment. The
-organisms lived in the sample increased from 10–30 days after a lag-time period and degrade more
ane than any other period of the experiment. On the other hand, volatilization occurred harder for the
0 days, especially at the surface of the sample. The low air-filled porosity makes the contact between
d fluid dodecane restrict, so the contribution of volatilization for the removal of dodecane was lower
that of the sample with high air-filled porosity. But the high water content provide more micro-
isms with dwelling, therefore the sample of high water content, that is, low air-filled porosity
ded that of high air-filled porosity in contribution of biodegradation.
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TABLE 2—Contributions of biodegradation and volatilization for removal of dodecane.

Run No. Period
Volatilization

factor, %
Biodegradation

factor, %

1
0�10 day 24 21
10�30 day 6 25
30�50 day 2 2

2
0�10 day 20 14
10�30 day 4 34
30�50 day 4 11
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