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Preface to the Third Edition

Eight years have passed since the second edition of Trace Elements in Soil and Plants appeared.
During this period there has been a real explosion in research and public interest related to trace
elements in the environment. An incredible number of publications have recently focused on the
significance of chemical balance to a safe environment and human health.

I have tried to continue the goal we set for the two earlier editions of this book, which was to
provide a brief but informative introduction to the biogeochemistry of trace elements in the
soil-plant system. The new edition incorporates up-to-date data from about 400 recent sources and
highlights the significance of anthropogenic factors in changing the trace element status in soils
and plants. Some of the most destructive impacts of man are changes in the natural cycling of
chemical elements, and in particular of trace elements.

New data are especially selected to present knowledge on hot topics, such as (a) assessment of
natural/background content of trace elements in soil, (b) bioindication of chemical status of envi-
ronmental compartments, (c) soil remediation, and (d) hyperaccumulation and hyperextraction of
trace metals from soil.

Contemporary legislation related to environmental protection and public health, at national and
international levels, is based on data that characterize chemical properties of environmental com-
partments, especially of our food chain. Thus, quality of the environment and food is now a matter
of public concern, and, therefore, a system in metrology in trace analysis has recently been
developed at the international level.

As stated previously, the author’s intent is to provide a broad but concise background on the
subject, and to accomplish this, selectivity of data is necessary. This inevitably leaves the work of
many investigators uncited. I regret the many omissions that such an approach has necessitated.

This volume offers a current review of recent soil—-plant chain findings and is an excellent text
that should be a requirement for all students entering environmental and agricultural professions.
The information on the health-related significance of trace elements in foods makes this edition
valuable for other readers as well.

The third edition of this book has been written without the second author, my late husband
Henryk. The lack of his assistance was a real burden.

Alina Kabata-Pendias
August 2000
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THE PERIODIC TABLE OF ELEMENTS

The elements are arranged in order of atomic number, within the groups and subgroups. The symbols given in thin letters indicate the elements not
occurring naturally in the environment.

Ia 0
1 2
H | Ia Illa IVa Va VIa VIa| He
3 4 5 6 7 8 9 10
Li | Be B | C | N | O]| F | Ne
11 12 13 14 15 16 17 18
Na| Mg|mb Ivb Vb VIb Vb —VvVII— b Wb |Al | Si | P | S | Cl | Ar
19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
K |Ca|Sc|Ti|V |[Cr  Mn|Fe |  Co|Ni|Cu|Zn|Ga|Ge| As | Se | Br | Kr
37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54
Rb|Sr | Y |Zr Nb| Mo|Tc |Ru|Rh|Pd|Ag ([Cd|In |[Sn |Sb | Te | I | Xe
55 56 57 *1{72 73 74 75 76 77 78 79 80 81 82 83 84 85 86
Cs | Ba|La Hf [Ta| W |Re|Os|Ir | Pt | Au|Hg | Tl | Pb| Bi | Po | At | Rn
87 88 89 ** | 104 105 106 107 108 109 10 11 12 13 14 15 16 17 18
Fr | Ra| Ac| Rf [ Db | Sg | Bh | Hs | Mt
1 2 3 4 5 6 7 8 9

58 59 60 61 62 63 64 65 66 67 68 69 70 71
* lanthanide series | Ce | Pr | Nd |Pm |Sm | Eu |Gd | Tb | Dy | Ho | Er [Tm |Yb [Lu

90 91 92 93 94 95 96 97 98 99 100 101 102 103
** actinide series | Th | Pa | U | Np| Pu |Am|Cm | Bk | Cf | Es | Fm |Md | No | Lr

Note: According to an [IUPAC recommendation, the main and subgroups should be numbered 1-18.
The subgroup VIIIb has three columns numbered 8, 9 and 10.
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LIST OF UNITS, SYMBOLS, AND ABBREVIATIONS

Basic units of the International System (SI) have been guidelines for the units used in this book.
Some notable exceptions have been made in order to maintain the necessary links with practical

usage.

Unless otherwise specified, the concentration of a trace element in soils and plants is based on
the total content by weight of the element in air-dried or oven-dried material.

Units

kg —
g _
mg —
134 —
ng —
pPg —
oC o
Bq —
Ci —
mCi —
ha —
L _
mL —
m? —

Symbols

ppm —
ppb —
M R
mM —
eq —
meq —
N R
hr —

Constants

Eh —
pH —
P _
G J—

Abbreviations

AAAc —
ADI —
ADP —
ATP —
AW —
BAC —
B.P. —
DNA —
DOC —
DTPA —
DW —

EDDHA —
EDTA —
FA —
FW —
HA —
IBA —
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kilogram; kg = 10° g

gram = 1073 kg

milligram; mg = 1073 g
microgram; g = 1073 mg
nanogram; ng = 1073 pg
picogram; pg = 1073 ng
temperature in degrees Celsius
Becquerel

Curie

milliCurie; wCi, microCurie; nCi, nanoCurie; pCi, picoCurie
hectare; ha = 10,000 m?

liter; L = 1 dm?

milliliter; 1073 L

cubic meter; m* = dm? X 103

pgg ' =mgkg™ =gt

107 ppm = ng g™ = pgkg™' = mg '

concentration in terms of moles per liter

millimole; wM, micromole; nM, nanomole

equivalent of an ion is expressed as a ratio of molar weight to the valency of this ion
milliequivalent

concentration in terms of milliequivalents per liter

hour

electrical potential (volts, millivolts)

minus logarithm, base 10, of H* concentration
minus logarithm, base 10, of an ion activity
free energy (enthalpy) (kcal)

ammonium acetic acid

acceptable daily intake

adenosine 5’-(trihydrogen diphosphate)

adenosine 5'-(tetrahydrogen triphosphate)

ash weight basis of samples

biological absorption coefficient

before the present time (used in expressing geologic time)

deoxyribonucleic acid

dissolved organic carbon

diethylenetriaminepentaacetic acid

air dried or oven dried (up to 70°C) weight basis of samples; weights in text are DW
unless otherwise stated

ethylenediamine-di(o-hydroxyphenylacetic acid)

ethylenediaminetetraacetic acid

fulvic acid

fresh or wet weight basis of samples (used mainly in relation to plant material)

humic acid

index of bioaccumulation



oM —
PTWI —
RDA —
REE —
RNA —
sp. —
TE —
TF —
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organic matter

provisional tolerable weekly intake
recommended daily allowance

rare earth elements

ribonucleic acid

species

triethanolamine

transfer factor
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CHAPTER 1

The Biosphere

The biosphere, also called the ecosphere, is the natural environment of living things and is the
complex biological epidermis of the Earth whose dimensions are not precisely defined. It consists
of the surficial part of the lithosphere, a lower part of the atmosphere, and the hydrosphere. Chemical
and physical characteristics of the biosphere are determined by these other spheres, which have
created relatively constant environments for the existence of living matter in a given ecosystem.
The ecosystem is a fundamental environmental system consisting of the community of all living
organisms in a given area and having a balanced cycling of elements and energy flow. This is a
homeostatic interrelationship between the nonliving (abiotic) environment and the living organisms
(biotic environment).

In general, the biosphere consists of three main ecosystems—the land environment, the
freshwater environment, and the marine environment. These fundamental ecosystems include
several smaller systems of variable dimensions and conditions. A significant part of the ecosys-
tems has already been considerably modified by man, and such modification will continue.

The energy of life is derived from the radiant energy of the sun, which drives the chemical
reaction of photosynthesis. The other sources of energy, such as geothermal energy, gravitation,
and electric potentials, are of negligible importance in the total energy flow; however, they may
determine some conditions of ecosystems.

The beginning of life on Earth, according to one of the existing concepts, is related to silicates and
aluminosilicates of chain coordination. Especially some montmorillonite in gel forms exhibited an ability
to synthesize proteins. Yushkin and Khlubov!> discovered the presence of various amino acids
(glutamine, glycine, alanine, histidine, etc.) in montmorillonite found in hydrothermal deposits,
enriched in several trace elements, including Be, Mn, Cu, Zn, Pb, Ti, Sr, Ba, F, and REEs. The
structural variability of silicate chains and susceptibility to bind with organic compounds due to
piezoelectricity are believed to be processes that stimulate the beginning of life.!43%

Biochemical processes of producing organic matter in the Earth’s environment are dated from the
Early Precambrian Period, that is, over 3 X 10° years B.P. (before the present time). The entire process
of photosynthesis has been calculated to have developed about 1.5 X 10° years B.P. Since that
period, several million kinds of living organisms have developed evolutionarily and have adjusted
to their natural environments.

Most mineral nutrients for all life on land are supplied mainly from the soil overlying the
surficial lithosphere. The atmosphere is a source of only some of the essential nutrients (N,, O,,
and CO,), and the hydrosphere is the main source of water—a basic constituent of all life.

The bulk mass of living matter (above 90%) is composed mainly of organic compounds and
water. Organo-mineral compounds and mineral compounds form a relatively small portion of living
matter. The bulk of living matter is formed from the chemical elements C, O, H, and N. Such elements
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as K, P, Ca, Mg, S, Na, and Cl are present in living organisms in smaller and variable amounts.
All these elements are readily mobile in the biosphere and are known to form either volatile or
easily soluble compounds that are involved in major environmental cycles.

Many elements occur in trace amounts in living matter. Some of these elements are essential
for the growth, development, and health of organisms. Usually, the quantitative differences between
essential amounts and biological excesses of these elements are very small. Some trace elements
seem to be essential to vital processes but their biochemical functions are not yet understood. The
essentiality of other trace elements may be discovered in the future.

The chemical composition of living matter has developed and adjusted to the chemistry of
environments over long periods of geologic time. However, all organisms, in order to survive in
the complex geochemical composition of their surroundings, had to develop mechanisms of active
selection of elements involved in vital processes and of rejection of toxic excesses of other elements.
These processes are fundamental for homeostasis that is requisite to the existence of each organism.

Although all living organisms, plants in particular, show a natural ability for the selection of
chemical elements, they are also highly dependent on the geochemistry of their surroundings. Any
environmental factor that has an adverse effect on plants may cause either evolutionary or drastic
changes even over short periods of time, involving only a few generations in the life of a plant
species. These phenomena have been easily observed in evolving tolerance of populations, espe-
cially of microorganisms, to high concentrations of trace elements in either natural geochemical
provinces or under man-induced conditions. This evolution of the biosphere is fully described in
Williams’ statement!!83: “Evolution through natural selection implies that there must be a drive
within biology to readjust the given accidental abundance of the Earth’s crust so as to optimize
biological chemistry.”

Although biological selection of the chemical elements allows plants to control their chemical
composition to a certain extent, these controls are somewhat limited with respect to trace elements.
Therefore, concentrations of trace elements in plants are often positively correlated with the
abundance of these elements in soils and even with the abundances in underlying rocks. This
correlation creates several problems for both plants and animals that may be associated either with
a deficiency or an excess of trace elements. The questions surrounding how, and how much of, a
trace element is taken up by plants from their environments have been very active topics of research
in biological circles in recent years. At a time when food production and environmental quality are
of major concern to man, a better understanding of the behavior of the trace elements in the soil-
plant system seems to be particularly significant.

Biological processes depend on the flow of energy and elements (Figure 1). Sun energy is a
fundamental factor that drives all reactions which govern the transfer of elements among the
environmental compartments. Global biogeochemical cycles are crucial for the survival of life on
Earth in its present form. The major biogeochemical cycles were studied extensively.”*® Each
essential element in various forms flows from the nonliving (abiotic) to the living (biotic) compo-
nents of the biosphere and back to the nonliving again. These cycles vary from one element to
another, but each cycle consists of basic phases: gaseous, solution, and sedimentary. Cycles can be
considered as having an exchange pool (mobile stage of an element) and a reservoir pool (immobile
stage of an element). A reservoir pool is related to a sedimentary phase, including soil.

Trace element cycles are closely associated with major element cycles, but are much less
understood. Some recent data on trace element behavior in both the natural environment and that
modified by human activities are reviewed by several authors.%?21137.1153

Soil is not only a part of the ecosystems, but also occupies a basic role for humans, because
the survival of man is tied to the maintenance of its productivity. Soil has very important and
complex functions as filter, buffer, storage, and transformation system, protecting the global eco-
system against the effects of pollution. These functions of soil are not unlimited, but are effective
as long as soil properties and natural balance are preserved.
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CHAPTER 2

The Anthroposphere

I. INTRODUCTION

The role of man in the biosphere has been so important recently that it has become necessary
to distinguish the anthroposphere—the sphere of man’s settlement and activity. The anthroposphere,
however, does not represent a separate sphere, but can be applied to any part of the biosphere that
has been changed under an influence of technical civilization.

Man’s impact on the biosphere has been very broad and complex, and most often has led to
irreversible changes. Primitive man interfered little with relatively stable relationships within his
environment. A growing capability of man to alter his surroundings and to control several natural
processes is a source of drastic changes altering the balance of fragile natural systems based upon
the balanced flow of elements and energy (Figure 1). While geological and biological alterations of
the Earth’s surface have been very slow, changes introduced and/or stimulated by man have accu-
mulated extremely quickly in recent years. All man-made changes disturb the natural balance of each
ecosystem that has been formed evolutionarily over a long period of time. Thus, these changes most
often lead to a degradation of the natural human environment. Since the development of agricultural
activities, several ecosystems have been altered into artificial agroecosystems. Although man’s impact
on the biosphere dates back to the Neolithic Period, the problems of the deterioration of ecosystems
due to pollution became increasingly acute during the latter decades of the 20th century.

Environmental pollution, especially by chemicals, is one of the most effective factors in the
destruction of biosphere components. The most detrimental anthropogenic impact on the biosphere
is related to emissions of various acids (e.g., H,SO,, H,SO,, HF, HNO, HNO,) and radionuclides.
For example, according to Yanshin,'”! 769 technogenic accidents occurred on the Earth in 1992,
of which 4.7% released different pollutants, mainly acids and radionuclides, to the atmosphere.

Among all chemical contaminants, trace elements are believed to be of a specific ecological,
biological, or health significance. Cawse®® emphasized that the interactions between gaseous
pollutants and atmospheric trace metals are an important consideration; for example, the aqueous
phase oxidation of SO, to SOi' is catalyzed by Mn, and the formation of HNO, aerosol from NO,
is increased by Cu, Mo, and Zn. Many textbooks have been published on trace elements as pollutants
in the biosphere or in particular ecosystems, and all have pointed out the triangular relationships
between contents of inorganic trace pollutants in air, soil, and plants.

Energy and mineral consumption by man is the main cause of trace element pollution in the
biosphere. An estimation of the global release of trace elements as contaminants into the environment
may be based on the established world mineral and energy consumption. A previous estimation of
the demand for the elements calculated for the year 2000 (second edition of this book) was over-
estimated for some metals (e.g., for Fe, Al, Li, U, Hg, and Ta). In most cases, however, the forecast
for the year 2000 was close to mining of the elements in the last decade (Table 1). Also, the forecast
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Figure 1 Schematic model of chemical element transport and energy flow in the environment.

for consumption of raw energy materials in the year 2000 was much larger than the production/
consumption estimated in 1997 and 1998 (Table 2). It is noteworthy, however, to emphasize that the
highest increase has been noticed in crude oil production and hard coal production in the past two
decades. Bowen® has suggested that when the rate of mining a given element exceeds the natural
rate of its cycling by a factor of ten or more, the element must be considered a potential pollutant.
Thus, the potentially most hazardous trace metals to the biosphere may be Ag, Au, Cd, Cr, Hg, Mn,
Pb, Sb, Sn, Te, W, and Zn. This list does not correspond closely to the list of elements considered
to be of great risk to environmental health—Be, Cd, Cr, Cu, Hg, Ni, Pb, Se, V, and Zn.

Present-day soils contain trace elements of various origins. Lithogenic elements are those that
are directly inherited from the lithosphere (mother material). Pedogenic elements are of lithogenic
origin also, but their concentration and distribution in soil layers and soil particles are changed due to
pedogenic processes (Chapter 3, Section III). Anthropogenic elements are all those deposited into soils
as direct or indirect results of man’s activities. There have been assumptions that the behavior of
trace elements in soils and in consequence their bioavailability differ as to their origin.’®!4% Several
recent findings, however, have clearly indicated that regardless of forms of the anthropogenic metals
in soils, their phytoavailability is significantly higher than those of pedogenic origin.!0!%1255.1357
Thus, it is most likely that under similar soil conditions, both lithogenic and pedogenic trace
elements will be less mobile and less bioavailable than anthropogenic elements (Figure 2).

Trace elements released from anthropogenic sources have entered the environment and have
followed normal biogeochemical cycles. The transport, residence time, and fate of the pollutants in
a particular ecosystem have been of special environmental concern. The behavior of trace elements
in each ecosystem is very complex and therefore has usually been studied separately for air, water,
soil, and biota. The urgent environmental problem at the present time is closely associated with
pollution in which trace metallic pollutants play a significant role. Ramade''> made a lapidary
statement on this topic: “Unrecognized, if not deliberately ignored for far too long, the problem of
pollution has quite recently become a constant preoccupation of the industrialized nations.”

The principal criteria used to estimate trace element threats are: bioaccumulation, toxicity, and
persistence. Evaluating environmental persistence in trace element contamination is the most difficult.
It is commonly referred to as half-lives of an element in a given environment. Webster et al.!>*
discussed the feasibility of applying half-life criteria and emphasized the need for full consideration
of such approaches.
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Table 1  World Mining (Tonnes-Megagrams) of the Elements in 1988 and 19971357, 1458

Element 1988 1997 Element 1988 1997
Antimony (18)2 81,662 96 x 10% [1992]° Molybdenum (16) 108 x 103 136 x 103
Arsenic (21) 46 x 108 37 X 10%[1992] Nickel (13) 866 x 108 1022 x 103
Barium (9) 3357 x 102 3245 x 10°[1992] Niobium (25) 19,154 15,749
Beryllium (28) 9832 8452 [1992] Lead (10) 3285 x 10° 2817 x 103
Bismuth (31) 3320 3398 [1992] Palladium (37) 100 [1984] 112 [1995]
Boron (11) 2995 x 108 2608 X 103[1992] Platinum group — 146 [1995]
Bromine (14) 370 x 108 379 X 103[1992] Rhenium — 31 [1995]
Chromium (7) 4438 x 103 3750 x 10° Mercury (29) 5145 3089

Tin (15) 200 x 108 216 x 108 Rubidium (43) <1 [1986] 5 [cp]

Zinc (5) 7133 x 10° 7036 x 10° Selenium (33) 1600 [1986] 70,000 [cp]
Zirconium (12) 929 x 108 766 x 10%[1992] Silver (26) 14,559 14,542
Fluorine (6) 4929 x 108 3846 x 10° [1992] Strontium (17) 86,000 [1976] 157 X 10°
Gallium (41) 25 [1984] 145 [cp]° Thallium (42) 20 [1979] 14 [cp]
Germanium (36) 100 [1984] 270 [cp] Tantalum (34) 490 353
Aluminum (2) 17,497 X 108 21,804 x 103 Tellurium (38) 100 [1986] 269
Hafnium (40) 27 [1984] 60 Thorium (35) 270 [1977] 13,000 [c.m.] ¢
Indium (39) 60 [1984] 145 Titanium (8) 4281 x 108 3472 x 103
lodine (27) 12,586 15,354 Uranium (19) 60,860 38,840
Cadmium (24) 20,800 19,675 Vanadium (23) 36,000 27,000
Cobalt (22) 43,695 24,800 Tungsten (20) 51,244 30,995
Lithium (30) 4500 [1979] 4043 [1995] Gold (32) 1797 2222
Manganese (4) 8650 x 10° 6699 x 10° Iron (1) 553,463 x 108 528,981 x 10°
Copper (3) 9356 x 10° 11,386 X 108

a |In parentheses ( ) is given an order based on mining quantity in 1988.
b In brackets [ ] is given a year of mining other than in headings.

¢ [cp] is capacity of production.

d Thorium is given as concentrated monacite, [c.m.].
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Table 2  World Demand for Raw Energy Materials
Production (Mt)

Raw Product In 1974 In 19982
Coal, hard 2227 3975 (2916)b
Coal, lignite, brown 842 886

Crude oil 2792 3600

Natural gas® 1255 2350¢

a Source: Mining Magazine, September 1999.
b Source: Mining Journal, Suppl. Review, 1999.
¢lnm3 X 10°

d Data for 1997.
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Figure 2  Trace metal uptake by barley and oats as influenced by the metal’s origin, presented as multiple
linear regression. Sources of metals: (a) anthropogenic, and (p) pedogenic. (Modified from
Chlopecka,'% and Grupe and Kutze.'0'8)

Il. AIR POLLUTION

Most air pollution has arisen from the burning of coal and other fossil fuels and from smelting
of iron and nonferrous metals. The steady global increase of trace element concentrations in the
atmosphere is illustrated in Table 3. Some trace pollutants, most likely Se, Au, Pb, Sn, Cd, Br,
and Te, can exceed 1000 times their normal concentration in air. In general, elements that form
volatile compounds, or are present at a lower particle radius, may be readily released into the
atmosphere from the burning of coal and other industrial processes. Materials released by man’s
activities are not the only contribution to global air pollution; some natural sources such as eolithic
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Table 3

Trace Elements in Air from Different Locations

Element Shetland Europe America

(ng m?) South Pole Greenland Islands Norway West Germany Japan North Central South

Al 0.32-0.81 240-380 60 32 160-2900 40-10,600 600-2330 760-880 460-15,000

As 0.007 — 0.6 1.9 1.5-53 0.3-120 2-40 — —

Be — — — — 0.9-4 5-100 0.1-0.3 — —

Br 0.38-1.41 14-20 15 4.4 30.5-2500 1.6-150 6-1200 65-460 2-200

Cd 0.015 0.003-0.63 0.8 — 0.5-620 0.5-43 1-41 — —

Cr 0.003-0.01 0.6-0.8 0.7 0.7 1-140 1.3-167 5-1100 1-2 1-8

Cu 0.03-0.06 — 20 25 8-4900 11-200 3-153 70-100 30-180

Fe 0.51-1.19 166—171 90 48 130-5900 47-14,000 829-2000 554-1174 312-9225
| 0.08 — 4 0.6 3-15 6 40-6000 — —

Mn 0.004-0.02 2.8-4.5 3 3 9-210 5.3-680 60-900 14-16 4-330

Mo — — 0.2 — 0.2-3.2 — 1-10 — —

Ni — — 4 1.2 4-120 1-150 120 — —

Pb 0.19-1.2 15-22 21 — 120-5000 19-1810 45-13,000 0.2-317 11-344

Sb 0.001-0.003 0.9-45 0.4 0.3 2-51 0.13-63 1-55 0.8-15 1-24

Sn — — — — 1.5-800 — 10-70 — —

Ti — — 10 2.6 22-210 5-690 10-230 — —

\" 0.0006-0.002 0.8-1.4 3 1.9 5-92 1.5-180 4-174 7-200 7-91

(Zn 5 0.002-0.051 18-41 15 10 550-16,000 14-6800 88-741 60-182 25-1358
pg m-

Ce 0.8-4.9 — 100 60 360-14,000 100-18,000 20-13,000 — —

Co 0.1-1.2 70-150 60 60 390-6790 44-6000 130-2200 250-650 120-360

Cs — — 40 20 60-1500 16-1500 70-300 — —

Eu 0.004-0.02 — 4 — 5-80 7.3-27 10-1700 — —

Hf — 40-60 — — 300 18-590 0.5-290 60-70 40-760

Hg — 40-80 40 10 170-11,200 1600 70-3800 70-120 70-690

In 0.05 — 20 — 30-360 1200 20-140 — —

La 0.2-1.4 50-110 200 30 610-3420 53-3000 490-9100 440 290-3400

Sc 0.06-0.21 30-40 15 5 30-700 5-1300 80-3000 150-220 60-3000

Se 4.2-8.2 170-360 500 260 150-11,000 160-21,000 60-30,000 280-1210 50-1530

Sm 0.03-0.09 10-12 10 3 240-420 9.8-320 70-1000 30-80 30-630

Ta — 10-30 — — — 6-100 50-280 20-50 20-150

Tb — 1-5 — — 10 — 19-34 8-27 20-120

Th 0.02-0.08 20-40 20 11 30-1000 16-1300 50-1300 10-20 30-1050

U — — — — 202 — <500 — —

@ Median values for Europe.
From References 94, 381, and 395.
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dusts, volcanic eruptions, evaporation from water surfaces, and others should also be taken into
account. Buat-Ménard®’ calculated that emissions of trace elements in the Northern Hemisphere
are several times higher than in the Southern Hemisphere and are about 80% and 30%, respectively,
of anthropogenic origin. A sharp increase in technogenic fluxes of trace elements has occurred in recent
times. Pacyna!''? estimated the anthropogenic emissions of trace elements in Europe. Calculated
deposition of atmospheric trace pollutants on the land surface is (average, in g ha™! year™!) 7 As;
0.05 Be; 3 Cd; 20 Cr; 17 Cu; 17 Ni; 156 Pb; 0.5 Se; 38 V; and 88 Zn. These values are fairly
similar to those measured at the individual sites in Europe.!'1?

Relatively high atmospheric concentrations in both southern and northern remote regions of the
Earth are observed for Se, Sb, Pb, and Cd.'?22 Calculated values of the enrichment index of elements
for the atmospheric deposition in Norway are as follows:

¢ >1000 for As, Cd, and Sb
e >100 for Cu, Ni, Pb, and Zn
e >10 for Cr, Sr, and V

The atmospheric deposition of trace elements, mainly the heavy metals, contributes to contami-
nation of all other components of the biosphere (e.g., waters, soils, and vegetation). This deposition
has been widely reviewed, especially by Riihling and Tyler,*® Folkeson,?*® Jenkis,!%7 and Thomas,’8
and it has been established that mosses and lichens are the most sensitive organisms to atmospheric
pollution by trace metals, although sensitivity varies decidedly among species (see Chapter 2, Section
V). The trend in atmospheric deposition of trace elements has been evaluated by Berg and Steinnes!??3
using a national moss survey based on 458 samples of the ground-growing moss Hylocomium
splendens (Table 4). Between 1977 and 1990, the levels of most long-range transported elements

Table 4  Concentration of Trace Elements in Moss (Hylocomium splendens)
Growing in Norway, Collected in the Period 1990-1955 (ppm)

Element Average Range Element Average Range
Ag 0.037 <0.003-0.24 Mn 310 28-2100
Al 380 110-10,000 Mo 0.23 <0.006-11
As 0.23 <0.1-2.8 Nb 0.11 <0.002-0.8
Ba 31 4.8-720 Nd 0.49 0.051-5.1
Be 0.023 <0.0004-0.37 Ni 3.6 0.41-240
Bi 0.033 0.0012-0.8 Pb 8.6 0.88-59
Cd 0.18 <0.005-1.7 Pr 0.13 0.013-1.5
Ce 1.1 0.12-13 Rb 13 1.2-74
Co 0.37 0.047-0.7 Sb 0.15 0.0083-4.3
Cr 2.6 0.21-290 Se 0.39 <0.5-2.9
Cs 0.26 0.019-3.1 Sm 0.1 <0.0007-0.94
Cu 7 2.1-160 Sn 0.25 <0.008-2.5
Dy 0.07 0.0028-0.53 Sr 15 2.8-51
Er 0.037 0.00045-0.29 Tb 0.013 0.00036-0.11
Eu 0.02 0.0023-0.12 Te 0.0052 <0.002-0.089
Fe 660 120-21,000 Th 0.07 0.004-5.1
Ga 1.1 0.14-16 Ti 53 12-310
Ge 1.1 0.24-11 TI 0.12 0.0022-1.4
Gd 0.095 0.0036-0.89 Tm 0.0048 <0.0001-0.039
Hf 0.0084 <0.003-0.41 U 0.05 0.0028-1.3
Hg 0.075 0.0023-0.48 \ 2.8 <0.01-16
Ho 0.013 <0.0009-0.097 W 0.093 <0.002-1.5
La 0.55 0.067-6 Y 0.31 0.038-2.3
Li 0.22 0.027-2.6 Yb 0.032 <0.0003-0.28
Lu 0.0042 <0.0001-0.039 Zn 45 8.8-600

Zr 0.35 0.057-12

After Berg and Steinnes.'??® (With kind permission from Elsevier Science and the authors.)
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were reduced by more than 50%. Except for Pb, a further reduction in the atmospheric trace element
deposition (especially trace metals) was observed in Norway, which can reflect general European trends.
The environmental characteristics of inorganic trace pollutants in air are the following:

1. Wide dispersion and long-distance transport

2. Bioaccumulation, most often affecting the chemical composition of plants without causing easily
visible injury

3. Reaction in living tissues by disturbing the metabolic processes and by causing the reduction of
sunlight entering plant tissues

4. Resistance to metabolic detoxification, therefore entering the food chain

Indirect effects of air pollutants through the soil are of real importance because of the large-
scale sustained exposure of soil to both wet and dry deposition of trace elements. These environmental
effects should also be given greater attention.

lll. WATER POLLUTION

Trace elements are present in natural waters (ground and surface), and their sources are
associated with either natural processes or man’s activities. The basic natural processes contributing
trace elements to waters are chemical weathering of rocks and soil leaching. Both processes also
may be largely controlled by biological and microbiological factors. The anthropogenic sources of
trace elements in waters are associated mainly with mining of coal and mineral ores and with
manufacturing and municipal waste waters. Water pollution by trace elements is an important factor
in both geochemical cycling of these elements and in environmental health. The hydrocycle is the
“crossroad” chain of trace element fluxes in each ecosystem and terrestrial ecosystem as well.!13
Ecological consequences of trace element pollution of waters are difficult to assess because, on the
global scale, they are also likely to promote unpredictable geochemical processes.

Most trace elements, especially heavy metals, do not exist in soluble forms for a long time in
waters. They are present mainly as suspended colloids or are fixed by organic and mineral sub-
stances. Thus, their concentration in bottom sediments or in plankton is most often an adequate
indication of water pollution by trace elements. As Dossis and Warren!®! concluded, sediments may
be regarded as the ultimate sink for heavy metals that are discharged into the aquatic environment.
On the other hand, easily volatile elements such as Br and I can reach higher concentrations in
surface waters, from which they can also readily vaporize under favorable climatic conditions.
Microbial alkylation of the group of metals including Hg, Se, Te, As, and Sn that occurs mainly
in sediments and on suspended particles in waters is also of great importance in their mobility.>>

Korzh'*® estimated the global transfer of the elements from oceans via the atmosphere on the
continents. Yearly deposits of elements, grouped according to amounts, is as follows (major elements
are in parenthesis):

t/year X 10% Be, In, Eu, Tb, Tm, Lu

t/year X 10': Sc, Co, Ge, Nb, Ag, Sn, La, Ce, Pr, Nd, Sm, Gd, Dy, Ho, Er, Yb, Hf, Ta, Re, Au, Hg, Pb
t/year X 10% Cr, Mn, Fe, Cu, Ga, Se, Y, Zr, Cd, W, Tl

t/year X 10%: Al, Ti, V, Ni, Zn, As, Sb, Cs, U

t/year X 10* Li, Rb, Mo, I, Ba, (N, P)

t/year X 10°: B, F, (Si)

t/year X 10°: Br, Sr, (C)

t/year X 107: Mg, S, K, Ca)

t/year X 10%: CI, (Na)

This is clear evidence that the transfer in the water—air—soil chain plays a very significant role in
elemental cycling.
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Figure 3  Vertical distribution of Zn, Cu, Pb, and Cd in a profile of the soil sludged during a period of 15
years and the distribution of As in light soil polluted by a metalliferous mine.29739

The contribution of anthropogenic trace pollutants is very high for many sea basins. As
Matschullat'%* calculated, the fluxes of metals to the Baltic Sea from anthropogenic sources of
both river flow and atmospheric deposition amount to over 90% of total input of Cd, Hg, and Pb,
and about 80% of Cu and Zn.

Both phytoplankton and vascular water plants are known to selectively concentrate trace
elements. For example, the highest accumulation by mezoplankton is observed for Cd, Cu, and
Zn, while seaweeds take up Cd, Zn, Mn, and Pb more readily.!3!> As a result of this selectivity,
concentrations of some trace elements in waters may decrease in some seasons, while other
elements may become soluble during the decay of plants. Concentrations of trace elements in
both bottom sediments and aquatic plants of streams are known to be a useful tool in biogeochem-
ical exploration and environmental research. Soluble fractions of trace cations are rapidly caught
either by clays or organic compounds and deposited in bottom sediments, or they are absorbed
by root tissues of aquatic plants. Thus, concentrations of trace metals in these samples of the
aquatic compartment reflect geochemical anomalies of the bedrocks as well as different anthro-
pogenic sources of pollutants. The biochemical mapping of Sweden, based on aquatic plants,
includes quite a number of trace elements: As, Au, Ba, Cd, Cl, Co, Cr, Cu, Hg, Mo, Nb, Ni, Pb,
RbD, Se, Sr, U, V, W, Y, and Zn.%531128

Wastewater used on farmland is generally a source of several trace elements. Therefore, the
possibility of contamination should limit this method of wastewater disposal because of the accu-
mulation of hazardous amounts of heavy metals in surface soil (Figure 3).

Several limits are established for concentrations of trace elements in waters. The most crucial
are health-related limits for potable waters.'3>” Limits for discharge waters are also of great impor-
tance for the total “geochem” balance in the environment.

IV. SOIL
A. Soil Contamination
Soil is a very specific component of the biosphere because it is not only a geochemical sink

for contaminants, but also acts as a natural buffer controlling the transport of chemical elements
and substances to the atmosphere, hydrosphere, and biota. However, the most important role of
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soil is its productivity, which is basic for the survival of humans. Thus, maintenance of the ecological
and agricultural functions of soil is the responsibility of mankind.

Two terms—soil contamination and soil pollution—have been defined differently in various
publications. The recent definition given by Knox et al.!3¢” refers to soil contamination as soil whose
chemical state deviates from the normal composition but does not have a detrimental effect to
organisms. Pollution occurs when an element or a substance is present in greater than natural
(background) concentrations as a result of human activity and has a net detrimental effect on the
environment and its components. The authors stated: “From a plant, animal, and human health
perspective, soils are not considered polluted unless a threshold concentration exists that begins to
affect biological processes.”

Metal pollution of soils is as old as man’s ability to smelt and process ores, and has been
documented, especially in Greenland’s snow and ice.'?*! The metal emission, mainly of Pb, is now
observed on local, regional, and global scales, especially throughout Europe. This phenomenon
goes back as far as the Bronze Age (2500 B.P.). Any age of cultural development has left metal
pollution of the environment, stored mainly in soil, sediment, and ice. Ernst'>* comprehensively
reviewed ancient metal contamination from the Bronze Age to Roman times.

Trace elements originating from various sources may finally reach the surface soil, and their
further fate depends on soil chemical and physical properties and especially on their speciation.
Although the chemistry of soil contaminants has recently been the subject of many studies, our
knowledge of the behavior of polluting trace elements is far from complete. The persistence of
contaminants in soil is much longer than in other compartments of the biosphere, and contami-
nation of soil, especially by heavy metals, appears to be virtually permanent. Metals accumulated
in soils are depleted slowly by leaching, plant uptake, erosion, or deflation. The first half-life of
heavy metals, as calculated by Iimura et al.?* for soils in lysimetric conditions, varies greatly—for
Zn, 70 to 510 years; for Cd, 13 to 1100 years; for Cu, 310 to 1500 years; and for Pb, 740 to
5900 years. From the compilation of data given by Bowen,”* the following residence time of
trace elements in soils of temperate climate can be estimated: for Cd, 75 to 380 years; for Hg,
500 to 1000 years; and for Ag, Cu, Ni, Pb, Se, and Zn, 1000 to 3000 years. In soils of tropical
rainforests, the rate of leaching of the elements is much shorter and is calculated at about 40
years. All similar estimations have clearly indicated that the complete removal of metallic
contaminants from soils is nearly impossible.

The input—output balance of metals in soils discussed in Chapter 3, Section III.B, shows that
trace metal concentrations in surface soil are likely to increase on a global scale, with growing
industrial and agricultural activities. There are several indications that the composition of surface
soil may be influenced by both local contamination and long-range transport of pollutants. Purves®3*
concluded that the extent of soil contamination in the urban environment is now so great that it is
possible to identify most soils as urban or rural on the basis of their content of a few trace metals
that are known to be general urban contaminants. The annual increment of heavy metals caused
by dust fallout in Tokyo is estimated for Cd to be 0.05 ppm and for Pb and Mn to be about 0.5 ppm.3%

Urban pollution has recently become a subject of many studies. De Mique et al.,'*'’* based on
the investigations of pollution in Oslo (Norway) and Madrid (Spain), have distinguished so-called
“urban” pollutants: Ba, Cd, Pb, Sb, Ti, Zn, and to a smaller extent Cu. Results of several other
investigations have indicated, however, that the pollution of cities is specific and varies with local
conditions; for example, in Warsaw (Poland), the relative increase is noticed for Li, Ni, Zn, Cr, Pb,
Ba, Sr, and Fe (Figure 4). During the 20 years from 1977 to 1997, a moderate increase in Pb, Cd,
and Cu, but not in Zn, was noticed in soils along the streets of Warsaw: Cd from 6.0 to 10.0, Cu
from 36 to 45, and Pb from 150 to 190 (average, ppm).!?%® An extreme increase of traffic intensity
was also observed in Warsaw at that time. In Novosibirsk (Russia), relative increases were observed
for As, Br, Cd, Cu, Hg, Mo, Pb, Zn, and Zr,"**° and in Minsk (Belorussia) for Cd, Pb, and Cu.!4?
In Siena (Italy), Ba and Pb were the most increased metals, and Ba has been proposed as a tracer
for vehicle emissions, in place of Pb.'¥?3 However, Zn and Pb are the most commonly enriched
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Figure 4 Variation in the content of trace elements in dandelion (Taraxacum officinale Web.) leaves collected
in Warsaw (1995) and presented as RDC values. (Modified from Kabata-Pendias and Krakowiak35¢).
RDC, Relative Deviation to Constant; RDC = {[AM — RFJ/RF} X 100; AM, Metal Contents of
sample; RF, Reference Contents of Metals.

metals in the soils of many cities.'**! Birke and Rauch calculated the geogenic and anthropogenic
fractions of the total accumulated metals in soils of the Berlin area.'??” The relative (in % of total)
anthropogenic accumulation is highest for Zn, Hg, Cu, and Cd (60 to 80%), medium for Ni, Pb,
and Sn (50 to 60%), and low for Ag and Cr (20 to 30%). The lowest anthropogenic origin, 1%, is
given for Zr.

The regional contamination of soils, as reported most commonly, occurs mainly in industrial
regions and within centers of large settlements where factories, motor vehicles, and municipal wastes
are the most important sources of trace metals. However, due to the long-distance aerial transport
of trace pollutants, especially those that form volatile compounds (e.g., As, Se, Sb, and Hg), it has
become difficult to estimate the natural background values for some trace elements in soils.

Several methods were developed to calculate background (pristine) contents of trace elements
in soils. There is great demand for such data as reference values because entirely natural contents
of trace elements do not currently exist. In general, these methods are based either on statistical
calculations or on the relation of trace element to various soil parameters and geologic factors.
Some of the best known methods are described below:

1. GB—Geochemical Baseline: values are calculated as concentration ranges bracketed by the
GM/GD? to the GM X GD?2. These encompass the central 95% of observed contents (after Tidball
and Ebens'318),

2. 1IGD—Index of Geochemical Distribution: is calculated as: GM + 2GD. TM soil status: (a)
“pristine”: MC/IGD < 1, and (b) contaminated: MC/IGD > 1 (after Kabata-Pendias'?*?).

3. IGL—Index of Geochemical Load: is calculated versus geochemical background: log, MC/BC X
1.5. TM soil status: (a) “pristine”: IGL < 3, and (b) contaminated: IGL > 3 (after Miiller!#3).

4. IPD—Index of Pedogenic Distribution: is based on the comparison of TM distributions in soils: (a)
vertical, (b) lateral, and (c) typological (after Baize!?!?).

5. PEF—Pedochemical Enrichment Factor: is calculated versus Clarke’s values of mother rocks and
normalized to Al contents: [MC/AL]: [CC/AL], TM soil status: (a) “pristine”: PEF < 1, and (b)
contaminated: PEF > 1 (after Kabata-Pendias!34%1350),

6. FSP—Factor of Soil Parameters: is based on the selection of the most significant soil factor that
controls TM contents. The content of clay granulometric soil fraction (<0.02 mm) was established
as a major soil factor for the evaluation of TM background concentrations within soil textural
groups (after Kabata-Pendias and Krakowiak!3>).

7. SCV—Spatial Concentration Variability: is based on geochemical baseline values and allows
establishment of observed limits of values at a given distance from the source of pollution (after
Gough and Crock!3!2),
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Figure 5 Enrichment factor (EF) values for trace elements in surface sandy soils of Poland as compared
with mean concentrations (Clarke) in sandstones, and normalized to Al contents. Degree of EF:
|—decrease, Il—relative stability, lll—slight increase, IV—moderate increase, V—strong
increase. 349

8. GIS and MA—Geographical Information System and Multivariate Analyses, and also other statistical
methods, are used to differentiate anthropogenic from natural anomalies in soils and plant roots
(after Zhang Selinus!3721573),

Abbreviations: TM = trace metals, GM = geometric mean, GD = geometric deviation,
MC = measured value, BC = geochemical background content of a given element, CC = Clarke’s
value, SCF = soil clay fraction, Al, = Al content of soil, and Al, = Al content of rock.

Very useful are PEF and FSP indices. The first is calculated in relation to trace element contents
of mother rocks against so-called “stable” elements (e.g., Al, Ti) (Figure 5), and the second is based
on the relation between clay soil fraction and trace element contents. Also, the interpretation of
routine survey data based on isoline plots has been used for classifying soil contamination.!?”?

The estimation of critical time when a metal in soil will reach its ecologically critical con-
centration is a subject of recent studies. As Paces!*” calculated for a given agricultural catchment
in the Czech Republic, the steady-state concentrations of Cu and Zn in the soils will never
overshoot the critical load, while As, Cd, and Pb will reach the norms set for the soils after 4.5,
61, and 980 years, respectively.

Elevated concentrations of trace elements can also be of lithogenic (geogenic) origin. This was
reported by Curlik and Forga¢'2” for some alluvial soils, by Baize!2! for soils derived from
limestones, and by Skiba!4*® for soil of southern Spitsbergen (Sorrkap Land) derived from mica
shales. The highest amounts of metals in surface soils derived from mica shales are (ppm): Zn 90,
Pb 34, and Cd 0.61.

In addition to aerial sources of trace pollutants, fertilizers, pesticides, and all sewage-derived
materials have added to the trace element pool in soils. The mobilization of heavy metals from
smelter and mine spoil by transport with seepage waters or by windblown dust may also be an
important source of soil contamination in some industrial regions. The variability of trace element
concentrations in materials used in agriculture is presented in Table 5. Goodroad,””® Piotrowska
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Table 5 Agricultural Sources of Trace Element Contamination in Soils (ppm DW)

Sewage Phosphate Fertilizers Pesticides
Sludges (55, 94, 306, 381, 399, Limestones Nitrogen Fertilizers Manure (%)
Element (70, 249, 593) 701, 744, 755a, 809) (20, 25,249,532) (701, 875, 1357, 1362) (20, 25, 249, 532, 744) (510)
As 2-26 2-1200 0.1-24.0 2-120 3-25 (150)° 22-60
B 15-1000 5-115 10 6 0.3-0.6 —
Ba 150-4000 200 120-250 — 270 —
Be 4-13 —_ 1 —_ —_ —_
Br 20-165 3-5 — 6-716 16-41 20-85
Cd 2-1500 0.1-170 0.04-0.1 0.05-8.5 0.3-0.8 —
Ce 20 20 12 — — —
Co 2-260 1-12 0.4-3.0 5-12 0.3-24 —
Cr 20-40,600 66—245° 10-15 3-19 5.2-55 —
Cu 50-3300 1-300 2-125 1-15 2-60 12-50
F 2-740 8500-38,000 300 82-212 7 18-45
Ge 1-10 — 0.2 — 19 —_
Hg 0.1-55 0.01-1.2 0.05 0.3-3 0.09-0.2 (26)° 0.8-42
Mn 60-3900 40-2000 40-1200 — 30-550 —
Mo 1-40 0.1-60 0.1-15 1-7 0.05-3 —
Ni 16-5300 7-38 10-20 7-38 7.8-30 —
Pb 50-3000 7-225 20-1250 2-1450 6.6—15 (3500)° 60
Rb 4-95 5 3 2 0.06 —
Sb — — — 2-600 — —
Sc 0.5-7 7-36 1 — 5 —
Se 2-10 0.5-25 0.08-0.1 — 24 —
Sn 40-700 3-19 0.5-4.0 1.4-16 3.8 —
Sr 40-360 25-500 610 100-5420 80 —
Te — 20-23 — — 0.2 —
U — 30-300 — — — —
Vv 20-400 2-1600 20 — — 45
Zn 700-49,000 50-1450 10-450 1-42 15-250 1.3-25
Zr 5-90 50 20 6-61 55 —

Note:  References are in parentheses.
a Mainly ammonium sulfate.
b Maximum concentration, after Crompton.'264
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and Wiacek,%?? and Stenstrom and Vahter’>® reported that long-term use of inorganic phosphate
fertilizers adds substantially to the natural levels of Cd, F, and U in soils, while other elements
such as As, Cr, Pb, and V do not increase significantly. Effects of sewage sludge applications on
soil composition are especially of great environmental concern and have been the subject of many
studies and much legislation. Advisory standards and guidelines for safe addition of trace elements
in sewage sludge to land is still in the stages of experiment and negotiation; however, several
authors have given threshold values for the maximum addition of trace elements in one dose and
over a period of time (Table 6). Despite some diversity of opinion, there is general agreement,
especially regarding the maximum concentrations of heavy metals in soils. Maximum allowable
limits set up for paddy soils in Japan are somewhat different.>® Cu content was established at
125 ppm (0.1 N HCI soluble) and As was established at 15 ppm (1 N HCI soluble) as critical for
rice growth. The hazardous concentration in soils of Cd is limited by allowable Cd in rice, which
should not exceed 1 ppm. It should be emphasized, however, that all the allowable limits need to
be related not only to the given plant-soil system, but also to ratios between single elements as
well as to their total burden in soil.

In several soils, the threshold levels have already been exceeded, either in gardens and orchards
or in other locations, by contamination from industrial emissions or heavy and repeated applications of
sewage sludges as well as in urban areas and soils near highways. A high heavy metal content of
sludges is the most important hindrance to their use in agriculture. Although Purves®3* reported that
in practice the concern with using sludges commonly is only their phytotoxicity due to excesses
of Zn, Cu, and Ni, their content of Cd in particular, as well as of Pb and Hg, should be of concern
as serious health risks. As Andersson and Nilsson? have observed, long-term use of sewage sludge
increased the soil levels of Zn, Cu, Ni, Cr, Pb, Cd, and Hg. Of these elements, however, only Zn,
Cu, Ni, and Cd were increased in cereal grains, and Zn, Cu, Cr, and Pb were increased in cereal
straw. Chaney'?” and Sikora et al.”?® recommended higher doses of sewage sludges because of the
relatively low availability of heavy metals to plants.

The immobilization of trace metals by sewage sludge is apparently due to the fixation of metals
mainly in forms (operational) of oxides (Figure 6). In other soil conditions, however, the effect of
sewage sludges can be different, and some trace metals can be mobilized as, for example, complexes
with small organic molecules. As Crompton!?% stated, we can only poorly understand what biotrans-
formations from inorganic metals to organometallic compounds can occur when metal-contaminated
sewage sludge is disposed of as fertilizer on agricultural land. The presence of inorganic metals
in sewage sludge creates a potential for the formation of organometallic compounds by biosynthetic
processes. Thus, an understanding of all factors influencing the phase distribution of metals in
soils is a prerequisite to estimating the critical loads of metals and their effect on soil organisms.
Beckett et al.* concluded that in addition to the commonly monitored levels of Cu, Ni, Zn, Cd,
Cr, and Pb during the disposal of sewage sludge on farm land, it may be necessary to monitor
levels of Ag, Ba, Co, Sn, As, and Hg and also possibly Mo, Bi, Mn, and Sb, until their likely
accumulations in surface soil can be shown to be harmless.

Although trace metal-contaminated soils have gained much attention, the excess of other trace
elements, such as B, Br, F, and Se can also be, in some regions, an environmental concern. In many
cases, increased concentrations of these elements in surface soils is associated with soil salinity
affected by irrigation/drainage practices and processes. Elevated concentrations of these elements
may also be related to composition of parent material as well as to the impact of the chemical
industry, coal combustion, and leaching from waste landfills.

The behavior and especially the phytoavailability of cations in soils are governed predominantly
by their speciation as well as by several soil properties. The speciation and localization of metallic
contaminants in soils are related to their chemical forms at the time of impaction. Aerial particles
transporting trace metals are most common in mineral forms of oxides, silicates, carbonates,
sulfates, and sulfides, and when originated from coal combustion, the glassy structure predominates.
Trace metal species entering soils with sewage sludges differ based upon the source and the
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Table 6

Maximum Allowable Concentrations (MAC) of Trace Elements in Agricultural Soils Proposed or Given in the Directives
in Various Countries, and Different Years (ppm DW)

Austria?®®  Poland3¢21352  Germany''®®  Russia'’" U.K.95° U.S."""3  Germany™% EuroComm.™0  U.S 1408
Element 1977 1977 & 1993° 1984 1986 1987 1988 19922 1986 1993
As 50 30 20 2 10 14 — — —
B 100 — 25 — — — — — —
Be 10 10 — — — — — — —
Cd 5 1-3 3 — 3-15 1.6 1.5 1-3 20
Co 50 50 — — — 20 — — —
Cr 100 50-80 100 0.05° — 120 100 50-150 1500
Cu 100 30-70 100 23¢ 50 100 60 50-140 750
F 500 — 200 — — — — — —
Hg 5 5 2 21 — 0.5 1 1-1.5 8
Mo 10 10 — — — 4 — — —
Ni 100 30-75 50 35 20 32 50 30-75 210
Pb 100 70-150 100 20 500-2000 60 100 50-300 150
Sb — 10 — — — — — — —
Se 10 10 10 — — 1.6 — — —
\ — 150 — 150 — — — — —
Zn 300 100-300 300 110 130 220 200 150-300 1400

a Limits for soil pH > 6.

b Range for very light acid soil and for heavy neutral soil, respectively.
¢ Value given for Cré+ fraction.

d Value given for soluble pool of the metal.
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Figure 6 Impact of sewage sludge on fractionation of Zn and Pb in medium sandy soil (A), and loamy soil
(B). Fractionation according to Tessier et al.''¢2; |—exchangeable, Il—carbonate, Ill—oxide,
IV—organic, V—residual. (Modified from Manko.3%)

treatment of wastes. The forms associated with sesquioxides and with compounds bound to organic
residual fractions usually predominate in sludges of municipal origin. When wastes are mixed with
some industrial effluents, however, the speciation of metals greatly differs based upon the discharged
forms from factories.

Effects of excessive levels of trace metals on soil properties depend on complex reactions
between the trace cations and other components of all soil phases—solid, liquid, and gaseous.
These reactions have been broadly studied in recent years, and several principles, mechanisms, and
models (including the GEOCHEM computer program) were established and proposed by the
authors.”4!1531154 The chemical forms governing the mobility and phytoavailability of trace metals
and residence times of pollutants in soil layers are the main subjects of mechanistic modeling and
calculations. The mobile fraction of trace metals behaves like bivalent cations in soil phases and
is controlled by dynamic equilibria between solid and liquid phases. However, the complexity of
all possible reactions in natural heterogeneous soil systems needs more data for an appropriate
prediction of ecological consequences of the soil pollution with trace metals. The fate of these
metals in soils depends upon many soil processes, which can be generalized as follows:

Dissolution

Sorption

Complexation

Migration

Precipitation

Occlusion

Diffusion (into minerals)

Binding by organic substances
Absorption and sorption by microbiota
Volatilization

A A ol

—_

All these processes are governed by several soil properties, of which soil pH and redox potential
are known to be the most important parameters. Thus, the solubility of trace metals is often shown
as a function of pH affected by the amount and kind of organic matter (Figure 7). Also other soil
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Figure 7 Concentrations of trace metals in equilibrium solutions of sandy gleyic podzol. (Modified from
Brimmer and Herms.956)

factors, such as CEC, carbonates, Fe and Mn hydrous oxides, clay minerals, and fine granulometric
fractions are known to play significant roles in the behavior of trace elements. Frequent association
of trace element pollution with the acid deposition (mainly SO, and NO,) greatly complicates
overall ecological disturbance created by the chemical degradation of soils.

Soil contaminated with heavy metals can produce apparently normal crops that may be unsafe for
human or animal consumption. Kloke** calculated that if the content of Hg, Cd, and Pb in the soil is
not higher than the threshold values (Table 6), it can be expected that the contents of these metals in
human diets will not exceed weekly tolerable intakes established by FAO/WHO. Therefore, safe use
of sewage sludge must be assessed on the basis of a safe addition of trace metals into soils.

Permissible levels of trace elements, particularly heavy metals, used on farmland can be calcu-
lated based on several factors. Thus, permissible levels of trace elements in surface soils differ highly
based on local conditions (Table 6). For example, the estimates based on geochemical principles
and general hygienic limitations proposed by Goncharuk and Sidorenko''! and Niezbizhskaya and
Saet!'% are much lower than those calculated for the protection of vegetation, given by El-Bassam
and Tietjen,? Kitagishi and Yamane,*> and Kloke.’*® It is most important, however, to evaluate
acceptable application rates in relation to:

Initial trace element content of soil

Total amount added of one element and of all heavy metals

Cumulative total load of heavy metals

Heavy metal dose limitation

Equivalency of trace element toxicity to plants

Threshold values of trace element concentrations in soils

Relative ratios between interacting elements

Soil characteristics (e.g., pH, free carbonates, organic matter, clay content, and moisture)
Input-output balance

Plant sensitivity

SO RXTRARN A LD~

—_

The most crucial issue is the establishment of MAC values for arable soil and particularly for
garden and commercially grown crop soils. MAC values for such soils in Poland are related to soil
variables. 3521354
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Lewin and Beckett*® comprehensively reviewed monitoring of heavy metal accumulation in
agricultural soils treated with sewage sludge and pointed out that it would be unreasonable to
assume, without checks, whether heavy metals in soil will become immobilized with time or not.
Williams et al.!!8 carried out a 9-year study on metal mobility in sludged soils. The increased soil
acidity and the high percentage availability of metals in sludged soils did not result in an increased
metal movement within soil profile.

Different soil types, plant species, and growing conditions contribute to the divergent influences
of soil contamination on trace element status in plants. Some authors use a term, “soil resistance to
heavy metal contamination,” which is related to the critical levels of metallic pollutants that exhibit
toxic effects on plants and environments. This term is largely related to the cation exchange capacity
(CEC) of soils (see Chapter 3, Section III.C). Usually, the resistance of a nonacid heavy soil with
a higher content of organic matter exceeds several times the resistance of a light sandy acid soil.

Contaminated soils display considerable variations in the mechanisms and strength by
which metals are retained. A general effect of the contamination is the reduced ability of soils
to further metal adsorption.'#!3 This is very significant in the assessment of pollutant loading
rates and in the understanding of the long-term behavior of trace metals in soils.

Increasing acidification during recent decades has led to ecological disruption observed in many
European countries. A steady increase of hydrogen ions in top soils resulting mainly from emitted
sulfur and nitrogen dioxides leads to an imbalance of all nutrients, and further, to destruction of natural
buffering properties of soils. A common effect of these changes is an increased mobility of all cations.
A high rate of trace metal mobility in soils affects the increase of both bioavailability and leaching
down soil profiles into water systems. Loamy neutral soils may accumulate a higher amount of trace
elements with much less environmental risk. However, a general chemical imbalance of such soils
usually results in decreased biological activity, decreased or increased pH, and, as a further conse-
quence, in degradation of organic and mineral sorption complexes.

Contamination of agricultural and forest soils has already become relatively common and is
likely to continue. Noticeable, also, is the fact that most often soils become contaminated by several
metallic pollutants that are accompanied quite frequently by acid rains (mainly SO,, NO,, and HF).
Such an association of pollutants in soil greatly complicates their impact on the environment. Trace
elements as well as other inorganic and organic pollutants are known to accumulate in surface soils
as a result of both contamination from point sources (industrial, urban, and agricultural) and from
long-range aerial transport. However, soils and other surficial sediments cannot act as permanent
storage for immobile trace elements. The remobilization processes will again transfer these elements
into biogeochemical cycles, and as a consequence, will disturb the intricate interrelationship of the
flow of elements and energy in the soil-plant-animal system (Figure 1).

The state of our knowledge about the impact of trace inorganic pollutants on soil ecological
variables is relatively broad. There is not enough data, however, to attempt to set up definite values
for criteria needed to protect soils against the long-term effects of trace element pollution. Some
preliminary values have, however, been proposed as guidelines for primary hazard assessments.
These guidelines for threshold levels, “trigger concentrations,” of trace elements, and particularly
trace metals, will differ from place to place to meet the variable ecological conditions of each
region or country. They should, however, be based on similar standard methods and experimental
procedures for the measurement of the content of each element. A number of observed ecological
standards are often used to assess the significance of trace metal levels in soils. These include:

NOEC—No Observed Ecological Consequences
HNOAEC—Highest No Observed Adverse Effect Concentration
LKE—Lowest Known Effect (or Level)

LOEC—Lowest Observed Effect Concentration
PAA—Permissible Annual Application

MAL—Maximum Allowable Loading

MPL—Maximum Permissible Loading
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MCA—Maximum Cumulative Amount

RMCL—Recommended Maximum Contaminant Levels

ATL—Action Trigger Level (the concentration above which remedial measures and treatments are
necessary)

ELD—E-cosystem Lethal Dose

LOAEC—Lowest Observed Adverse Effect Concentration

Approaches to setting limits for trace elements, MAC, are based on fundamental criteria such
as: (1) transfer of trace elements (mainly metals) to various organisms and to man; (2) assessment
of the likely harmful effects; (3) estimation of two threshold values, LOAEC and HNOAEC; and
(4) evaluation of metal balance (input/output) of metals. Values given in the Second Edition
compared to those cited now (Table 6) indicate a tendency for more liberal limits, especially for
metals of concern in agriculture practice and food production: Cd, Cr, Cu, Hg, Ni, Pb, and Zn. A
comparison of the U.S. (1993) maximum cumulative pollutant loading limits in soils treated with
sewage sludge with limits proposed in Austria (1977) for agricultural soils treated with municipal
sludge (Table 6) reveals a significant increase in MAC, from about 1.6 times for Hg to 15 times
for Cr. The proposed increase for Cd-MAC for > 6 to 20 times is a subject of special concern. As
McGrath et al.!'4%® stated: “Differences in the philosophy behind environmental protection and in
the choices of which organisms to protect explain the different metal limits for sewage sludge
which have been adopted in the countries examined.”

In addition to general ecological effects, criteria should take into account damaging effects on
crops, injury to animals—particularly the hazards associated with the ingestion of soil during graz-
ing—and possible accumulation effects that may occur in the food chain. The possible contamination
of human food is an especially urgent problem. To ensure safe quality of the food-chain products, it
is useful to standardize the allowable loadings of contaminants (MAL) to agricultural land.

Values for any critical concentration or loading of trace elements that can be established at the
present time should be regarded as tentative and approximate assessments that may be changed
with improvements in the database and understanding of the significance of the presence of
particular elements in particular soils, farming practices, or ecosystems. There is a real need for
critical examination of the crucial questions concerning the standards that should be used to establish
the criteria for “safe” limits for trace element contents of soils. Several proposals show a general
agreement for most individual elements (Table 6), but ultimate accepted values should take into
account possible interactions between different trace elements and between trace elements and
other components of soils. Data presented in Table 6 are for the total contents of trace elements.
Agreement on criteria based on the measurements of the amounts of “available” elements will
present further problems because of the difficulty in deciding if “availability” should be measured
in biological or chemical terms, and the exact way in which either can be measured.

B. Soil Remediation

As Kobabayashi et al. reported, some of the first actions for soil remediation were in Japan,
where an excess of soil Cd was removed by repeated treatment with EDTA solution and lime (the
Cd content of the surface soil decreased from 27.9 to 14.4 ppm).4%

Recently, there has been a virtual explosion of various papers and books on soil remediation.
General reviews on this topic are given in several publications; see, for example, Adriano et al.,!'®®
Knox et al.,'*” and Vangronsveld and Cunningham.!>?

Proposed methods for cleaning soils degraded with metals have been reviewed initially by
Rulkens et al.'*”? Five main procedures to clean contaminated soil are described:

1. Removal of contaminants by molecular separation. Extraction and desorption treatments.

2. Removal of particulate contaminants by phase separation. Froth flotation and other extractive
treatments.
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3. Removal of contaminants by chemical/thermal destruction. In sifu vapor extraction and other
treatments.

4. Removal of contaminants by biodegradation of substances containing trace metals.

5. Removal of contaminants by biological absorption (phytoextraction) or biological mobilization.

Conventional, most commonly used remediation technologies, as described by Saxen et al.!#3!
include:

* Soil flushing

¢ Pneumatic fracturing

¢ Solidification/stabilization

¢ Vitrification

¢ Electrokinetics

¢ Chemical reduction/oxidation
¢ Soil washing

« Extravagation, off-site disposal

A large number of techniques have been developed using these procedures, but only a few have
been applied successfully in practice. At present, there is extraordinary interest in bioextraction
methods using bioremediation, phytomelioration, and phytomining.!!9%1266.1409 Tt ig necessary to
emphasize that restoring the soil’s original properties may never be achieved, especially using technical
methods. However, good restoration of soil properties can give good results when using some of the
best technology for a given kind of soil and for the type and concentration of the contaminants.
Phytoextraction and phytoremediation using plants that hyperaccumulate trace metals, especially
when transgenic plant species can be used, seem very promising. Black'??® has reviewed economic
and practical aspects of phytoremediation, and pointed out environmentally crucial issues such as
the potential impact of hyperaccumulator plants on wildlife.

The problem of concern in soil remediation actions is the cost. Phytoremediation techniques
are likely to be less costly than those based on conventional technology. However, as McGrath!410
stated, full costs of plant-based techniques will not be known until mature technology is offered
and applied. At present, a real demand for phytoextraction techniques is to increase the yield of
plants that hyperaccumulate metals and increase the mobility of metals in soils.

Some experiments using earthworms to clean polluted soils were also conducted.'*¢ Effects of
this method vary with the specific conditions, and some elements are observed to be more easily
taken up by earthworms (e.g., Cd and I) than others (Mn and Cs). The role of metal-resistant
bacteria in soils has also been considered. Such bacteria can make plants more tolerant to metal
pollution sites.!'3%

Agricultural practices have also been applied to soil remediation by immobilization of trace
metals. Most commonly, the uptake of metals by plants is diminished by keeping a neutral soil pH,
and by amendments with materials having a high capacity to bind metals in possibly slightly mobile
fractions. These are mainly phosphorites, zeolites, montmorillonites, humic organic matter, and
some wastes (e.g., fly-ash). The beneficial effects of these treatments are broadly discussed by
several authors. 26152 The mechanism by which zeolites reduce labile metal concentrations in soils
has been recently discussed by Edwards et al.'?®° The immobilized metals are either retained in the
synthetic zeolites or precipitated as metal carbonate or oxide as the soil pH increases. Zeolites have
been shown to be resistant to degradation in the soil over a period of 3 months.

Trace metal mobility in soils is known to be related to land use. Usually, metals in forest soils
are more easily mobilized (e.g., bioavailable and leached) than metals in agricultural soils. This is
directly related to the higher acidity of soils and to a higher presence of low-molecular-weight
organic substances in forest soils than in arable ones. This phenomenon will be an environmental
concern in the future due to programs of forestation of poor agricultural quality soils, especially
in Europe.
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A new method recently presented by Mench et al.'*!® is based on the affinity of Fe and Mn
oxides (or sulfates) to adsorb and occlude several trace elements from the ambient solution.
Application of steel shots containing mainly Fe (over 90%), and oxides of other metals in negligible
amounts (below 1%) resulted in immobilization of considerable amounts of trace metals in soil.
Steel shots affect the uptake by plants of As, Zn, Cu, Ni, and Pb. The effect in Cd immobilization
is apparently less successful.'*'* Also, Al-montmorillonite reveals higher binding properties for Zn
than for Cd."?!' In each case of metal fixed by binding materials, the question arises as to the
persistence of this immobilization, under what soil conditions, and in what time frame could it turn
into a mobilizing effect.

V. PLANTS

The significant role of plants in both cycling of trace elements and contaminating the food
chain has been well illustrated for various ecosystems and published in numerous papers. Plants
can accumulate trace elements, especially heavy metals, in or on their tissues due to their great
ability to adapt to variable chemical properties of the environment: thus, plants are intermediate
reservoirs through which trace elements from soils, and partly from waters and air, move to man
and animals. As Tiffin.”® has concluded, plants may be passive receptors of trace elements (fallout
interception or root adsorption), but they also exert control over uptake or rejection of some elements
by appropriate physiological reactions.

Using plant chemical status for geochemical prospecting is a very old practice in exploration of
metal ores. Some of the first scientists who provided geochemical background information for plant-
based prospecting were Vernadsky!>*? and Warren.3*® Recent reviews of biogeochemical prospecting
are presented by Dobrovolsky!'?® and Kovalevsky.'3”2 The response of plants to the chemistry of the
environment is controlled by several external and biochemical factors. Nevertheless, the chemical
analysis of plants is a promising tool to study chemical properties and changes in the lithosphere.

Plants reveal a variable, and sometimes specific ability to absorb trace elements from soil. The
ratio of an element in plants to its concentration in soil, a so-called Biological Absorption Coefficient
(BACQ), is widely used for comparing different plants (Figure 23 in Chapter 4). Three general uptake
characteristics can be distinguished in plants: accumulation, indication, and exclusion. To a large
extent, this depends on the specific ability of plants. A huge difference in metal uptake between
plant species, and also between genotypes of a species, has been demonstrated in many studies.
Comprehensive information on this is given in recent publications edited by Brooks,'?** and by
Prasad and Hagemeyer.!4-1460

The biota reveal the potential to develop a resistance upon anthropogenic loads of trace elements
to ecosystems. However, the biodiversity and biological activity of polluted ecosystems are very
poor, as commonly observed in the vicinity of industrial plants, and especially metal smelters.

One of the basic environmental problems relates to the quantities of accumulated metals in
plant parts used as food. Special attention should also be given to the forms of metals distributed
within plant tissues, for the metal forms in plants seem to have a decisive role in metal transfer to
other organisms. The chemical quality of plant food is a matter of public concern and is of primary
importance in the program of consumer and health protection. In the past decade, several expert
committees, especially under joint FAO/WHO programs, have been working on the toxicological
evaluation of trace element levels in plant foodstuffs. There are already a number of governmental
and international laws on threshold levels of so-called roxic metals (mainly Cd, Pb, Hg, and As)
in plant food. The calculation of two values—Acceptable Daily Intake (ADI) and Provisional
Tolerable Weekly Intake (PTWI)—is presently regarded as the most suitable assessment of health
risk due to increased and/or unbalanced trace elements in food and forage plants. Survival studies
carried out to establish range and mean concentrations of selected trace elements in crop plants
(Table 7) present data for Poland.
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Table 7 Trace Metals in Some Crop Plants of Poland,
Geometric Mean (ppm)'5'4

Plant Cd Zn Pb Cu Ni

Cereal grain (6500)2 0.06 33.3 023 044 3.74
Potato tubers® (5680) 0.11  19.9 0.33 0.61 4.46
Grass (3760) 0.12 31.6 0.89 084 5.51

a |In parentheses, number of samples collected in the period
1992-1996.

® Unpeeled tubers.

200

100+

Yield (mgDW/pot)

Metals in plant (ppmDW)*

Figure 8 Response of young barley plants to heavy metal concentrations in their tissues. Asterisk indicates
concentration of metals is given in powers of ten. (Modified from Beckett et al.>%)

The study of the chemistry of soils and plants in relation to the incidence of geographically
distributed diseases is the basis for the discipline of medical geochemistry. It is a relatively new
(initiated by Lag in 1980)!3% but emerging field, needing a better understanding of specific cycling
and the pathway of a trace element in a given environment. Plant/metal data given broadly in the
literature should be useful for hazard assessment in health and agriculture.

The current database of the U.S. Environmental Protection Agency contains nearly 25,000 records
on 21 metals in plants as related to the uptake, accumulation, and translocation by vascular plants.
The highest number of records, over 1000, are for the Zea, Phaseolus, and Triticum families.!#** A
high relative proportion of all metal records is for: Cu 18.6%, Zn 17%, Cd 14.4%, and Pb 9%.
Below 1% are records for V, Cs, Th, Sb, Pt, Be, Sn, and U. The conclusions of that review indicate
that Cd and Hg are considered among the more toxic metals. The most frequently identified metals
causing biological/ecological harmful effects are Pb, Cs, As, Cr, Zn, Ni, and Cu. However, these
effects were primarily observed in freshwater/wetland habitats rather than in terrestrial habitats.

Several authors have observed that the yield of various crops can be decreased due to metallic
pollution (Figure 8). The generalized effects of metal concentrations in nutrient solution on yield
and metal content of plants are shown in Figure 9. Most important, however, are the biological and
health effects on man and animals caused by metallic pollution in plants. This subject has been
reviewed in detail in many textbooks on environmental health.

Each case of plant pollution is unique and should be studied for a specific environment. There
is an increasing awareness that results of studies based on simulation-type systems cannot be related
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Metal concentration in nutrient solution

Figure 9 Generalized effects of trace metal concentrations in nutrient solution on yield and metal content of
plants.

to those in a natural system. This fact is supported by de Vries and Tiller,?*! who reported a much
lower absorption of heavy metals by lettuce and onions grown in a market garden soil than by
those grown under greenhouse and miniplot conditions.

Trace pollutants entering plant tissues are active in metabolic processes, but can also be stored
as inactive compounds in cells and on the membranes. In each case, however, they may affect the
chemical composition of plants without causing easily visible injury. The most common symptoms
of phytotoxicity of several trace elements are rather nonspecific and are described in detail in Table 40.

A. Biomonitoring

Plants are good indicators of the health of the soil in which they are growing. Plants also respond
directly to the state of air. The tops of all plants are collectors for all air pollutants, and their chemical
composition may be a good indicator for contaminated-areas when it is assessed against background
values obtained for unpolluted vegetation. Mosses and lichens are known to be the most sensitive
indicators of atmospheric pollution.!%71135 Several other plants and plant organs are shown to be suitable
indicators of pollution of soil and aquatic environments (see Chapter 5, Section VIII). Nettle is highly
recommended by Ernst and Leloup®® as a better biomonitor for metals, especially for Fe, than the
other perennial herbs. A preferred phytoindicator is the common dandelion.!?78:1356.1470 Compared to
green plants, mushrooms can concentrate a large amount of several trace metals, and are also good
indicators for environmental pollution.*!46351008.1056 Mushrooms are known as the most sensitive
accumulators of Se, for which concentrations are about a thousand times higher than in green plants
(see Figure 23). While Cd can be accumulated to high concentration ratios, Pb seems to be excluded
from mushrooms. Cu and Zn levels are higher in mushrooms than in associated vascular plants,
but their concentration ratios (against soil) are relatively low.!%%1045 Moss analyses, however,
provide more suitable and reliable techniques for survey of atmospheric metal deposition. Riihling
et al.!!? described a broad program of environmental monitoring in the Nordic countries based on
the survey of metals in mosses. These authors showed that the concentrations of metals in mosses
(Hylocomium splendens and to some extent Pleurozium schreberi) give a linear relationship with
the bulk metal precipitation (wet and dry deposition) on the log-log graph. The sorption and retention
of trace metals by mosses differ, being usually the highest for Pb and Cu and lowest for Cd and Zn.
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Figure 10 Trends in decreasing Zn, Cd, Ni, and Pb contents in moss species (Hylocomium splendens and
Pleurozium schreberi) in the central part of Sweden during the decades 1960 to 1980."1%5

Trends observed by Riihling et al.!'® in decreasing of metal contents of mosses during recent
decades (1968-1985) indicate a reduced emission of Zn, Cd, Ni, and Pb (Figure 10). Emission for
Cr dropped rapidly during the first period only. The concentrations of As, Cd, Cu, and V in mosses
did not change significantly, although there were regional variabilities. Trace metal contents of
mosses follow closely the regional pattern of metal distribution in humus soil horizons.!'!?8

Since 1977, monitoring has been carried out for 53 chemical elements in moss (Hylocomium
splendens) collected from 458 sites in Norway.!??3 The last results from 1995 have clearly indicated
the decrease of most elements to about 59%. These are mainly trace elements transported over a
long distance in the atmosphere: Ag, As, Cd, Bi, Hg, Mo, Pb, Sn, T1, V, and Zn. This is obviously
due to highly limited industrial emission in western Europe. The greatest decrease in Pb content
of mosses is related to elimination of leaded petrol. The deposition of some metals (e.g., Co, Cu,
and Ni) transported from a northeastern direction has not changed during that period. Similar
observations of the decreased deposition of trace metallic pollutants are reported for Finland during
the period 1985 to 1990,'38! and for Bulgaria during the period 1986 to 1994.1278 The trace metal
concentrations in pine bark correlate relatively well with contents of lichens and mosses in Finland
and in the Kola Peninsula. Some metals, such as Cu, Co, Ni, Fe, and Ti, were much more concentrated
in the bark of trees from the Kola Peninsula than that from Finland.'¥” However, the great impact
of climatic factors on the deposition of metals on leaf surface and bark must be considered and
requires further investigation.'>33

Trace metal contents of the same species of moss were investigated in Poland in 1994, and in
Alaska in 1995.1312 Reported concentrations of several trace metals were lower than those found in
Norwegian moss. Somewhat similar contents of trace metals are reported for mosses (Hylocomium
splendens and Pleurozobium schreberi) collected in the period 1994 to 1995 from 34 sites in Estonia.!??
Although there were some sites with elevated levels of metals, the most common concentrations
were (in ppm): Cd 0.7-0.8, Co < 0.3, Cu 5-7, Ni 1-1.3, Pb 7.5-10, V < 3, and Zn 40-50. Similar
projects were carried out from 1994 to 1996 in the Czech Republic, Ireland, and the U. K.1239.1301.1469
Samples of mosses were hardly found in the Czech Republic. Ranges of common concentrations
of trace metals in mosses were fairly similar to those reported for Finland. Only in the English
Midlands region were the highest average contents found for (in ppm): Pb 42, Zn 92, and V 8.

Berries and mushrooms grown in forests are also good in bioassays of pollution. Plants grown
in the vicinity of the Ni-Cu smelter complex at Monchesgorsk, Kola Peninsula, Russia, show a linear
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correlation between the metal content of fruits and their concentration in soil.'?'® Berries (Vaccinium
vitis-ideae and Empetrum hermaphroditum) had up to about 30 ppm Cu and 25 to 40 ppm Ni on
soils with 3000 ppm of both metals, whereas the most sensitive mushrooms (Russula vesca)
contained Ni and Cu at levels of 125 ppm and 133 ppm, respectively. Mushrooms from Japanese
forests are also broadly used in bioassays of trace element pollution.!364

A broad study on the distribution of trace metals in the forest ecosystem near the city of
Serpukhov (120 km southeast of Moscow) was carried out by Zolotareva et al.'>’® The authors
observed that Mn is likely to concentrate in leaves, whereas all other metals are distributed variably
among the parts of trees and herbs. The ability of plants to uptake elements, expressed as the
transfer factor, is similar for trees, grasses, and mosses; the highest values were always for Mn and
Zn, and the lowest for Fe and Pb.

Several recent research projects have been carried out on the environmental impact of the past
anthropogenic activities. It has been shown that rainwater-fed bogs (ombotrophic Sphagnum bogs)
can be used as archives of atmospheric dust deposition.!3%3 As Shotyk!*® reported, As, Cu, Pb, and
Zn are more abundant in surface and near-surface peat layers compared to deeper parts of the profile.
The maximum enrichment factors are approximately 5 times for Cu, 15 times for As, and 30 times
for Pb, Sb, and Zn. Variations in the Ti concentrations of peat correspond to changes in soil dust
inputs due to soil wind erosion and agricultural development, whereas Pb is an indicator of past
mining and smelting activities. The increase in Pb contents in Europe dates back to Roman times,
but the highest rates of increase in the enrichment factor are for the Middle Ages as well as for
modern times in central Europe.!3%3 More than 99.9% of each of Cu?*, Pb?*, and Zn?* is bound to
an organic phase, either the solid phase or in solution in peat bog pores. This explains a chemical
mechanism by which metal migration in the peat profiles may be significantly retarded.!4%’

Peat-bog records of trace metal accumulation are considered a measure of total net deposition.
As Nikolishin et al. described the long-distance aerial distribution of Pb and Zn resulted in an
increase in their concentrations in sphagnum peat in the remote area of Siberia during the last half
century 1910 to 1970, from below 30 to over 100 ppm AW.!10!

Tree rings have recently been used to examine past environments. Each ring represents 1 year
of growth, thereby preserving evidence of past conditions. Geochemists studied the radial distri-
bution of Zn and Mo in cottonwood from the Summiville mine areas in Colorado, and found
increased levels of Cu, Zn, and Mo in tree rings after mining activity.!*** The interpretation of the
chemistry of tree rings, however, is complicated by several processes affecting the incorporation
of elements into wood tissue. The spatial distribution of water transport, damage to tree roots, and
cation binding capacity in the xylem are some factors that govern tree-ring chemistry. Therefore,
additional information on the sites and ways of trace metal deposition in woods is needed for a
correct dendroanalytical interpretation of element distribution. As Brackhagen et al.'>*? observed,
radial distribution patterns of Cd and Zn in stems of Scots pine trees did not correspond with the
known timing of pollution inputs to respective forest stands. However, concentrations of Cd and
Zn in stem wood were higher in trees growing on contaminated plots.
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CHAPTER 3

Soils and Soil Processes

I. INTRODUCTION

A valid concept of the nature of soil must avoid the common error that soil is simply a mixture
of unconsolidated material resulting from the weathering processes of underlying rocks. Soil is a
natural body, having both mineral and organic components as well as physical, chemical, and bio-
logical properties. Soil properties, therefore, cannot be a simple reflection of the combined properties
of all soil components.

Any classification of soils suffers from the disadvantage that it is impossible to relate it to the
great complexities of soil genesis and properties. The terms used in defining the soils in different
systems seldom are exactly equivalent. The definitions of soil units used in this book are adopted
from FAO/UNESCO.??*¢ Short descriptions of the soil units are presented in Table 8. The names of
soils described in this book were taken from the original publications, translated, and the associated
soil characteristics were fitted, insofar as possible, into the soil units of the FAO/UNESCO system.

The composition of soils is extremely diverse and, although governed by many different factors,
climatic conditions and parent material predominate most commonly. An approximation of soil com-
position is shown in Figures 11 and 12. Soil is composed of three phases—solid (mineral and organic),
liquid, and gaseous—and exhibits properties resulting from the physical and chemical equilibriums
of these phases. Moreover, not only the chemical composition of the solid components of soil, but
also its mineral structure and the state of dispersion are important factors influencing soil properties.

Although trace elements are minor components of the solid soil phase, they play an important
role in soil fertility. A knowledge of the association of trace elements with particular soil phases
and their affinity to each soil constituent is the key to a better understanding of the principles
governing their behavior in soils. The “normal concentrations” of trace elements in soils are of
great interest as background values needed for any assessment of the degree of soil contamination.
Recent surveys of trace elements in soils are based on the calculation of geometric means and
baselines.762.985.1012,1047 The database used in this book, however, allows only the estimation
of the concentration ranges and arithmetic means which are presented for several trace elements
in the selected soil units (Table 9). These data give the approximate information on possible
concentrations of the trace elements in uncontaminated soils.

Two stages are involved in the formation of soil from parent material. The first is the alteration
of the primary mineral constituents of the parent rocks by the physical and chemical processes of
weathering. The second stage (pedogenesis) results in the formation of a soil profile from the
weathered rock material, leading to the development of a mature zonal soil as the end point of the
interacting processes. Weathering and pedogenic processes cannot be easily distinguished and
separated because they may take place simultaneously at the same sites and most commonly they
are closely interrelated. They will be discussed separately, however, in chapter subsections.
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Table 8

Soil Units Used in the FAO/UNESCO Soil Map of the World?2¢

Predominating

World USDA Certain Old Soil-Forming
Name of Unit Symbol Distribution?  Equivalent!1% Names Factor® Short Description of Soils
Fluvisols J 2.40 Fluvents Alluvial soils a Recent alluvial deposits, little alteration
Gleysols G 4.73 Aquic Black earths or c Soils formed from various materials with
suborders hydromorphic hydromorphic properties mainly within the top
soils horizon
Regosols R 10.10 Orthens, — a Little altered, unconsolidated parent rock
Psamments
Arenosols Q Psamments — a Soils formed from sand, no diagnostic horizons
(part)
Lithosols | — Lithic — a Shallow soils over hard rock
subgroups
Rendzinas E 17.17 Rendolls Rendzinas a Shallow soils over limestones
Rankers U Lithic, — a Shallow soils formed from recent siliceous
Haplumbrets deposits, little alteration
Andosols T 0.76 Andepts Volcanic soils a Soils formed from recent volcanic ash
Vertisols \Y 2.36 Vertisols Brown soils a Clay, cracking soils
Solonchaks Z 2.03 Salic great — c Soils, often formed from recent alluvial deposits,
group with salt accumulation
Solonetz S Natric great — c Alkali soils with hydromorphic properties (high
group exchangeable Na content)
Yermosols Y 8.93 Typic Aridisol Aridisols c Desert soils or other formed under aridic regime
Xerosols X 6.79 Mollic Aridisol Grey soils c Similar to above, but better development of ochric
A horizon
Kastanozems K Ustosols — b Soils formed under steppe vegetation
Chernozems C — Borolls (part) — a,b Soils developed under prairie vegetation
Phaeozems H 3.09 Udolls (part) Degraded b Similar to K and C soils, but more leached
chernozems
Greyzems M — Borolls (part) — b Soils formed under forests in cold temperate
climate
Cambisols B 7.02 Inceptisols Brown soils c Highly altered soils, having a cambic B horizon
(part)
Luvisols L 7.00 Alfisols (part) Lessivage c Similar to B soils, with clay accumulation and more
processed leached
Podzoluvisols D 2.00 Glossic, Great  Grey-podzols [ Transition soils between L and P soil units
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Podzols P 3.63
Planosols w 0.91
Acrisols A 7.97
Nitosols N

Ferralsols F 8.11
Histosols (0] 1.82
Anthroposols® — —
Miscellaneous — 3.18

land units

Spodosols
(part)

Ultisols (part)
Some Ultisols
and Alfisols

Oxisols

Histosols

Mineral—
hydromorphic
soils

Red-brown
soils
Oxisols,
lateritic soils
Peats, mucks,
bog soils
Hortisols,
industrosols,
regosols

Highly altered profile due to leaching

Soils slightly leached due to a slowly permeable
horizon

Strongly leached soils with a clay horizon, transition
between L and F soil units
Tropical soils transition between A and
F soil units
Soils with sesquioxide rich clay fraction
formed under tropical climate
Organic soils, having H horizon of
more than 40 cm
Soils formed under a predominant
influence of man’s activity

a The distribution of major soils, in percent of world soil area, as given by Dudal.'*

b a, Parent rock; b, vegetation; and ¢, pedogenic processes stimulated mainly by climate.

¢ Soil unit not given in the FAO/UNESCO system.
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Figure 11  Approximate composition of a representative silty loam surface soil of vertisol soil unit (brown soil).
(A) Volume percent of total soils; (B) weight percent of solid phase of soil.

B Oxides of Fe, Mn and Al, about % ES Cailcite

Figure 12  Approximate composition of mineral constituents of surface soils derived from different rocks in a
temperate humid climate. (A) Podzoluvisol over sandstone; (B) vertisol over granite; (C) rendzina.

Il. WEATHERING PROCESSES

Weathering, the basic soil-forming process, has been extensively studied and reviewed as the
complex interactions of the lithosphere, the atmosphere, and the hydrosphere that occur in the biosphere
and that are powered by solar energy. Weathering can be chemically described as the processes of
dissolution, hydration, hydrolysis, oxidation, reduction, and carbonatization. All of these processes are
based on rules of enthalpy and entropy, and they lead to the formation of mineral and chemical
components that are relatively stable and equilibrated in the particular soil environments. Biochemical
weathering leads to the destruction of parent minerals and to the passing of the elements from the
minerals into solutions and suspensions.

Living organisms and their decomposition products play a significant role in weathering. Two
types of compounds released by organic matter or organisms are believed to be particularly involved
in weathering processes: carbon acid, formed from the CO, released during decay of organic matter,
and organic chelates. Stevenson!'>’ described that most cations released from rocks and minerals
during weathering form soluble complexes with natural organic chelates. These processes are
comprised of several stages from the first attack on insoluble mineral matter by simple organic
chelates excreted by microorganisms to complete saturation of the chelating sites in organic matter,
and to the incorporation of the elements into living tissues.
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Table 9  Ranges and Means?® of Total Concentrations of Trace Elements in Surface Soils® Calculated on the World Scale (ppm DW)

Cambisols (silty and loamy Kastanozems and Histosols (organic

Podzols (sandy soils) soils) Rendzinas Chernozems soils)

Element Range Mean Range Mean Range Mean Range Mean Range Mean
As <0.1-30 4.4 1.3-27 8.4 — — 1.9-23 8.5 <0.1-66.5 9.3
B 1-134 22 <1-128 40 1-210 40 11-92 45 4-100 25
Ba 20-1500 330 19-1500 520 150-1500 520 100-1000 520 10-700 175
Cd 0.01-2.7 0.37 0.08-1.61 0.45 0.38-0.84 0.62 0.18-0.71 0.44 0.19-2.2 0.78
Co 0.1-65 5.5 3-58 10 1-70 12 0.5-50 7.5 0.2-49 4.5
Cr 1.4-530 47 4-1100 51 5-500 83 11-195 77 1-100 12
Cu 1-70 13 4-100 23 6.8-70 23 6.5-140 24 1-113 16
F <10-1100 130 <10-800 385 <10-840 360 10-1194 550 10-335 220
Hg 0.008-0.7 0.05 0.01-1.1 0.1 0.01-0.5 0.05 0.02-0.53 0.1 0.04-1.11 0.26
| <0.1-10 2.3 0.3-8.3 1.7 0.3-9.5 3.4 0.3-10.8 24 1-10 4
Li <5-72 22 1.4-130 46 6-105 56 9-175 53 0.01-3.2 1.3
Mn 7-2000 270 45-9200 525 50-7750 445 100-3907 480 7-2200 465
Mo 0.17-3.7 1.3 0.1-7.2 2.8 0.3-7.35 1.5 0.4-6.9 2 0.3-3.2 1.5
Ni 1-110 13 3-110 26 2-450 34 661 25 0.2-119 12
Pb 2.3-70 22 1.5-70 28 10-50 26 8-70 23 1.5-176 44
Sc 0.8-30 5 2.4-20 8 <5-15 8 <5-20 10 — —
Se 0.005-1.32 0.25 0.02-1.9 0.34 0.1-1.4 0.38 0.1-1.2 0.33 0.1-1.5 0.37
Sr 5-1000 87 15-1000 210 15-1000 195 70-500 145 5-300 100
Ti 200-17,000 26,000 500-24,000 3300 400-10,000 4800 700-7000 3500 80-6700 2300
\ 10-260 67 15-330 76 10-500 115 25-150 78 6.3-150 18
Zn 3.5-220 45 9-362 60 10-570 100 20-770 65 5-250 50

a Ranges of common abundance in topsoils and arithmetic means.
b Soil units as given in Table 8.
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Greatly simplified, basic weathering processes can be characterized as follows:

Dissolution: minerals are soluble in the aquatic phase

Hydration: minerals increase their water content

Hydrolysis: reaction of minerals with water, producing new ions and/or insoluble components

. Oxidation: incorporation of the oxygen into the chemical components or increase of the element potential
Reduction: reactions that are the reverse of oxidation

Carbonatization: alteration of compounds into carbonates due to the incorporation of CO,

SN ALd =

All of these reactions are controlled by chemical equilibria of the particular earth surface
environment. The stability of such a system is often illustrated by Eh—pH diagrams for the given
geochemical reaction.?%477 Despite the many questions raised and the difficulties in a practical
evaluation of these diagrams, they clearly indicate that both factors—the redox system (Eh) and
the buffer capacity (pH)—-control physical and chemical properties of the soil. Theoretically, Eh
and pH sums represent equilibrium constants, and are estimated to range from 4 (for anaerobic soils)
to 17 (for well-aerated soils).”339%° Redox categories of soil are now expressed in mV units (Eh)
and range from >400 mV (aerated) to —300 mV (anaerobic). Soils, however, are not at equilibrium.
Especially soil-Eh is extremely variable. Measurements of soil-Eh and soil-pH may explain several
thermodynamic processes that occur in the soil systems.?33115!

The reactions of trace elements in a particular weathering environment are significantly different.
Some generalizations of their properties as described by several authors are presented in Table 10.
The mobility of these elements during weathering processes is determined first by the stability of
the host minerals and second by the electrochemical properties of the elements. Fe, as the most
common cation of variable oxidation stage in the weathering environments, is known to influence
the behavior of the associated cations (Table 11).

The pattern of trace element distribution is usually a parameter that is very sensitive to changes
of weathering environments. The so-called “chemical nature” of an element reflects mainly its
electronegativity parameters and its ionic size. Selected elemental parameters of trace ions given
in Table 12 may explain why individual trace elements reveal an affinity for association with major
elements in various geochemical environments. The elements with an ionic potential below
3 predominate as free ions, while the elements with an ionic potential between 3 and 12 tend to
form hydrolysates or complex ions. Easily mobile elements usually produce smaller hydrate ions in

Table 10 Behavior of Trace Elements in Various Weathering Environments?5:381,599,1130

Degree of Mobility

Environmental Conditions

Trace Elements

High

Medium

Low

Very low

Oxidizing and acid
Neutral or alkaline

Reducing
Oxidizing and acid

Mainly acid
Reducing, with variable potential

Oxidizing and acid
Neutral or alkaline
Oxidizing and acid
Neutral or alkaline

Reducing

B, Br, and |

B, Br, F, I, Li, Mo, Re, Se, U, V, W,
and Zn

B, Br, and |

Li, Cs, Mo, Ra, Rb, Se, Sr, F, Cd,
Hg, Cu, Ag, and Zn

Ag, Au, Cd, Co, Cu, Hg, and Ni

As, Ba, Cd, Co, Cr, F, Fe, Ge, Li,
Mn, Nb, Sb, Sn, Sr, Tl, U, and V
Ba, Be, Bi, Cs, Fe, Ga, Ge, La, Li,
Rb, Si, Th, Ti, and Y

Ba, Be, Bi, Co, Cu, Ge, Hf, Mn, Ni,
Pb, Si, Ta, Te, and Zr

Al, Au, Cr, Fe, Ga, Os, Pt, Rh, Ru,
Sc, Sn, Ta, Te, Th, Ti, Y, and Zr

Ag, Al, Au, Cu, Co, Fe, Ga, Ni, Th,
Ti, Y, and Zr

Ag, As, Au, B, Ba, Be, Bi, Cd, Co,
Cu, Cs, Ge, Hg, Li, Mo, Ni, Pb,
Re, Se, Te, Th, Ti, U, V,Y, Zn, and Zr
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Table 11  Association of Trace Cations with Iron Cations in Neutral or Slightly
Acid Aqueous Phase'1??

Fe Oxidation Stage Associated Cations

Fe2+ Ti3+‘ Ti4+’ V3+‘ V4+, Cr3+, Mn2+‘ COZ+, Pb2+, W6+7 U4+

Fesd+ Ti‘”, Va4+, Cré+, Mn2+, Mn4+, C02+, Co3+, Pb2+, |:Jb4+7
W6+7 U6+

Table 12 Geochemical Associations and Some Properties of Trace and Major Elements

Major
Elements
(boldface) Diameter of
and pHof Hydrous Hydrated lon
Associated Oxide Electronegativity  lonic Potential in Aqueous
Trace Element  Precipitation lonic Radii (A) (kcal/g atom) (charge/radius) Solution (A)
K+ — 1.7-1.6 0.8 0.6 3.0
Na“* — 1.2-1.1 0.9 0.9 4.5
Cs* — 2.0-1.9 0.7 0.5 25
Rb* — 1.8-1.7 0.8 0.6 25
Caz+ — 1.2-1.1 1.0 1.8 6.0
Mg+ 10.5 0.8 1.2 25 8.0
Sr2+ — 1.4-1.3 1.0 15 5.0
Ba?* — 1.7-15 0.9 1.3 5.0
Pb2+ 7.2-8.7 1.6-1.4 1.8 1.9 4.5
Sed* — 0.8 1.3 37 9.0
Fe?* 5.1-5.5 0.9-0.72 1.8 2.6 6.0
Cuz+ 5.4-6.9 0.8 2 25 6.0
Ge#* — 0.5 1.8 8.3 —
Mo*+ — 0.7 — 55 —
Mn2* 7.9-9.4 1-0.8 1.5 2.0 6.0
Zn%+ 5.2-8.3 0.9-0.7 1.8 2.6 6.0
Fed* 2.2-3.2 0.7-0.62 1.9 4.4 9.0
Co?* 7.2-8.7 0.8-0.7 1.7 2.6 6.0
Cdz2+ 8.0-9.5 1.03 — — —
Ni2* 6.7-8.2 0.8 1.7 2.6 6.0
Cr3+ 4.6-5.6 0.7 1.6 43 9.0
Mn#+ — 0.6 — 6.5 —
Li* — 0.8 1.0 1.2 6.0
Mo8* — 0.5 1.8 12.0 —
V5 — 0.5 — 11.0 —
A" 3.8-4.8 0.6-0.52 1.5 5.6 9.0
Be?* — 0.3 1.5 5.7 8.0
Cré+ — 0.4 — 16.0 —
Gasd* 3.5 0.7-0.6 1.6 4.9 —
La3* — 1.4-1.3 1.1 2.3 9.0
Sn2* 2.3-3.2 1.3 1.8 15 —
Y3+ — 0.9 1.2 3.1 —
Si4t — 0.4 1.8 12.0 —
Ti*+ 1.4-1.6 0.7 1.5 5.8 —
Zrt 2.0 — 1.4 4.3 11.0

a Values given for high and low spin, respectively.

aqueous solutions than do more stable elements; also, the free energy (enthalpy) needed for the
formation of their ions seems to be less than the energy required for ion formation of less mobile
elements. Nieboer and Richardson'®° proposed the classification of ions based on their coordination
chemistry that describes the formation of ion/ligand complexes (Table 13). This classification gives
general information on possible compounds that may be formed in specific environmental conditions.
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Table 13 Classification of lons Based on the Formation of Complexes'0%°

Class lons

Oxygen seeking Cs™, Li*, Ba?*, Sr?+, La®+, Gd®+, Lu®*, Y3+, Be?*, Sc3*

Borderline Cd?+, Sn2t, Pb2*, Cu?t, Co?*, Niz*, Cr2+, V2+, Zn2+,
Mn2+, Ti2+, In3*, Ga3*, Sb3+~, As3t~, Sn4+—

Nitrogen/sulfur seeking Aut, Ag*, Cu*, TI+, Hg?*, Pd?*, P2+, Bi®*, Ti®t, Pb*+~

Trudgill''%” described that the amounts of cations solubilized by biological activity and by chelate
action are usually much greater than those mobilized by the action of water and hydrolysis alone.
The role of microorganisms (bacteria and fungi) and plants is of great importance in solubilizing
minerals, and thus, in the input of chemical elements to the soil solution. These processes are
known as biological weathering.

lll. PEDOGENIC PROCESSES

Several specific reactions, in addition to those involved in weathering, lead to the formation of
a particular soil profile. Although there is great diversity in pedogenic processes, they all include
the following similar stages:

1. Addition of organic and mineral materials to the soil

2. Losses of these materials from the soil

3. Translocation of these materials within the soil, both vertically and horizontally
4. Transformation of organic and mineral matter in the soil

These processes can be constructive or destructive in soil formation. Six factors that largely
control the kind of soil that finally develops are:

Climate (temperature, rainfall)

Vegetation and other soil biota

Parent material (the nature of minerals)

Topography (open or closed systems)

Time

Anthropogenic activity (degradation, contamination, recultivation)

SO e

Classification of soil units very commonly is based on the factors predominating in soil-forming
processes (Table 8). Pedogenic processes stimulated mainly by climate most commonly predomi-
nate, but soils influenced most strongly by parent material or vegetation are quite frequent.

Initially, at early stages of weathering and pedogenic processes, the trace element composition
of the soil will be inherited from the parent material. With time, however, the trace element
status of soil will become different due to the influence of predominating pedogenic and anthro-
pogenic processes (Table 14). The comparison of trace element concentrations in soils with their
concentrations in parent material is commonly used as a factor of their mobility during pedogenic
processes. However, the dilution effect of humus in organic-rich soils should be considered in
making meaningful judgments on the accumulation or migration of these elements during weather-
ing and soil formation. The fate of trace elements mobilized by dissolution of the host minerals of
compounds depends on the properties of their ionic species formed in the soil solution (Tables 10
and 13) and is governed by the chemical system of a soil that can be characterized as follows:

1. Heterogeneous distribution of compounds

2. Seasonal and spatial alterations in major master variables, as pH, Eh

3. Transformation of species: (a) electron transfer reactions, (b) ligand exchange reactions,
(c) organometallic reactions, (d) biotransformations
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Table 14 Principal Types of Soil-Forming Processes and Trends in the Behavior of Trace Elements

Behavior of Trace Elements in

Most Favorable Surface Soil
Process Climatic Zone Typical Soil Unit? Accumulation Migration
Lack of chemical Ice-bound or R,Q, and Y — —
alteration desert
Podzolization Cold northern D and P Co, Cu, Mn, Ni, Ti, V, B, Ba, Br, Cd, Cr, |,
and Zr (in illuvial Li, Mn, Rb, Se, Sr,
horizon) V, and Zr
Aluminization Cool and humid B.L, M\.W,and A Co,Mn,Mo,andV (in B, Ba,Br,Cu,l, Se,
temperate gleyed horizon) and Sr
Siallitization Warm temperate V and K B, Ba, Cu, Mn, Se, —
and dry tropical and Sr
Lateritization Humid tropical A,F, and N B, Ba, Cu, Co, Cr, Ni, —
Sr, Ti, and V
Alkalization Warm with dry sea- Z,S, and (X) B, Co, Cr, Cu, Mo, Ni, —
sons Se, Zn, and V
Hydromorphic Intrazonal soils — B, Ba, Co, Cu, |, Mn, B, Br, Co, Cu, Mn,
formations Mo, Se, Sr, and U Ni, U, and V

(in organic horizon)

a Symbols of the soil units as given in Table 8.

4. Transfer between phases: (a) adsorption reactions, (b) diffusion-absorptions into solids, (c) diffusion
to solution phase (e.g., solubility), (d) formation of solid phase, (e) co-precipitation, (f) coagulation
5. Biouptake and bioaccumulation

Biological, chemical, and physical characteristics of such natural systems as soils have chemical
gradients with depth and also have significant seasonal alterations of some major master variables.
The lack of accurate in situ measurements of these critical chemical parameters as well as the
lack of determinations of their distribution and variability at the level of individual soil pores and
particles is an important limitation in our understanding of the chemical context of the soil system.
Thus, dynamic equilibrium between soil components is governed by various interactions between
the soil solid and gaseous phases, biota, and the soil solutions, as is illustrated by the diagram in
Figure 13.

Several recent studies of kinetics of reactions in the soil system were conducted, and some
principles, mechanisms, and models were described and proposed.!'3!5* The chemical forms
governing the mobility and phytoavailability of trace metals and residence times of trace pollutants
in the soil layers have been the main subjects of mechanistic modeling and calculations. Sparks!!>!
stated that thermodynamic data can predict only the final state of a system from an initial nonequi-
librium mode. However, kinetic data provide valuable insights into the reaction pathways and into
the mechanisms of chemical reactions in the complex multi-phase soil system.

A. Dissolution and Mobilization

Chemical reactions leading to solution of each species of ions can be characterized by thermo-
dynamic equations. At each equilibrium state the reaction rates of both directions compensate and
keep the composition of the soil phases (solid, liquid, and gaseous) constant.

Chemical equilibria of various soils have been studied and comprehensive mathematical models
for the particular soil conditions are presented by Bolt and Bruggenwert.3¢ Although many papers
have been published on the behavior of trace elements in soils, their chemistry is insufficiently
known. The diversity of ionic species of trace elements and their various affinities to complex with
inorganic and organic ligands make possible the dissolution of each element over a relatively wide
range of pH and Eh. Each element can also be quite readily precipitated and/or adsorbed, even
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Table 15 Trace Elements in Natural Soil Solutions Obtained by Centrifugation from Soils of
Various pH Values'94

Soil Type and Range of pH Values

Acid Sandy Sandy Silty Loamy Calcareous

Element (2.5-4) (4-4.5) (5.5-6.5) (7-7.5) (7.5-7.8)
B — — — 200 800
Cd 107 — — — e
Co — — — 0.5 5
Cu 783 76 20 50 50
Fe 2223 1000 500 200 100
Mn 5965 8000 5000 100 700
Mo — — — 5 3
Pb 5999 — — — —
Zn 7137 1000 5000 100 300

Note: Values are arithmetic means (ugL~") of 4 to 5 samples.

>

Uptake
and release
by plants

Figure 13 Interactions between soil components and compartments.

under a small change of the equilibrated conditions. In soils, solubility equilibria may change
significantly within a few centimeters (even millimeters) at both horizontal and vertical soil gradi-
ents. Thus, these equilibria are local and may often be quite different in various sites of the soil.
Since the dynamic nature of soil components causes dissolution and precipitation, many of the
minerals and amorphic solids may not be in equilibrium under soil conditions.

Many textbooks present stability diagrams for ionic species of trace elements as functions of
pH and Eh.!66:256477 T natural soil conditions, pH ranges most often between 5 and 7, and Eh ranges
between 400 and —-200 mV, except where there are high reduction states in waterlogged soils.
The properties of ionic species of each element vary, and the pH range for precipitation of their
hydrous oxides is flexible (Table 12). One can, however, conclude that usually the most mobile
fractions of ions occur at a lower range of pH and at a lower redox potential, which is illustrated
in Figure 14. It can be anticipated that with increasing pH of the soil substrate, the solubility of
most trace cations will decrease. Indeed, the concentration of trace elements is lower in soil solutions
of alkaline and neutral soils than in those of light acid soils (Table 15). Sposito'!>? investigated the
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Figure 14 Schematic trends in the mobility of metals as influenced by soil pH. (Data for light mineral soil.)
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Figure 15 Impact of redox potentials on the solubility of soil trace metals in water at pH 8.0 and 5.0. (With
permission from Kluwer Academic Publishers and the authors'%8.)

chemical thermodynamics and its applicability to the soil solution and described possible systems
of trace cation exchange.

Most often, the mobility of trace metals, especially of Cd, Cu, Cr, and Zn, increases in poorly
aerated (low oxidation stage, Eh < 100 mV) soils. However, increasing Cd solubility with increasing
Eh up to >200 mV was also observed.'*?> The effect of redox potential on availability of Cd, Cu,
and to a smaller degree Zn, was reported by Gambrell and Patrick.!** Also, Chuan et al.'?>8 described
that acidic and reducing soil conditions are more favorable for trace metal solubilization, and the
effect of pH is more significant than that of redox potential (Figure 15).
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Smith and Huyck!3! studied metal mobility under different environmental conditions. Although
it is difficult to predict element mobility in surficial environments, the authors referred to the
capacity of an element to move within fluids after dissolution. The following conditions and
behaviors of trace metals were distinguished:

1. Oxidizing and acid, pH < 3: (a) very mobile—Cd, Co, Cu, Ni, and Zn; (b) mobile—Hg, Mn, Re,
and V; and (c) somewhat mobile and scarcely mobile—all other metals.

2. Oxidizing in the absence of abundant Fe-rich particulates, pH > 5: (a) very mobile—Cd and Zn;
(b) mobile—Mo, Re, Se, Sr, Te, and V; and (c) somewhat mobile and scarcely mobile—all other
metals.

3. Oxidizing with abundant Fe-rich particulates, pH > 5: (a) very mobile—none; (b) mobile—Cd and
Zn; and (c) somewhat mobile and scarcely mobile—all other metals.

4. Reducing in the absence of hydrogen sulfide, pH > 5: (a) very mobile—none; (b) mobile—Cd,
Cu, Fe, Mn, Pb, Sr, and Zn; (c) somewhat mobile and scarcely mobile—all other metals.

5. Reducing with hydrogen sulfide, pH > 5: (a) very mobile—none; (b) mobile—Mn and Sr; and
(c) scarcely mobile to immobile—all other metals.

It is evident that Fe-rich particulates and hydrogen sulfide are among the abiotic factors most
significant in controlling trace metal behavior in the terrestrial environment. Ankley et al.'?%? include
the acid-volatile sulfide system in developing the sediment quality criteria (SQC), which clearly
refers to a crucial impact of sulfides on the behavior of metals in sediments.

The solubility of trace elements in soil has great significance in their biovailability and their
migration. Heavy soils, both neutral and alkaline, provide good storage for trace elements and will
supply them to plants at a slow rate. This slow release may, however, cause deficiency effects of
certain micronutrients to develop in plants. Light soils, on the other hand, can be a source of easily
available trace elements during a relatively short period of time. These soils can also lose their
pool of available micronutrients at quite a high rate.

The liquid phase of soil, also called soil solution, is composed of water with colloidal suspension
and dissolved substances, which can be free salts and ions of these salts.

Some of the first studies of soil solutions conducted by Hodgson et al.3?° indicated that appre-
ciable quantities of trace elements are present as complexes, mainly with organic ligands. Inorganic
complexes may, however, also be of importance for the particular element and condition.

Knowledge of the total composition of the soil solution or any nutrient solution is essential for
predicting plant uptake of nutrients or plant growth. The uptake of a given ion depends not only
on its activity in the solution, but also on the activities of other ions and the relation that exists
between solution ions and exchangeable or solid-phase ions. However, the transfer of chemical
elements between soil compartments and plants does not necessarily go through the liquid phase.
Several direct exchanges at the surface of phases and compartments are possible. Most common
and significant interchanges occur between the compartments A and C, D, E, F; B and E, G; C
and D, E, F; and E and C, D, F (Figure 13).

The concentrations of trace elements in soil solutions vary considerably among soils and with
time. Great fluctuations have been observed under the influence of the following factors:

Time

Vegetation

Microbial activity

Waterlogged states

Heterogeneity of the solid soil phase

A

Moreover, methods used for obtaining solutions from soils differ widely; therefore, it is difficult
to adequately determine mean concentrations of trace elements. Nevertheless, the range of trace
element concentrations, as measured in various soil solutions, is reasonably similar (Table 16).
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Table 16 Trace Elements in Natural Soil Solution of Different Soils (ug L)

Techniques Used for Obtaining Soil Solution

Pump off
Suction 0.01 N
from Soil CaCl, Ceramic Plate or Porous Cup Zero-Tension
Paste Solution Centrifugation Suction Unspecified Technique Lysimeter®

Element (99) (320) (375) (892) 905) (311) (342) (298) (794)? (1174) (942)
Al 400 — — 460 — — — — — — —

As — — — — — — 4-12 — — — —

B 3060 — 67-880 — — — — — — 12-33 —

Ba 260 — — — — — — — — — —
Cd — — — 6 — 3-5 5-300 0.2 <0.01-0.2 — 0.2-2.9
Co 60 <0.4-14 0.3-5 3 — 12-87 — 0.3-1 — 0.6-29 —

Cr 10 — — 0.4 — 0.6-0.7 Trace — — 9-29 0.6-7.5
Cu 40 3-18 28-135 37 78 18-27 14-44 0.5-3 <1-3 29-116 1.8-22
Fe 50 — 150-549 16 — 36 — 3040 <50-1000 — —

Hg 2.4 — — — — — — — — — —

Li 111 — — — — — — — — — —
Mn 170 — 32-270 243 55 1000-2000 — 25-50 2000-8000 120-7100 —

Mo 730 — 2-8 2 30 — — — — 2.1-3.3 —

Ni 20 — — 150 — 3-15 20-25 3-8 — 3-21 0.6-5.4
Pb 50 — — 8 — 5-63 Trace 0.6-2 <2 3-21 4-65
Sr 930 — — — — — — — — — —

Ti <100 — — — — — — — — — —

\ 70 — — — — — — — — — —

Zn 70 21-180 73-270 351 22 190-570 40-17,100 4-25 1-15 88-143 31-470

Note: References are in parentheses.
a Data for paddy soils, after flooding for 14 weeks.
b Solutions of organic horizons of soils of forest ecosystems in different countries.
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Vaselli et al."”3! measured trace metal concentrations in soil solution by means of zero-tension
microlysimeters from two pedological horizons of the Xerochrept forest soil in Tuscany (Italy).
Concentrations of these metals varied significantly with time of collection, especially in the solution
obtained from the A horizon; for example, range (in ug/L) for Zn was 35-1586, Cu 9-131, Mn
5-200, Ni 1-50, Cr 2—44, Pb 1-17, and Cd <0.1-0.9. Metal contents in solution from the B horizon
were most stable and indicated significantly higher amounts of Ni (range 31-92 ug/L) and Cr
(range 3—154 wg/L). The authors explained this phenomenon as an effect of weathering of parent
material enriched in these metals.

Rainfall, evaporation, and plant transpiration can change trace element concentrations in soil
solutions more than tenfold, whereas the observed variations for major ions (Ca, Mg, K, Na, NO,,
and PO,) are much less. The acidification increases the intensity by which trace metals are mobilized
in soils. The concentration of metals in the solution of the very acid soil was 9080 ug L-! (the sum
of Fe, Mn, Zn, Pb, Cu, and Cd), whereas the solution of the same kind of soil, but with neutral
range of pH, contained 17 uglL-' of these cations.!*4®

Soluble major ions greatly influence the quantities of soluble trace elements. Solutions of most
soils contain an excess of Ca, which in many soils constitutes more than 90% of the total cation
concentration. Ca is, therefore, the most important cation in governing the soluble stage of trace
elements in soils. There are examples, however, of soils in which complexing trace cations prevent
precipitation in the presence of Ca?* and in soil solutions having a relatively high pH level. Thus,
higher than normal concentrations of dissolved metal ions in solutions and the ready uptake of
trace elements by plants usually are related to the formation of complexes. This possibility is
suggested also by the observation that half of the calcium in soil solutions is usually present as an
organic complex.*¢ The anionic composition of soil solutions is also of importance in controlling
the trace element status. Little is known, however, about the relation of trace elements to anionic
species in soil solutions.

Differing complexing tendencies of cations to interact with ligands can be explained by the
rules of coordination chemistry. It is possible, therefore, to predict that certain cations more readily
complex a particular ligand. Thus, some metallic ions such as Be?*, Cr’*, and Co** will react
readily with POif, CO?, NO;, and organic amines, etc.; the group including Ni?*, Co?*, Cu?*,
Zn?*, Cd?>*, Pb?*, and Sn?>* may more easily complex Cl, Br, NO,, and NH,, while cations of the
chemical nature of Hg?*, Ag™, and TI* are likely to link with complexes of I, CN, CO, S, P, and As.

In the soil aqueous phase, organic compounds and water are the most abundant ligands; therefore,
hydrolysis and organic complexing are the most common reactions in soil solutions. These reactions
are pH sensitive and can be correlated with the size and charge of the cations. Higher ionic potentials
usually indicate a higher degree of hydration in the solution, thus an easier precipitation. The range
in pH for the precipitation of hydrous oxides of some cations (Table 12) illustrates that the order
of cation mobility in an aqueous phase under an oxidation regime of soil may decrease as follows:
Mgt = Ca?* > Ag™ > Hg?>* > Mn?* > Cd*>* > Ni?* = Co?* = Pb?* > Be?* > Zn?** = Cu?* >
Cr3* > Bi** > Sn** > Fe’* > Zr** > Sb**. However, the application of data on heavy metal activity
in pure systems to soils can only be informative because of various effects of complex ion formation,
solid solution, and coating. Rose et al.!'3! discussed general rules governing the mobility and transport
of chemical elements in aqueous solutions of the surficial environment and emphasized that the
transition elements with incomplete inner electron shells (e.g., most of trace metals) are slightly soluble
and strongly adsorbed by media.

The solubility of trace elements in soils evidently depends on complex formation. However,
most of the species of trace elements, especially cations, are but slightly soluble, and only small
proportions occur in the aqueous phase. The calculation made by Kabata-Pendias®” showed that
the total content of trace cations generally ranges from 10 to 100 pgL-! in normal soil solutions,
while in contaminated soils these values can be much higher. When soluble compounds of trace
metals are added to soils, their concentrations in equilibrated solutions increase with increasing
doses of added metals. In an experiment conducted by Cottenie et al.,'*® the relative solubility of
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the added metals at the highest dose rate in light sandy soil was as follows: 39% of 1000 mg Zn/kg,
50% of 5000 mg Cu/kg, 30% of 5120 mg Cd/kg, and 26% of 2695 mg Pb/kg.

Bujtas et al.'?* studied the solubility rate of metals added with sewage sludge enriched in metals
(Cd, Cr, Ni, Pb, and Zn) to soils. The transfer factor, calculated as a ratio of metals in solution of
highly contaminated soil to their contents in solution of the control soils, decrease in the following
order: Cd 1804 > Ni 604 > Zn 563 > Pb 156 > Cr 4. These results clearly indicate extremely
easy solubility of Cd under soil conditions of brown forest soil at pH (KCI) about 5.0. For sandy
acid soils, values of the transfer factor were even higher. On the other hand, Csillag et al.'?6
concluded that the transfer of these metals applied to soil in forms of sludges was rather negligible
when amounts of added metals corresponded to the official limits.

Sauvé et al.'#7® calculated free metal activity (pCu?* and pPb?*) in the soil solution based on
total Cu, pH, and soil organic matter. They concluded that these values improve the prediction for
toxic effects on crops and biological activity of soils, and are also appropriate for other metals.

B. Transport and Budget

The balance input-output budget for trace elements is rarely met, even under natural conditions.
The anthropogenic part of this imbalance is related both to the increase of deposition rate of
elements and to the increase in cation leaching resulting mainly from the soil acidification, and
also from other impaired impacts of the land use. The budgets of metals in forest soils have received
much attention, especially in Sweden and West Germany.3!0-311.815.816.907.941.942,1156

The transport of dissolved trace elements may take place through the soil solution (diffusion)
and also with the moving soil solution (mass flow, leaching). Generally, in soils formed under a
cool and humid climate, the leaching of trace elements downward through the profiles is greater
than their accumulation, unless there is a high input of these elements into the soils. In warm, dry
climates, and also to some extent in humid hot climates, upward translocation of trace elements in
the soil profiles is the most common movement. The rates of trace element migration in the profiles
are affected by chemical, physical, and biological soil properties, of which the most important are:

Eh-pH system

CEC and salt content

Amount and quality of organic matter
Water and temperature

Plant species

Micro- and mezobiota activities

SN

Although much work has been done on trace element movements within soil profiles, complete
knowledge concerning their cycling and balances is still lacking. Theoretical reviews of mechanisms
involved in the transport and accumulation of soluble soil components were given by Bolt and
Bruggenwert®® and by Lindsay.*’” The equilibria discussed by these authors are useful not only in
illuminating fundamental reactions that are important in weathering and soil formation, but also
for use in various fields of agricultural and environmental management. However, the models cannot
be used for examining the quality of thermodynamic data obtained from a particular soil without
making necessary modifications that take into account the variations of soil properties, and even
then, some skepticism may remain.

Several detailed studies based on lysimetric experiments, and other research often using isotopic
tracers, have yielded much information on element transport. However, each soil profile with
developed horizons has its own characteristic trace element movement.

Impoverishment of soils in trace elements is due mainly to their mobility downward with
percolating waters through the profiles of freely drained acid soils and also to trace element uptake
by plants. On the other side of the balance is the input of trace elements with atmospheric precipitation
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and their accumulation in particular soil horizons. In acid soils (e.g., with pH below 6.5), several
elements, such as Zn, Mn, Cu, Fe, Co, and B, are easily leached. These elements, however, are likely
to form quite stable compounds if the pH of the soil rises above 7. Other elements, such as Mo and
Se, are mobilized in alkaline soils, while in acid soils they become almost insoluble.

Trace element budgets have been calculated for various ecosystems (Table 17). Input/output
differences show that for the majority of elements, the accumulation rate in the surface soils is
positive. Leaching rate of trace metals was found to be higher than atmospheric input only in acid
forest soils. Thus, under a forest ecosystem with a high rate of mobility and leaching of metals
from the soil, a decrease of these cations is observed, even under a relatively high input to the soil.
Such a case is described by Mayer and Schultz!'%® for the forest ecosystems in West Germany. The
flux balance for acidified forest soils has indicated the depletion of most metals, with the exception
of Pb. The losses of metals from the topsoil at pH 2.9 were as follows (in g ha-! year-!): Mn = 0;
Cr —2; Cd —12; Co —55; Cu —68; Zn —221; Al —43,300, while a gain was noticed only for Pb (+324).
The rate of metal leaching from the forest soil at pH 4.3 was much lower, and the gain of more
metals (e.g., Cr, Cu, and Pb) was observed.!8 Similar data are presented by Tyler et al.!'”> for metal
leaching from forest soils in Sweden. The calculations of Cd budget for soils of two European
countries (Table 18) show that the input of this metal originating both from the point source of
pollution and from long-range transport is about equal to the nonpoint source of pollution related
to farm management practices. In industrial regions with increased emission of metals, aerial dust
and precipitation are the most significant sources of trace metals. It was estimated, however, that
at the global scale the input of most metals is higher from industrial sources than from the application
of chemicals and wastes in farming.””!13> Countries with a high rate of technogenic fluxes of metals
are also likely to receive a high deposition rate of these elements.!!'? Kovda!®* made the general
assessment of recent soil pollution and calculated the technogenous deposition of trace metals on
land to range from 1 to 100 g ha-!' year-'. In soils with a low rate of leaching, the continuous
accumulation of trace metals is most likely (Table 17).

Bergkvist et al.**? reviewed recent literature on trace metal fluxes in forest ecosystems with an
emphasis on metal budgets in both forest ecosystems and forest soils. Their final conclusions can
be summarized as follows:

1. The rate of both soil acidification and metal leaching depends greatly on the soil type and vegetation
type.

2. Spruce and beech stands show a higher metal leaching rate than birch stands and open grass-
dominated areas with the same parent mineral soils.

3. The potential loss of metals (and of base cations) is greater from a brown forest soil than from a
leached podzol.

4. In general, forest topsoils accumulate Cu and Pb and lose Zn, Cd, and Ni. Cr is rather in balance,
especially in less acidic soils.

5. Losses of Zn from forest soils usually are not compensated by weathering rate, thus a deficiency
of this metal can be expected, in particular under increased soil acidification by acid rain.

6. The organic topsoil (litter and mor layers) is the most significant sink for metals, especially for
Cu, Pb, and Cr; but when organic compounds mobilize these metals, they are likely to precipitate
in the upper B horizon.

7. The relationship between the pH and the total concentrations of Zn, Cd, and Ni is very close
although nonlinear; a drastic change in the metal solubility in the mineral soil (or horizon) occurs
in the pH range of 4.0-4.5.

C. Sorption and Adsorption
Soils are considered as sinks for trace elements; therefore, they play an important role in

environmental cycling of these elements. They have a great ability to fix many species of trace
ions. The term “sorption” used in this chapter refers to all phenomena at the solid-solution boundary,
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Table 17 Metal Budgets of Soils of Different Ecosystems (g ha~' year)

Total
Atmospheric Annual
Ecosystem, Locality, and Experiment Element Deposition Output Budget
Deciduous forest, Tennessee, U.S.823 Cd 21 7 14
Acid light loam (stream water) Pb 286 6 280
Zn 538 149 389
Agricultural land, Denmark®* (drainage water) Cd 3 0.3 2.7
Pb 260 0.3 259.7
Zn 250 120 130
Pine forest, Schwarzwald, Germany®°” Be 0.3 5.6 —-5.3
Brown podzol (seepage water) Cd 4.5 1.4 3.1
Co 5.6 43 1.3
Cu 18 7 11
Ni 34 17 17
Mn 70 430 —360
Pb 110 6 104
Zn 210 76 134
Fe 300 2000 -1700
Birch and spruce forest, Solling Mountains, Bi 0.4 0.2 0.2
Germany?1° Hg 0.4 0.2 0.2
Brown acid silty loam (seepage water) Tl 1.2 0.3 0.9
Sb 3 0.3 2.7
Cd 13 9 4
Ni 15 14 1
Cr 22 2 20
Mn 200 6300 —6100
Cu 224 108 116
Zn 3900 1900 2000
Fe 1600 1900 —300
Field plots, Pulawy, Poland045:1047 Ba 71 40 31
Podzolic light loam (seepage water) Cd 5 3 2
Cu 39 25 14
Mn 181 90 91
Pb 200 40 160
Zn 540 180 360
Spruce forest, Hassleholm, Southern Cd 2 5 -3
Sweden®15816 Cr 8 10 -2
Podzolic forest soil (lysimeter) Ni 10 9 1
\Y 12 28 -16
Cu 20 29 -9
Pb 150 81 69
Zn 180 270 -90
Fe 2000 13,000 —11,000
Spruce forest, Gardsjon, Sweden% Cd 3.2 4.2 -1
Sandy shallow soil (lysimeter) Cr 3 8.3 -5.3
Cu 9 4.8 4.2
Ni 5.7 21.3 -16
Pb 77 2 75
Mn 90 690 —600
Zn 331 461 -130
Fe 1500 1400 100
Oak forest, Sichote-Alinija, East Siberia, Russia®8 Cd 29 0.4 28.6
Stream and seepage waters Cu 136 15 121
Mn 214 23 191
Zn 1098 80 1018
Pb 4708 33 4675
Fe 3860 244 3616

(Continued)
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Table 17 (Continued)

Total
Atmospheric Annual
Ecosystem, Locality, and Experiment Element Deposition Output Budget
Forest, Czech Republic'09957a1376 Ba 1480;4000
Be 45 58
Cu 40;50
Mo 70;100
Zn 500
Mn 1000;2480
Fe 840;2000

a The only data for nonmetallic elements.

Table 18 Budgets of Cadmium in Agricultural Soils of
Poland and Germany'%¢ (g ha~' year~)

Poland Germany

Input

Fertilizers 1-25 1-6

Slurry 2.5 —

Sludges 1.5 <1-25

Harvest residues (recycling) 3 0.3-8

Atmospheric input 2.5-4 3-8
Total input 10.5-13.5 4.3-47
Qutput

With crops 3 1-5

With seepage water 3 1-2
Total output 6 2-7
Balance (net gain) 4.5-7.5 1.3-40

including the following intermolecular interactions:

Van der Waals’ forces

Ion-dipole forces

Hydrophobic and hydrogen bondings
Charge transfer

Ton and ligand exchanges
Chemisorption

Magnetic bonding

Nk L=

Every soil component is active and affects soil solution ion concentration either by precipitation-
dissolution reactions or by ionic interactions with phase surfaces.
Soil components involved in sorption of trace elements are:

1. Oxides (hydrous, amorphic), mainly of iron and manganese and, to a much lesser extent, aluminum
and silicon

2. Organic matter and biota

Carbonates, phosphates, sulfides, and basic salts

4. Clays

b

Of all these components, clay minerals, hydrated metal oxides, and organic matter are considered
to be the most important group in contributing to and competing for the sorption of trace elements.
Blume and Briimmer®¥ described bonding capacity of the main soil components; organic matter
fixes very strongly Cr3*, Fe**, Pb, and Hg, fixes fairly Cd, Ni, and Co, and fixes slightly Mn and
Zn; clay minerals fix very strongly only Fe’*, fix relatively slightly Cd, Co, and Ni, while the other
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trace metals are bound rather fairly; oxides (sesquioxides) fix very strongly Cr3*, Hg, and Pb, and
fix relatively strongly all other metals.

Sorption mechanisms can be based on the valency forces and the process is called “chemisorp-
tion.” If van der Waals’ forces are involved in sorption, the process is called “physisorption.” Both
sorptions play an important role in the fixation of uncharged complexes. Each trace cation can be
sorbed specifically and nonspecifically, as was shown for Cd by Tiller et al.”* Pickering'''® described
that cation movement in soils and in weathering substrates can be retarded by a range of interface
forces which can be subdivided into categories such as:

1. Electrostatic attraction (surface exchange)—ion exchangeable species

2. Weakly adsorbed—attractive forces less well-defined—cations displaceable by reagents such as
acetic acid or acidic buffer solutions

3. Specifically adsorbed—a chemisorption process in which formal bonding between cation and
substrate is strong; sorbate release can require matrix destruction

The term “adsorption” is commonly used for the processes of sorption of chemical elements
from solutions by soil particles. Adsorption is thus the kinetic reaction based on thermodynamic
equilibrium rules. The forces involved in the adsorption of ionic species at charged surfaces are
electrostatic and can be explained by Coulomb’s law of attraction between unlike charges and
repulsion between like charges. At metal equilibrium concentrations, the adsorption by soil particles
can be described by either the Langmuir or the Freundlich equations for adsorption isoterms.

Surface charges in soil materials caused primarily by ionic substitutions are exhibited mainly
by colloids. White and Zelazny!!33 broadly discussed soil characteristics responsible for charge
properties of soil colloids governing all processes of cation exchange, cation selectivity, and ion
adsorption. At a low pH, a positively charged surface prevails; while at a high pH, a negatively
charged surface develops. The colloids of the majority of soils, therefore, carry negative charges
and can be electroneutralized by cations present in the surrounding solutions. In the presence of
an excess of cations, the process of exchanging the cations for others maintains the electroneutrality
of the system. Thus, the cations adsorbed by the solid phase can be replaced by other cations, most
often by H ions. An increase in stability of adsorbed metals may result from dehydration and
recrystallization processes that occur on the surface of the colloids, especially in alkaline soils.

Variable conditions in soil aeration are known as a significant factor in the precipitation of
metals. Bloomfield®*®* recently carried out a laboratory study of the effect of bacterial sulfate
reduction on the accumulation of trace metals in anaerobic sediments. He found that Mo, V, U,
Cu, Ni, Zn, Cd, Pb, Co, and to a certain extent Mn were precipitated with FeS during anaerobic
incubation. Reoxidation of the sulfidic residue caused the pH to decrease and Zn, Cd, Pb, Co, and
Mn were largely redissolved. Cu and Ni were also mobilized, but Cu was largely fixed by organic
matter, as was Ni to a lesser extent. The relatively small amounts of Mo, V, and U that dissolved
when the suspensions were first aerated were rapidly immobilized as the pH decreased.

The ability of the solid soil phase to exchange cations, the so-called CEC, is one of the most
important soil properties governing the cycling of trace elements in the soil. The excess amount
of adsorbed cations compared to the amount in solution is interpreted as the buffering capacity of
soils, while adsorption capacity defines the amount of ions needed to occupy all adsorption sites
per unit of mass.

The CEC of different soils varies widely both in quantity and quality and can range from 1 to
100 meq/100 g of soils.* Surface properties of soil particulates are the most important factors in
defining the capacity for adsorption of microcations. Although total adsorption processes cannot
be related simply to CEC phenomena, the adsorbed amounts of cations are in accordance with the
CEC. Usually, the solid soil phase with a large surface area also shows a high CEC value and high
adsorption and buffer capacities (Table 19).

* CEC of most soils does not exceed a value of 30.
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Table 19 Surface and Sorption Properties of Some Soil Minerals?2?27,287,373a,575,638,699,763,809,833,835,901

Total Cation Total
Surface Exchange Sorption of

Area Capacity Microcations Sorption of Cations (meq 100 g~')
Mineral (m2g1) (meq100g-) (M g-1) Cd?+ Mn2+ Zn2+ Hg?*
Kaolinite 7-30 3-22 30-70 3.1 3.5 3.4 0.46
Halloysite 30 3-57 — — — — —
Montmorillonite 700-800 80-150 390-460 60-86 72—-116 88-108 0.4-2.2
lllite 65—-100 20-50 65-95 — — — —
Chlorite 25-40 10-40 — — — — —
Vermiculite 700-800 100-150 — 98 92 98 9.7
Gibbsite 25-58 — — — — — —
Goethite 41-81 — 51-300 — — — —
Manganese 32-300 150 200-1000 — — — —

oxides

Imogolite 900-1500 30-135 — — — — —
Zeolites 720-880 — — — — — —
Allophane 145-900 5-50 — — — — —
Palygorskite 5-30 — — — — — —
Sepiolite 20-45 — — — — — —
Muscovite — 15 — — — — —
Plagioclase — 7 — 0.47 0.26 1.2 0.14
Quartz — 7 — — — — —

The affinity of cations for adsorption (e.g., for anionic exchange sites) is closely related to
ionic potential (charge/radius). In some systems the metal ions (Zn, Cd, Mn) occupy nearly the
same percentages of the CEC of various minerals.”®® Some cations, however, may have a higher
replacing power than others and can be selectively fixed by the sorbing sites. As Abd-Elfattah and
Wada? stated, the selectivity of adsorption reveals a possible formation of the coordination com-
plexes of heavy metals with deprotonated OH and COOH groups as ligands. This specific sorption
is well-illustrated by heavy metals having high affinities for organic matter and the surface of
oxides, with replacing power over alkali and alkaline earth metals. This phenomenon has great
importance in the nutrient supply to plants and in soil contamination.

D. Speciation

Trace metals enter the soil layers by a number of pathways, including aerial deposition and
by leaching or decomposition of the above-ground parts of plants; by the utilization of wastes
and by pesticide and fertilizer application; and by river waters and dredged sediment disposal. The
speciation and localization of trace elements in soils are related to their chemistry inherited from
parent materials as well as at the time of impaction (see Chapter 2, Section IV.A). Atomic properties
also have a significant role in the cation speciation resulting from the formation of ion/ligand
complexes (Table 13).

As soils consist of heterogeneous mixtures of different organic and organo-mineral substances,
clay minerals, oxides of Fe, Al, and Mn, and other solid components as well as a variety of soluble
substances, the binding mechanisms for trace metals in soils are manifold and vary with the com-
position of soils and their physical properties. Thus, a metal may form different species according
to whether it is bound to various soil compounds, reacting surfaces, and external or internal binding
sites with different bonding energy. In order to assess the speciation or binding forms of trace
metals in solid materials, different analytical procedures involving successive extractions have been
developed. Considerable controversy has developed over selective extraction methods to determine
the amounts of trace metals associated with various soil phases. Despite all the limitations of these
methods, some of them have been broadly used.
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Figure 16  Fractionation of trace metals in soils (in percent of total content). Data for Mo are for the chernozem,
and all other metals for the podzolic loamy sand.'3%

Lorenz et al.,'*2 however, have stated that the free ionic concentration in soil solution did not
better predict concentrations of Cd and Zn in plants than their total concentration in soil solution,
which suggests that analysis of Cd and Zn speciation is of little practical importance when their
bioavailability is assessed. Tessier et al.''®? were among the first to develop the procedure of
sequential extraction to determine the speciation of a particular trace metal in soils. Several other
kinetic fractionation methods have been developed, and all procedures are based on the assumption
that the following species of metals exist in soils:

Water soluble (e.g., in soil solution)

Exchangeable

Organically bound

Occluded in Fe and Mn oxides

Definite compounds (e.g., metal carbonates, phosphates, sulfides)
Structurally bound in silicates (residual fraction)

SO e

Depending on the variability in physico-chemical characteristics of metals, their affinity to soil
components governs their fractionation (Figure 16). Rule!¥’! broadly reviewed recent literature on
phase distribution of trace metals in soils, and concluded that the highest proportions of most metals
are found either in residual or in Fe-Mn oxide fractions in both natural and contaminated soils.
A high association with exchangeable fraction was observed only for Cd in a few soils. Cd and
Zn were also abundant as carbonate fraction in some soils. The association of metals with organic
matter was generally lowest for Cd and Ni. Herbert!*?’ found that Cu, Pb, Ni, and Zn are bound
primarily to cation exchange sites and organic matter in the reference soil, while in the polluted
soils, metal partitioning is dominated by the Fe oxide fractions, despite the high organic matter
content.

The soluble plus exchangeable fraction characterizes the mobile species of metals in soils. The
other metal fractions are more or less immobile. The mobilization of metals from these fractions,
or transformation of mobile to immobile metal species is often a slow process which is strongly
controlled by reaction kinetics.”>> However, a relatively rapid transformation of metals applied in
oxide forms to more mobile carbonate species was also observed.!35

Recent results of several studies presented information on the speciation of trace metals in
$0ils.018:954.992.985.1137 The distribution patterns of metal species in soils vary widely. For example,
in ground water of the forest podzol 58% of the total Cd occurred as Co,-fixed form, and 38% in
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Figure 17  Relative distribution of Cd species in soils as determined by different methods: (A) in ground water
of forest podzol, by GEOCHEM method,®? (B) in solution of soil amended with sewage sludge, by
ion exchange procedure,®'® (C) in light loamy soil, by sequential extraction.%%

mobile ionic forms (Figure 17A). In the solution of soil amended with sewage sludge, 95% of
the total Cd was present in free cationic form and only 1.7% was associated with organic matter
(Figure 17B). In light loamy soils, 40% of the total Cd was associated with minerals as residual
fraction, 18% was bound to hydrous oxides (mainly Fe oxides), 14% was held by organic matter, and
only 15% was easily mobile as water-soluble fraction (Figure 17C).

It is still an open question if, and under which conditions, definite trace metal compounds like
carbonates, phosphates, silicates, and others exist in soils. It seems more likely that these metals
are bound in soil minerals, e.g., Fe and Mn oxides, carbonates, and clay minerals, by isomorphic
substitution or by fixation at free structural places. The adsorption capacity of some soil components
for cations can be very high and, therefore, a considerable quantity of trace metals can be bound
by adsorption, before the formation of a definite metal compound takes place. Some metals (Cd,
Co, Cr, Cu, Pb, Zn), however, are known to form discrete solid phases under specific soil conditions,
when they occur in elevated concentrations, and due to diagenetic processes or pollution. Several
mineral structures such as Cu,(OH),CO;, Pb;(PO,),, Pbs(PO,);Cl, Zn;(OH),(CO5),, Zn,(PO,),
«H,0, and ZnSiO, were identified in soils.!??41938 The adsorption-desorption processes can be
described by the Freundlich isotherm and calculated with the help of geochemical models like
GEOCHEM, proposed by Sposito and Mattigod.''>* Although the most important factors that govern
these processes are carbonate content (HCO;3), CEC, and the Eh-pH system, the adsorption
capacity of organic matter can be of great importance. It has been indicated by the findings of
Fic,”? who showed a much higher adsorption of Cd, Cr, Cu, and Zn in the acid (pH 2.7) upper
horizon of the forest podzol with a high organic carbon content (5.8%) than in the calcareous
parent material (pH 8.0).
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CHAPTER 4

Soil Constituents

I. INTRODUCTION

Quantitatively, trace elements are negligible chemical constituents of soils, but are essential as
micronutrients for plants. The first publications on trace elements were devoted to plant nutrition
problems. Further, it was recognized that the behavior of trace elements in the soil differs widely
for both the element and the soil and that these differences should be understood better for the
prediction and effective management of the trace element status of soils. Although trace elements
are mainly inherited from the parent rocks, their distribution within the soil profiles and their
partitioning between the soil components reflect various pedogenic processes as well as the impact
of external factors (e.g., agricultural practices, pollution).

Trace element associations with the particular soil phase and soil component appear to be
fundamental in defining their behavior. The trace element composition of soils is relatively well-
established (Figure 18), although there are still diversities in analytical results, especially in the
measurements of very small quantities. Currently, there is also a great deal of work on the distribution
of these elements among soil components. One must realize, however, that present-day techniques
for soil fractionation are quite drastic and cannot provide very comparative and representative results.
Knowledge of the behavior and reactions of separate soil components with trace elements, although
fundamental, should not be related directly to overall soil properties, and great caution is needed in
using several theoretical models for predicting the behavior of trace elements in soils.

Il. TRACE ELEMENTS

Based on results of numerous studies, investigations, and observations, the main soil parameters
governing processes of sorption and desorption of trace elements can be presented as follows:

pH and Eh values

Fine granulometric fraction (<<0.02 mm)
Organic matter

Oxides and hydroxides, mainly Fe, Mn, and Al
Microorganisms

I

Several soil variables control trace element contents and behavior in soil. A factor of soil
parameters was established by Kabata-Pendias and Krakowiak!3>® based on the calculation of
correlation coefficient matrices for metals and some soil parameters such as: pH, clay fraction
content, cation exchange capacity, organic matter content, and Fe content. For about a thousand
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Figure 18 Trace elements in soils compared to their abundance in the lithosphere. Open circles mean content
in the lithosphere; black circles mean content in topsoils; vertical lines mean values commonly
found in topsoils.

Table 20 Arithmetic (A) and Geometric (G) Mean Contents of Trace Metals (ppm)
and Iron (%) in Soils of Various Textural Groups in Poland'3%”

Light Sandy Medium Loamy Heavy Loamy
(N = 552) (N = 168) (N = 100)

Metal A G A G A G
Cd 0.29 0.22 0.35 0.31 0.86 0.51
Cu 104 7.2 13.2 11.8 20.3 18.5
Cr 8.0 7.0 15.3 14.6 25.6 24.3
Mn 254 205 399 368 640 574
Ni 55 4.8 11.8 10.9 23.4 21.5
Pb 14.2 12.6 17.7 16.4 25.2 20.9
Zn 41.7 32.5 59.7 515 91.0 79.5
Fe (%) 0.6 0.5 1.2 1.1 2.0 1.9
Be 0.30 0.26 0.55 0.49 0.79 0.73
Co 3.5 2.8 6.0 5.4 9.1 8.5
La 8.4 7.6 14.7 14.2 19.2 18.4
Li 4.8 4.0 9.6 8.5 17.3 15.4
Mo 1.1 0.2 1.4 0.3 2.0 0.4
Sr 1 10 20 17 30 24

soil samples, the strongest linear positive correlation was obtained for the metals and fine soil
granulometric fraction. This relation varies, however, for given metals, and is nicely illustrated by
increasing mean content of trace metals in soils with increasing content of clay fraction (Table 20).
The highest relative explanation index (60 to 75%) was calculated for Zn, Fe, Ni, and Cr, whereas
the lowest explanation (10 to 30%) was for Cd, Pb, Cu, and Mn (Figure 19). A similar trend in
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Figure 19 Relative explanation index (RDI) of statistically significant relationship between trace metals and
content of clay fraction, <0.02 mm (CF), and cation exchange capacity (CEC) in mineral soils at
the 99% confidence level.

20

Figure 20 Relative explanation index (RDI) of statistically significant relationship between trace metals and
Fe content, and organic matter (SOM) of mineral soils at the 99% confidence level.

correlation of metal contents with cation exchange capacity of soil was observed but at much
smaller relative explanation. A high explanation (>60%) was obtained for Ni vs. Fe in soils, while
this relation was very low (<20%) for Cd and Cu (Figure 20). Soil organic matter influences the
distribution of most metals, but only at about 15% of the relative explanation. The smallest
relationship with organic matter (<10%) was observed for Cd and Mn. Due to the strongest
association of trace metals with clay soil fraction, the calculated range of metals based on the
content of soil clay fraction gives acceptable values for the estimation of background contents of
metals (see Chapter 2, Section IV. A). The positive correlation of trace metals (Co, Cu, Ni, Pb, and
Zn) with clay content of soils is, according to Lee et al.,'*8 responsible for increasing their levels
in the B soil horizons where clay is translocated from the A soil horizon. Elpatevsky et al.'>* and
Gao et al.,'’® on the other hand, stated that the main factor of heavy metal migration is dissolved
organic matter (DOM). Based on in sifu determination of partitioning coefficients (K, values),
Janssen et al.'**5 concluded that, in Duth soils, pH and amorphous Fe content were the most
influential factors in the partitioning of metals. However, clay content, Al content, and CEC were
also significant. Kutilek!*%3 distinguishes three basic types of physical mechanisms of pollutant flow
on the pedon scale: (1) flow in interpedal pores, (2) fingering mainly due to instability on the
wetting front, and (3) irregularities in hydrophilicity.

lll. MINERALS

The mineral constituents of soils inherited from the parent rocks have been exposed for various
periods of time to weathering and pedogenic processes. The soil mineral system, which is not
necessarily in equilibrium with the soil solution, is complicated by the processes of degradation
and neoformation of minerals, as well as by mineral reactions with organic compounds.
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The common primary minerals in soils inherited from the parent material can be arranged in
two parallel series, according to their susceptibility to weathering processes: (1) series of felsic
minerals; plagioclases (Na = Ca) > K-feldspar > muscovite > quartz, and (2) series of mafic
minerals; olivine > pyroxenes > amphiboles > biotite. These series are based on broad general-
izations, and many exceptions may occur in particular soil environments. The primary minerals
occurring in some soils are mostly of a larger dimension and are not involved in sorption processes.
They are, however, considered to be the source of certain micronutrient elements.

The approximate composition of mineral constituents of surface soils presented in Figure 12
shows that quartz is the most common mineral in the soils, constituting 50 to more than 90% of
the solid soil phase. Even in geochemical conditions favorable for the leaching of silicates, quartz
remains as a basic soil mineral. Feldspars are of low relative resistance to weathering in soil
environments and their alteration usually provides materials for clay mineral formation. Carbonates
(calcite, dolomite) and metal oxides are usually accessory minerals in soils of humid climatic zones,
while in soils of arid climatic zones they may be significant soil constituents.

The size and shape of mineral particles determine their ratio of surface to volume and mass,
and this ratio determines their physical and chemical properties. Therefore, the grain-size compo-
sition of soils is considered to be one of the most important factors in soil characteristics and is
included in the systems of soil evaluation and classification.

Sorption properties of the mineral part of soil material are associated principally with the clay
and silt-size fractions. These fractions are mixtures of several aluminosilicate clay minerals with
lesser amounts of quartz, feldspars, and various oxides and hydroxides. In certain soils, carbonate
and phosphate minerals are present, and in others, such minerals as sulfides and sulfates may occur.

A. Clay Minerals and Other Aluminosilicates

The boundaries of the mineral group described as “clay minerals” are not well defined, and
they tend to enlarge with increasing knowledge. Thus, the division of minerals in this chapter does
not relate to any classification system. The common clay minerals in soils can be subdivided into
five groups:

Kaolinite

Montmorillonite, often referred to as smectites
Illite

Chlorite

Vermiculite

A

Each group includes many compositional and structural varieties; however, they are all 1:1 or
2:1 layer-type aluminosilicates. The structure and chemistry of soil clay minerals have been
extensively described in many monographs.*>?! The surface properties of minerals (area and
presence of an electrical charge) seem to be fundamental for the buffer and sink properties of soils.

Clay minerals may contain negligible amounts of trace elements as structural components, but
their sorption capacities to trace elements play the most important role. The affinity of trace ions
for the clay surface has been examined by many investigators; and while many aspects have been
clarified, still much remains to be learned about the adsorption processes.

Although clay mineral samples vary in chemical composition and in their nature, some general
surface properties can be given for each mineral group (Table 19) that are responsible for values
of the specific surface area of soil materials (Table 21). The capacity values (CEC) vary with the
type of clay in the following sequence: montmorillonite, vermiculite > illite, chlorite > kaolinite >
halloysite. The ability of the clays to bind the metal ions is correlated with their CEC, and usually
the greater the CEC, the greater the amount of cation adsorbed.

© 2001 by CRC Press LLC



Table 21 Surface Area of Various Soils

Surface Area (m2 g~')

Kind of Soil (5) (182)
Clays and loams 150-250 22-269
Silty loams 120-200 24-117
Sandy loams and loamy sands 10-40 4-67
Rendzinas — 17-167

Note: References are given in parentheses.

The minerals of the montmorillonite group can expand and contract in response to charge and
size of the absorbed cation between the clay platelets. Thus, their sorption capacity will differ when
saturated with different cations. The microcations sorbed by montmorillonite are also easily released
into the liquid phase and, therefore, can be an important pool of micronutrient supply to plants
growing in particular soil conditions.

The bonding processes for absorbed microcations, although carefully studied, remain contro-
versial.>??73% It has been well-demonstrated, however, that equilibrium and pH values are the most
basic qualities in the reactions of sorption and release of microcations by clay minerals.

The chemical nature of transition metals adsorbed on clay minerals has recently been the subject
of great interest. Clays containing exchangeable transition metal cations (mainly Cu, Fe, and Co)
are known to act as electron or proton acceptors, thus they can be activators in transformations,
decomposition, and polymerization of the adsorbed organic species.

Relatively little is known about the adsorption of metal ions on amorphous alumina and silica
gels. The mechanisms of coprecipitation and mobilization of certain trace cations with alumina or
silica gels may play a significant role in their behavior in the particular soil, especially in those of
the tropical climate zone. There are suggestions that metal ions (mainly Cu?") can substitute for
aluminum in the mineral structures, while soluble silicic acid promotes adsorption of Co, Ni, and
Zn by clays.>!77%3

The strong adsorption of divalent trace cations (Cu, Pb, Zn, Ni, Co, Cd, and Sr) by freshly
precipitated alumina gel is suggested by Kinniburgh et al.> to play a role in determining the
availability to plants and the movement of some of these cations through the soil.

Some aluminosilicates are known to occur in soils as phyllosilicates (palygorskite, attapulgite,
sepiolite) and as zeolites. They all have alternative 2:1-type open structures and are associated with
the clay minerals. They can be inherited from parent materials, but can also be of pedogenic
origin.”®! Most often, these minerals were found in neutral or alkaline soil series, especially in the
presence of salts (e.g., solonetz, solonchaks, andosols, rendzinas). Some of them are more acid
resistant than others in the soil environment. However, the detection of these minerals, especially
zeolites, can be questioned due to possible destruction during chemical pretreatments of soil
material.

Zeolites exhibit capacities to fix gases, vapors, and liquids, and they are known to be active in
the sorption of Ba, Br, F, I, and also Mn and Sr. Barrer* has illustrated a high affinity of zeolites
to sorb and to complex trace elements, particularly heavy metals and radionuclides.

Amorphous aluminosilicates occurring in soils are often described as allophane and imogolite.
Allophanes are present in many soils, and the investigators pointed out their importance in the
formation and transformation of noncrystalline clay materials and opaline silica.?** Both allophane
and imogolite make sequences of various types and are formed mainly in the soils developed under
a warm humid climate. Allophanes are more stable in acid soils, and imologite is more stable in
neutral and alkaline soils. Very often they occur as “gel films” that coat soil particles. The effect
of these inorganic coatings may be diverse, both increasing and decreasing trace element sorption;
they may also reduce the biological availability of occluded trace elements.3*®
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All of these mineral constituents have relatively high CEC values and a great affinity to react
with soil organic compounds. Under normal soil conditions, they are important trace element sinks.

B. Oxides and Hydroxides

Several oxide minerals, such as silicon oxides, titanium oxides, aluminum oxides, and hydrox-
ides occur in soils. However, in relation to trace element behavior, the most important are Fe and
Mn oxides. Al hydroxides can adsorb a variety of trace elements and in some soils the role of these
oxides can be more important than that of Fe oxides in retaining certain trace elements. As Norrish>”°
has stated, however, there is little direct evidence to support this view.

Oxides and hydroxides of Fe and Mn are relatively common constituents in soils and, having
a high pigment power (mainly Fe oxides), determine the color of many soils. Fe and Mn oxides
are present in soils in various mineral forms as well as in crystalline, microcrystalline, and amor-
phous oxides or hydroxides. Their structure and chemical properties are well-described by Hem,?'3
Jenne, ¢ McKenzie3?*°%6 and Schwertmann and Taylor.*®

Although several minerals of the Fe oxides have been detected in soils, goethite is claimed to
be the most frequently occurring form. Norrish37° reported that simple oxides and hydroxides of
manganese do not occur in soils and that the most common mineral forms are lithiophorite and
birnessite. Chukhrov et al.,'* on the other hand, have identified vernadite—a simple hydrous oxide
of Mn—as the most frequent form in the majority of soils.

These oxides are exposed to reduction and chelation solubility and oxidation-precipitation
reactions, in which microbiological processes play an important role. Redox processes, in particular,
in marsh soils result in the formation of concretions with dominating Fe and Mn accumulation. !0
Different nodules of Fe and Mn are known to originate from both chemical and microbial processes;
also, the formation of some crystalline minerals is known to be affected by microorganisms. The
most common Fe-oxidizing bacteria (Thiobacillium) and Mn-oxidizing bacteria (Metallogenium)
are able to tolerate high concentrations of several heavy metals (Zn, Ni, Cu, Co, and Mn). Thus,
they are also involved in trace metal cycling in soils.

Fe and Mn oxides occur in soils as coatings on soil particles, as fillings in cracks and veins,
and as concretions or nodules. Norrish3’° and Hiller et al.,'°> using the electron microprobe analyzer,
indicated that many trace elements in soils are concentrated along the deposited oxides in soil
material. Fe and Mn oxides have a high sorption capacity, particularly for trace elements, of
which large amounts can be accumulated in nodules and at Fe- and Mn-rich points (Table 22).
The mechanisms of sorption involve the isomorphic substitution of divalent or trivalent cations
for Fe and Mn ions, the cation exchange reactions, and the oxidation effects at the surface of
the oxide precipitates. Briimmer et al.®> studied reaction kinetics of the sorption of trace metals
by goethite and stated that these processes involve: (1) adsorption of metals on external surfaces,
(2) solid-state diffusion of metals, and (3) metal binding and fixation at positions inside the mineral
particles. Variable charges at the surfaces (mainly of Fe oxides) also promote the adsorption of anions.
A high sorption capacity of Fe oxides for phosphates, molybdates, and selenites is most widely
observed and is highly pH dependent, being lower at high pH values.®*® The amount of a particular
ion that is adsorbed depends mainly on the pH of the equilibrium solution. The maximum adsorption
values for various ions on Fe oxides range between pH 4 and 5.9° The adsorption of some metals
(Cd, Ni, and Cu) is significantly enhanced in the presence of humic substances.!%’

Some investigators give the order of preferential sorption of metals by goethite as Cu > Zn >
Co > Pb > Mn,* while others have presented metal ion affinities for the oxide surface in the
following orders: Cu > Pb > Zn > Co > Cd,***and Pb > Zn > Cd > TL.?52 However,
the extrapolation of these results to all soils is difficult. Apparently, hydrous oxides of
Fe and Mn are the most important compounds in the sorption of trace metallic pollutants, and they
exhibit diverse affinities to cations having approximately the same physical dimensions as Mn?*,
Mn3*, Fe?*, and Fe3*; they are Co?*, Co’*, Ni?*, Cu?*, Zn?*, Cd>*, Pb**, and Ag™.
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Table 22 Trace Elements in Iron and Manganese Oxides (DW Basis)

Iron—Minerals and Concentrations

Manganese Minerals and Concretions

Fe-rich Points Concretions of Surface Marsh Soils
Fe-rich Soil of Surface Mn-rich Points Manganese Minerals
Nodules Soils Goethites Fe-Mn-rich of Surface Soils Manganese Nodules From Soils® From Deposits®
Element (977) (570) (570, 881) Fe-Si-rich (1025) Ti-Fe-rich (570) (94) (524) (977)° (525) (837)
%
Fe 40.1 7.97-29.65 51.7-61.9 6-28 2-15 18-29 3.92-17.69 0.016 — 23 0.65-4.6 0.1-4.5
Mn 3.4 0.07-1.52 0.26-0.5 5 16-40 0.3-5.5 5.5-13.6 16 0.36-7.2 50.3 47.4-59.9 28-61
Ti 0.13 — — — — 31-39 — — — 0.02 — —
ppm

Ba 890-1790 —_ —_ —_ —_ —_ 5730-28,640 2000 140-2300 —_ 32,000-54,000 110,000-128,000
Cd — — — 20-430 90-520 70-740 — 8 — — — —
Ce — — — — — — — 720 — — — —
Co 300 400-700 809 40-830 70-390 100-110 5400-24,400 3000 82-380 —_ 4500-12,000 140-12,000
Cr — — 1000¢ — — — — 14 30-120 — — —
Cu 100 40-720 800 50-980 80-450 150-1110 390-960 2600 — 200 — 130-12,600
| —_ —_ —_ —_ —_ —_ —_ 120-900 —_ 800 — —
Li — — — — — — — — — — 300-700 2-5340
Mo — — 850 — — — — 410 — — — —
Ni 100 260-630 1704 40-680 80-680 40-640 860-4870 4900 39-67 600 1000-3400 120-10,900
Pb — 460-1390 — 130-5690 120-11,910 160-2720 2600-20,400 870 34-100 — — —
\Y 400 — 17,000 — — — — 440 88-110 100 — —
Zn 400 720-2570 17,300-23,500 50-1790 350-1800 30-1580 320-5540 710 30-33 3500 — 50-3800

Note: References are in parentheses.

2 ldentified minerals: lithiophonite, birnessite, and hollandite.

b |dentified minerals: psilomelane, cryptomelane, lithiophonite, and pyrolusite.
¢ Mean contents.

9 In magnetite separated from soils (ignited weight).
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C. Carbonates

Carbonates present in soils are often in metastable and polymorphic varieties and thus sensitive
to drainage conditions. Carbonates are common constituents in the soils where evapo-transpiration
potential exceeds the rainfall. On the other hand, in soils with a high rate of percolating water,
carbonates are easily dissolved and leached out. Nevertheless, Ca is usually the predominating
cation in solutions of almost all soils.

Calcite is the most widespread and relatively mobile form of Ca carbonates present in soils; it
is usually greatly dispersed and has a major influence on the pH of soils and therefore on trace
element behavior.

Trace elements may coprecipitate with carbonates, being incorporated in their structure, or may
be sorbed by oxides (mainly Fe and Mn) that were precipitated onto the carbonates or other soil
particles. Metallic ions may also influence processes of carbonate precipitations.’>® The greatest
affinity for reaction with carbonates has been observed for Co, Cd, Cu, Fe, Mn, Ni, Pb, Sr, U, and Zn.
However, a wide variety of the elements under various geochemical environments may substitute
for Ca in different proportions in nodular calcites. As Vochten and Geyes®?® observed, the secondary
calcite crystals show a remarkably high content of Sr and Co—up to 1000 ppm concentrations.
Carbonates can be the dominant trace element sink in a particular soil, but the most important
mechanisms for regulating the trace element behavior by carbonates are related to variation of the
soil pH. For example, CdCO,, Cu,(OH),CO,, and Zns(OH),(CO,), are likely to occur in neutral or
alkaline soils polluted with these metals.!038.1046

D. Phosphates

Crystalline forms of phosphate minerals rarely occur in soils; however, many varieties of meta-
stable and metamorphous phosphates are of importance in pedogenic processes. There are few data
on the occurrence of Ca phosphates (apatite and hydroapatite) or other phosphates in soils. Rather, it
has been suggested that an intimate mixture of Ca, Fe, and Al phosphates predominates in soils.?**

Several of the rock phosphates contain a large amount of trace elements, of which F, and at
times Cd, are highly concentrated (Table 23). Some substitutions for Ca by trace elements are
known to occur in natural apatites; they are, however, of little importance in soils. Also, many trace
elements (Ba, Bi, Cu, Li, Mn, Pb, Re, Sr, Th, U, and Zn) can be incorporated, together with Fe3*,
and AI’*, in hydrated phosphates.? Norrish®’® reported extremely high concentrations of lead (1
to 35% PbO) in the phosphate concentrates occurring in ferralsols (lateritic podzolic soils). At the
range from neutral to alkaline reaction a possible formation of Pb phosphates in Pb-polluted soils
is reported.!381046 Phosphates of Zn may also precipitate in such soil conditions (see Chapter 3,
Section II1.D).

E. Sulfides, Sulfates, and Chlorides

Sulfides, sulfates, and chlorides are negligible compounds in soils that developed in a humid
climate, but in soils of arid climatic zones they can be the dominant controls of the behavior of
trace elements. The metallic ions (mainly Fe?*, Mn?*, Hg?*, and Cu?*) may form relatively stable
sulfides of acidic or neutral reducing potential in flooded soils. Several other heavy metals (Cd,
Co, Ni, Sn, Ti, and Zn) can also be easily coprecipitated with iron sulfides.336328

The precipitation of metallic ions as sulfides is an important mechanism for regulating the
solution concentration of both S?~ and metallic cations. Sulfides of heavy metals may be transformed
into more soluble oxidized sulfates when flooded soil becomes drained and aerated.

Pyrite is the most common mineral of Fe sulfides in soils and other geochemical environments.
Some other heavy metals which readily form sulfides may also be, as is Fe, remarkably related to
microbial S cycling in soils, as was recently described by Trudinger and Swaine.3%
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Table 23 Trace Elements in Phosphorites and Phosphate Fertilizers (ppm)

Phosphorites Phosphate Fertilizers
Element (98, 809, 1418, 1558) (381, 554, 1362)
Ag — 0.8-3
As 0.4-188 2-1200
B 3-50 5-115
Ba 1-1000 200
Be <0.5-10 —
Br — 10-500
Cd 0.01—>100 7-170
Ce 9-100 20
Co 0.6-12 1-12
Cr 2-1600 66—-600
Cu 0.6-394 1-300
F <31,000 8500-38,000
Hg 0.2-1000 0.01-0.12
| 0.2-280 —
La 7-130 60-100
Li 1-10 —
Mn 1-10,000 40-2000
Mo 0.03-138 0.1-60
Nb — 20-570
Ni 0.2-1000 7-32
Pb 1-1000 7-225
Rb — 90-200
Sb 0.2-10 —
Se 1-10 0.5-25
Sn 0.2-15 3-19
Sr 1000-2000 25-500
Ti 100-3000 —
U 8-1300 10-800
\ 20-5000 2-180
Y — 30-180
Yb — 8-14
Zn 4-345 50-1450
Zr 10-800 50-1560

Note: References are given in parentheses.

Sulfides of heavy metals are not common in soils, especially in soils with good drainage.
Sulfates of metals, mainly of Fe (jarosite), but also of Al (alunites) and Ca (gypsum, anhydrite),
are likely to occur under oxidizing soil conditions. They are readily soluble and therefore are greatly
involved in soil equilibrium processes. Sulfates of heavy metals are also readily available to plants,
and their occurrence in soils has practical importance in agriculture.®’® Chlorides as the most soluble
salts occur only in soils of arid or semiarid climatic zones. Chlorides’ affinity for forming easily
soluble complexes with Cd is of environmental concern.

IV. ORGANISMS IN SOILS

Living organisms, often referred to as the soil biota, composed of fauna and flora of various
dimensions (macro-, mezo-, and microbiota), occur abundantly in soils. At the microbiota level,
the boundary between plant and animal cells becomes blurred. The importance of living organisms
as reflected in biological activity of soils has been discussed in many textbooks.!87:651.856.898
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Several species of biota are known to be useful indicators of soil pollution. However, growth,
reproduction, and metabolic activities of biota are sensitive to other soil variables as well as to the
concentrations of trace pollutants. The Eh-pH system and organic matter content are especially
important. Humic substances are known to have both beneficial and deleterious effects on biota
caused by binding or mobilization of metals. It was observed that increased trace element levels
have an adverse effect on the natural regulation of the soil biota.’®?

A. Microorganisms

The abundance of microorganisms in topsoils varies with soil and climatic conditions and may
reach as much as 20% of the total biota of a soil system. There is no easy way of knowing with
certainty the biomass of microorganisms because this quantity can be determined only indirectly.
The maximum weight of soil biota given by Richards®! for a hypothetical grassland soil corresponds
to 7 t ha! of microbiota (bacteria and fungi) and to 1.3 t ha~! of mezobiota. Kovalskiy et al.*?
calculated that the biomass of bacteria and fungi present in the plow zone of soil (20 cm depth)
ranges from 0.4 to 1.1 t ha~!. The biomass of bacteria varies significantly during the growing
season, and may increase about three times from spring to fall.**!

Microorganisms are very important ecologically because they are the producing, consuming,
and transporting members of the soil ecosystem and therefore are involved in the flow of energy
and in the cycling of chemical elements. Thus, the microbiota is responsible for many different
processes, from mobilization to accumulation of chemical elements, in soils. Although microor-
ganisms are sensitive to both deficiencies and excesses of trace elements, they can adapt to high
concentrations of these elements in their environment.

The role of microorganisms in geochemical cycling of the major elements is relatively well-
understood on the global level. The biogeochemical cycling of trace elements has received much
less attention. With the recognition that microbial transformations of compounds of these
elements can result in some problems of soil fertility as well as in the formation of some
environmental pollution or detoxication processes, the importance of microbiota in cycling of
trace elements, especially heavy metals, has been more extensively studied. Processes of micro-
bial methylation can occur in oxic and anoxic soil conditions, and can highly influence the
behavior of some trace elements. Several elements, such as As, Hg, Se, Te, Tl, Pb, and In, are
known to be biologically methylated in soils.!?°! Abiotic processes of methylation can also occur
in a soil.

The basic microbial phenomena in cycling processes in the soil environment are:

Transport of an element into or out of a cell

Charge alteration of an element

Interaction of an element with organic compounds to become a functional part of the system
Complexing an element by organic acids and other compounds produced by microorganisms
Microbial accumulation or mobilization of an element

Microbial detoxication of poisoned soil at a site

Microbial methylation of an element

Nk wb =

The most important microbial function in soil, however, is the degradation of plant and animal
residues. It has become apparent that the quantity of trace elements needed or harmful for growth
of microorganisms also influences the biological activity of soils.

All available evidence indicates that a low concentration of trace elements stimulates bacterial
growth in soil, but a higher content is harmful, being usually most toxic to the bacteria that fix free
N and to nitrifying bacteria.’®8!2 Of the 19 trace elements studied by Liang and Tabatabai,*’! all
inhibited mineral N production in soils. At the concentrations of 5 uM g~! of soil, the most toxic
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Table 24 Toxic Effects of Trace Metals on Microbial Activities in Soils%?2

Metal Concentration Reported

in Soils (ppm DW) Inhibited Process Sometimes Always

=10 Soil respiration Cd, Hg, Ni, Zn
N-mineralization Hg
Nitrification Hg

=100 Soil respiration Cd, Cu, Pb Hg
N-mineralization Cd, Cu, Ni, Pb Hg
Nitrification Cd, Cu, Ni, Zn Hg

=1000 Soil respiration Cd, Cr, Cu, Ni, Zn
N-mineralization Cr2Cu, Ni, Zn
Nitrification Cd, Cr,2Cu, Ni

=10,000 Soil respiration Pb
N-mineralization Cd,*Pb
Nitrification Pb, Zn

a Concentration given for about 500 ppm.
b Concentration given for about 3000 ppm.

elements were Ag* and Hg*, while the least toxic were Co?*, As**, Se**, and Wé*. Heavy metals
especially are known for their toxicity to microbiota, with fungi and actinomycetes having the most
resistance. Reduction of microbial growth and enzymatic activity is often reported for soils con-
taminated by heavy metals.’8733814 Elevated metal concentrations are responsible for commonly
observed decreases in symbiotic and nonsymbiotic N,-fixation.!?? Doelman®®? summarized reported
effects of different concentrations of trace metals on microbial activities in soils. Data presented
indicate that Cd, Hg, Ni, and Zn are toxic at lower levels than the other metals (Table 24).
Atmospherically borne metals, most often associated with H,SO, and HNO;, cause significant
damage to soil organisms. These effects are related either to direct toxic impact of trace metals
and to lowering of pH, or to general deterioration of the habitat quality. Bengtsson and
Torstensson®® reviewed several studies on the inhibition of soil respiration and of turnover of
carbon and nutrients in metal-polluted soils. Mathur et al.>'5 showed that the effect of a naturally
high Cu content of histosols is most suppressive on levels of accumulated enzyme activities
involved in the degradation of the major components of organic debris in soils. A low rate of
decomposition of vegetation having a high concentration of Pb and Zn is apparently due to the
same processes in nature.?’’

Suppression and/or stimulation of biosynthesis of microorganisms by heavy metals depends on
the nature of the organisms, the kind of metal, and the pH of soils. Even within one species, the
range of required or inhibitory concentrations of a given metal varies significantly.*?!

Based on data presented in the monograph by Weinberg,? it may be generalized that the highest
concentration of Fe, Mn, and Zn required by various microorganisms (fungi, bacteria, bacilla, and
actinomycetes) was around X00 wM L~!'. The inhibitory concentrations of these elements on
vegetative growth and secondary metabolism of microorganisms have also been established at the
above range.

Microorganisms take up trace elements, several of which play important metabolic func-
tions.3#+614467 Tt has been shown by Kokke,*7 however, that cells of microorganisms may show quite
variable affinities for radionuclides that are necessarily related to their biological function (Table 25).

Heavy metals are known to be the most toxic elements, especially to fungi. Somers’® reported
that the fungicidal action of trace cations is due primarily to the formation of an un-ionized complex
with surface groups (e.g., phosphate, carboxyl, and sulfhydryl). This author showed that there is a
relationship between the toxic concentration of the metal ion and its electronegativity value.
The order of toxicity of aqueous solutions of nitrates and sulfates against conidia of Alternaria
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Table 25 Radionuclide Uptake by the Yeast Candida humicola as a Function of Time#*%?

Initial Concentration Time of Growth (days)

in Growth Media 1 2 4 8 16
Radionuclide (ML) % of Initial Concentration
89Ce 40 93 95 98 99 99
55Fe 40 68 83 95 95 95
85Zn 64 60 60 60 75 99
89Sr 40 18 18 18 37 99
181 20 16 18 25 — 25
106RY 40 15 30 45 60 75
80Co 40 3 5 5 18 77
8Nd 40 3 3 3 5 12
87Cs 40 1 2 2 3 5

40

20+ 2

Maximum percent
of growing fungi
H
B in growth media (g I™")

15 250
B in soils (ppm)

O A2

Figure 21 Tolerance of Actinomycetes from soils with various B contents to B concentrations in the growth
media. (1) Growing fungi, in percent of total number; (2) maximum tolerable concentration of B
in solution.*64

tenuis was given by Somers’ as follows:

Os >Hg>Ag>Ru>Pb=Cr>P>Ce >Cu>Ni=
Be=Y>Mn=Tl>Z7n>Li>Sr

In soil systems, Hg, Cd, and As seemed to be the most harmful to ammonification processes, while
Cu greatly reduced phosphate mineralization rates.762813

Microorganisms can adapt to high concentrations of trace elements. This has been well-
illustrated by Aristovskaya®> and Letunova*®* for several elements such as Fe, Mn, Mo, Se, and B
(Figure 21). This adaptation is also well-shown in various microbiogeochemical processes described
in detail by Babich and Stotzky,*! Gadd and Griffiths,>! Kowalskiy,*!° and Zajic.8*® The sensitivity
of microorganisms (mainly fungi) to different concentrations of trace elements has often been used
in the determination of the availability of micronutrients such as Fe, Cu, Zn, and Mo.3!572

Since trace metals are toxic to microorganisms even at relatively low concentrations, they have
evolved efficient mechanisms to detoxify the metals. Chakrabarty®! and Silver!''>° described a variety
of reactions that reduce the toxicity associated with entry of the metal inside the cell. Most common
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reactions depend on processes of oxidation, reduction, and alkylation.!'% Other reactions of bacterial
resistance to metals are (1) energy-dependent processes of the efflux of the metal from the cell and
(2) precipitation of the metal at cell surfaces. Metal-microbe interactions evolved resistance mainly
against such metals as Ag, Cd, Cr, Cu, Fe, Hg, Pb, Ni, and Zn. The resistance of microorganisms
to other trace elements was also observed, but the mechanisms involved are not yet understood.!'>°
Processes of alkylation and dealkylation control to a great extent the toxicity and behavioral
properties of some trace elements. Microbial methylation under environmental conditions was
observed for As, Hg, Se, Sn, and Te. On a chemical basis, however, one would expect Au, Bi, Pb,
Pd, Pt, Sb, and TI to have a potential capability for forming methylated compounds.®* Indeed, some
forms of Pb and other metals are known to undergo methylation under the soil conditions. Beijer
and Jernelov®® stated that whether the methylation is a biological or a purely chemical reaction is
still under debate, and that it is still unclear if organic Pb>* may be methylated. Also Craig and
Rapsomanikis®™ focused attention on the identification of chemical methylating agents known to
be present in the environment which are suitable substances for the methylation of metals. Recent
studies of Chau et al.? indicated that transmethylation reactions between organometals and metal
ions occur in aqueous solutions in both biotic and abiotic systems. Results of these studies suggest
that, for example, alkyllead or methyltin compounds could be potential methylating agents for the
formation of other methylmetals. Thus, alkylation processes in soils are not solely of a bacterio-
logical origin.

The physicochemical relationship between bacteria and mineral surfaces leads to diverse effects
of dissolution and secondary precipitation of trace metal ions, including changes in their valence
and/or conversion into organometallic compounds. A biological oxidation and reduction of Fe and
Mn, for example, is one of the most important factors governing the solubility, and thus, the
bioavailability, of these metals in soils. Many bacterial species are implicated in the transformation
of trace element compounds, including even neoformation of certain Fe and Mn minerals.'* This
effect, however may also at times be an indirect effect. Bacteria also play the most important role
in gley formation, which affects the mobility of metals in soils.3! The mobilitation of metals on a
large scale is of geochemical significance since it may lead to ore formation (e.g., Cu, U). Such
processes are the results of the growth of acidiphilic and/or chemolithotrophic bacteria that derive
their energy from the oxidation of reduced (or partially reduced) sulfur compounds and metal
salts.%!

A complex balance of trace elements required for microbial activity is of importance in soil
productivity. The quantities of specific trace elements available to soil microorganisms can be
the critical determinant in the establishment of a disease condition of certain plants. The trace
element competition between plants and microorganisms is apparent in various reports, and it
may react in different ways. Microbially induced decreases in the availability of trace elements
result from a considerably high accumulation of certain elements by microbiota and also from
the biological oxidation of compounds of these elements. Microbiological increases of availabil-
ity, on the other hand, are caused by microorganisms capable of reducing certain compounds
(principally, Mn and Fe) and also by their variable bioaccumulation of trace elements (Table 26).
Highly elevated levels of trace elements, particularly of As, Cd, Cu, Cr, Hg, Pb, and Sb, are
known to reduce the growth and decomposing capacity of soil microbes.”® Effects of these
processes are observed in reduced capability to decompose organic pollutants (e.g., pesticides, oil)
and organic debris in soils. Negative impact of these metals on the decomposition of organic
matter, on the mineralization of N and P compounds, and on the activity of N fixation is commonly
reported (Table 24). However, it is not easy to predict microbial consequences of soil pollution
with metals because of variable reduction in the activity of one species, with increasing tolerance
in other species.!!>?

Soil fumigation or steaming and many fungicides kill the fungi and therefore may interfere
with the ability of plants to absorb micronutrients. The mechanisms of these phenomena are not
yet fully understood; however, they may be related to an imbalance of soil microorganisms and
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Table 26  Bioaccumulation of Cu, Mo, and V by Microbiomass in Topsoils at Various Seasons*?'

Cu Mo v
Soil Biomass Soil Biomass Soil Biomass
Data on Soil (ppm) (kg h™) (ppm) (kg h™) (ppm) (kg h™)
Low content of elements 48 0.004 (Sp) 6 0.0013 (Sp) 66 0.002 (Sp)
0.006 (Sm) 0.002 (Sm) 0.003 (Sm)
0.028 (FI) 0.009 (FI) 0.013 (FI)
High content of elements 270 0.60 (Sp) 72 0.075 (Sp) 840 0.124 (Sp)
0.25 (Sm) 0.031 (Sm) 0.052 (Sm)
0.22 (FI) 0.029 (FI) 0.049 (FI)
Control soil (chernozem) 73 0.019 (Sp) 10 0.005 (Sp) 148 0.005 (Sp)
0.069 (Sm) 0.017 (Sm) 0.019 (Sm)
0.059 (FI) 0.013 (FI) 0.015 (FI)

Note: Sp, spring; Sm, summer; Fl, fall.

Table 27 Trace Elements in the Biomass of Bacillus megaterium
Growing in Different Media'®' (ppm DW)

Growth Medium?

Element Soil Rich in Cu, Mo,V Soil Poor in Cu, Mo,V
Ag <0.14-3.6 <0.14-<0.51
Ba 46-368 <24-112
Be <0.3-4.2 <0.3-2.1
Co <0.3-14 <0.6-8

Cr 0.8-27 <0.5-17
Cu 10-98 4.5-39
Mo 3.4-21 1.2-6.2
Ni <0.2-16 <0.7-12
Pb <1.3-38 <0.8-<8.7
Sr 2.3-55 1.7-7

\Y 4.3-28 3.2-15

a Growth medium was agar-agar with added soil extracts.

their participation in the transport of ions into or within biological systems. As Martin>!% reported,
variable effects in plants of B, Cu, Li, Mn, and Zn toxicities or deficiencies of Cu, Mn, and Zn
were found following soil fumigation.

Gadd and Griffiths®! concluded that two main types of metal uptake by microorganisms can
occur; the first involves nonspecific binding of the cation to cell surfaces, slime layers, extracellular
matrices, etc., while the second involves metabolic-dependent intracellular uptake. The polygalac-
turonic acid, a common constituent of the outer slime layer of bacterial cells, can complex several
trace metals.

The adsorption of trace elements by microorganisms differs widely, as is shown in Tables 25,
26, and 27. Although the mass of microbiota in soils has been calculated to be in the range of
0.X-X t ha™!, the greatest amounts of metals fixed by microorganisms are the following (g ha™!):
Ni, 350; Cu, 310; Zn, 250; Co, 150; Mo, 148; and Pb, 8.4, which corresponds to 0.002 to 0.216%
of their total abundance in the 20-cm topsoil level of 1 ha.4?2465

Calculations made by Kovalskiy et al.**?> and Letunova and Gribovskaya*®> indicated that at
the annual rate, the total biocycling of about 11 generations of microbiota may, on the average,
involve the following amounts of trace metals (kg ha™'): Ni, 147; Zn, 104; Cu, 78; and Co, 28.
Trace elements fixed by microbiomass may be much higher than these values for soils that increase
their levels, as has been shown by Krasinskaya and Letunova.*¢

Microbioaccumulation of trace elements may be of great importance both in the cycling of trace
elements in soil and in their availability to plants. Fungi and actinomycetes are the most resistant
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microorganisms to high concentrations of heavy metals, while nitrifying and rhizosphere microor-
ganisms are the most sensitive.

Various waste waters, as well as slurries used for soil irrigation and amendment, can be sources
of microbial and other pathogenic organisms of a serious health hazard to humans and animals.
This problem has been recently reviewed by Kristensen and Bonde.*? Bacterial leaching of heavy
metals from sewage sludges is, however, a practical application of the biotransformation of the
forms of chemical elements.%#1106

More than 80% of microorganisms are believed to be adsorbed to soil organic matter and clay
minerals.3%* Therefore, comparisons of results obtained for pure cultures of microorganisms may
differ from those naturally occurring in soils.

The rhizosphere flora plays a special role in the bioactivity of soils and the availability of
nutrients. Although effects of mycorrhizas have been almost always ascribed to an increased
phosphate uptake, some observations indicate that they may also influence micronutrient supply.
As Lambert et al.,*® Woldendorp,®*and Turnau'>** reported, Zn, Cu, and Sr are the chief elements
supplied to plants by a given type of mycorrhiza. Some negative effects occurring in rhizospheres
may be observed when anaerobiosis around the root surface due to a high oxygen demand of
microflora leads to the formation of ferrous iron compounds which are taken up by plants to
concentrations that cause the physiological disorder known as Fe toxicity.307

B. Invertebrates

Any species of soil fauna (mezo- and macrobiota) participating in the trophic chain may reflect
chemical composition of the soil. Lumbricid earthworms seem to be of the greatest importance as
indicator species in the terrestrial ecosystems. Earthworms may constitute up to 80% of the total
biomass of the soil fauna, and because of their relatively large biomass, provide a significant food
source for many species of several predators (e.g., birds, small mammals). Ma'?”® showed that the
accumulation of trace metals in mole tissues reflects the bioavailability of these metals to earthworms.
Metals accumulated in both small earth mammals and earthworms do not consistently reflect the
metal contents of soils (Table 28). In most cases, however, their accumulation in earthworms can
be relatively well-predicted (Table 29). Ma'?’® emphasized that in the ecosystems where earthworms
comprise a large proportion of the soil fauna biomass, the bioaccumulation of metals, as high as up
to 3500 ppm Zn (DW), can be potentially hazardous to predatory animals. Findings of Ma!?’® indicate
that only Cd and Zn are significantly enriched in the worms. However, under specific soil conditions,
as for example high acidity, low Ca content, or low CEC value, other trace metals can also be easily
taken up by earthworms. Based on laboratory and field observations, Ma'?”’ gave the following order
of increasing concentration factors of metals in worms in various soils:

Cr<Mn=Fe<Ni<Pb=Zn<C(Cd

Ma et al.!®®0 reported that Lumbricus rubellus easily accumulated Cd, Zn, and Pb from acid
soils. However, Cu was the exception, and its uptake by earthworms was not influenced by the soil
pH. Thus, the demonstrated influence of soil factors on element concentrations in earthworms is
related to the effect of soil properties on metal availability to organisms in the terrestrial ecosystems.
Roth-Holzapfel'!3% analyzed species of invertebrates of the spruce forest ecosystem in central
Europe. She found that mainly essential elements (e.g., Cu and Zn) were accumulated in primary
consumer groups. A concentration of other trace elements with increasing trophic levels was not
confirmed, with the exception of Ni and Cd, which are highly mobile in environmental compartments.
Similar results are reported by Edwards et al.!?8® on Eisenia fetida used for metal accumulation
bioassay. They concluded, based on the earthworm bioassay for Cu and Hg, that many factors
hampered quantitative determination of the degree of soil metal availability to these biota.
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Table 28 Metals in Surface Soils and Earthworms (ppm DW)

Metal Soil Earthworms Ratio, Worms/Soil Ref.
Cd 2 15 7.5 339
4 4 1 339
1.6 11.1 6.9 264
0.9 14.4 16 264
1.1 18 16 160
0.6 12 20 160
0.1 2.7 27 160
41 10.32 27.6 179
0.16 6° 37.2 1104a
Cu 20 13 0.65 339
252 11 0.04 339
335 11 0.03 339
52 28 0.53 160
26 18 0.69 160
9 5 0.55 160
11 8.5¢ 0.78 1104a
Hg 3.8 1.290 0.33 111
0.1 0.04p 0.40 111
0.32 0.31° 0.97 1104a
Mn 1330 82 0.06 339
226 28 0.12 339
164 27 0.16 339
214 63¢ 0.04 1104a
Ni 26 31 1.19 264
18 29 1.61 264
12 32 2.66 264
Pb 1314 3592 2.73 339
629 9 0.01 339
700 331 0.47 264
94 101 1.04 264
170 62 0.36 160
20 9 0.45 160
870 1092 0.12 160
Zn 138 739 5.35 339
992 676 0.68 339
219 670 3.05 264
49 400 8.16 264
275 2000 7.27 160
40 900 22.50 160
81 6622 8.17 179
76 256¢ 3.4 1104a

Note: Element concentrations expressed on dry weight basis. Organisms
analyzed are Lumbricus rubellus or L. terrestris, except as indicated.

a Other Invertebrata.
b FW basis.
¢ Denolrobaena octahedra.

In soils highly contaminated by trace elements, mezo- and macrobiota are decreased, their
metabolism is inhibited, and finally all organisms may vanish.

V. ORGANIC MATTER

The association of metals with organic matter is described by Weber!'!#? as follows: “Metals
are enriched relatively to average concentrations in the Earth’s crust in a variety of organic-rich
environmental materials including: petroleum, asphalt, coal, soils, shales, aquatic sediments, and
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Table 29 Effects of Increasing Concentrations of Metals in
Soils on Their Accumulation in Earthworms107®

(ppm DW)
Lumbricus Concentration
Metal Soil Species Factor=
Cd 0.1 19 (8)° 190
6.0 79 (69) 13
9.2 114 (57) 12
Cu 7 20 (17) 2.8
25 28 (21) 1.1
40 28 (23) 0.7
Pb 24 12 (41) 0.5
115 25 (41) 0.2
135 25 (20) 0.1
Zn 35 730 (837) 20
737 1474 (1525) 2
1015 1789 (1164) 1.7

@ Ratio worms to soil.
bValues predicted by Ma are in parentheses.!97®

peat.”” Meyer!®! concluded that the biomass has also affected the Earth’s surface chemistry, because
the photosynthetic generation of free oxygen and carbon compounds contributes significantly to
the diversity of redox potentials in both sedimentary and igneous-related processes of selection of
metals at the source, during transport, and at the site of ore deposition. On the other hand, Rosler
and Beuge!'3’ pointed out that the often discussed role of trace elements bound to organic substances
is of much less importance in their behavior during the metamorphism than has been anticipated.
Metamorphic processes of organic sediments involve the fractionation of trace elements with a
general trend: (1) Hg, U, and J in peats, (2) Sr and F in lignite, (3) Pb, Cu, and Zn in hard coal,
and (4) Mn and Cr in graphite.'!??

Organic substances play a prominent role in biochemical weathering and thus in geochemical
cycling of trace elements. Stevenson!!'S? discussed evidence both for and against their involvement
in weathering processes. It seems more likely that humic and fulvic acids exhibit an activity of the
same order as simple organic compounds in metal ion mobilization from soil minerals. The
solubilization and transport of some metals, such as Au, Hg, and U, mediated by humic substances
are cited by several authors.2%%!157.1163

Organic matter of soils consists of a mixture of plant and animal products in various stages of
decomposition and of substances that were synthesized chemically and biologically. This complex
material, greatly simplified, can be divided into humic and nonhumic substances. Organic matter
is widely distributed in soils, miscellaneous deposits, and natural waters. The amount of organic
carbon in the earth as humus (50 X 10!! t) has been calculated to exceed that which occurs in
living organisms (7 X 10'! t).20!

The major portion of the organic matter in most soils results from biological decay of the biota
residues. The end products of this degradation are humic substances, organic acids of low-molecular
and high-molecular weights, carbohydrates, proteins, peptides, amino acids, lipids, waxes, polycyclic
aromatic hydrocarbons, and lignin fragments. In addition, the excretion products of roots, composed
of a wide variety of simple organic acids, are present in soils. It should be mentioned, however, that
the composition and properties of organic matter are dependent on climatic conditions, soil types,
and agricultural practices. In soil contaminated with trace metals, and in particular with Cu, over
the long term, there can be expected an increase in organic matter content by reducing organic
matter decomposition.?**1478 Similar effects have also been observed with other trace metals. This
is of considerable importance in predicting the long-term environmental effects of the trace metal
pollution.
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The most stable compounds in soils are humic substances partitioned into the fractions of
humic acid, fulvic acid, and humin, which are similar in structure, but differ in their reactions.
Humic substances are of a coiled polymer chain structure and contain a relatively large number
of functional groups (CO,, OH, C=C, COOH, SH, CO,H) having a great affinity for interacting
with metal ions. Owing to a particular combination of different groups (mainly, OH and SH), humic
substances are able to form complexes with certain cations. Some trace anions, such as B, I, and
Se, are also well-known to be organically bound in soils. Humic substances are also easily adsorbed
by clay and oxide particles in soil and water environments, and these responses are highly dependent
on trace cations.””®7® Laxen!%’ emphasized a role of humic substances in the adsorption of Cd,
Cu, Ni, and possibly Pb onto Fe hydrous oxides. The adsorption/coprecipitation of these metals
by Fe oxides is enhanced in the presence of humics (see Chapter 4, Section III.B.). Estimated CEC
values of humic substances vary from 200 to 500 meq 100 g~!, being higher for humic acids and
lower for fulvic acids. General properties of humic substances are:

1. Fulvic acids (fulvates)—have a low degree of polymerization, high acidity and mobility; occur
mainly in poor acid soils of a low biological activity

2. Humic acids (humates)—have spherocolloidal polymerization, medium acidity and mobility; occur
in weak acid and neutral soils of high biological activity

3. Humins—are products of aging of humates and fulvates, have a high degree of polymerization and
low acidity; occur in all soils

Interactions between humic substances and metals have been described as ion exchange, surface
sorption, chelation, coagulation, and peptization. It should be emphasized that the existence of a
particular site for each cation is not easy to prove because the metal may be bound to two or more
ligands from different molecules. All reactions between organic matter and cations lead to the
formation of water-soluble and/or water-insoluble complexes. Organic matter and some decompo-
sition products can act as reducing agents and assist in mobilizing some elements. Compounds
acting as a reducing agent form complex ions with a number of cations, and also form a few
sparingly soluble species. Trudgill''®” reported that humic matter in laboratory studies reduces a
variety of metal ions such as: V3* to V4*, Hg?* to Hg?, Fe3* to Fe?*, Cr®* to Cr3*, and U°®*, to U**.

Sholkovitz and Copland’ studied the complexing and chelation of trace elements with organic
ligands in natural waters. Their studies led to the conclusion that solubilities of humic acid
complexes with Fe, Cu, Ni, Cd, Cu, and Mn are the reverse of those predicted from inorganic
solubility considerations. The complexing of these ions with humic substances led to the solubili-
zation at high pH (range 3 to 9.5) and precipitation at low pH (range 3 to 1). Weber!!®? described
that: “Many metals in natural waters have solubilities much higher than expected from calculations
based on the inorganic ions of the medium. This enhanced solubility is predominantly due to their
complexation, adsorption on, and reduction by humic material.”

Organic matter is of importance in the transportation (and subsequent leaching) and accumu-
lation of metallic ions known to be present in soils and waters as chelates of various stability and
in supplying these ions to plant roots. The ion exchange equilibrium has been extensively studied
for determining the stability constant of metallo-organic matter complexes in soils. The values of
stability constants determined by several authors described the ability of humic acids to form
complexes with metals (Table 30). Metal-fulvic acid complexes with lower stability constants
usually are more readily soluble and thus more available to plant roots. The evaluation of several
experiments, however, elucidates that organic matter in soils has a relatively low influence on the
uptake of trace metals by plants.'3” It is still controversial and needs further examination, and
perhaps study of the separated fraction of organic matter, with special emphasis on dissolved organic
compounds in soils.

The highest stability-constant values were reported by Takamatsu and Yoshida’! for Cu?*, Pb?*,
and Cd?>* complexed with humic acid at pH 5, and by Kitagishi and Yamane®* for Cu?*, Zn?*,
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Table 30 Stability Constants Expressed as Log K of Metal Fulvic and Humic Acid
Complexes at Various pH Levels of the Media

pH 3 pH3.5 pH 5 pH7
Cation FA(a) HA() FA() FA(a) FA(b) HA(c) HA(d) HA(d)
Cu2+ 3.3 6.8 5.8 4.0 8.7 8.7 12.6 12.3
Ni2* 3.2 5.4 35 4.2 4.1 — 7.6 9.6
Co2* 2.8 — 2.2 4.1 3.7 — — —
Pb2+ 27 — 3.1 4.0 6.2 8.3 — —
Zn2+ 2.3 5.1 1.7 3.6 2.3 — 7.2 10.3
Mn2+ 2.1 0 15 3.7 3.8 — 0 5.6
Cd2+ — 5.3 — — — 6.3 5.5 8.9
Fe2+ — 5.4 5.1 — 5.8 — 6.4 4.8
Ca2* 2.7 0 2.0 34 2.9 — 0 6.5
Mg2* 1.9 0 1.2 2.2 2.1 — 0 5.5
Fes+ 6.12 114 — — — — 8.5 6.6
AR+ 3.7 — — — — — — —

Note: References are as follows: a, 692; b, 571; ¢, 771; and d, 395.
a Determined at pH 1.7.
b Determined at pH 2.4.

Table 31 Effect of pH on Sorption of Metals on Humic Acid'°0?

Percentage of Initial Metal Concentration?

Metal pH 2.4 pH 3.7 pH 5.8
Hg 99 98 98
Fe 81 96 100
Pb 19 80 96
Cu 12 59 97
Al 7 86 100
Ni 5 6 61
Cr 0 70 100
Cd 0 7 77
Zn 0 8 64
Co 0 2 45
Mn 0 3 13
a |nitial metal content was 0.5 X 10-* mol of each metal in 100 mL
of solution.

Ni?*, and Cd?* at pH 7. Andrzejewski and Rosikiewicz?® observed that Mn?*, Co?*, and Ni**
complexes with humic acids were partly soluble, while those of Cu?*, Fe?*, and Cr3* were insoluble.
Augustyn and Urbaniak®® also stated that the higher retention by humic acid was of Fe?*, Cu?*,
and Zn?>* as compared to other metallic ions. Fe3* and AI**, however, form the most stable
complexes with fulvic acid which greatly interfere with the crystallization of aluminum hydroxide
polymorphs. 46

The stability of metal complexes with fulvic and humic acids increases, in many cases, with
increasing pH from 3 to 7 (Table 30). Findings presented by Gamble!®’ confirmed a significant
effect of pH on the sorption of metals on humic acid (Table 31). This is best illustrated for Pb, as
studied extensively by Hildebrand and Blume.?'” The binding of Fe?* and Fe’* by fulvic acid in
solution below pH 5.0 is very strong and, apparently, cannot be exchanged easily by other metals.
A relatively high value of the stability constants of Ca?* suggests that this metal can compete with
Zn?* and Mn?* in ion exchange processes. Most likely, however, several heavy metals such as Hg,
Fe, Cu, Cr, and Pb will readily form stable organic complexes with fulvic acid and, most probably,
also with other organic compounds.
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Table 32 Trace Elements in Soil Organic Matter and in Clay Fraction (ppm DW)7%6

Content of Clay Fraction (<1 pum)

Surface Soil Element Total Organic Matter Humic Acid Fulvic Acid
Chernozem Cu 20 33.0 3.6 29.4

Zn 116 41.5 3.4 38.1

Mn 1110 262 Trace 254

Mo 5 1.7 0.8 0.9
Podzol Cu 44 17.9 1.2 16.7

Zn 80 447 15.6 29.1

Mn 1830 307 44 267

Mo 3 0.7 0.2 0.5

Analyses of fractionated organic acids from soils by Stepanova’® confirm the greater affinity
of fulvic acids for heavy metals (Table 32). Mickievich et al.¥7 also reported a much higher
concentration mainly of Cu, Pb, and Ti in fulvic acid than was found in humic acid. Heavy metals
in soils tend to accumulate in the organic substances, and the lower the metal content, the higher
the energy linkage of the metallo-organic groups.®®

The commonly used value of the stability constant of a complex can be defined as an equilibrium
constant of a reaction that forms a soluble complex or chelate. In order to include information
about the behavior of insoluble complexes, the value of the stability index has been proposed by
Cottenie et al."*® This index describes the ratio of a given metal fixed with organic substances to
its amount in inorganic fractions. The stability index for pure humic and fulvic acids shows that
heavy metals (Cu, Zn, Pb, Mn) form complexes several times more readily with humic acid than
with fulvic acid, and that the highest proportion of Cu is fixed with humic acid over the range of
pH 4 to 5, while with fulvic acid the range of pH is limited to 6 to 7. Both acids often show a
higher affinity for Cu and Pb than for Fe and Mn. These findings agree with those reported by Van
Dijk,3?° Stevenson and Ardakani,”>” Forstner and Miiller,?*? Pauli,®! Vlasov and Mikhaylova,??> and
Schnitzer and Khan®? and indicate that the order of the stability constants of metallo-organic
complexes, although quite variable depending on pH and other properties of the medium, can be
presented in the following sequence: U > Hg > Sn > Pb > Cu > Ni > Co > Fe > Cd > Zn >
Mn > Sr.

Gamble!®7 emphasized, however, that because of a great number of variables in the natural
system of soil organic polymers, the existence of an equilibrium function must be measured instead
of an equilibrium constant. His data, obtained from the calculation based on weighted average
equilibrium function theory, show the following order of metal affinity to sorption on humic acids,
at pH 3.7:

Hg > Fe >Pb > Cr > Cu > Zn > Cd > Mn > Co

Schnitzer and Kerndorff® recently established the order of the affinity of metal ions to form
water-insoluble complexes with fulvic acid. Although this order depends on the pH of the medium,
it may be presented as follows:

Fe=Cr=Al>Pb=Cu>Hg>7Zn=Ni=Co=Cd=Mn

Despite the diversity in these orders calculated for various experimental conditions, there is
general similarity in the estimation of two groups of metals, strongly and slightly fixed by organic
polymers in soils.

The sorption capacity of humic acids increases with increasing acidity. Varshal et al.!33
determined amounts of sorbed metals by humic acids at pH 5 to 6, and gave the following values
(in mg/kg of humic acids): Cd 9, Au 16, Sr 17.5, Cu 18,Y 19, Os 24, Yb 28, Cs 29.3, Ce 31, and
Pb 120.
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The solubility of fulvic acid-metal complexes is strongly controlled by the ratio of FA:metal;
therefore, when this ratio is lower than 2, the formation of water-insoluble complexes is favored.
There is diversity, however, in the interpretation of metal ion binding by peat because, as Bloom
and McBride® reported, peat and humic acids are likely to bind, at an acid pH, most divalent
cations (Mn, Fe, Co, Ni, and Zn) as hydrated ions. The exception is the Cu?* ion coordinating with
functional oxygens of the peat which results in strongly immobilized Cu?* binding.

The index of organic affinities of trace elements in various coal samples was calculated by
Gluskoter et al.?® These authors distinguished three groups of elements:

1. With the highest organic affinity—Ge, Be, B, Br, and Sb
2. With medium organic affinity—Co, Ni, Cu, Cr, Se
3. With the lowest affinity, but occurring in all organic fractions—Cd, Mn, Mo, Fe, Zn, and As

Histosols, soils formed from decomposed plant material, play a specific role in the distribution of
trace elements in the biosphere. The elements which are easily taken up by plants and are likely to be
fixed by organic matter of histosols appeared to be concentrated in peat soils. Lieth and Markert'%¢3
compared chemical composition of the peat bog with the nearby mineral soil, and emphasized the
variable pattern of the element distribution. They concluded that Cd and Pb are more abundant in
the peat than in the mineral soil, apparently due to aerial deposition. The affinity of humic substances
to accumulate trace cations has great importance in their geochemistry. The so-called “geochemical
enrichment” factors of humic acid that was extracted from peat can reach a value of 10,000 from
very low concentrations of cations in natural waters.?®%! Trace elements migrating as anions (V
and Mo) are reduced by humic acids and fixed in the cationic forms (VO?**, MoOi+ ). Metals
complexed by fulvic acid presumably are more available to plant roots and soil biota than are those
accumulated by humic acid which can form both water-soluble and water-insoluble complexes with
metal ions and hydrous oxides.

Cottenie et al.'8 calculated that the humic acid of a soil containing 4% humus may bind 4500 kg Pb,
17,929 kg Fe, 1517 kg Cu, 1015 kg Zn, and 913 kg Mn per hectare. The ability of humic acid to
complex with metals was also calculated by Ovcharenko et al.’®” and expressed in grams per
kilogram of humic acid, as follows: Cu, 3.3; Zn, 3.3; Co, 3.2; Fe, 3.0, and Mn, 2.6. Sapek%! showed
that the ability of humic acids to fix cations differs widely, and that those isolated from the A horizon
of podzolic soil have about two times lower sorption capacity to metals than those extracted from the
B, horizon of the same soil. In his experiment, the heavy metal content of air-dry humic acid reached
more than 29%. All of these values were determined under laboratory conditions; in a natural soil
system, these proportions would be appreciably smaller. In general, however, it can be expected
that up to 50% of total trace element content is fixed by organic matter in mineral soils. These
figures, however, can vary significantly.”®

Owing to the relatively insoluble complexes of humic acids with heavy metals, especially in an acid
medium, these complexes can be considered to be organic storage for heavy metals in soils. The organic
matter may act as an important regulator of the mobility of trace elements in soils; however, in the
majority of mineral soils, organic matter does not exceed 2% of total soil weight; therefore, it cannot
be of the greatest importance in overall controls of trace element behavior in soils. The environmental
role of humic substances has been summarized by the Dahlem Group of Experts'®° as follows: “Humic
substances appear to exert a stabilizing effect on environmental processes, for example by assimilation
and subsequent slow release of chemical compounds, they act as a reservoir of trace nutrients and
contaminants. Chemical partition of chemicals into humic substances results in a ‘buffering’ of the
environmental mobility of chemicals. Their function, however, as scavengers of pollutants is limited and
can be overtaxed. Care should be taken not to overload the system and to prevent long-term damage
which may not be apparent until remedial action becomes difficult and perhaps impossible.”

A high organic matter content of soil has a complex influence on the behavior of trace elements.
The deficiency symptoms of plants grown on drained peatland or moorland (histosols) may be the
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result of a strong retention of Cu, Zn, Mo, and Mn by the insoluble humic acid.!*> A strong fixation
of Cu in soils rich in humus is the most common and may result in a high Mo-to-Cu ratio in forage
that is toxic to cattle. Applying organic matter to soil, however, raises the number of microorganisms
that can reduce several cations, mainly Fe and Mn, and, in consequence, increase their availability.
Increased organic matter content in Pb-amended plots is due to an enhanced preservation of stable
humus, perhaps because of newly formed Pb-organic complexes with humic and fulvic acids which
are protected from microbial attack.”®® However, there is also evidence that Pb complexes with low-
molecular-weight humic substances were mobilized in the soil solution. On the other hand, some
organic compounds present in root exudates and in humus can oxidize and therefore immobilize cupric
compounds in soil 8118

Simple organic compounds, such as certain amino acids, hydroxy acids, and also phosphoric
acids naturally occurring in soils, are effective as chelating agents for trace elements. Cation
chelation is an important factor in soil formation processes, as well as in nutrient supply to plant
roots. The solubility of metal complexes depends on both the binding strength and the mobility of
the complex thus formed, which is determined mainly by the size of the organic group involved.
Strong binding of metal to a low-molecular-weight organic substance will appreciably increase its
mobility in soil (Figure 22). Organic acids of leaf litter are known to be active in the mobilization
of heavy metals in soils. An extract of pine needles dissolved more metals than an extract of oak
leaves; in both cases, however, Cu and Zn were more readily complexed than were Co, Ni, and
Cd. 8737* Despite a high mobilization of heavy metals, forest soil litter is also well-known as an
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Figure 22 The effect of pH on the solubility of Co and Cu mobilized by aerobically decomposing alfalfa. Solid

lines, complexed metals; broken lines, control solution of CuCl, or CoCl, alone.?!
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important sink of heavy metal and radionuclide pollutants, as reported by Pavlotskaya,®?26%3 Van
Hook et al.,’?* and Schnitzer and Khan.%°> The ability of simple organic acids to solubilize heavy
metals may be of importance in their cycling. Rashid®*? calculated that each gram of amino acids
occurring in the sediments may mobilize 4 to 440 mg of various metals, showing the highest affinity
to Ni and Co and the lowest to Mn.

Several chelating agents are at present used in diagnostic extraction for available micronutrients
in soils (see Norvell,’”! Mengel and Kirkby,*! and Lindsay*”’). Of those commonly used are
ethylenediaminetetraacetic acid (EDTA) and diethylenetriaminepentaacetic acid (DTPA), which
have been used for many years for determining plant-available trace elements in soils. Although
the results differ when compared with other soil extractants and with uptake by plants, they are
applied in many testing methods, and the ranges for critical levels are given for some micronutrients
such as Cu, Zn, Mn, and Fe. The DTPA soil test has also been developed to assess pollution by
heavy metals of soils.!*3 Soluble chelates of some trace metals, mainly Mn and Zn (i.e., Mn-EDTA;
Na,Zn-EDTA), are also effective as fertilizers. Pickering!'!'® summarized data showing the ability
of synthetic chelating agents (EDTA and Na-citrate) to displace metal ions from soil components.
Both agents easily mobilized metals (Zn, Cd, Cu, and Pb) fixed by kaolinite, illite, and montmo-
rillonite. The mobilizing effect was moderate or very small when those metals were retained to the
following substrates: Fe(OH), gel, MnOOH, CaCO;, and humic acid.
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CHAPTER 5

Trace Elements in Plants

I. INTRODUCTION

The trace element metabolism of plants has been extensively studied and the basic information
on many topics is available in monographs on plant physiology or plant nutrition. The metabolic fate
and role of each trace element in plants can be characterized in relation to some basic processes such as:

Uptake (absorption), and transport within a plant
Enzymatic processes

Concentrations and forms of occurrence
Deficiency and toxicity

Ion competition and interaction

A

These topics are relatively well-understood for certain micronutrients, but further investigations
are needed for many other trace elements. The reaction of plants to chemical stresses that are caused
by both deficiencies and excesses of trace elements cannot be defined exactly because plants have
developed during their evolution and course of life (ontogeny and phylogeny) several biochemical
mechanisms that have resulted in adaptation to and tolerance of new or chemically imbalanced
environments. Therefore, plant responses to trace elements in the soil and ambient air should always
be investigated for the particular soil-plant system.

Plants reveal various tendencies in the uptake of trace elements. Three general uptake charac-
teristics can be distinguished: accumulation, indication, and exclusion. To a large extent, this
depends on the specific ability of plants and huge differences in metal uptake between plant species.
Also, between genotypes of a species, great variabilities have been demonstrated in many studies.
The most common plants tested recently for phytoremediation have been listed by Felix et al.!?%8:
Alyssum murale, Thlaspi caerulescens, Nicotiana tabacum, Zea mays, Brassica juncea, and Salix
viminalis. The ability of several agricultural crop plant species, such as mustard, radish, turnip,
rape, and amaranth, to accumulate higher amounts of some metals (Cd, Cr, Cu, Ni, and Zn) has
been investigated as well.!4

Plants able to take up metals above established background concentrations and more than other
species from the same soils are called hyperaccumulators. These are mainly populations of species
found in soils rich in metals either due to geochemical parameters or due to pollution. Hyperac-
cumulators usually have a low biomass because they use more energy in the mechanisms necessary
to adapt to the high metal concentrations in the tissues. There are a number of studies on hyper-
accumulators because of their specific physiologic processes and practical aspects. Plants that highly
accumulate metals are promising in phytoremediation programs (see Chapter 2, Section IV.B). This
has been a highlighted topic at several recent conferences, and has been widely reviewed in recent
publications and books. 244145
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A number of various plants are known as medicinal herbs and have been used for a very long
time (possibly since Neanderthal man) to cure illness. Although a curative agent is mainly associated
with organic compounds such as glycosides or alkaloids, trace elements can have additional impact.
Most medicinal plants belong to a kind of weed that can accumulate a greater amount of trace
elements than other plants. A good example is dandelion, often used in herb medicine and also as
a nutritional plant. However, when dandelion grows in a polluted environment, it is known to take
up, from both aerial and soil sources, many more trace metals than other plants.!33¢ Thus, trace
element content in those plants should be of special concern.

Hyperaccumulators are plants and/or genotypes that accumulate metals above certain concen-
trations in leaves. As Greger'3'¢ presented, based on a literature review, hyperaccumulators should
contain trace metals in leaves above the following levels (in ppm):

>100 — Cd
>1000 — Co, Cu, Ni, Pb
>10,000 — Mn, Zn

In polluted regions, however, some plants (not hyperaccumulators) may concentrate metals at
those levels. Therefore, increased levels of a given metal in a hyperaccumulating plant must be
related to their contents in other plants grown in the same environment.!3%

The chemical composition of plants reflects, in general, the elemental composition of the growth
media. The extent to which this relation exists, however, is highly variable and is governed by
many different factors. The common concentrations of trace elements in plants growing on various,
but nonpolluted, soils show quite a large variation for each element.

A large variety of possible ligands for metals exist in plants, especially in xylem and phloem.
Thus, metal ions form complexes with small and macromolecular substances, mainly organic.
Inorganic ligands, however, are also very important complexants for metals. Depending on the size
and physical and chemical characteristics, metals can form with ligands in plants either easily
transported or strongly bound forms, and complexes. Both are of great metabolic importance
because they control the transport of nutrients within the plant organs, and also protect the plant
against an excess, especially of trace metals.!436.145°

It is observed with some regularity that sea plants contain more Al, As, Br, Cl, I, Sr, V, and
Fe (on a dry matter basis) than terrestrial plants.!333 This is thought to be a general rule in
chemical element distribution among sea and terrestrial plants that has also been emphasized by
Dobrovolsky,!?° who calculated the variable abundance of trace elements that are involved in
biogeochemical cycling in different climatic zones of the globe. There is an increase of over tenfold
when comparing element cycling in a tundra zone with that in a tropical forest.

Il. ABSORPTION

The main sources of tr