API PUBLx*1b29 93 BE 0732290 051b2l4 261 EE

Guide for Assessing and
Remediating Petroleum
Hydrocarbons in Soils

API PUBLICATION 1629
FIRST EDITION, OCTOBER 1993

American Petroleum Institute
1220 L Street, Northwest

Washington, D.C. 20005
Strategies for Today’s LI)

Environmental Partnership

Copyright American Petroleum Institute
Provided by IHS under license with API
No reproduction or networking permitted without license from IHS Not for Resale




API PUBLx1b29 93 EE 0732290 051b2L5 1Té HE

Guide for Assessing and Remediating
Petroleum Hydrocarbons in Soils

Manufacturing, Distribution and Marketing Department

AP PUBLICATION 1629
FIRST EDITION, OCTOBER 1993

American
Petroleum
Institute

D

Copyright American Petroleum Institute
Provided by IHS under license with API
No reproduction or networking permitted without license from IHS Not for Resale




API PUBL*lkcq 93 WM 0732290 05ik2lbt 034 WE

SPECIAL NOTES ‘

1. API PUBLICATIONS NECESSARILY ADDRESS PROBLEMS OF A GENERAL
NATURE. WITH RESPECT TO PARTICULAR CIRCUMSTANCES, LOCAL, STATE,
AND FEDERAL LAWS AND REGULATIONS SHOULD BE REVIEWED.

2. APIIS NOT UNDERTAKING TO MEET THE DUTIES OF EMPLOYERS, MANU-
FACTURERS, OR SUPPLIERS TO WARN AND PROPERLY TRAIN AND EQUIP
THEIR EMPLOYEES, AND OTHERS EXPOSED, CONCERNING HEALTH AND
SAFETY RISKS AND PRECAUTIONS, NOR UNDERTAKING THEIR OBLIGATIONS
UNDER LOCAL, STATE, OR FEDERAL LAWS.

3. INFORMATION CONCERNING SAFETY AND HEALTH RISKS AND PROPER
PRECAUTIONS WITH RESPECT TO PARTICULAR MATERIALS AND CONDI-
TIONS SHOULD BE OBTAINED FROM THE EMPLOYER, THE MANUFACTURER
OR SUPPLIER OF THAT MATERIAL, OR THE MATERIAL SAFETY DATA SHEET.

4. NOTHING CONTAINED IN ANY API PUBLICATION IS TO BE CONSTRUED AS
GRANTING ANY RIGHT, BY IMPLICATION OR OTHERWISE, FOR THE MANU-
FACTURE, SALE, OR USE OF ANY METHOD, APPARATUS, OR PRODUCT COV-
ERED BY LETTERS PATENT. NEITHER SHOULD ANYTHING CONTAINED IN
THE PUBLICATION BE CONSTRUED AS INSURING ANYONE AGAINST LIABIL-
ITY FOR INFRINGEMENT OF LETTERS PATENT.

5. GENERALLY, API STANDARDS ARE REVIEWED AND REVISED, REAF-
FIRMED, OR WITHDRAWN AT LEAST EVERY FIVE YEARS. SOMETIMES A ONE-
TIME EXTENSION OF UP TO TWO YEARS WILL BE ADDED TO THIS REVIEW
CYCLE. THIS PUBLICATION WILL NO LONGER BE IN EFFECT FIVE YEARS AF-
TER ITS PUBLICATION DATE AS AN OPERATIVE API STANDARD OR, WHERE -
AN EXTENSION HAS BEEN GRANTED, UPON REPUBLICATION. STATUS OF THE
PUBLICATION CAN BE ASCERTAINED FROM THE API AUTHORING DEPART-
MENT [TELEPHONE (202) 682-8000]. A CATALOG OF APl PUBLICATIONS AND
MATERIALS IS PUBLISHED ANNUALLY AND UPDATED QUARTERLY BY API,
1220 L STREET, N.W., WASHINGTON, D.C. 20005.
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' FOREWORD

This publication provides general information regarding site and release characteristics
relevant to and methods for assessing and remediating soils contaminated with petroleum
hydrocarbons released from underground or aboveground storage tanks. This publication
is a companion document to API Publication 1628, A Guide to the Assessment and Reme-
diation of Underground Petroleum Releases.

Throughout this standard, soft-conversion (calculated) units are provided in parentheses
following actual units. Soft-conversion units are provided for the user’s reference only.

API publications may be used by anyone desiring to do so. Every effort has been made
by the institute to assure the accuracy and reliability of the data contained in them; however,
the institute makes no representation, warranty, or guarantee in connection with this pub-
lication and hereby expressly disclaims any liability or responsibility for loss or damage re-
sulting from its use or for the violation of any federal, state, or municipal regulation with
which this publication may conflict.

Suggested revisions are invited and should be submitted to the director of the Manufac-
turing, Distribution and Marketing Department, American Petroleum Institute, 1220 L
Street, N.W., Washington, D.C. 20005.
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Guide for Assessing and Remediating Petroleum Hydrocarbons in Soils

SECTION 1—INTRODUCTION

1.1 Purpose and Scope

This publication provides general information regarding
the site and release characteristics relevant to and methods
for assessing and remediating soils contaminated with petro-
leum hydrocarbons released from underground storage tank
(UST) or aboveground storage tank (AST) systems and op-
erations. It is designed to provide the reader with a basic un-
derstanding of the interaction between motor fuel and soils,
the techniques for determining if petroleum hydrocarbons
are present in the soil at a site, and the methods for quantify-
ing the extent of hydrocarbons in the soil. Several conven-
tional and proven technologies for treating soils containing
hydrocarbons are discussed, and information for selecting
one or more alternatives is provided.

In this publication, petroleum hydrocarbons and motor
fuel include all grades of leaded and unleaded gasoline,
kerosene, and diesel fuel that are commonly found at vehicle
refueling facilities across the country. This publication pri-
marily addresses the assessment and remediation of soils
containing petroleum hydrocarbons in the unsaturated zone.
The influence that groundwater fluctuation has on the lower
portion of the unsaturated zone in specific situations is dis-
cussed briefly (see Section 2 for definitions and examples).

Whenever possible, the use of technical terms has been
avoided; however, when such usage is necessary, the term is
italicized and immediately defined in the text that follows.

12 Background and Organization

This document was developed to complement API Publi-
cation 1628, A Guide to the Assessment and Remediation of
Underground Petroleum Releases [1], which focuses primar-
ily on assessing and remediating petroleum releases that may
impact groundwater.

This document contains six sections. The first two sec-
tions provide basic background information; Sections 3
through 6 are organized to reflect the common progression
of events involved in identifying, assessing, and remediating
soils that contain petroleum hydrocarbons.

The assessment and remediation of soils exposed to petro-
leum hydrocarbon releases involve the application of se-
lected technologies to one or more of the following
hydrocarbon phases:

a. Liquid phase, which includes residual hydrocarbons in
soil (free product).

b. Dissolved phase in soil water.

¢. Vapor phase.

Section 2 describes the physical and chemical properties of
soils and hydrocarbon fuels, the characteristics of soils, and
the interaction between petroleum hydrocarbons and soils. It
also provides some fundamental information on how hydro-
carbon phases behave in soils; such information is needed
for properly assessing and confirming petroleum contamina-
tion and for effectively implementing corrective action. Sec-
tion 3 presents an overview of emergency response and
initial abatement. Section 4 presents a generic approach for
conducting a site assessment. Section 5 discusses applicable
sampling and analytical methods for use in the field or lab-
oratory. Section 6 presents viable corrective-action options,
including descriptions of in situ and aboveground correc-
tive-action technologies such as soil vacuum extraction,
bioremediation, land and thermal treatment, and other
proven treatment alternatives for soils containing petroleum
hydrocarbons.

1.3 Health and Safety Considerations

Appropriate safety precautions should always be taken at
sites where soils are suspected of containing petroleum hy-
drocarbons. If a hazardous condition exists, the degree of
hazard should be assessed so as to avoid physical harm to
persons in the area. For example, if hydrocarbon vapors are
generated from contaminated soil, the potential for explo-
sion must be determined. The mixture of hydrocarbon va-
pors and oxygen could create explosive concentrations that
are ignitable by a spark source, such as an electrical switch
that is not designed to be intrinsically safe (explosion-
proof).

Periodic field monitoring with combustible gas indicators
and oxygen concentration meters should be conducted at any
site where the potential for explosion or fire exists (see note).
Explosive vapors from the volatilization of petroleum prod-
ucts in contaminated s0il tend to be more dense than the sur-
rounding air and can collect in an invisible layer near the
ground, in excavations, or in confined spaces. Although a
person can detect the presence of some vapors by smell, field
monitoring by qualified personnel should be conducted for
reliable identification and quantification (that is, the nature
and extent) of the hazard. Because airborne concentrations of
vapors can be affected by such variables as temperature,
wind speed, rainfall, moisture, and work activities at a site,
air monitoring should be repeated as site conditions and at-
mospheric conditions change.

Note: See Section 3 for a discussion of lower and upper explosive limits and
flash points.
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For further protection against fire or explosion, all poten-
tial ignition sources should be kept away from the area. Ex-
plosion-proof electrical equipment or air-powered tools
should be used, and safe practices should be followed during
the performance of any task that might create a hazardous at-
mosphere. For additional safety, potential sparking sources
(for example, excavation equipment) should be operated up-
wind of the excavation, if possible.

The most serious immediate hazard, by far, is the threat of
fire and explosion. However, the potential for exposure to
constituents in motor fuels is another health and safety con-
sideration. The Occupational Safety and Health Administra-
tion (OSHA) has developed regulations setting permissible
limits for exposure to constituents; and guidelines for expo-
sure have been developed by the National Institute for Occu-
pational Safety and Health (NIOSH) {2] and the American
Conference of Governmental Industrial Hygienists (ACGIH).
Information on exposure limits for gasoline and the com-
pounds listed in Table 1 can be found by consulting the latest
editions of the Occupational Safety and Health Standards [3],
and the ACGIH publication Threshold Limit Values and Bi-
ological Exposure Indices for 1990-1991 [4]. Material safety
data sheets (MSDS) from the manufacturer or supplier of the
material, if identifiable, should also be reviewed.

. The regulations and guidelines issued by OSHA, includ-
ing Hazard Communication (HAZCOM) [5] and Hazardous
Waste Operations and Emergency Response (HAZWOPER)

Table 1— Examples of Petroleum Constituents

Constituent

Benzene
Toluene
Ethyl benzene
Xylenes (ortho-, para-)
n-Butane
Pentane
n-Hexane
Cyclohexane
n-Heptane
Methylcyclohexane
Iso-octane
Tetraethyl] lead (additive only)

[6]; the National Fire Protection Association (NFPA) [7];
NIOSH [2]; and ACGIH [4] should be used in the develop-
ment of a site-specific safety program.

1.4 Regulations and Codes

The U.S. Environmental Protection Agency (EPA) has
promulgated regulations [8] establishing requirements for
preventing, detecting, and reporting releases or suspected re-
leases and for cleaning up releases from both new and exist-
ing UST systems, which are potential sources of
hydrocarbon releases in soil. These regulations, Subtitle I of
the Resource Conservation and Recovery Act (RCRA), be-
came effective December 22, 1988. They apply to under-
ground tanks in which petroleum substances are stored. For
wastes that may be considered hazardous under RCRA, refer
to 5.4.3 of this document.

States may develop their own comprehensive programs
for preventing the occurrence of petroleum products in soils,
groundwater, and surface water that are more stringent than
the federal regulations. Consequently, a particular state or lo-
cal jurisdiction may have specific reporting requirements for
hydrocarbon releases, assessment results, analytical results,
and remediation plans and progress. Permits may also be re-
quired for excavating, stockpiling, and treating soil contain-
ing petroleum hydrocarbons.

Details on specific state requirements can be obtained by
contacting the appropriate state environmental regulatory
agency or the state fire marshal. In some states (for example,
California and Florida), county and local jurisdictions have
developed their own ordinances, which may be more strin-
gent than federal or state regulations.

1.5 Referenced Publications

A large body of reference material was assembled and
used in developing this document. A list of relevant literature
is presented in in Section 7. This reference list does not rep-
resent an exhaustive search but rather an accumulation of ap-
plicable and readily available information relating to the
subject issues.

SECTION 2—INTERACTION OF HYDROCARBONS AND SOILS

2.1 Overview

A basic understanding of how hydrocarbons behave in
different soils and hydrogeologic settings is necessary for ef-
fectively assessing and confirming the presence of petroleum
and for implementing the appropriate corrective actions. The
behavior of hydrocarbons in soils is governed by the physi-
cal and chemical properties of the hydrocarbon fuels and the
characteristics of the soils through which these fuels migrate.

This section briefly describes the characteristics of different
soils and the physical and chemical properties of typical hy-
drocarbon fuels. It also addresses migration processes that in-
fluence the persistence and distribution of these fuels in soils.

2.2 Characteristics of Soils

For the purposes of this document, soil is defined as un-
consolidated (loose) mineral and organic material that ex-
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GUIDE FOR ASSESSING AND REMEDIATING PETROLEUM HYDROCARBONS IN SOILS 3

tends to bedrock. The soil matrix consists of air or vapor,
water, and a variety of soil solids. Soil solids are composed
of varying proportions of inorganic minerals and organic hu-
mic materials. The term soil water refers to water occurring
in pore space between or on soil solids. The term soil vapor
refers to the various gases that occupy the pore space be-
tween soil solids not occupied by soil water.

The distribution of water and air in soil is largely deter-
mined by the amount of available water and by the soil type,
structure, and stratification. Figure 1 shows a static distribu-
tion of soil vapor and water in the subsurface when neither
the vapor nor the water is in motion.

Two subsurface zones define the major distribution of soil
vapor and water in the subsurface: the unsaturated zone and
the saturated zone. The unsaturated zone extends from the
ground surface to the top of the capillary fringe and contains
soil vapor and a lesser amount of soil water. The saturated
zone extends from the top of the capillary fringe to the bot-
tom of the groundwater table. The spaces between soil solids
in the saturated zone are filled with fluid. The term ground-
water refers to all water in the saturated zone. The capillary
Jfringe is the upper portion of the saturated zone, where
groundwater moves upward from the groundwater table sur-
face by capillary forces (resulting from surface tension and
molecular attraction). The groundwater table is the surface
along which the water pressure in the intergranular voids is
equal to the local atmospheric pressure. The water table is a
continuous surface that slopes from the recharge area of the
water to the discharge area. The elevation of the water table
fluctuates naturally throughout the year, and the fluctuation
may range from a fraction of a foot to several tens of feet.

Fill material is often present in soil containing petroleum
hydrocarbons. Fill is defined as any substance used to back-
fill previously excavated materials or topographically low
areas. Fill materials commonly consist of soil, sand, gravel,
or crushed rock.

Also present in the subsurface environment are biota (such
as burrowing animals, plant roots, and microorganisms) and
man-made structures (basements, utility service lines, and the
like). An understanding of the interactions between these nat-
urally occurring and man-made features and the movement of
petroleum hydrocarbons is necessary for effectively assessing
and remediating hydrocarbon-release sites.

2.2.1 SOIL CLASSIFICATION

The Unified Soil Classification System (USCS) is widely
used in the United States. This system, which classifies soils
according to their engineering properties, is based on soil
texture, gradation, and liquid limit. The U.S. Department of
Agriculture (USDA) has also developed a soil classification
system based on physical, chemical, and biological proper-
ties. The USDA system uses such criteria as soil texture, soil
structure, soil mineralogy, pH, salinity, and organic matter

content. This system also addresses both surface and subsur-
face soil. The textural classes for these classification
schemes are shown in Figure 2. The soil types range from
clays to silts to sands, as shown at the three apexes of the
textural triangles in Figure 2.

Despite the broad range of possible soil types, the actual
soil types present at any particular site are frequently limited.
Information on soil types present in specific areas is usually
available from geologic reports and maps published by the
U.S. Geological Survey (USGS) or from state geological
surveys, logs of local drillers, and county soil survey reports
published by the U.S. Soil Conservation Service (SCS).

2.2.2 PHYSICAL PROPERTIES OF SOILS

The physical properties of soils that strongly influence the
behavior of petroleum hydrocarbon fuels are porosity, hy-
draulic conductivity, and the heterogeneity of these proper-
ties among different soil types. Porosity and hydraulic
conductivity can vary within a soil. Large-scale differences
in these physical properties can influence the multiphase
transport of petroleum hydrocarbons.

2.2.21 Porosity

Porosity or total porosity is the ratio of the volume of void
space in the soil to the total volume of soil material; it is ex-
pressed as a percentage. The following are typical total
porosity values for different soils:

Soil Type Range of Total Porosity

Well-sorted sand or gravel
Sand and gravel, mixed 25 to 35 percent
Glacial till 10 to 20 percent
Clay 33 to 60 percent

25 to 40 percent

Porosity depends on factors such as soil particle size and
shape, the manner in which the soil particles are packed to-
gether, and sorting. The porosity of soil composed of well-
rounded particles of equal size will be greater than the
porosity of soil containing either angular or well-rounded
particles of varying sizes. In the latter case, the smaller par-
ticles can fill in void space between the larger particles. The
wider the range of sizes of soil particles, the lower the
porosity.

Porosity is also affected by the shape of the particles in the
soil. Spherically shaped soil particles pack together more
tightly and exhibit less porosity than particles of other
shapes, such as plates or rods. Clay particles, for example,
vary in shape and do not tend to pack closely together. Thus,
the total porosity of clays can be very high.

The preceding discussion assumes that all the intergranu-
lar void spaces of the soil material are interconnected, which
is usually not the case. The term effective porosity refers to
the ratio of the volume of interconnected voids through
which fluid can flow to the total volume of the soil material.

(text continued on page 6)
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Figure 1— Distribution of Water and Air in the Subsurface
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Figure 2— Soil Textural Triangles for the USCS and USDA Soil Classification Systems
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Although clays and some organic soils can have large total
porosities, they generally have smaller intergranular voids
and smaller effective porosities compared with coarser soil
materials.

Fractures can develop in fine clayey soils and sediments,
partly because of shrinkage due to drying. This phenomenon
is known as secondary porosity. Secondary porosity can also
develop by other means, such as animal burrows and root
spreading.

Although the effective porosity of bedrock is generally
low, bedrock near a land surface is usually fractured through
one or several geologic processes. This fracturing permits
the development of secondary porosity through which fluids
can migrate, Secondary porosity can also result from disso-
lution of rock material by migrating groundwater, such as
occurs in limestone or karst terrains.

2.2.2.2 Hydraulic Conductivity

Permeability is a measure of a soil’s ability to transmit flu-
ids. Hydraulic conductivity also is a measure of the soil ma-
terial’s ability to transmit fluid, but it is a function of the
properties of the fluid passing through the soil material. Al-
though the two terms are often used interchangeably, hy-
draulic conductivity is technically the more appropriate term
and therefore used throughout this document.

Figure 3 presents ranges of soil hydraulic conductivity.
These ranges apply to soil in which water is the primary in-
terstitial or intergranular liquid. They may not be entirely ap-
plicable to soil or other materials in which the principal
interstitial liquids are liquid-phase hydrocarbons.

The amount of soil water present and the characteristics
and concentrations of constituents in bulk hydrocarbons can
significantly influence the behavior of petroleum hydrocar-
bons in soil. For example, a near-surface soil that has a low
moisture content and a high organic content will tend to re-
tain the higher-molecular-weight constituents in a hydrocar-
bon release. Sorption of hydrocarbons on soil materials
increases with a decrease in low moisture and an increase in
organic content. This is discussed further in 2.3.2.

2.2.2.3 Soil Heterogeneity

Soil heterogeneity refers to the variation in the structure,
stratification, type, and size of soil particles. Soil heterogene-
ity accounts for differences in porosity and hydraulic conduc-
tivity in or between different soil layers or horizons. These
layers can consist of different soil types with significantly dif-
ferent porosities and hydraulic conductivities. For example, a
soil profile at a site may consist of both clay-rich and sandy
soil. The clay-rich soil layers could impede, or even confine,
fluid migration; whereas the sandy soil layer would not.

The changes in different soil layers may be continuous
and gradational (gradually changing soil types and struc-
ture), or discontinuous and well-defined. These soil layers

may overlap with other soil types or form lenses with an-
other soil layer. Soil layers may also be sloped in one direc-
tion, folded, or offset by fractures or expressions of bedrock
faults. The configuration of these layers will influence path-
ways of migrating petroleum hydrocarbons. For example, a
gasoline release could migrate downward through a sandy
soil and travel along the downslope portion of an underlying
impermeable clay layer. The presence of soil layers with
low-hydraulic conductivity also promotes horizontal spread-
ing of liquid hydrocarbons. Downward-moving fluids (water
or liquid hydrocarbons) can accumulate, or perch, above
these layers. These fluids will tend to migrate around later-
ally discontinuous perching layers and then continue their
downward migration.

2.3 Characteristics of Petroleum
Hydrocarbons

2.3.1 FUEL TYPES AND CONSTITUENTS

Petroleum hydrocarbon fuels consist of a complex mix-
ture of organic compounds. Hydrocarbon fuels are formu-
lated from several refinery streams to meet industry
specifications for physical properties and desired perfor-
mance standards. In addition to blended refinery streams, ad-
ditives and blending agents are used to improve the
performance and stability of the fuel. The hydrocarbons dis-
cussed in this section include gasolines and middle distillates
such as diesel fuels, heating oil, kerosene, and jet fuels.

Gasolines are composed of numerous constituents (several
hundred), the bulk of which are classified as either aliphatics
or aromatics. Aliphatic compounds include constituents such
as butane, pentane, and octane. Aromatic compounds include
compounds such as benzene, toluene, ethylbenzene, and
xylenes (BTEX). Some of the aromatic compounds, which
can be useful indicators of the extent of hydrocarbons result-
ing from relatively recent releases, represent some of the
more volatile and soluble compounds in gasoline and diesel
fuels. Typically, gasolines are at least an order of magnitude
more volatile (as indicated by vapor pressure) than diesel fu-
els (see Table 2).

The composition of gasoline blends varies with different
locations and seasons. Although the variations in the bulk
blends are not large, the sulfur, oxygen compounds, trace
metals, and volatile constituent contents (such as BTEX)
vary significantly (14 to 20 percent by weight) [9]. Seven-
teen districts in the United States are regularly surveyed by
the U.S. Department of Energy (DOE) during the summer
and winter of every year to compare the gasoline blends pro-
duced in the different districts. The apparent difference in
distillation temperatures among the geographic locations is
not large (see note). Nevertheless, significant differences do
exist in the levels of sulfur, lead, and volatile constituents.

Note: Distillation temperatures are an American Society of Testing and Ma-
terials (ASTM) measure of gasoline quality.
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Figure 3—Range of Values of Hydraulic Conductivity
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Table 2—Properties of Oxygenates, Gasoline, and No. 2 Diesel Fuel

Property Methanol Ethanol TBA MTBE Gasoline No. 2 Diesel Fuel
Formula CH,0H C,H,OH (CH3);COCH (CH;);COCH Cat0Cyy Cy to Cys
Molecular weight 32.04 46.07 74.12 88.15 100-105 200 (approx.)
Density, Ib/gal @ 60°F 6.63 6.61 6.59 6.19 6.0-6.5 6.7-7.4"
Viscosity )

Centipoise @ 68°F 0.59° 1.19° 42 @ 78°F 0.35 0.37-0.44%¢ 2.6-4.1

Centipoise @ —4°F 115 2.84° Solid® 0.60° 0.60-0.77"¢ 9.7-17.6
Reid vapor pressure, psi 46" 2.3¢ 1.8 7.8 815 <02
Flammability limits,
Volume %

Lower 7.3¢ 43¢ 24¢ 1.6 % 1.4 1.0

Higher 36.0¢ 19.0¢ 8.0° 8.4%8 76 6.0
Flash Point,

Closed cup °F 52.0° 55.0° 52,0 -14.0% 450 165.0"
Water Solubility . . .

Volume % @ 70°F 100' 100" 100' 4.3° trace trace

mg/liter @ 20°-25°C oo o o 48,0004 98-240' 2.7-32

Note: psi = pounds per square inch; e = completely water soluble.
®Design Institute for Physical Property Data, American Institute of
Chemical Engineers, Data Compilation Tables of Properties of Pure
l,Compounds [341.

Calculated.
°SAE Recommended Practice J312 [37].
dAPI Technical Data Book—Petroleum Refining {36].
-*ARCO Chemical Company, Determination of Co-Extraction Effects of
Oxygenated Fuels Including MTBE [32].
fPetroleum Product Surveys, Motor Gasoline [27, 28].

Bulk blends of middle distillates such as diesel fuel and
kerosene can contain as many as 500 individual constituents,
most of which tend to be less volatile and less soluble than
those in gasoline blends. The middie distillates also tend to
have lower concentrations of aromatics such as BTEX (less
than 1.5 percent by weight) {9]. Past releases of these middle
distillates may no longer contain appreciable or detectable
levels of aromatic compounds because these compounds
may have volatilized over a period of time. This phe-
nomenon should be considered when aromatic compounds
are used as indicators of the presence of hydrocarbons in
weathered motor fuels (including gasoline).

Additives and oxygenates are present in both gasolines and
middle distillates. Additives consist of antioxidants, metal de-
activators, and detergents, which make up less than 0.5 per-
cent (by volume) of gasoline or diesel fuel. Oxygenates
present in gasoline consist of octane enhancers such as alco-
hols (for example, ethanol) and ethers [for example, methyl-
tertiary-butyl ether (MTBE)] and may constitute 10 percent
by volume (or possibly higher) of some unleaded gasolines.
MTBE was first used as an octane enhancer in 1979 in both
unleaded and leaded gasoline. The use of MTBE has rapidly
expanded since about 1983 and will become more prevalent
in unleaded gasoline. Concentrations of additives and oxy-

#Department of Energy, “Status of Alcohol Fuels Utilization Technology
for Highway Transportation: A 1981 Perspective” {33].

?'Petroleum Product Surveys, Diesel Fuel Oils [31].

‘Handbook of Chemistry and Physics {30].

JAPI Publication 723 [35].

kP V. Cline et al., “Partioning of Aromatic Constituents into Water from
Gasoline and Other Complex Solvent Mixtures” [11].

IShill, W. et al., “The Water Solubility of Crude Oils and Petroleum
Products” [38].

Source: Modified from API Publication 4261 [29].

genates also vary with geographic location and season. Be-
cause oxygenates and aromatic compounds are the most wa-
ter-soluble constituents in gasoline, residual gasoline trapped
in soil can release these soluble components to dissolve into
water infiltrating through the unsaturated zone; consequently,
they can migrate to and impact groundwater.

2.3.2 PHYSICAL AND CHEMICAL PROPERTIES
OF HYDROCARBON FUELS

A number of properties of hydrocarbon fuels influence the
mobility and retention of motor fuels in soil including den-
sity, dynamic viscosity, solubility, and vapor pressure. The
density of a fluid is defined as the mass per unit volume. Dy-
namic viscosity s a measure of the resistance of a fluid to
flow. Table 2 presents typical density and dynamic viscosity
data for selected fuels and oxygenates. The density of hydro-
carbon fuels is less than that of water, and this difference can
have a significant effect on the flow and retention of hydro-
carbon fuels in moist or water-saturated soil. An increase in
temperature tends to lower both density and viscosity and
can cause greater mobility of the hydrocarbon fuels in soil.
However, small changes in viscosity will not significantly
affect the mobility of some products in soil.
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When hydrocarbons and soil come into contact with each
other, the hydrocarbons can preferentially partition among
soil water, soil vapor, and soil solids; or they can remain as
free liquid in the free hydrocarbon phase. As stated earlier,
hydrocarbon fuel blends are composed of as many as several
hundred constituents. The extent to which these constituents
partition among soil water, soil air, and soil solids depends
on their individual properties. Table 3 presents water solubil-
ity and vapor pressure data and empirically derived sorption
constants for selected hydrocarbon constituents.

The solubility of gasoline constituents is a measure of the
degree to which a particular constituent can dissolve into wa-
ter. The solubility data shown in Table 3 can be misleading
because the concentration and water solubility of a specific
constituent as part of a blend tend to be less than the concen-
tration and solubility of the constituent alone in water. Hy-
drocarbon constituents with the highest solubilities are the
light aromatics, such as benzene, toluene, ethylbenzene, and
xylene. Gasoline oxygenates such as MTBE, ethanol, and
methanol have solubilities more than two orders of magni-
tude higher than the solubilities of the light aromatics (refer
to Table 2). As the relative concentration of a particular con-
stituent in a hydrocarbon blend increases, the concentration
of that constituent in water also increases [10][11]. Vapor
Dpressure can be used to indicate the tendency of a liquid con-
stituent to volatilize into a vapor phase. The extent of
volatilization of liquid gasoline depends on the vapor pres-
sures of its constituents; the higher the vapor pressure is, the
greater the volatilization. The total vapor pressure of gaso-
line can be determined by summing the partial pressures of
the individual constituents. The vapor pressure of gasoline
constituents varies more than several orders of magnitude.
As shown in Table 3, the lighter (lower molecular weight)
constituents, such as isobutane, have the highest vapor pres-
sure and volatility.

Vapor pressure depends greatly on temperature. For
example, a hydrocarbon vapor pressure of 274 millimeters of
mercury (Hg) at 68°F (20°C) would be reduced to 188 mil-
limeters Hg at 50°F (10°C) and to 126 millimeters Hg at 32°F
(0°C) [10]. Driving forces influencing vapor movement and
local changes in vapor pressure include product temperature,
density, and concentration gradients; barometric changes;
and movement of infiltrating water.

Sorption refers to the bonding of a constituent onto the
surface of a soil solid. When gasoline constituents are pre-
sent in soil containing water, they will transfer or partition
between the two phases (that is, liquid and dissolved phases)
in proportion to their soil sorption constant values. In near-
surface soil containing organic matter, sorption will increase
in direct proportion to the organic content of the soil. As
shown in Table 3, soil sorption constants vary more than two
orders of magnitude, depending on the constituent and soil
characteristics, including clay content. Only the highest
molecular weight aliphatics (such as dodecane) tend to re-

main on the surface of a soil solid (also referred to as being
strongly sorbed). Weakly sorbed constituents tend not to re-
main on the surface of a soil solid and thus are more easily
transported by infiltrating water, which can ultimately im-
pact groundwater.

2.4 Migration Processes

As shown in Figure 4, hydrocarbon constituents released
into soil can exist in several phases. These phases are redis-
tributed in the soil by various transfer and transformation
processes. This subsection provides a brief overview of hy-
drocarbon phases and the processes that influence their mo-
bility, retention, and degradation in soil.

2.41 HYDROCARBON PHASES

Hydrocarbon fuels released into soil consist of liquid, dis-
solved, and vapor hydrocarbon phases (see Figure 4). Lig-
uid-phase hydrocarbons can exist in soil as relatively
immobile residual liquids sorbed to soil particles and as free
liquid in the pore space between soil solids. Dissolved-phase
hydrocarbons can be present in soil water and as residual
film on the surfaces of soil solids. Vapor-phase hydrocarbons
can exist as components of soil vapor; however, hydrocarbon
vapors may also condense and sorb onto soil solids or dis-
solve into soil water.

24.2 BEHAVIOR OF HYDROCARBON PHASES

A qualitative understanding of the behavior of hydrocar-
bon phases in soil is necessary for properly characterizing a
hydrocarbon release and the extent of its spread, as well as
for selecting and implementing effective corrective action.
Subsections 2.4.2.1 through 2.4.2.3 discuss the overall be-
havior of liquid-phase, dissolved-phase, and vapor-phase hy-
drocarbons in soil. Detailed descriptions of specific transfer
and transformation processes are beyond the scope of this
publication.

2.4.21 Liquid-Phase Hydrocarbons

When hydrocarbon fuels are released into soil, a liquid-
phase hydrocarbon will migrate downward by gravity and
capillary forces. Some horizontal spreading occurs as the
liquid-phase hydrocarbon migrates downward because of
capillary forces and the differences in the hydraulic con-
ductivities of each soil layer. The term capillary forces
refers to forces influencing the rate of movement of a liquid
phase in soil interstices or pore spaces. These forces de-
pend on (a) whether the soil is initially wet with the water
or liquid-phase hydrocarbon, (b) the physical and chemical
properties of the liquid-phase hydrocarbon, and (c) the
characteristics of the soil. The presence of soil layers with
low hydraulic conductivity also promotes horizontal
spreading of liquid-phase hydrocarbons in overlying soil

(text continued on page 12)
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Table 3—Properties of Selected Hydrocarbon Constituents

Water
Sotubility Soil Sorption
at 25°C Vapor Pressure Constant K.
Empirical Molecular (milligrams/ at 20°C (liters/
Name Formula Weight liter) (millimeters Hg) kilogram)

n-Butane CsHyp 58.12 61.4 (1 atm.) 1,560 490
Isobutane CHjo 58.12 48.9 (1 atm.) 2,250 420
n-Pentane CHy» 72.15 41.2 424 910
Isopentane CsH, 72.15 48.5 575 880
1-Pentene CsHyp 70.14 148 531 460
n-Hexane CgHl14 86.18 12.5 121 1,900
1-Hexene CeHi, 86.16 50 150 910
2-Methylpentane CeHy4 86.18 14.2 172 1,500
Cyclohexane CeHn 84.16 59.7 716 960
Benzene Ce¢Hg 78.11 1,780 752 190
n-Heptane C;Hig 100.20 2,68 356 4,300
2-Methylhexane CqHg 100.23 2.54 519 3,200
Methylcyclohexane C;Hy, 98.19 15 36.2 1,800
Toluene C;Hg 92.14 537 21.8 380
n:Octane CgHig 114.23 0.66 10.5 8,200
2;4—Dimethylhexane CgH g 114.23 1.5 233 5,200
éghylbenzene CeHyo 106.17 157 7.08 680
m-Xylene CgHyo 106.17 162 6.16 720
2, 2, 4-Trimethyl-
hexane CoHyq 0.8 11.3 11.3 8,700
1, 3, 5-Trimethyl-
benzene CoH5 120.20 72.6 1.73 940
2,2,5, 5-Tetra-
methylhexane CioH2 142.29 0.13 6.47 14,000
1, 4-Diethylbenzene CioH 4 134.22 1s 0.697 2,900
Dodecane CpHye 170.3 0.005 0.075 88,000
Notes:

1. Many values, including all K, values, are estimated by using empirically derived relationships.
2. Hg = Mercury; atm. = atmosphere.
Source: Modified from W. Lyman, “Environmental Partitioning of Gasoline in Soil/Groundwater Compartments™ [10].
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Figure 4—Representation of Three Different Phases in Which Hydrocarbons Can Be Found in the Saturated Zone
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layers with higher hydraulic conductivity. Downward-mov-
ing fluids (water or liquid-phase hydrocarbons) can accu-
mulate, or perch, above these low-conductivity layers. As
shown in Figure 5, these fluids will tend to migrate around
laterally discontinuous impermeable soil layers and then
continue their downward migration. After the major por-
tion of the liquid-phase hydrocarbon has passed, some of it
remains behind, trapped by capillary forces. This is known
as residual saturation. This trapped or residual liquid-phase
hydrocarbon acts as a source of contaminants that will dis-
solve into water and volatilize into soil vapor. Conse-
quently, the dissolved- and vapor-phase hydrocarbons
emanating from the residual liquid-phase hydrocarbons can
potentially impact groundwater or pose a safety hazard to
the surface or subsurface structures. Table 4 presents ap-
proximate ranges of residual hydrocarbon concentrations in
the unsaturated zone for different types of petroleum prod-
ucts and soils.

Several variables will determine the extent to which a lig-
uid-phase hydrocarbon plume migrates laterally and verti-
cally and whether or not the liquid-phase hydrocarbons
reach the groundwater. These variables include the volume
and rate of release, the hydraulic conductivity of individual
soil horizons within the vertical soil profile, the depth to
groundwater, and the adsorptive characteristics of the soil.
A high-volume liquid hydrocarbon release with a rapid leak
rate will tend to exceed the sorptive capacity of the soil; if
the hydraulic conductivity of the soil is sufficiently large,
the release will tend to spread laterally and impact a larger
volume of soil and possibly groundwater.

A detailed discussion of the behavior of liquid hydrocar-
bons at the capillary fringe and in groundwater can be found
in API Publication 1628 [1]; such a discussion is beyond the
scope of this document. The fluctuation of the groundwater
table, however, significantly influences the distribution of
hydrocarbons and the ability to assess and remediate them
within the zone of fluctuation.

Water table fluctuations can promote vertical spreading,
trapping, and dissolution of liquid-phase hydrocarbons. Lig-
uid-phase hydrocarbons associated with the capillary fringe
will move with a lowering of the water table and leave resid-
ual liquid in the expanded unsaturated zone. When the water
table rises again, most of the residual liquid-phase hydrocar-
bons previously drawn down with the water table will be re-
tained below the groundwater table. If a large-volume
release has saturated the soil pore space below a groundwa-
ter table, only the mobile quantity of liquid-phase hydrocar-
bons that is not trapped will move upward with a subsequent
rise in the water table. Lighter constituents in the residual
liquid-phase hydrocarbons that are trapped below the
groundwater table can dissolve in the groundwater. Fluctua-
tions of 3 feet to 10 feet (0.9 meters to 3 meters) or more in
groundwater levels are not uncommon, particularly during
remedial activities. Thus, during a moderate release under
these conditions, a significant volume of liquid-phase hydro-
carbons (tens or hundreds of galions) could become trapped
below the water table and serve as a long-term source of dis-
solved-phase hydrocarbons that impact groundwater quality.

2.42.2 Dissolved-Phase Hydrocarbons

Dissolved-phase hydrocarbons result from contact be-
tween subsurface water, liquid-phase hydrocarbons, and (to
a lesser degree) vapor-phase hydrocarbons. The amount of
hydrocarbon present in the dissolved phase depends largely
on the degree of mixing between the water and the hydrocar-
bon phases and the solubility coefficients of specific hydro-
carbon constituents in a fuel blend. Liquid-phase gasoline
constituents that readily dissolve into water include oxy-
genates (ethanol, methanol, and MTBE), phenols, and sim-
ple aromatic hydrocarbons (benzene, toluene, and xylenes).
These constituents have high-solubility coefficients, and
they tend to dissolve preferentially into water more readily
than do hydrocarbon constituents with low-solubility coeffi-

Table 4—Ranges of Residual Liquid Hydrocarbon Concentrations in the Unsaturated Zone

Middle
Gasolines Distillates Fuel Oils
Medium (gal/ft3) (I/m3) (mg/kg)® (gal/ft3) (1/m3) (mg/kg)® (gal/fi3) (/m3) (mg/kg)?
Coarse gravel 0.02 2.5 950 0.04 5.0 2,200 0.07 10.0 4,900
Coarse sand and gravel 0.03 4.0 1,500 0.06 8.0 3,500 0.12 16.0 7,800
Medium to coarse sand 0.06 7.5 2,800 0.1 15.0 6,500 0.22 30.0 15,000
Fine to medium sand 0.09 12.5 4,700 0.2 250 11,000 0.37 50.0 24,000
Silt to fine sand 0.15 20.0 7,600 0.3 40.0 17,000 0.60 80.0 39,000

Note: ga]/ft3 = gallons per cubic foot; Im® = liters per cubic meter; mg/kg = milligrams per kilogram.
“Estimate assumes an earth material bulk density of 1.85 grams per cubic centimeter (gm/cm3) and liquid hydrocarbon densities of 0.7, 0.8, and 0.9 gm/cm3

for gasolines, middle distillates, and fuel oils, respectively.

Source: Modified from J. W. Mercer and R. W. Cohen, “A Review of Immiscible Fluids in the Subsurface: Properties, Models, Characterization, and

Remediation” [39].
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Figure 5— Schematic of Behavior of Hydrocarbon Phases in Soils

cients (see Table 3). Vapor-phase constituents, which typi- vary widely depending on the hydraulic conductivity of the
cally consist of simple aliphatic (alkanes) and aromatic com- soil. Hydrodynamic dispersion is a measure of the tendency
pounds (see 2.4.2.3), can also dissolve into water. of a chemical constituent to spread in directions other than
J The processes of advection and hydrodynamic dispersion those attributable exclusively to groundwater movement.
control the movement of dissolved-phase hydrocarbons in Natural degradation can also influence the movement of dis-
groundwater. Advection, the process by which chemical con- solved-phase hydrocarbons and limit transport in groundwa-

stituents are transported by groundwater movement, can ter and soil.
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The effect of hydrodynamic dispersion is to dilute the hy-
drocarbon concentrations within the dissolved hydrocarbon
plume. Hydrodynamic dispersion is caused by the mechani-
cal mixing of constituents during advection and chemical
diffusion. Dispersion due to chemical diffusion is minimal
and occurs principally under relatively static conditions with
very low hydraulic conductivities and flow velocities. For
the purposes of this document, chemical diffusion can be de-
fined as a movement of constituents in the absence of bulk
flow. Dispersion due to mechanical mixing processes caused
by the motion of water in soil is the primary transport mech-
anism. Hydrodynamic dispersion, therefore, is largely the re-
sult of mechanical mixing. For example, a large influx of
infiltrating water in soil containing petroleum hydrocarbons
can increase the mechanical mixing and thus the dissolution
and hydrodynamic dispersion of hydrocarbons in the soil.

Differences or large variations in the composition of the
hydrocarbon blend can result in a large variation of dissolved
constituent concentrations in water. For example, aromatic
hydrocarbon concentrations in water can vary over one order
of magnitude depending on the composition of the gasoline
[11]. The range in concentrations of aromatic constituents in
water, shown in Table 5, reflects the range of equilibrium
concentrations that may be found in groundwater directly in
contact with gasoline.

2.4.2.3 Vapor-Phase Hydrocarbons

Vapor-phase hydrocarbons result principally from the
volatilization of free liquid-phase hydrocarbons present in
the unsaturated zone. Vapor-phase hydrocarbons can also
volatilize from residual liquid-phase hydrocarbons and, to a
lesser degree, from dissolved-phase hydrocarbons in soil wa-
ter. In vapors from a fresh gasoline release, the high-vapor-
pressure, lower molecular weight constituents (for example,

butane or pentane) typically account for 75 percent to 85 per-
cent of the hydrocarbons in the vapor phase in equilibrium
with fresh gasoline. A hydrocarbon release that is relatively
older and more weathered than fresh gasoline will contain
lower concentrations of volatile constituents, and thus the re-
maining liquid would have a lower vapor pressure.

A portion of vapor-phase hydrocarbons can adhere to or
be sorbed onto soil. Water vapor and hydrocarbon vapor
compete for the same sorption sites on soil solids. In general,
water can dramatically decrease the sorption capacity of a
soil for vapor-phase hydrocarbons. In dry soil or soil with a
very low moisture content, the amount sorbed is directly re-
lated to the surface area of the soil particles and the content
of organic-matter. The available surface area for adsorption
is decreased as the water content of the soil increases. Thus,
a dry porous soil can sorb vapor-phase hydrocarbons more
readily than a relatively wet soil. The sorbed hydrocarbons
can be remobilized as dissolved-phase hydrocarbons by the
influx of water percolating through the unsaturated zone.

The migration of vapor-phase hydrocarbons is controlled
by many factors, including vapor pressure, vapor density,
and concentration gradients leading to chemical diffusion;
convection currents related to temperature gradients; baro-
metric changes; and movement of infiltrating water. The soil
type, permeability, heterogeneity, and moisture content can
affect the temperature gradients that influence vapor pressure
and volatilization.

Because the mechanisms that can affect the transport of
hydrocarbon vapors are so varied, detailed discussion is be-
yond the scope of this publication. In general, however, va-
por-phase hydrocarbons tend to follow more conductive
pathways and migrate from areas of greater pressure to areas
of lesser pressure. Hydrocarbon vapors are more dense than
air; therefore, they can accumulate in buildings, sewers, un-
derground telephone vaults, and other structures open to the

Table 5—Variations in Gasoline Composition and Aqueous-Phase Concentrations of
Fuel Components in Gasolines

Gasoline Composition

Aqueous-Phase

Weight % Concentration, mg/l
Minimum- Standard Minimum- Standard
Constituent Average maximum Deviation Average maximum Deviation
Benzene 1.73 (0.7-3.8) 0.68 426 (12.3-130) 189
Toluene 9.51 (4.5-21.0) 359 69.4 (23-185) 25.4
Ethyl benzene 1.61 (0.7-2.8) 0.48 32 (1.3-5.7) 0.8
m/p-Xylene 5.95 (3.7-14.5) 2.07 11.4 (2.6-22.9) 38
o-Xylene 2.33 (1.1-3.7) 0.72 5.6 (2.69.7) 1.8
n-Propyl benzene 0.57 (0.13-0.85) 0.14 0.4 0.1-3) 0.1
3, 4-Ethyl toluene 2.20 (1.5-3.2) 0.40 1.7 (0.8-3.8) 03
1, 2, 3-Trimethyl benzene 0.8 (0.6-1.1) 0.12 0.7 0.2-2) 0.2

Note: mg/l = milligrams per liter.

Source: Copyright 1991 American Chemical Society [11].
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atmosphere. Because vapor-phase hydrocarbons generally
have the potential to move rapidly, they can be used to detect
a release that has occurred and should be monitored for ex-
plosive vapor concentrations.

In summary, a release of petroleum hydrocarbons in soil
initially consists mostly of a liquid-phase hydrocarbon
plume. As the release ages, constituents in the liquid phase
will volatilize into the vapor phase, dissolve into water, and
remain sorbed to the soil. Consequently, these mobile free
liquid-phase, dissolved-phase, and vapor-phase hydrocar-

bons tend to become more distinct and separate over time. In
many instances, these phases are located as discrete bodies
or plumes that can preferentially migrate in different direc-
tions. In the assessment of a site where a release has oc-
curred, these different hydrocarbon-phase plumes in soil
must be recognized relative to their potential to impact
groundwater. The liquid-phase and dissolved-phase hydro-
carbons pose the greatest threat to groundwater quality,
whereas vapor-phase hydrocarbons near the surface have the
potential to pose an explosive hazard.

SECTION 3—EMERGENCY RESPONSE AND INITIAL ABATEMENT

3.1 Overview

At sites where a hydrocarbon release is suspected or has
recently been discovered or where the impacts of a past re-
lease have just become evident, an emergency response
and/or initial abatement of the release may need to be con-
ducted. Emergency response actions are initiated when a re-
lease is discovered that poses an immediate and serious
threat to public health and safety and to the environment. Ini-
tial abatement is conducted to minimize further impacts to
the environment until long-term remediation can be initiated.
There is not always a clear distinction between the activities
conducted for emergency response and initial abatement.
Generally these operations are conducted concurrently, and
a specific activity implemented for emergency response may
also help in conducting the initial abatement. This section
addresses the activities that may be conducted for emergency
response to and initial abatement of spills and releases result-
ing in soil contamination.

3.2 Emergency Response and Initial
Abatement Activities

The objective of an emergency response and initial abate-
ment is to identify and control existing or potential hazards.
Safety is paramount in an emergency response situation.
Hazardous conditions generally consist of the following
three types:

a. Fire and/or explosion hazard, posed by petroleum hy-
drocarbon vapors that are concentrated in the explosive
range.

b. Vapor inhalation hazard, posed by petroleum hydrocar-
bon vapors accumulating in subsurface structures (such as in
basements and crawl spaces) and near the ground surface
(such as backfill pits and surface areas near excavated tanks).
c. Ingestion hazard, posed by water or soil containing dis-
solved- or liquid-phase hydrocarbons.

These hazards are addressed at a newly discovered hydro-
carbon release by the following:

a. Identifying and stopping the release source (includes
evacuating tank contents, removing the tank system from
service, repairing piping and tanks, and other activities).

b. Identifying potentially affected areas.

¢. Controlling product vapor to mitigate fire, explosion, and
other immediate safety hazards (to reduce vapor concentra-
tions below the lower explosive limit).

d. Controlling liquid hydrocarbons (includes recovering or
removing liquid hydrocarbons from surface spills, sumps,
subsurface drains, utility lines, and other conduits).

e. Notifying appropriate state and local regulatory agencies.

Identifying the release source is discussed in 4.3.1 of this
document. The remaining items are addressed in the follow-
ing subsections.

3.2.1 IDENTIFYING AFFECTED AREAS

As part of the emergency response and initial abatement,
all areas that could be affected by the release or spill should
be examined. Areas that should routinely be checked include
underground utilities, water wells, nearby surface waters,
and adjacent properties. Underground utilities can include
sanitary sewers, storm sewers, water lines, gas lines, septic
systems, electric power lines, and other conduits. The depth,
location, and materials in the backfill around the utility line
should be evaluated to determine if hydrocarbon vapors or
liquids have migrated through these conduits. Water wells
and nearby surface waters that possibly have been impacted
may exhibit a sheen, odor, or bad taste, indicating the pres-
ence of liquid- or dissolved-phase hydrocarbons. For surface
waters, the discharge point for storm drainage systems,
creeks, springs, streams, and rivers may be affected and pro-
vide a preferential migration pathway.

3.2.2 VAPOR CONTROL

It is important to determine if vapors pose a health and
safety threat on and off a hydrocarbon release site. Migration
of hydrocarbon vapors off-site can readily occur when a re-
lease has intersected an underground utility trench.
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Most liquid petroleum products are flammable, and many
are volatile. The combination of these properties makes the
production of explosive vapor likely. Flammable vapor-
phase hydrocarbons can accumulate to explosive concentra-
tions in confined or poorly ventilated areas. The following
are ranges of hydrocarbon vapor concentrations in air that
are capable of supporting combustion when ignited:

Hydrocarbon Concentration

1.4 to 7.6 percent by volume
(depending on grade)

1.3 to 8.0 percent by volume

1.0 to 6.0 percent by volume

Automotive gasoline

Aviation fuel (JP-4)
Diesel fuel

The lower end of the range for each fuel is generally re-
ferred to as the lower flammable limit (LFL) [the lower ex-
plosive limit (LEL)). Similarly, the upper end of the range is
called the upper flammable limit (UFL) [upper explosive
limit (UEL)]. Below the LFL, the concentration (percent by
volume in air) of explosive vapors present is too lean to sup-
port combustion. Above the UFL, the concentration of ex-
plosive vapors is too rich and the oxygen concentration is too
lean to support combustion, The preceding values represent
nonoxygenated fuels. The effect of additives in oxygenated
fuels on the LFL and UFL is unknown, but UFL values for
specific additives (for example, methanol and ethanol) can
be as high as 19 to 36 percent by volume (LFL values range
from 1.6 percent for MTBE to 7.3 percent for methanol; see
Table 2).

Combustible gas indicators (CGIs) or explosion meters
are used to measure the percentage of the LEL in an atmo-
sphere. When properly calibrated, the meter scale is 0 to 100
percent of the LEL (100 percent on the meter corresponds to
1.4 percent gasoline vapor by volume). The levels at which
explosion or combustion can occur are relatively low and
can easily be reached in either open areas or confined spaces.
They also can be reached from either below the lower limit
or above the upper limit. For example, immediate evacuation
of an area and control of all sources of ignition are recom-
mended when vapors reach approximately 50 percent of the
LEL. When the vapor concentration is above the UEL, cau-
tion must be exercised when fresh air is introduced to con-
centrated hydrocarbon vapors because the mixture may then
be within the explosive range (for example, when vapor is
being vented from a UST using air).

Although lower explosive limits for most petroleum prod-
ucts are similar (1.4 percent for gasoline and 1.0 percent for
diesel fuel; see Table 2), gasoline presents more of an explo-
sion hazard than does diesel fuel because of the difference in
flash points. The relative risk of explosions for different
products also depends on their flash points, that is, the lowest
temperature at which the vapors emitting from a liquid can
support combustion. The flash point for gasoline is 45°F
(—42°C), whereas diesel fuel has an approximate flash point
of 125°F (52°C). Even though the flash point of diesel fuel
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is much higher than that of gasoline, diesel fuel vapors can
still accumnulate in confined spaces and constitute a potential
hazard.

Vapor inhalation hazards posed by petroleum hydrocarbon
vapors include displacement or depletion of available oxy-
gen and exposure to potentially hazardous vapors. Oxygen
levels should be monitored with an oxygen meter that mea-
sures the percentage of oxygen by volume (the safe breath-
ing range is 19.5 to 21 percent oxygen; the air we breath is
21 percent oxygen). Exposure to potentially hazardous va-
pors is discussed briefly in 1.3.

Vapor may initially be detected in a structure by its char-
acteristic odor or by using vapor monitoring devices such as
a CGI. When an explosion threat exists, the following ac-
tions should be taken: ;

a. Take proper precautions to protect personnel exposed to
the hazard.

b. Notify the local fire department so that trained personnel
can evaluate the fire and explosion hazards.

c. Use trained personnel to test for explosive vapor concen-
trations.

d. Use properly calibrated and maintained equipment with
an explosion-proof rating.

e. Prohibit smoking and eliminate all other sources of igni-
tion (such as furnaces and hot water heaters).

f. Ventilate the enclosure to reduce concentrations.

g. Locate the vapor source and seal it off, if possible.

Ventilating vapor from an enclosed space reduces its con-
centration to below explosive limits. Ventilating involves
moving air through the enclosed space to displace the vapor
and permit its collection. It must be continued for as long as
vapor remains in the enclosed space or has the potential to
enter.

Selecting a method to ventilate an enclosed space will de-
pend on the type of structure and the source of the vapor. For
an aboveground structure, opening windows and doors and
allowing natural airflow to dilute the vapors may be suffi-
cient. An explosion proof electrical or air-powered exhaust
fan or a water hose with the nozzle set in the spray position
and discharging outward may be placed in a window to en-
hance natural ventilation. If the structure is entirely under-
ground, ventilation probably will require using approved fans
or blowers. Explosion-proof electrical equipment or air-pow-
ered equipment also must be used to avoid igniting the vapor.

The National Fire Protection Association (NFPA) discour-
ages the use of fans to force air into a structure because
enough oxygen could be provided to reach explosive levels
[7]. Instead, NFPA recommends using explosion-proof fans
to exhaust the air and vapor. Only passive fresh-air inlets
should be used. Fans used in a sealed area will also draw in
more vapors; proper air flow must be maintained during the
ventilation process. Subsurface soil-venting systems may be
used initially to control the entry of vapor into structures, and
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they may be used later in site remediation. Soil venting is
discussed in Section 6.

3.23 LIQUID HYDROCARBON CONTROL

The more time that elapses between a hydrocarbon release
and the beginning of corrective actions, the higher the poten-
tial for soil and groundwater contamination. Therefore,
prompt installation of an appropriate liquid-hydrocarbon re-
covery system can limit the spread of liquid-phase hydrocar-
bons and reduce the long-term efforts required to remove
and control other hydrocarbon phases.

Temporary trenches, drains, or sumps can be installed to
intercept the flow of liquid hydrocarbons and to begin recov-
ery at shallow depths. Probes with sampling capabilities can
be driven or wells can be installed to investigate liquid hy-
drocarbons and to recover them at greater depths.

Single-pump or skimming systems are used for emer-
gency recovery operations. Positive-displacement, suc-
tion-lift pumps can be rapidly deployed to recover
hydrocarbons from shallow sumps or wells. Pumping
equipment should meet pertinent safety requirements. The
transfer equipment (pumps and hoses) and storage equip-
ment (tanks and drums) must be compatible with the hy-
drocarbons being recovered. Vacuum trucks can be used
for quick-response removal and transport of hydrocarbons
from trenches, sumps, wells, or utility vaults. Pumping
should be carefully evaluated and used only when suffi-
cient understanding of subsurface characteristics will en-
sure that the pumping operation will not spread the
contamination.

Water-disposal options may be limited. If water is not al-
lowed to be disposed of in the sanitary sewer after water and
hydrocarbon are separated, it can be stored temporarily until
provisions are made for handling it. Regulatory requirements
and emergency authority should be obtained from the re-
sponsible regulating agency.

Product recovery filters and canisters can also be used for
liquid hydrocarbon recovery. These devices are inserted into
monitoring or recovery wells, and liquid hydrocarbons enter-
ing the well collect in them. To be effective, the filters or
canisters must be emptied on a regular basis.

Excavating soil heavily contaminated with liquid hydro-
carbons is sometimes appropriate when one or more of the
hazards listed in 3.2 are present. The decision to excavate de-
pends on the nature of the hazard, the volume of the hydro-
carbon released, the depth and area of liquid hydrocarbon
penetration, and the ease with which soil can be removed
and properly treated. Excavation may be a reasonable option
if the depth of penetration is within the operating limits of a
backhoe. Petroleum-contaminated soil may be flammable or
combustible, and it can be a source of potentially explosive
vapor. Care must be taken, both during and after excavation,
to ensure that vapor or liquid from the soil is not allowed to
accumulate in a confined area where it could pose a fire or
explosion hazard. Soil stored on-site after excavation should
be covered and stored in a bermed or otherwise contained
area to prevent leached petroleum product from being re-
leased into surrounding soil, surface waters, or groundwater.
Transporting and disposing of contaminated soil off-site
must be handled in accordance with local and state regula-
tions. Section 6 presents various treatment and disposal op-
tions for excavated soil containing petroleum hydrocarbons,

SECTION 4—SITE ASSESSMENT

4.1 Overview

A site assessment is initiated when petroleum hydrocar-
bon contamination is known or suspected to be present in the
subsurface environment. An investigation may be triggered
by any one or more of the following scenarios:

a. A release detection method (such as an external monitoring
device, a tank tightness test, a discrepancy in the inventory con-
trol records) has indicated a possible failure of the UST system.
b. Visual evidence at the site (soil staining) or near the site
(vapor in a basement, contaminated drinking water well) is
found.

c¢. Contamination is suspected during the replacement or up-
grade of a UST system (this typically involves excavation of
part or all of the UST system).

d. A UST system is closed (a site assessment is required re-
gardless of whether a release is suspected).

The overall objective of a site assessment is to determine
if corrective action is needed and, if so, to provide sufficient
information for selecting and implementing the most appro-
priate corrective action. This objective is achieved by deter-
mining the following:

a. The presence, nature, concentration, and extent of liquid-,
dissolved-, and vapor-phase hydrocarbons in soils,

b. The source or sources of petroleum hydrocarbons and di-
rections of migration.

c. The effect of hydrogeologic conditions on the hydrocar-
bon phases.

d. Receptors that could be adversely impacted by hydrocar-
bons (such as buildings with basements, underground utility
trenches, water wells, and surface waters). (Receptor is de-
fined in 4.3.4.)

e. The data required to select, design, implement, and mon-
itor corrective actions.
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Site assessments typically involve three general activities:
gathering background information, implementing a subsur-
face investigation to determine release and site characteris-
tics, and conducting an exposure assessment. Information
generated from the site assessment is evaluated as it is being
collected to determine the need for corrective action. Once
sufficient information has been obtained, a corrective-action
strategy can be developed during the early stages of the site
assessment (before the full extent of hydrocarbon contami-
nation is defined). Many site assessment activities can be
conducted concurrently to expedite the assessment and to
start corrective action as soon as possible.

This section presents some general guidelines and ap-
proaches for assessing the presence, source, and extent of
hydrocarbons in soil at sites where a release of petroleum hy-
drocarbons has occurred. Specific methodologies for collect-
ing and analyzing soil samples are discussed in Section 5.
All sites have unique, site-specific problems that can gener-
ally be defined and addressed by the approaches described in
this section and the methodologies described in Section 5.
This publication focuses on the applicability of assessment
methods and techniques for soil containing petroleum hydro-
carbons. A more comprehensive discussion of sample col-
lection techniques involving groundwater monitoring wells
can be found in API Publication 1628 [1].

4.2 Gathering Background Information

The objective of gathering background information is to
assess the nature and extent of the release from readily avail-
able records, reports, and interviews and to identify any rel-
evant site characteristics that may affect the corrective action
of soils containing petroleum hydrocarbons. The following
are suggested information-gathering tasks:

a. Review engineering drawings (for example, foundation
soil borings; as-built diagrams of the storage system; and
number, size, and location of past and present tanks). Obtain
and review available maps and geologic and hydrologic in-
formation for the area of the release. Sources of the latter data
include the U.S. Geological Survey (USGS), state geological
surveys, and the U.S. Soil Conservation Service (SCS).

b. Interview site personnel to determine how liquid hydro-
carbons are stored, transported, monitored, and removed
from the site.

¢. Obtain available information on the location, type, and
estimated quantity of petroleum product released and the du-
ration of the release.

d. Investigate the history of previous land ownership and
land use, both on and near the site; investigate previous tank
precision tests, overfills, spills, and other incidents; and iden-
tify other possible sources of the hydrocarbon release into
the soil.

e. Determine the locations and depths of all underground
utilities, including sanitary sewers, storm sewers, water lines,

gas lines, telephone cables, dry wells, septic systems, and
power lines (because they may serve as routes for rapid off-
site migration).

f. Identify potentially affected areas on and off the site, in-
cluding underground utilities, nearest water wells, surface-
water bodies, and residential properties; and determine the
current uses of potentially affected groundwater and surface
water bodies.

Information gathered through these activities will be used
to help identify possible release sources, types of contami-
nants, migration pathways, and receptors. Furthermore, this
information is critical for developing an appropriate and ra-
tional sampling plan.

4.3 Comprehensive Assessment

After sufficient background information has been ob-
tained on the site and release characteristics, the subsurface
investigation can be implemented to address the established
data requirements. The primary objectives of the subsurface
investigation are as follows:

a. To confirm the source and presence of petroleum hydro-
carbons in soil.

b. To define the nature and three-dimensional extent of hy-
drocarbon phases in soil.

c. To understand the influence of hydrogeologic conditions
on the fate and transport of hydrocarbons (see 4.3.3).

d. To provide the data required for the selecting and design-
ing appropriate corrective-action options (see 4.3.4).

4.3.1 RELEASE AND SOURCE CONFIRMATION

The first objective of the site assessment is to confirm that
a release has occurred. Identifying site-specific evidence that
may indicate a release has occurred will be based on whether
the site is currently active and how much information is
known about past operations conducted at the site.

4.3.1.1 Confirming a Release

When a release is suspected at a site, the following types
of evidence should be considered:

. Reported or observed leakage.

. Large product inventory variance or discrepancies.

. Detection by release-detection systems.

. Problems with the piping system.

. Nuisance conditions (hydrocarbon vapors or liquids in
basements, sewers, utility conduits, and other locations).

(¢TI =V e B w ol

Product discrepancies can be identified by examining in-
ventory control records. These records should be inspected
for errors in measurement (such as stick measurements and
stick gauges) and record keeping. Records should be exam-
ined for all USTs located at the site. Inventory control prac-

Copyright American Petroleum Institute
Provided by IHS under license with API
No reproduction or networking permitted without license from IHS

Not for Resale




API PUBLx1k29 93 EM 0732290 051b239 bL31) A

GUIDE FOR ASSESSING AND REMEDIATING PETROLEUM HYDROCARBONS IN SOILS 19

tices at retail outlets are described in API Recommended
Practice 1621 [12].

Detecting vapor- or liquid-phase hydrocarbons by exter-
nal and interstitial release detection systems may indicate
failure of the tank system. External release detection devices
may also respond to very small releases due to overfills and
surface spills.

The majority of releases from UST systems are due to
pipeline failure. Indications of a release from pressurized
systems include activation of the line leak detector, loss of
pressurization, or soil contamination adjacent to the piping.
Failure of suction pipeline systems may be indicated by a
loss of suction, hesitation or erratic delivery of product at the
dispenser, failure of a functioning pump to pump liquid, or
soil contamination next to the piping.

4.3.1.2 Confirming the Source

If it was not identified during emergency response activ-
ities, the source of contamination should be identified in the
initial phase of the site assessment. It is extremely important
to determine the release source at sites where a current leak
may exist (that is, at operating UST facilities) to prevent fur-
ther loss of product and to minimize environmental damage.
It may not always be possible to verify the source of contam-
ination. For example, a release due to past surface spills or
overfills or to operation of UST systems no longer in exis-
tence may not be confirmed if records are not available re-
garding these types of incidents.

The source of contamination may be the result of on-site
and/or off-site activities. If soil contamination cannot be at-
tributed to any on-site sources, an evaluation of suspected
off-site sources is conducted. The appropriate regulatory
agency should be contacted to assist in this evaluation and to
obtain access to the suspected off-site properties. In many
cases, the regulatory agency will take responsibility for con-
ducting sampling activities at off-site locations or require the
off-site property owner to conduct a site investigation of the
suspected source.

When a leak is discovered at an operating underground
storage tank facility, the entire UST system must be evaluated
to identify the exact location of the release. The tanks and as-
sociated piping should be precision tested or evaluated for
leakage by approved methods for volumetric and nonvolumet-
ric leak testing, inventory control, and external monitoring. If
these test methods indicate a release, the UST system must be
repaired or replaced to ensure that no further product is lost.
Repair of the tank system will require excavation of the tank
and/or piping backfill and possibly the soil surrounding the
backfill. The amount of excavation should be minimized,
where possible, to limit the volume of petroleum-contami-
nated backfill and soil that may require treatment and disposal.

Soil samples should be collected from the open excava-
tion and either analyzed by on-site field measurement tech-

niques or shipped off-site for laboratory analysis (see Section
5). If the water-table surface is within the tank backfill area,
groundwater samples should also be collected for analysis.
Depending on the results of soil and groundwater analyses,
either no further action is warranted or a subsurface investi-
gation is initiated to determine the lateral and vertical extent
of contamination.

If no apparent on-site source of contamination is identi-
fied, all suspected off-site sources of petroleum hydrocar-
bons should be investigated. Off-site sources of
contamination are more common in suburban and urban ar-
eas where UST facilities are in proximity or where a UST fa-
cility is located upgradient of another service station. The
general source of off-site contamination migrating into the
area of concern can be determined by collecting subsurface
samples at the property boundaries.

4.3.2 SAMPLING STRATEGY

The initial phase of a site assessment is conducted to con-
firm a hydrocarbon release and to identify the source. A
more extensive assessment is conducted to define the extent
of vapor- and liquid-phase hydrocarbons in the soil. The
sampling and analysis approach used to determine the lateral
and vertical extent of contamination should be an extension
of the sampling and analysis scheme used for conducting the
initial phase of the assessment. The results of the initial as-
sessment can be used to direct subsequent sampling and
analysis activities, including determining the extent of mul-
tiphase hydrocarbons and quantifying the concentrations of
petroleum hydrocarbon constituents.

4.3.2.1

The approach used to determine sampling locations will
vary depending on site- and release-specific factors. In gen-
eral, when the source of contamination is known or is sus-
pected of being limited to a specific area, sampling points
are located relative to the suspected source (this is referred to
as selective sampling). When there is no identifiable source
or the contamination appears to be widespread, a grid or
transect system is used to establish the sampling locations.
These sampling strategies are shown in Figures 6 and 7, and
are discussed below.

Determining Sample Locations

4.3.2,.1.1 Selective Sampling

Select sampling locations are chosen based on known site
and release conditions, Sampling points can be located close
to the source of the known or suspected release and close to
the suspected receptor (see Figure 6). They also can be used
to delineate areas of high concentrations of petroleum hydro-
carbons. For delineating the extent of a vapor- or liquid-
phase hydrocarbon plume when the source is known,
samples are initially collected close to the source. If hydro-

(text continued on page 22)
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Figure 6— A Simplified Schematic of Selected Sampling Locations
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Figure 7—A Simplified Schematic of Grid Sampling Locations
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carbons are detected at the initial sampling points, the lateral
extent of contamination is determined by collecting addi-
tional samples at succeedingly more distant locations in the
suspected direction of migration until no hydrocarbons are
detected. The vertical extent of contamination is defined by
collecting samples at incremental depths [for example, at 5-
foot (1.5-meter) intervals]. As soil samples are being col-
lected, they are generally screened for the presence of
volatile organic hydrocarbons using a portable field instru-
ment (see Section 5). Vertical samples are collected until the
groundwater table is reached or when contamination is no
longer indicated by the field screening method. The reason
for not collecting soil samples below the groundwater table
is to prevent any contamination that may exist in the upper
soil levels from reaching the groundwater.

Sampling points used to determine if a liquid-hydrocar-
bon release has migrated off-site are located at or near the
site boundaries and downgradient from the source of the re-
lease. In the saturated zone, liquid hydrocarbons will tend to
migrate in the direction of groundwater flow. Vapor-phase
hydrocarbons migrate along preferential pathways in re-
sponse to pressure and concentration gradients and not nec-
essarily in the direction of groundwater flow. For example, at
a site having silty clay soils, hydrocarbon vapors that inter-
cept a utility line trench will preferentially move through the
highly permeable trench backfill material, sands, or gravel.
Soil: vapors are often sampled and analyzed to help define
the migration pathway of liquid hydrocarbon that has
reached the water table.

43212 Sampling Grids

Sampling grids are a network of sampling points located
at predetermined intervals ranging from 10 feet (3 meters) to
greater than 100 feet (30 meters) apart (see Figure 7). Grids
may be used in the event a source area is not determined
from the initial assessment. They may also be used to define
the characteristics of any vapor-, liquid-, and dissolved-
phase hydrocarbon plumes both near and far from a release.
The interval between sampling points depends on the size of
the site and the tank field, the proximity to the source, the
hydrogeology of the site, and the number of samples to be
collected for analysis. For example, on sites with relatively
impermeable soils, released product may not migrate far
from the tank field.

Depth profiling is also conducted when using sampling
grids. If an area of contamination is found, the vertical extent
of hydrocarbons can be determined by collecting samples at
increasing depth intervals. Avoid introducing contaminants
to lower elevations during sampling.

4.3.2.2 Determining the Extent of Contamination

To determine the lateral and vertical extent of hydrocar-
bon phases present in soil, a three-dimensional assessment is

conducted. This can be accomplished by using several differ-
ent site assessment approaches, including soil vapor surveys
and soil sampling and analysis. Soil and soil vapor samples
that have been collected may be analyzed using either field
measurement techniques for on-site sample analysis or EPA
laboratory methods for off-site analyses (see Section 5).
Field measurements can be used to make immediate deci-
sions while at the site, whereas off-site laboratory analyses
should be used for more rigorous analytical requirements.
For example, field measurements can be used to confirm the
presence and source of a release, and laboratory analyses can
be used during later assessment activities (for example, a
closure site assessment). The choice of analytical methods or
techniques is based on the required confidence level of the
data produced by each method and the data quality objective
of the assessment.

For many investigators, the proper interpretation of the
data provided by these analytical methods is critical to char-
acterizing and understanding site conditions. Proper inter-
pretation of results recognizes the limitations of each
method used and makes allowances for the implications of
such limitations. The performance considerations for both
field and laboratory analytical techniques are discussed fur-
ther in Section 5.

43.2.2.1

A soil vapor survey (SVS) is a technique used to help de-
fine the presence and extent of vapor-phase hydrocarbons.
The source or sources of vapor-phase hydrocarbons detected
by this method may include the following:

Soil Vapor Survey

a. Liquid hydrocarbons present in the soil or on the ground-
water table.

b. Residual hydrocarbons in the soil.

¢. Dissolved hydrocarbons in the groundwater that volatilize
due to shifts in equilibrium,

This technique involves the insertion of a small-diameter
[less than 1 inch (25.4 millimeters) in diameter], hollow-core
sample probe into the subsurface. A soil vapor sample is ac-
tively withdrawn through the probe and analyzed on-site us-
ing a portable photoionization detector (PID), flame
ionization detector (FID), or gas chromatograph (GC). Care
should be taken to purge enough vapor from the system prior
to sampling to ensure that actual soil gas is analyzed. De-
pending on source depth and soil permeability, soil gas sur-
veys may not always be effective.

Soil vapor sample locations are often determined using a
grid system. Based on site-specific factors, vapor samples
are collected at a predetermined depth [typically less than 5
feet (1.5 meters) below the ground surface] and above the
groundwater table surface. Though generally used only to
define the lateral extent of contamination, some UST inves-
tigators conduct vertical soil vapor sampling at selected sam-
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ple points. This sampling is performed at sites where con-
tamination is suspected of being confined to the upper soil
material or at sites where impermeable clay layers may exist.
Soil vapor samples are collected beneath the suspected area
of contamination or below the clay layer to determine
whether or not contamination has migrated vertically.

Soil vapor measurements cannot be used to quantify the
amount of petroleum hydrocarbons in soil or groundwater.
The results of soil vapor measurements provide qualitative
information on hydrocarbon concentrations in soil vapor
only, and these results should be interpreted relative to other
soil vapor sampling points.

4.3.2.2.2 Soil Sampling

Soil sampling and analysis is the primary method used to
define the vertical and lateral extent of contamination. One
or more of the following techniques can be used to collect
soil samples:

a. Drilled boreholes.

b. Driven or placed probes (for example, a geoprobe or cone
penetrometer).

¢. Hand auger or corers.

d. Grab sampling from excavated soils (test pits).

The sampling locations can be selected to help confirm
the presence of hydrocarbons and to determine an apparent
release source (if not already known). For example, if a re-
lease is suspected from a tank field at a particular site, a se-
lect or limited number of samples can be collected as
follows:

a. Ateither end of the tank field in or adjacent to the backfill
area.
b. At different depths to construct a depth profile.

Analyses of these soil samples can be conducted on-site by
various field measurement techniques, or they can be prop-
erly preserved and shipped to an off-site laboratory for anal-
ysis (see Section 5). The limited number of samples
collected from select locations and analyzed during an initial
assessment can generally be used to determine if petroleum
hydrocarbons are present and, if so, to develop an appropri-
ate sampling and analysis scheme for defining the nature and
extent of their presence in the soil.

Because a potential exists for small flash-type explosions
at or near soil borings that have penetrated hydrocarbon lo-
cations, proper precautions should be taken to avoid having
explosive sources (such as smoking or welding operations)
near soil borings. The locations of underground utilities (gas,
water, electrical, and sewerage) should be determined before
any boring or drilling activity is begun. Soil boring drilling
locations should be probed by hand to a depth of at least 5
feet (1.5 meters) before sampling operations begin.

GUIDE FOR ASSESSING AND REMEDIATING PETROLEUM HYDROCARBONS IN SOILS 23

4.3.3 FATE AND TRANSPORT CRITERIA

It is important to evaluate the extent (both laterally and
vertically), direction, and rate of petroleum hydrocarbon mi-
gration at a release site. This information will determine the
degree of remediation needed and selection of appropriate
and effective corrective-action technologies.

The hydrogeologic characteristics of a site that will affect
the potential mobility and transformation of the hydrocar-
bons in the soil should be evaluated during the site assess-
ment. The site characteristics that are important in evaluating
the migration of contaminants in soils include the following:

a. Porosity is the percentage of total soil volume not occu-
pied by solid particles. Sandy soil, for example, may have a
lower porosity than either silty or clayey soils. Typically, de-
termining porosity does not require a lab analysis but can be
established based on field documentation.

b. Permeability strongly influences the rate of movement of
hydrocarbon fuel through the soil. Generally, the size of the
pore will be proportional to the fluid flow through the pore
space. A small increase in grain size will frequently result in
a large increase in flow. Also, soils with low permeability
tend to retain more fluid than those with higher permeability.
¢. Hydraulic conductivity, which indicates the ease with
which water will flow through the soil, depends on the
porosity of the soil, the grain size, the degree of consolida-
tion and cementation, and other soil factors.

d. Depth to groundwater can affect the attenuation capacity
of soil and the time it takes for petroleum hydrocarbons to
migrate to groundwater.

e. Moisture content can determine the wetting characteris-
tics and the influences of pore/water exchange on the migra-
tion of vapor-phase hydrocarbons in soil.

f. Organic carbon content can greatly affect the retention of
organic pollutants—the greater the fraction (by weight) of
organic carbon, the greater the adsorption of organics. The
amount of clay can also increase the adsorption capacity for
organics.

Release factors that are important in evaluating the fate
and transport of a hydrocarbon release (liquid, vapor, and
dissolved phases) include the magnitude (or total volume),
the depth (vertical and horizontal extent), and the timing (or .
age) of the release. :

The quantity and rate of a release can sometimes be esti-
mated from site operating records and other available
sources but often is never known. The quantity of fuel re-
leased to the soil and the rate of release can affect the extent
of its migration. Each soil type has a specific sorptive capac-
ity to retain liquid hydrocarbons. If the sorptive capacity is
exceeded (and the hydraulic conductivity is sufficiently
large), hydrocarbons will tend to migrate more readily
through the soil pore space toward the groundwater. Thus,
smaller releases may be completely adsorbed by the soil and
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confined to a discrete area. Larger releases are more likely to
result in free liquid hydrocarbons impacting a larger volume
of soil and possibly reaching the water table.

The depth to which a release can migrate depends on
many factors, including the source and volume of the mate-
rial released, the amount of water infiltrating the soil, how
long ago the release occurred, and the chemical and physical
properties of the product and the soil. In porous homoge-
neous soil, liquid-phase hydrocarbons tend to move directly
downward through the unsaturated zone. Lateral movement
generally occurs through dispersion and diffusion. However,
changes in the hydrogeologic properties of the soil (structure
or composition) with depth and the presence of zones of sea-
sonally saturated soil, fractures, or other features can cause
liquid-phase hydrocarbons to spread horizontally for some
distance before migrating downward.

The length of time that has passed since a release occurred
can affect the extent of migration and the chemical composi-
tion of the hydrocarbons released. Recent releases tend to be
more concentrated within the original boundaries of the re-
lease, whereas older releases are more likely to have migrated
a considerable distance from their origin. Fuel constituents
having low molecular weights (more volatile and soluble)
move away from the source via volatilization or dissolution
by rainwater infiltration. More stable compounds (heavier
molecular weights) will remain near the source for a longer
period. In a process called weathering, the relative chemical
composition of the product may change with time following
arelease into the soil environment. Processes responsible for
this change include volatilization, dissolution, and degrada-
tion. Degradation of petroleum hydrocarbons in soil may oc-
cur as the result of the metabolic processes of a wide variety
of microorganisms or through chemical processes.

The duration and frequency of a release can affect the
amount of product released to the soil and how long the con-
taminants remain in the soil. A single-episode release may
move as a discrete “pulse” of different petroleum hydrocar-
bons through the soil, whereas an intermittent or continuous
release may result in a situation in which petroleum hydro-
carbons exist at varying distances from the source or have
undergone considerable volatilization and weathering. Hy-
drocarbon vapor concentrations vary with distance from the
hydrocarbon source.

4.3.4 EXPOSURE ASSESSMENT

An exposure assessment is conducted to predict possible
migration routes and to identify arecas where a hydrocarbon
release may have an impact on human health or the environ-
ment. In an exposure assessment, all available information
must be integrated to determine the movement of all hydro-
carbon phases towards potential receptors. An exposure
pathway is a surface or subsurface route of exposure that
may allow the migration of liquid-, vapor-, or dissolved-

phase hydrocarbons to a receptor. Figure 8 shows potential
exposure pathways that may exist at a site. The pathways
for liquid- and vapor-phase hydrocarbons in the subsurface
environment are dictated by natural soil conditions and ge-
ologic barriers and conduits, as well as by man-made struc-
tures and infrastructures.

A receptor can be defined as a person or location that is
directly impacted by the migration of hydrocarbons. Gener-
ally receptors can be classified as either human or environ-
mental (for example, vegetation or aquatic life).

Whether emanating from petroleum hydrocarbon trapped
in soil or floating on or dissolved in the water table, hydro-
carbon vapors tend to migrate along the paths of least resis-
tance and towards areas of lower pressure. Although vapor
migration can be halted by buried structures, vapors will
readily follow other more convenient pathways through
backfill materials surrounding structures such as water,
sewer, and utility lines. Vapors can enter structures through
drains or cracks in foundations and accumulate in basements.

If a facility is located over or near public water supplies
or private wells, the possibility that any amount of released
oil could affect water quality is likely to be a concern. Nev-
ertheless, attention to sites in industrialized areas or in areas
that rely on remote water supplies should not be minimized.

The constituents of concern encountered in hydrocarbon
releases typically include benzene, toluene, xylenes, and lead.
Benzene and toluene are mobile constituents that readily par-
tition into vapor- and dissolved-phase hydrocarbons. Lead oc-
curs in free liquid and residual hydrocarbons sorbed to soil
particles and leached into dissolved-phase hydrocarbons. Cau-
tion should be exercised in using lead as an indicator of con-
tamination, because it can already exist in soil material. The
use of lead as an indicator of contamination will decrease as
the production of leaded gasoline is phased out and sites with
a history of petroleum product contamination are remediated.

Present and future potential exposure pathways and re-
ceptors should be identified, and the impact of these path-
ways and receptors on site use should be evaluated. The
assessment of exposure pathways and receptors may include
constructing a map of the distribution of hydrocarbon phases
and all potential pathways; developing a conceptual under-
standing of the migration of liquid, vapor, and dissolved hy-
drocarbon phases beneath and near to the release site; and
evaluating the migration rates and concentrations of mobile
hydrocarbon phases reaching potential receptors.

Data collected in the site assessment are used to develop
a conceptual understanding of how the various hydrocarbon
phases are migrating from the source area. The factors that
should be considered include the following:

a. Volume released.

b. Adsorptive capacity of the soil.

c. Presence of perching horizons and interconnected void
spaces.
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d. Relative ability of the soil to allow migration of dis-
solved- and vapor-phase hydrocarbons and free liquid hydro-
carbon fluids.

e. Rates and directions of groundwater movement.

f. Processes such as dispersion, advection, and degradation
that dilute concentrations and limit the area of the hydrocar-
bon impacted zones. .

The potential for petroleum contaminated soils to act as a
long-term source of groundwater contamination should be
considered. Computer models are available to predict the im-
pact of residual hydrocarbons in soil on groundwater quality.
These analytical models use information collected during the
site assessment to determine if groundwater will be impacted
and, if so, to estimate the arrival time and approximate con-
centration of a contaminant at a given receptor (that is, mon-
itoring well). A monitoring network capable of delineating
the contaminant plume can be established to verify the
model being used. The model can then be refined based on
the monitoring data. These models can be very useful in (a)
determining the need for corrective action, (b) establishing
cleanup goals and time frames, and (c) selecting and design-
ing appropriate corrective actions.

4.3.5 SITE CHARACTERIZATION FOR
CORRECTIVE-ACTION SELECTION

If an initial site assessment reveals the need for corrective
action, a comprehensive site investigation plan should be de-
signed that includes developing an information base that will
allow the investigator to select, design, and implement ap-
propriate and effective corrective actions. Determining the
feasibility of alternative corrective actions requires a thor-
ough understanding of the contaminant and site characteris-
tics. For the majority of cleanup technologies currently in
use or newer technologies that are becoming more widely

accepted, the site and release characteristics listed in Table 6
are used to evaluate applicability of alternative technologies.
Soil characteristics were previously discussed in Sections 2
and 4. Contaminant characteristics are defined in Section 2.
Site criteria that should be evaluated during the site assess-
ment for specific corrective-action technologies are dis-
cussed in Section 6.

Not all corrective-action technologies are evaluated us-
ing only the soil and contaminant characteristics listed in
Table 6. In situ bioremediation (both passive and active) re-
lies on biological processes in subsurface soils to degrade
and transform petroleum hydrocarbon constituents to non-
toxic compounds. Other subsurface soil characteristics that
need to be evaluated to determine the applicability of this
technology at a particular site include oxygen, carbon diox-
ide, and methane concentrations; pH; temperature; and nu-
trient status (nitrogen and phosphorus). These parameters
relate to how well the subsurface environment will support
microbial populations that will degrade petroleum hydro-
carbon constituents.

Table 6 —Soil and Release Characteristics

Contaminant or

Soil Characteristics Release Characteristics

Unweathered composition
Soil sorption capacity
Density (liquid and vapor)
Viscosity
Solubility
Vertical distribution in soil
Vapor pressure
Toxicity
Safety parameters

(LEL, UEL, FP, IP)

Soil type

Porosity (by visual estimation)
Permeability to air

Hydraulic conductivity

Moisture content {varies over time)
Depth to groundwater

Soil heterogeneity

Note: LEL = lower explosive limit; UEL = upper explosive limit; FP =
flash point; IP = ionization potential.

SECTION 5—SAMPLING AND ANALYSIS TECHNIQUES

5.1 Overview

Soil sampling and analysis are the principal components
of the subsurface investigation conducted as part of the site
assessment process. The objectives of soil sampling and
analysis are to determine the following:

a. The presence, concentration, and extent of hydrocarbons
in soil.

b. The source or sources and directions of hydrocarbon mi-
gration.

¢. The effect of soil characteristics and subsurface structures
on the migration of liquid- and vapor-phase hydrocarbons.

d. The potential of hydrocarbon phases in soil to have an ad-
verse impact on groundwater and receptors and outlets (such
as basements and utility lines).

e. The data required to decide whether corrective action is
needed and, if so, to select an appropriate corrective-action
approach.

This section describes soil sampling techniques and meth-
ods for conducting both on-site field analyses and currently
used off-site laboratory analyses to address the preceding ob-
jectives. This section also discusses performance considera-
tions for on-site field analyses and off-site laboratory analyses.
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The initial step in a sampling and analysis program is de-
veloping a plan that identifies and defines both field activi-
ties and, if used, laboratory procedures. Planning is essential
to ensure that soil samples are properly collected, represen-
tative of site conditions, properly documented and trans-
ported, and correctly analyzed. The plan should include
procedures for collecting the sample, handling and preserv-
ing it, and tracking it from the field to the laboratory. The
plan should also identify and assure selection of appropriate
types of analyses and methods for performing chemical anal-
ysis of the samples. It should further assure that appropriate
field and laboratory quality assurance/quality control
(QA/QC) procedures are conducted as part of the data qual-
ity objectives (see Section 4). Note that several state regula-
tory programs have specific procedures for soil sampling and
analysis.

The planning of field activities and the selection of sam-
pling and analysis techniques should be based on the back-
ground information gathered during the initial assessment.
For example, estimates regarding the location and depth of
borings can be based on background information such as lo-
cal geology, soil types, hydraulic conductivity, depth to
groundwater, and source and volume of release. The num-
ber of samples required will depend primarily on how much
information is already available, the suspected extent and
severity of the release, the site soil and hydrogeologic
conditions, and the data quality objectives of the subsurface
investigation.

5.2 Soil Sampling Techniques

Several techniques are available for collecting soil sam-
ples for both on-site field analyses and off-site laboratory
analyses. Under many circumstances, the same sampling
technique can be used for either. Soil sampling techniques
differ depending on the depth at which the sample is col-
lected, the size or volume of sample required, the hydrocar-
bon phase being sampled, and the need to maintain the
integrity of the soil sample.

5.2.1 SOIL SAMPLE COLLECTION

A wide range of techniques is available for soil boring and
sampling. The sampling techniques used to collect samples
for measuring hydrocarbon releases in soil differ substan-
tially depending on the following:

a. Type of soil being sampled.
b. Anticipated sampling depths.
¢. Soil sampling capabilities.

d. Equipment availability.

e. Cost.

Table 7 presents a list of methods for boring and collecting
soil samples. Generally, samples taken from excavated soil
or from the upper 3 to 5 feet (0.9 to 1.5 meters) of soil can be
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collected with simple tools such as trowels, shovels, spatu-
las, or manual soil borers. Soil samples are relatively easy to
remove from an open corer.

Hydrocarbons that have migrated away from the source
often require tools such as tube samplers and augers. Manu-
ally operated tools are normally useful to a depth of 3 to 5
feet (0.9 to 1.5 meters), depending on the soil type. Below
this depth, hydraulically or mechanically driven equipment
is generally needed.

Augers provide one of the simplest methods for collecting
soil samples. The required equipment is simple and readily
available. Auger borings are made by rotating and advancing
the auger device to the desired depth in the soil, withdrawing
the device from the hole, and removing the soil. The depth of
auger investigations is usually limited by groundwater depth,
soil characteristics, and the equipment used. Augers can be
used both for bringing up disturbed soil samples and for ad-
vancing holes so other types of sampling devices can be
used.

Both hand-operated and machine-operated augers are avail-
able in various sizes. Figure 9 shows three types of hand
augers. Hand-operated augers, which consist of a spiral cutting
blade that transports soil cuttings upward, are generally used
to a depth not exceeding approximately 5 feet (1.5 meters).

Machine-operated augers are driven by a motor (some-
times handheld, but usually rig-mounted). After the auger is
attached to a drilling rod, the rod is rotated and pressed
downward to penetrate the soil. Two common types of ma-
chine-operated augers are hollow-stem augers and solid-
stem augers. A typical hollow-stem auger is illustrated in
Figure 10.

Hollow-stem augers have a continuous-flight cutting
blade around a hollow metal cylinder; the cylinder may be
plugged to prevent soil from entering it. The auger sections,
or “flights,” come in 5-foot (1.5-meter) lengths and have out-
side diameters of about 7 to 18 inches (178 to 457 millime-
ters) and inside diameters of 3.5 to 12 inches (89 to
305 millimeters). Soil samples can be collected from the in-
side opening of the auger without withdrawing it from the
hole. If the plug is removed, a small tube or drive sampler
can be driven into the soil not yet penetrated by the auger
flight; this produces a relatively undisturbed soil sample.
Solid-stem augers do not have an inner barrel; therefore, they
must be withdrawn to obtain each sample.

Two common sampling devices used in connection with
the auger are the split spoon and the conventional thin-
walled tube sampler, These tools work well in soils that con-
tain sufficient clay or are cohesive enough for the material to
remain stable during sample collection and retrieval. The
split-spoon sampler is a thick-walled tube that is split in half
longitudinally and can be separated to reveal the soil sample.
Another version of the split spoon is the Modified California
Sampler. This is a split spoon that contains several brass
sleeves with metal fingers to retain less cohesive sandy soils.
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Table 7—Basic Soil Sampling Techniques
Boring and Normal Average
Sampling Hole Maximum Time
Methods Diameter Depth Per Hole Advantages Disadvantages

Trowels, Variable < 1 foot Fast Wide availability. Limited depth.
spatulas, (<0.3m) Does not require specialized Sample is moderately to
shovels equipment. severely disturbed.

Hand augers 4in. Sft Fast with Wide availability. Limited depth.

(100 mm) (15m) suitable Minimal soil disturbance. Not recommended for
soil gravel-rich soil.
conditions Slow in hard soil.

Hollow-stem 4-12in. 100150 ft Fast Versatile in a variety of soils. Moderate sample disturbance.
augers (100-305 (30-46 m) with Other sampling devices can Boulders of bedrock

mm) suitable be used while auger is in place. not easily penetrated.
soil Dry soil samples from split spoon QOverhead clearance limitations.
conditions and tube can be obtained.
Caving is controllable.

Split-spoon 6in. Only limited Moderate Moderate to fast soil disturbance. Less suited for loose soil

samplers (152 mm) by drilling to fast with Suitable for collecting samples or soil with coarse gravel.
rig suitable soil from cohesive soils. Used in conjunction with
conditions Undisturbed sample. drilling rig.

Modified Useful with more sandy soils,

California
Sampler

Tube samplers 6in. Only limited Moderate Obtains undisturbed sample for Less suitable for loose

(Shelby Tube) (152 mm) by drilling rig to fast with determining soil characteristics. soil or soil with coarse
suitable soil Suitable for collecting samples gravel.
conditions from cohesive sails.

Cone 2in. 30-150 ft Moderate Used to map soil characteristics. Not suited for soils with a
penetrometer/ (51 mm) (9-46 m) to fast with Collects soil and water samples. high density of rock.
drive probes depending on suitable Minimal site disturbance. Many techniques do not

the probe used soil Can obtain relatively allow for collection of soil
conditions undisturbed samples. sample; some require drill
Tigs.
Test pits 15 ft 15-20 ft Moderate Used to examine soil type and Caving can be a severe
(4.6 m) (4.6-6.1 m) to structure. problem.
fast Easily excavated. Limited depth.

Note: in. = inches; ft = feet; m = meters; mm = millimeters.
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The thin-walled tube sampler (also known as a push tube or
a Shelby tube) is a cylinder typically constructed of stainless
steel or brass. Both types of samplers are placed at the bot-
tom of a clean dry hole and driven into the hole without ro-
tation either manually or by power equipment.

Other investigative and sampling techniques that have
gained popularity in recent years are the cone penetrometer
and hydraulically or mechanically driven probe samplers.
The standard cone penetrometer has a 60-degree apex cone
tip at the end of a friction sleeve containing strain gauges, an
inclinometer, and a pressure transducer (see Figure 11). The
typical driven probe sampler has a probe or piston tip, and a
protected sleeve on the tube is retracted for soil or ground-
water sampling (see Figure 12). The cone tip or probe tip is
attached to a series of push rods that are driven into the
ground by a truck-mounted hydraulic jacking system. A spe-
cial truck or van is used to house, transport, and deploy the
driven probe sampler or the cone penetrometer.

The ability to collect in situ groundwater samples has
made the cone penetrometer a valuable tool for rapid, cost-
effective sampling. Driven probe samplers similar to the
cone penetrometer have been designed to collect discrete,
relatively undisturbed soil samples. Special sampling pis-
ton tips can be used with either cone penetrometer testing
(CPT) or other driven probes. A piston tip and rod is set
into a sample tube on the end of the probe tip and then
driven into the ground to the desired sampling depth. At
the desired sampling interval depth, the piston stop is re-
leased to allow the piston to move freely as the sample is
driven (see Figure 12). The driven sampling tube can col-
lect an undisturbed sample 10 to 12 inches (254 to 305
millimeters) in length and 0.85 to 1 inch (21.6 to 25.4
millimeters) in diameter. The samplers should be cleaned
after.each sample is collected to prevent cross-contamina-
tion with residual materials from previous soil samples.
The techniques for cleaning are discussed in 5.2.3.

One of the most common uses of the cone penetrometer is
stratigraphic logging of soils. The penetrometer differenti-
ates changes in soil horizons or strata by sensing changes in
pore pressure as it moves deeper into the soil. Logs gener-
ated by CPT data are comparable to logs generated by field
classifications and grain size distribution analyses of soils.
Subsurface investigations performed by CPT methods are
more rapid and more cost-effective than investigations in
which conventional drilling methods are used. Under favor-
able conditions, it is possible to conduct 300 to 900 vertical
feet (91 to 274 vertical meters) of soundings in one day.
Costs are reduced because there are no drill cuttings or fluids
to be contained for disposal and the small holes are easily
grouted up if they do not collapse when the instruments are
withdrawn. Lithologic descriptions produced by CPTs
should always be correlated against at least one soil boring at
every site. The use of CPTs as a screening tool allows more
effective placement of observation wells. Caution should be

exercised to prevent penetrating low-permeability zones,
thus allowing vertical migration of product.

The cone penetrometer test can be used to determine var-
ious hydraulic parameters. Soil permeability, groundwater
head, and water-bearing zones can be derived from the pore
pressure data generated during the CPT run. As the push
rods are driven into the ground, excess pore pressure is pro-
duced. When steady penetration is stopped, the excess pore
pressure will decrease over time. This decrease of pore pres-
sure over time provides the information needed to calculate
the hydraulic conductivity. This method is not as accurate for
clean sands and coarser materials because the excess pore
pressure generated during penetration of these materials is
dissipated almost as soon as it is produced.

In poorly to moderately consolidated soil or sediment,
soil samples for residual liquid hydrocarbon analysis should
be collected using hydraulically or mechanically driven
probe samplers. Soil samples for residual hydrocarbon anal-
ysis should be collected from both above and below the wa-
ter table. The depth to the water table and the presence of
liquid hydrocarbons should be documented. These horizons
may be evident from the texture, soil color, and odor of the
soil. The presence of free liquid hydrocarbons in the soil
boring is clear evidence that a free hydrocarbon plume has
been penetrated.

5.2.2 SAMPLE HANDLING FOR ON-SITE
ANALYSES

Soil samples collected for on-site analyses should be an-
alyzed as soon as possible after collection to avoid the loss of
volatiles. The amount of mixing, aerating, heating, or other-
wise disturbing the sample should be minimized to prevent
loss of any volatile organic compounds.

When the soil sample has been removed from the sam-
pling device (such as a hand auger or soil corer), it is either
immediately analyzed or transferred to a fixed-volume,
sealed container for extraction, preservation, or head-space
analysis. For some field measurement methods, soil samples
are weighed before analysis. A sealed, reclosable container
that has been weighed or tarred can be used during the
weighing of the sample to minimize loss of volatile hydro-
carbons. Some reclosable, airtight containers (for example,
Tedlar® or polyethylene bags) also can be used to split sam-
ples for field and laboratory analyses or to dilute vapor sam-
ples systematically (referred to as a serial dilution) to
circumvent effects that might influence field instrument re-
sponse (see 5.3.1).

5.2.3 SAMPLE HANDLING AND PRESERVATION
FOR LABORATORY ANALYSIS

When a soil sample is collected, chemical and physical
changes can begin immediately. These changes include loss
of volatile components, gas exchange, moisture loss, oxida-

(text continued on page 34)
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) Figure 10—Keck-Screened, Hollow-Stem, Continuous-Flight Auger
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Figure 11— Schematic of a Cone Penetrometer
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Figure 12— Schematic of a Driven Probe Sampler
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tion, increased or decreased biological activity, and potential
contamination of the sample. Therefore, appropriate mea-
sures must be taken to handle and preserve samples to min-
imize these effects.

Before collecting each sample, care should be taken to re-
move any residues of petroleum hydrocarbons from the sam-
pling equipment to prevent cross contamination of the next
sample. All equipment, liners, and small tools used to collect
the samples must be decontaminated by specific scrubbing
and washing procedures. Residual contamination can be
rinsed with solvents, surfactants, and deionized water. These
cleaning fluids should then be collected for disposal. The
equipment should be air-dried before it is reused. Disposable
plastic sampling equipment may also be used.

The collected sample should be immediately transferred to
a proper, clean container. Various types of sample containers
can be used to store soil samples. One of the best is a glass
jar fitted with a polytetrafluoroethylene (PTFE) liner. If thin-
walled tube samplers are used, the sample may be left in the
cylinder. The sample container must be tightly capped as
quickly as possible to prevent the loss of volatile compo-
nents. The amount of headspace in a sample container
should be minimized to limit any volatilization of hydrocar-
bons from the soil sample. The exterior of all sample con-
tainers should be cleaned before shipping to remove any
residual material.

After a sample is collected and transferred into a proper
container, it should be labeled, placed in an ice chest, and
kept at 39 °F (4°C) using blue ice or bagged ice for immedi-
ate shipment to the laboratory selected to perform the anal-
ysis. The ice cooler should be kept in a shaded area during
the sample collection process.

Samples should be analyzed as soon as possible after col-
lection because loss of volatile hydrocarbon constituents can
result from biodegradation and volatilization during sample
holding. The methods used to analyze a sample may specify
the maximum holding time before analysis, which can range
from 1 to 2 weeks. The analytical results of samples held for
longer periods may not be considered valid.

After the sample is collected and identified, it should be
handled in accordance with a prescribed chain-of-custody
procedure that involves keeping records of the handling of
a sample from its collection through its delivery to the lab-
oratory. Such a procedure assures sample integrity and the
technical defensibility of the analytical data. The sampler
should initiate a chain-of-custody document after samples
are collected, and the document should accompany the
samples wherever they go. The document should be signed
by all individuals collecting, relinquishing, and receiving
samples.

Each sample container should be sealed in a manner that
prevents it from being opened without breaking the seal. The
label should contain the foliowing information:

a. Sample number (unique to the person collecting the
sample).
. Location.
. Date sampled.
. Sampled by (signature).
. Date seal broken.
Seal broken by (signature).

=n

- oo

5.3 Field Analytical Techniques

Properly applied and performed field measurement tech-
niques provide results more rapidly than laboratory analyses
for making decisions on-site [13]. Because field measure-
ments are proving to be useful, new and improved instru-
ments and techniques are being developed. Performance
information of currently available field techniques is pre-
sented in Table 8. Some of the advantages of field measure-
ment procedures and instruments include the following:

a. Reliable qualitative and semiquantitative data become
available at the site and can be used to make immediate de-
cisions regarding the need for further assessment and ongo-
ing remediation..

b. The lower cost of field measurements allows more sam-
pling points to be included in the site assessment, which re-
sults in a more comprehensive set of data.

c. Immediate sample analysis reduces sample handling and
eliminates sample storage, thus minimizing the loss of
volatiles.

Some of the disadvantages of field measurement proce-
dures and instruments include the following:

a. Depending on the procedure or instrument used, the re-
sults are semiquantitative or qualitative. (Note that portable
gas chromatographs (GCs) can provide quantitative results.)
b. The age, degree of weathering, or type of petroleum hy-
drocarbons in a sample determines which field technique
will be used. (Some techniques, such as headspace methods
that are less sensitive to nonvolatile constituents, are not well
suited for weathered products.) '
c¢. Field techniques are subject to procedural errors that can
affect the reliability of the results.

d. Several state underground storage programs currently do
not accept field measurement results alone (that is, without
laboratory results).

Although information collected by field measurement pro-
cedures can save time and money, many state and local agen-
cies require laboratory analysis of soil to verify field
information, to quantify BTEX and total petroleum hydro-
carbon (TPH) levels, or to test for less volatile products (for
example, diesel fuel).

Comparing results obtained by field measurement proce-
dures and instruments with those obtained by laboratory
analyses is difficult. As indicators of the presence of hydro-
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carbons, both techniques can provide useful results (given
proper performance of the field technique). The types of re-
sults differ, however; most field procedures and instruments
test for groups of constituents, whereas most laboratory
methods can be selected to analyze for individual con-
stituents or groups of constituents. Also, the different detec-
tors used in the field do not always evaluate the same range
of hydrocarbons as a lab method.

A significant variability factor also enters into compar-
isons of field and laboratory analyses. Field measurement
methods can yield variable results because of variable instru-
ment response, variable conditions in the outdoor environ-
ment, inconsistent protocol, detector limitations, and
inappropriate calibration (see Table 8). Laboratory analyses
can be significantly influenced by the sample collection
method, holding time, and sample transport. For these rea-
sons, it is important to have a well thought out QA/QC pro-
gram to help eliminate external influences on analytical
results.

Both field and laboratory analyses provide useful informa-
tion for investigating a release. Field data are most reliable
when obtained by a competent, well-trained field analyst us-
ing properly calibrated and maintained field instruments.

5.3.1 FIELD MEASUREMENT PROCEDURES

Collecting useful and reliable field measurement data de-
pends on the selection of appropriate sampling devices and
field measurement procedures. The field measurement pro-
cedures currently in use vary widely. Some procedures are
very simple to conduct and are used to indicate contamina-
tion, whereas others are used to quantify the degree of con-

tamination. The overall performance criteria and general
types of procedures adapted from an EPA manual [13] are
described in subsections 5.3.1.1 through 5.3.1.4 and pre-
sented graphically in Figures 13 through 17.

5.3.1.1 Active Soil Vapor Sampling and Analysis

Active soil vapor sampling and analysis is a method used
to measure volatile hydrocarbon concentrations in a soil va-
por sample that 1s collected in place, or in situ, by pumping
or withdrawing the sample into a field instrument for analy-
sis. These samples can be collected in the following ways:

a. Drilling or augering a borehole, inserting an instrument
probe, and taking a reading.

b. Driving a hollow steel probe [typically less than 1 inch
(25.4 millimeters) in diameter] into the soil, collecting a
sample with a gas-tight syringe, and injecting the sample
into a field instrument for analysis.

¢. Driving a hollow steel probe into the soil and collecting
the sample in a Tedlar® (or the equivalent) bag for analysis
with a portable field instrument.

d. Performing sampling directly from the soil vapor probe
(in-line sampling) with a portable analytical field instrument,
such as a PID, a FID, or a GC.

Soil vapor collection techniques are presented in Figures
13 through 16. The level of skill needed by investigators de-
pends on the type of procedure and analytical instrument be-
ing used.

Soil air permeability tests and depth profiles should be per-
formed as part of a soil vapor survey to assess the influence
of permeability, stratigraphy, and moisture content on the soil

Table 8— Summary of Soil and Soil Vapor Field Measurement Procedures and
Analytical Instrument Performance

Estimated Time for
Collection and Analysis

Lower Detection Limits for Gasoline®

Procedure Measuring Device Soil and Water Soil Vapor (in minutes)

Drager tube 5
General headspace analysisb FID/PID/colorimetric detector tube 10’s-100’s ppm 10’s-100’s ppm

GC ppb ppb 10-20
Polyethylene bag sampling system FID/PID colorimetric detector tube 1 ppm 1-100’s ppm 10-20

GC 10°’s-100’s ppb ppb 20
Extraction-colorimetric procedure N/A Soil: 1 ppm N/A Soil: 45-60

Water: 0.1 ppm Water: 10-15

Soil vapor FID/PID/colorimetric detector tube N/A 10’s—100’s ppm 10-30

GC N/A ppb 15-35

Notes: FID = flame ionization detector; PID = photoionization detector; GC = gas chromatograph;

ppm = parts per million; ppb = parts per billion; N/A = not applicable.
“Determined by spiked field standards.
General headspace analysis refers to dynamic and static headspace analysis.
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vapor sampling results and to assist in survey interpretations.
Soil vapor survey results provide qualitative information on
the type and concentration of vapor-phase hydrocarbons, and
the results should be interpreted by evaluating the level of hy-
drocarbons relative to those at other vapor sampling points.
At certain sites, the relative concentrations of constituents
(alkanes and aromatics) in the soil vapor may be used to de-
termine if the vapor-phase hydrocarbon plume is weathered
and its distance from the source. Interpretation of soil vapor
sampling results should consider site characteristics such as
high-clay or organic matter content and moisture percentage.

5.3.1.2 Passive Soll Vapor Sampling and
Analysis

Passive soil vapor sampling and analysis involves using
a buried accumulator device (shown in Figure 17) to collect
a sample that represents the total mass of vapor accumu-
lated over the time the device was in place. Compounds ad-
sorbed to the sampling device are measured using a
desorption procedure followed by mass spectrometry anal-
ysis in a laboratory.

Advantages of this technology are its simplicity, rugged-
ness, ease of installation, and relatively low cost. Disadvan-
tages include longer sampling analysis periods and potential
interference from high background concentrations near the

Instrument
sampling fine

Vapor flow
e —

land surface. A major limitation is that results are not re-
ported as concentrations that can easily be compared with
other data.

5.3.1.3 General Headspace Analysis of Soil

Headspace analysis of soil involves collecting a soil sam-
ple, placing it in an airtight container such as a volatile or-
ganics analysis (VOA) vial or larger glass container, and
analyzing the headspace vapor above the soil sample with a
portable analytical instrument (see 5.3.2). High soil moisture
and high levels of organics and clay in the soil can limit the
amount of volatile hydrocarbons that will volatilize into the
container headspace. Concentrations of volatile constituents
are lower in soils containing weathered petroleum hydrocar-
bons compared with soils containing fresh releases because
the volatile constituents decrease in varying degrees over
time. Headspace analysis of soil provides qualitative resuits
that can be used as a general indicator of the presence of hy-
drocarbons.

Dynamic headspace analysis of soil by using a polyethy-
lene freezer bag system involves collecting a soil sample,
placing it in a reclosable freezer bag, adding water, and then
agitating the sample to release vapors in the bag. The vapor
concentration in the bag headspace is measured using an an- .
alytical field instrument (see 5.3.2). Measured concentra- ;‘:

(text continued on page 40)
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Note: PID = portable photoionization detector; FID = flame ionization detector.
Source: Modified from EPA, Field Measurements: Dependable Data When You Need It [13].

Figure 13— Collection and Analysis of Soil Vapor in a Borehole Using a Portable
PID or FID
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Note: GC = gas chromatograph; PID = portable photoionization detector; FID = flame ionization detector.
Source: Modified from EPA, Field Measurements: Dependable Data When You Need It [13].

Figure 14— Soil Vapor Collection by Syringe and Analysis by GC
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Note: GC = gas chromatograph; PID = portable photoionization detector; FID = flame ionization detector.
Source: Modified from EPA, Field Measurements: Dependable Data When You Need It [13].

_Figure 15— Collection of Soil Vapor in a Bag for Analysis by Portable GC, FID, or PID
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Note: PID = portable photoionization detector; FID = flame ionization detector.
Source: Modified from EPA, Field Measurements: Dependable Data When You Need It [13].

Figure 16— Soil Vapor Collection and Analysis Directly From a Vapor Probe
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Source: Modified from EPA, Field Measurements: Dependabie Data When You Need It [13].

Figure 17—Buried Accumulator Device

tions are a function of the analytical detector’s range of sen-
sitivity.

The quality of data obtained with this procedure is consid-
ered good for soil analysis, and results are not significantly
influenced by such soil matrix effects as high soil moisture
or clay content. Performance data indicate that volatile hy-
drocarbon constituents in gasoline can be measured in soil at
concentrations of less than 10 parts per million. Products
with lower volatility, such as diesel fuel, yield less sensitive
results (less than 200 parts per million) compared with gaso-
line.

5.3.1.4 Extraction-Colorimetric Procedure for
Soil Analysis

The extraction-colorimetric procedure for soil analysis in-
volves extracting aromatic compounds from soil, adding a
reactant to the sample, and interpreting a color change in the
sample extract, which indicates the type of contaminant and
its concentration (the color indicates the type of compound,

and the color intensity indicates the concentration). Training
and experience are required to perform this analysis and to
interpret the results. Waste chemicals from this analysis may
be considered hazardous. Also, this analysis should be used
with caution on soils since soil components other than con-
taminants may affect color change.

This procedure provides quantitative results for a variety
of hydrocarbon constituents. It is especially effective for de-
termining the presence of polynuclear aromatic hydrocar-
bons. Some investigators, however, have indicated that
accuracy may be lower for the analysis of soils consisting of
fine clays and silts [13].

5.3.2 FIELD ANALYTICAL INSTRUMENTS

A wide range of field analytical instruments is available
for determining the presence of volatile petroleum hydrocar-
bons in soil. Some simply detect the presence or absence of
unspecified groups of volatile chemicals, whereas other
more sophisticated tools can identify and quantify specific
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constituents. The instruments presented in this publication
are those commonly used to detect volatile organics; how-
ever, other instruments are available that will detect a
broader spectrum of hydrocarbon constituents (see note).

Note: When using and relying on field equipment for decision making dur-
ing assessments, be certain to (a) acknowledge the limitations of the instru-
ment being used and (b) recognize the importance of proper usage and
maintenance. Results can be misleading if the tools are misused or are not
properly maintained and calibrated. Also, results generated by an instrument

designed only to indicate whether or not volatile compounds are present
cannot be interpreted to mean any more than just that.

The following subsections (5.3.2.1 through 5.3.2.4)
briefly describe some of the different types of field analytical
testing instruments, and Table 9 presents performance data
on these instruments.

5.3.2.1 Colorimetric Detector Tubes

Colorimetric detector tubes, one of the simplest field an-
alytical tools, are used to measure a specific vapor or gas in
air. Each tube is basically a short length of glass tubing that
contains a specific type of chemical packing. Air is drawn
through the tube by breaking off the tube tip and connecting
it to0 2 hand pump. As an air sample containing hydrocarbons
is pulled through the tube, it will react with the detector
reagents to produce a color stain. Generally, the length and
' intensity of the stain are proportional to the concentration of

the contaminant, which is a reading taken from the scale.
The accuracy and detection range of a specific tube are
stated in the manufacturer’s literature. Although these tubes
have some limitations in terms of accuracy and detection
range, they have the advantages of being inexpensive and
easy to transport, use, and interpret.

5.3.2.2 Photoionization Detector

Portable photoionization detectors (PIDs) are relatively
easy to use in the field and particularly sensitive to aro-
matic hydrocarbon constituents. The PID ionizes the vapor
sample to detect and measure the presence of organic va-
pors. An ultraviolet (UV) light in the instrument is used to
ionize organic vapor molecules. An internal pump draws
the air sample through the instrument probe and past the
lamp. If the UV light can excite the air sample and cause it
to ionize, a signal registers on the instrument meter or dig-
ital display. The strength of the signal is a relative measure
of the concentration.

Some PIDs have interchangeable UV lamps that are sen-
sitive to different ranges of compounds. All of the PID lamps
have a specific sensitivity to BTEX. Different UV lamps can
be used to detect different volatile constituents. The detec-
tion range for these instruments is about 0.2 to 2000 parts per

) million. Accuracy varies with the concentration level being
measured, the type of constituents present in the sample, and
the amount of moisture drawn into the instrument.
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Because PIDs do not detect alkanes such as methane, they
can be useful in detecting aromatic constituents released in
areas where natural methane may exist (such as in septic
fields, sewer lines, and bogs). Dry weather and temperatures
above 50°F (10 °C) are the ideal conditions for conducting
PID analyses. The responsiveness of PIDs decreases in moist
conditions when the relative humidity of the sample or am-
bient air is high (above 90 percent).

5.3.2.3 Flame lonization Detector

Flame ionization detectors (FIDs) are commonly used to
measure the presence of organic gases and vapors. This in-
strument uses a hydrogen flame to ionize molecules of
volatile organic constituents present in the vapor sample.
The ionized molecules produce a current proportional to that
of the sample. The FID will detect the presence of volatile
vapors, including methane, that may yield high readings
(false positives) in areas where methane levels are higher
than normal (for example, wetlands, sewers, septic fields,
and bogs). A direct-reading colorimetric detector tube spe-
cific to methane can be used in conjunction with an FID to
evaluate methane concentrations. The FIDs are less sensitive
than PIDs to environmental conditions such as relative hu-
midity and temperature; however, winds, excess carbon
dioxide, and depleted oxygen can extinguish the flame in the
instrument. These instruments are also more sensitive than
PIDs to alkanes such as hexane and butane, which make up
a higher fraction of gasoline than do the aromatics.

5.3.2.4 Portable Gas Chromatograph

A portable gas chromatograph (GC) uses a separation col-
umn to isolate and analyze specific constituents in either a
liquid or vapor phase in conjunction with a PID or an FID
detection system. A portable GC consists of a sample injec-
tion system, a separation column, an output detector, and a
detection system. A GC/FID system contains a combustible
gas supply for the flame; a GC/PID system contains a UV
lamp. Several different GCs with varying capabilities are
currently offered on the market.

Vapor samples containing a mixture of compounds can be
injected into the GC and carried through the sample column
by an inert carrier gas. The vapors travel through the column
at varying rates of speed and reach the detector at different
times. Each component is separated by the time it gets to the
detector. The lighter constituents elute or are extracted first,
followed by those that are heavier and less volatile. This de-
tection process is translated into a chart record (or chro-
matogram) showing the length of time from injection to
maximum peak height. The peak height from the baseline to
the top of the peak is proportional to the concentration of a
constituent.

The portable GC is an extremely versatile and powerful
tool for field use. Its performance, however, depends greatly
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Table 9— Summary of Analytical Instrument Performance

Skill
Analytical Level for Calibration Ease of?
Method/Device Analysis Frequency Maintenance Operational Factors

Portable Medium 1 to 3 times Easy Detects methane.
FID every day Low oxygen levels cause flameout.
: Recommended ambient air temperature is >40°F (4°C).

Requires battery recharge every 8 hours.

Hydrogen gas is required.

Flow rate below 1.2 liter/min. can yield inaccurate results.

Complete destruction of sample does not allow further
analysis.

Detects the total concentration of many organic vapors and
gases (alkanes and aromatics) within its ionization potential.

Portable Medium 1 to 3 times Very Photoionization lamp requires periodic cleaning and changing.
PID every day easy Moist atmospheric conditions (for example, rain) and high

relative humidity (>90%) in the sample can “quench™ the signal
and result in low readings.

Dust particles may absorb uitraviolet energy and cause
erratic responses in PIDs that do not have filters.

Responses may be affected by power lines, transformers, or
radio wave transmitters.

For concentrations >150 ppm TOV, the PID may provide
nonlinear or erratic responses.

Does not detect methane or other alkanes and thus eliminates
anomalous methane contributions to total concentration readings.

Portable High Every Difficult Ambient conditions can affect instrument performance if not
GC 5t 10 calibrated under similar conditions.
samples Specific constituents in mixtures can be difficult to resolve on

a chromatogram.

Separation of components with wide ranges of volatility can be
difficult and time consuming.

Injection and analysis of water sample require an
additional extraction step using an organic solvent
(methylene chloride).

A qualified operator is required to assure accurate results.

GCs are sensitive instruments that require frequent factory
adjustments.

Colorimetric Low Calibration by No Tubes previously opened or past their expiration dates
detector manufacturer maintenance should not be used.
tubes High humidity can limit the sensitivity of a detector tube.
Jagged edge of the stain sometimes makes it difficuit to
obtain accurate readings.
Constituents that are similar may interfere with detection of the
constituent of interest.
Pump that draws a specific volume of sample into the tube
should be checked for leaks.
May generate hazardous waste as part of the extraction process.
May not be appropriate for soil analyses.

Notes: FID = flame jonization detector; PID = photoionization detector; GC = gas chromatograph.
30n-site routine maintenance by the operator.
Source: Modified from EPA, Test Methods for the Evaluation of Solid Waste [14].

Copyright American Petroleum Institute
Provided by IHS under license with API

No reproduction or networking permitted without license from IHS Not for Resale




API PUBLx1b29 93 EER 0732290 D5162k3 950 M

GUIDE FOR ASSESSING AND REMEDIATING PETROLEUM HYDROCARBONS IN SOILS 43

' on the operator’s capabilities; a substantial level of skill is re-
quired to operate and interpret the results.

5.4 Laboratory Analysis of Soils

Most state regulatory programs require laboratory analysis
of soil samples as part of a site assessment and corrective
action for soils containing petroleum hydrocarbons. Results
of laboratory analyses can provide quantitative data for a
range of indicator compounds in hydrocarbon fuels. The
turnaround time for laboratory analyses (that is, the time it
takes to receive results after a sample has been submitted for
analysis) can take from 1 to 6 weeks depending on the pre-
mium paid for the analysis. In addition, an inherent variabil-
ity exists among results from different laboratories because
accepted analytical methods may have been modified to use
different methods for containment extraction and analysis.
Most of the accepted methods for analysis of soil are adapted
from a series of EPA methods developed for either water or
solid waste and published in SW-846, Test Methods for
Evaluating Solid Waste [14]. All of these methods require
the removal or extraction of hydrocarbons from the soil ma-
trix; thus, the primary problem involved in analyzing soils
containing hydrocarbon fuels is the efficient removal of the
hydrocarbon constituents for analysis. Variables such as

sample collection, handling, and storage can seriously affect
' loss of volatiles in laboratory analyses. Variations in results
can also be attributed to the ways EPA methodologies have
been adapted by different laboratories.

Most hydrocarbon fuels are composed of complex combi-
nations of constituents that have different physical and
chemical properties. As a result, the analytical methods must
be broad in scope but capable of routinely and reliably de-
tecting concentrations in the range of 1 to 10,000 parts per
million. Some analytical methods are commonty used to
measure a limited range of hydrocarbon constituents, al-
though they are not designed to do this. As an example, EPA
Method 418.1 is inappropriately named “Total Petroleum
Hydrocarbons™; however, the results are often misinterpreted
because they represent a wider range of all hydrocarbons
present in soil.

54.1 METHODS OF IDENTIFYING
CONTAMINANTS

Because of the physical and chemical complexity of pe-
troleum products and the difficulties associated with analyz-
ing them, the analytical process is often limited to
identifying indicator compounds. Indicator compounds are
usually defined as those that are considered the most toxic
and most mobile in soil and groundwater. Many state regu-
latory guidelines or standards focus on BTEX because of

l their recognized toxicity and mobility. A second indicator
compound commonly used is TPH, primarily because the
test is a simple and inexpensive procedure. Although TPH
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may be useful in characterizing the general nature of petro-
leum hydrocarbons occurring at facilities, it has several
shortcomings as an indicator of petroleum hydrocarbon con-
centrations in soils and, therefore, of the impact on ground-
water or of health risks. These shortcomings are discussed
further in 5.4.2.

Several EPA methods are commonly used to analyze for
volatiles and semivolatiles. Soil samples are generally an-
alyzed in the laboratory by GC or gas chromatograph/mass
spectrometer (GC/MS). Each of these methods has an as-
sociated target compound for which it was specifically
developed and evaluated. Table 10 lists the methods com-
monly used to detect, identify, and quantify indicator param-
eters and specific constituents in soils containing petroleum
hydrocarbons.

For specific compounds that must be identified and re-
moved from the soil matrix by volatilization or solubiliza-
tion, the removal methods depend on the relative volatility of
the target compounds. The methods are typically categorized
as volatile or semivolatile. The volatile methods target key
compounds such as BTEX that are routinely used for analy-
sis of gasolines. Semivolatile methods are used for products
like diesel fuel because they target key compounds such as
naphthalene and phenanthrene.

The term volatile refers to those compounds that can be
effectively recovered from soil by the purge-and-trap method
(EPA Method 5030A [14]). In the purge-and-trap method, a
portion of the soil is dispersed in methanol, polyethylene
glycol, or tetraglyme to dissolve the volatile organic con-
stituents. The resulting solution is then combined with
reagent-free water in a purging chamber. The sample is
purged at room temperature with an inert gas such as helium,
and the volatile components are transferred from the aqueous
phase to the vapor phase. The volatile compounds stripped
from the sample are then trapped with a porous polymer ad-
sorbent. The trapped compounds are desorbed directly into
the inlet of a GC by rapidly heating the trap after the column
carrier gas has been diverted to flow through it.

Nearly all of the methods for detecting specific hydrocar-
bon constituents or compounds in soil (BTEX, for example)
use GC, and a packed-column technology is usually speci-
fied. Techniques in which GC columns are interfaced with
mass spectrometers are emphasized. Mass spectrometers
fragment the molecules separated by GC and produce a char-
acteristic mass spectrum. These instruments are well known
for their sensitivity and ability to detect specific organic
compounds.

The PID is an alternate detector used with methods in-
volving aromatic hydrocarbons. This detector has a rela-
tively high selectivity for aromatics over aliphatic
hydrocarbons. One series of methods also uses the FID de-
tector, which gives nearly universal response to hydrocar-
bons and offers no selectivity. Identifying constituents by
using GC/MS methods is based on chromatographic reten-
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tion times and mass spectra, whereas identifying and mea-
suring constituents by GC methods alone are based on chro-
matographic retention times only.

5.4.2 PERFORMANCE CONSIDERATIONS

Determining which type of analytical method to use de-
pends on the type of hydrocarbon compounds in the soil
samples. Analytical methods range from the generic TPH
methods to the highly selective and sensitive GC methods
used to analyze specific constituents (BTEX, for example).

The indicator parameter method mentioned earlier focuses
on the common characteristics of several petroleum hydro-
carbon constituents and is used as a screening method for
identifying gross amounts present. Analysis of soil samples
for indicator parameters such as TPH is quick and relatively
inexpensive. These analyses involve extracting hydrocarbon
residues from the soil by using an organic solvent or solvent
mixture. The EPA methods for TPH specify the use of
Freon™ as an extractant (CFC 113), which could pose envi-
ronmental concerns.

Although the methods used to determine TPH (EPA
Method 418.1 is the most commonly used [14]) are relatively
inexpensive, their accuracy has not been fully documented
for measuring petroleum-based fuel in soils. Such methods
neither accurately measure the lighter fractions of gasoline
(which include BTEX), nor identify any natural soil organics
derived from biological activities. No performance data have
been published on using these methods on soil (they were
originally developed as an analysis method for water). Fur-
thermore, because petroleum fuels are complex mixtures, it is
difficult to establish standards for calibrating the results.
Also, extraction efficiency (recovery) and detector response
(detectability) of different hydrocarbon components will vary
somewhat among different fuels and soil types.

These problems may be compounded by attempting to
compare different fuel compositions. For example, gasoline
and diesel fuels contain different classes of hydrocarbon con-
stituents. Therefore, the TPH methods used for gasoline in
soil will consist of C, to C,, compounds, whereas those used
for diesel fuels in soil will consist of C, to C,; compounds.
No simple way exists for directly comparing soils containing
gasoline with soils containing diesel fuels. Because of the in-
herent variability of the methods, relating any potential envi-
ronmental or health risks to concentrations of TPH is
currently impossible. For these reasons, TPH has limited
value as an indicator compound for cleanup criteria. Its
widespread use as a soil cleanup criterion points to a lack of
understanding of the proper use and limitations of the TPH
method. When the regulatory objective is protection of
groundwater quality, more mobile constituents (such as
BTEX) should be used as indicator compounds.

Perhaps the most frequently recognized problem with soil
analysis is not the analytical work itself but the difficulties

encountered in maintaining sample integrity (that is, prevent-
ing the loss of volatile compounds during the interval between
initial field sampling and final analysis). One means of avoid-
ing this situation is by using field preservation of the sample.
API has developed a method using either methanol or methy-
lene chloride as the preservative (see API Publication 4516
[15]). The method also contains detail on using appropriate
reference standards for the analytical procedures, as well as
approaches to quantifying contaminant concentrations.

Another analytical issue of interest is recognizing appro-
priate detection limits for the methods in use. A critical con-
cept in chemical analysis is the evaluation of the data
generated in terms of its reliability (that is, with what degree
of certainty does any given analytical value represent the
true concentration of the analyte in the sample). This is par-
ticularly important when analyses are being conducted for
complex matrices (such as for fuels in soil) in concentrations
at or below the detection limits. For some compounds, this
becomes a very real problem. For example, no published
method detection limits exist for benzene in soil; however, |
EPA’s SW-846 suggests a method detection limit for Method
8020 of 2.0 micrograms per liter (2.0 parts per billion) but
notes a practical quantitation limit (PQL) of between 2 and
250 micrograms per liter for soils with so-called low to high
levels of contamination [14]. The terms low and high are not
further defined in the publication.

Providing a precise, generic, limit for detecting organic
compounds such as benzene in soil is impossible because the
true detection limit depends on the nature of the specific in-
terferences provided by the soil matrix and the other organic
chemicals present. These interferences will vary among soil
types (for example, sandy soils typically have fewer interfer-
ences than do silty or clayey soils) and among fuel types
(such as weathered fuels). Although it is not always practical
to identify these interferences and determine their effect on
the detection limit, all individuals who must rely on these
chemical analyses in their decision-making processes should
have a thorough understanding of these concepts.

5.4.3 ANALYSIS OF HAZARDOUS WASTE
CHARACTERISTICS

The Resource Conservation and Recovery Act (RCRA)
hazardous waste characteristics promulgated by the EPA
designate broad classes of wastes to be hazardous by their in-
herent nature. Because such wastes have been determined to
be harmful to human health or the environment, the EPA has
identified test methods and regulatory thresholds for deter-
mining specific characteristic properties. Thus, any solid
waste that exceeds the regulatory threshold level for any
characteristic property is considered a hazardous waste.

The analytical procedures used to determine if wastes
should be characterized as hazardous under RCRA are listed
in 40 Code of Federal Regulations Part 261 [16]. Sections
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Table 10— Analytical Methods for Soil Samples

(total organic carbon)

Parameter Method? Comment
Benzene, xylene, toluene, and EPA 5030A Purge-and-trap extraction method GC-
ethylbenzene (aromatic volatile EPA 8020A" PID, ignores MTBE.
organics) EPA 8021AP GC-ECD/PID in series.
EPA 8240A° GC/MS (typically used for gasoline).
Polynuclear aromatic EPA 3550A Ultrasonic extraction method.
hydrocarbons (PAHs) EPA 8270A GC/MS (typically used for used motor
oil and unknown),
Total petroleum hydrocarbons EPA 418.15¢ Does not distinguish between naturally
EPA 8015A° occurring oils and petroleum based oils.
Does not measure lighter fractions,
such as BTEX.
Napthalene EPA 8100
Benzene and 1, 2-dichloroethane EPA 13114 Zero headspace extraction.
(TCLP) EPA 8240A" GC/MS analysis.
Lead (TCLP) EPA 13119 TCLP leaching method.
EPA 6010 Inductively coupled plasma (ICP).
EPA 7421A Graphite furnace AA.
EPA 7420A Flame AA.
Ignitability/flash point EPA 1010A Applies to liquids only but is used on
' EPA 1020A soils.
Qil and grease EPA 9071A
Percent moisture ASTM D2216
pH EPA 9045A Soil pH method.
Organic matter concentration EPA 9060A High-molecular-weight oils.

Grain size analysis ‘ ASTM D422

2EPA, Test Methods for Evaluating Solid Waste [14].

Sieve and hydrometer analysis.

b The method cannot distinguish between soil matrix interferences and the target compounds or constituents.

SEPA, Methods for Chemical Analysis of Water and Wastes [40].
440 Code of Federal Regulations Part 261, Appendix II [16].

261.21 through 261.24 detail the specific test methods used
to characterize the material by ignitability, corrosivity, reac-
tivity, and toxicity criteria.

A number of state and local regulatory agencies require
testing of soils contaminated with petroleum hydrocarbons
for specific hazardous characteristics. Because of the inher-
ent characteristics of petroleum hydrocarbons, corrosivity
and reactivity are not applicable to soils containing petro-
leum hydrocarbons; however, some attempts have been
made to test solid wastes for ignitability as defined in

' RCRA. The ignitability tests used for liquid wastes clearly
state that they are not appropriate for solid wastes, and the EPA
is currently evaluating several procedures for their applicability

Copyright American Petroleum Institute
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to soils. The relevance of the characteristics of ignitability and
toxicity to soils containing petroleum hydrocarbons is dis-
cussed in the subsections 5.4.3.1 and 5.4.3.2.

5.4.3.1 Characteristic of Ignitability

The characteristic of ignitability as defined in 40 Code of
Federal Regulations 261.21 [16] has four provisions for de-
termining whether or not a solid waste is legally a hazardous
waste; however, only two of these provisions are relevant to
soils containing petroleum hydrocarbons. (The other two
provisions describe conditions under which solid wastes,
such as compressed gases or oxidizers, are ignitable and,
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Table 11—Maximum Concentration of Constituents for the
Toxicity Characteristic

Regulatory
EPA HW Level
No? Constituent CAS No’ (milligrams/liter)
D018 Benzene 71-43-2 0.5
D028 1,2-Dichloroethane 107-06-2 0.5
D008 Lead 7439-92-1 5.0

2EPA hazardous waste number.
"Chemical Abstracts Service number.

therefore, considered hazardous; neither of these conditions
pertain to soils that contain hydrocarbon fuels.) Thus, soils
containing petroleum hydrocarbons may be classed as haz-
ardous waste because of their ignitability if a representative
sample of the soil has either of the following properties:

a. The'soil contains a free liquid with a flash point of less
than 60°C (140 °F). The free liquid is determined by the
Paint Filter Liquid Test (PFLT) described in EPA’s SW-846
[14). Flash point is determined by one of the following:
Method 1010, which consists of using a Pensky-Martens
Closed Cup Tester in accordance with the test method spec-
ified in ASTM D-93 [17]; Method 1020, which consists of
using a Setaflash Closed Cup Tester in accordance with the
test method specified in ASTM D-3278 [18]; or an equiva-
lent test method approved by the EPA administrator.

b. The soil is not a liquid and is capable, under standard tem-
perature and pressure, of causing fire through friction, ab-
sorption of moisture, or spontaneous chemical changes; and
when ignited, it burns so vigorously and persistently that it
creates a hazard.

5.4.3.2 Characteristic of Toxicity

Solid wastes have the potential for being classed as haz-
ardous based on the characteristic of toxicity if the test ex-

tract from a representative sample of the waste contains any
of a set of designated constituents in a concentration equal to
or greater than the regulatory threshold level. Table 11 lists
constituents of concern and their respective thresholds. For
soils containing petroleum hydrocarbons, the two principal
constituents of concern are benzene and lead,

The extract from a representative sample of the soil con-
taining petroleum hydrocarbons must be obtained by using
the Toxicity Characteristic Leaching Procedure (TCLP)
(EPA Method 1311), which the EPA designed to determine
the mobility or leachability of both organic and inorganic
contaminants in liquid, solid, and multiphase wastes. Trained
professionals must conduct the TCLP and the subsequent
analysis of the extract in a laboratory. The technique for con-
ducting the TCLP method is described in Appendix II of 40
Code of Federal Regulations 261 [16]. In brief, a TCLP and
subsequent analysis for soil containing petroleum hydrocar-
bons involve separating liquids and solids, refining the
solids, extracting with a zero headspace extraction device
and a liquid reagent, separating the extract from the solids,
and analyzing the liquid.

Petroleum-containing soil associated with UST cleanups
is exempt from the toxicity characteristic test (see 5.4.3).
Such soil is exempt from being classified as hazardous be-
cause of other hazardous characteristics, such as ignitability.

SECTION 6—CORRECTIVE-ACTION OPTIONS

6.1 Overview

For any given site, the selection of a corrective-action
strategy should be governed by site-specific criteria, as well
as federal, state, and local law. Parameters such as local hy-
drogeology, the distribution and character of released hydro-
carbons, the potential threats to public health and the
environment, and the time frame and budget available for re-
mediation should be considered. Corrective action may aiso
be performed on the groundwater in conjunction with soil re-

mediation. The performance of the corrective action selected
should be monitored regularly and reevaluated periodically
to assure it is currently and effectively achieving the pro-
jected site cleanup goals. This reevaluation process will help
to avoid continued use of a corrective-action technique after
it is no longer beneficial.

The extent of cleanup required and selection of an appro-
priate remediation approach is determined by the results of
the site and exposure assessments. The potential levels of ex-
posure to humans and the environment are determined dur-
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ing the exposure assessment (see 4.3.4). If the assessment in-
dicates that potential hazards exist at the site, a risk assess-
ment may then be conducted to estimate the potential risk to
human health and the environment and to determine the
cleanup criteria and objectives. Risk assessments are dis-
cussed further in 6.2.1.

Depending on the condition of the site and possible short-
or long-term health and environmental impacts, the broad re-
medial strategies of passive and active remediation may be
considered. Descriptions and examples of these strategies are
discussed in 6.1.1 and 6.1.2.

6.1.1 PASSIVE REMEDIATION

Passive remediation is appropriate when there is no signif-
icant risk to a sensitive receptor from exposure to the petro-
leum hydrocarbon release. This typically requires that the
extent and concentrations of petroleum hydrocarbons in the
soil are well defined and at a level that would not pose a
threat to a receptor. Under these circumstances, corrective
action can be left to proceed through natural mechanisms
(biodegradation). Passive remediation is typically accompa-
nied by periodic monitoring to verify the appropriateness of
this strategy.

Example: Low concentrations of gasoline constituents are
detected in the soils near a UST during a site assessment. The
tank has tested tight, and the levels of contamination ob-
served are believed to be due primarily to overfills that oc-
curred before the installation of secondary containment
around the tank fill ports. Groundwater is 40 feet (12 meters)
below the base of soil contamination; groundwater flow ve-
locities are low; and the nearest downgradient user of ground-
water is approximately 0.5 miles (0.8 kilometers) away.

Based on the low concentrations, the absence of a contin-
uing source, the low probability of groundwater impact, and
the low risk of off-site migration and exposure if groundwa-
ter impact did occur, passive remediation would be appropri-
ate. Groundwater quality downgradient of the tank field
would be monitored quarterly or semiannually to verify the
absence of hydrocarbon contamination.

6.1.2 ACTIVE REMEDIATION

Active remediation will be required when the risk posed
by the released hydrocarbon fuels is unacceptable, and,
therefore, a passive response should not be used. Active re-
mediation may be either limited or extensive, although these
words may not be defined in absolute terms because of the
large number of remedial options and combinations of op-
tions possible for any given site.

6.1.2.1 Limited Action

When the risk associated with the release is too high to
justify passive remediation but not high enough to warrant

an extensive level of corrective action, an intermediate or
limited response would be appropriate. This typically occurs
when the extent and impact of hydrocarbons in the soil are
very localized (limited to the immediate vicinity of the tank
field) and the potential for groundwater impact or off-site
migration is very low.

Example: Soils immediately around and below a leaking
tank are found to contain moderate to high levels of gasoline
constituents. Lower concentrations are also detected across a
larger area centered around the tank field. Groundwater is
present approximately 5 feet (1.5 meters) below the base of
the higher concentration of hydrocarbon in the soil near the
tank field. Groundwater flow velocity is low, but potential
receptors are located within several hundred feet downgradi-
ent of the site.

Based on the higher concentrations of contaminants at
this site and the increased potential for exposure to these
concentrations, a passive response would not be appropri-
ate. It may not be necessary, however, to actively address all
of the soil impacted at the site in order to effectively miti-
gate the risk. Activities such as excavation or soil vapor ex-
traction could be focused on the most highly impacted soils
immediately surrounding the tank. The larger area of soils
with relatively low levels of hydrocarbons might then be ad-
dressed with a passive approach. The leaking tank, of
course, would either be removed, repaired, or closed in
place depending on applicable state and local regulations
and requirements.

6.1.2.2 Extensive Action

When exposure has already occurred or the potential for
exposure is high, the corrective action implemented may be
extensive. Extensive action implies that the level of plan-
ning, cost of implementation, and disruption to normal site
activities will all be substantial.

Example: High levels of petroleum hydrocarbon con-
stituents have been detected in soils across a large area that
includes the tanks, the supply lines, and the dispensers. Soil
contamination has apparently occurred due to leakage from
several portions of the system. Groundwater is severely im-
pacted, and the resulting groundwater plume has rendered
several downgradient domestic supply wells unusable.

The high risk associated with such a scenario mandates
extensive action to remediate the soils at the site (see note).
This could include the large scale excavation of the most
highly contaminated soils for on-site treatment and in situ
remediation of other soils across the site using a bioventing
approach.

Note: Groundwater remediation may also be required but is beyond
the scope of this document. See API Publication 1628 [1] for further
information.
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6.2 Cleanup Objectives
6.2.1 OVERVIEW

Before a cleanup can proceed, the targets for the cleanup
effort should be established. These targets will consist of ac-
ceptable levels of hydrocarbon constituents that may be al-
lowed to remain within soils and groundwater after the
conclusion of remediation. In determining these levels, con-
sideration must be given both to what is necessary for the
protection of the environment and public health as well as to
technical and economic feasibility. The former will be based
on the presence and nature of the exposure pathways as de-
termined by the exposure assessment (see 4.3.4). Because of
the nature of its exposure pathways, cleanup targets for
groundwater are typically given more emphasis than those
for soils. Soil cleanup targets typically reflect the potential
for groundwater impact from the remaining or residual-
phase hydrocarbons in the soil.

6.2.2 RISK-BASED CRITERIA FOR CLEANUP

Cleanup objectives must relate directly to the potential of
the release to adversely affect the public and the environ-
ment. These objectives are subject to approval by one or
more regulatory agencies, usually the state’s regulatory
agency for environmental protection or the state fire marshal.
Most state regulatory agencies have standards for soil
cleanup after petroleum hydrocarbon releases. Numerical
cleanup standards such as these are typically based on
worst-case generic or regional risk assessments or, in some
cases, on analytical detection limits. Therefore, they may or
may not be appropriate or attainable for individual sites. As
an alternative to these broad cleanup guidelines, most states
allow site-specific cleanup objectives to be developed
through the use of risk assessments.

A risk assessment uses site-specific information, such as
the extent and nature of contamination determined during the
site assessment and the exposure pathways identified during
the exposure assessment, to evaluate and quantify the poten-
tial impact. Because this potential, or risk, may be related to
the concentrations of hydrocarbons in soils (among other
factors), the reduction of these concentrations will reduce the
risk. Thus, a risk assessment helps establish the degree of
cleanup that will reduce the risk posed by the contamination
to an acceptable level. The result is a set of site-specific risk-
based cleanup criteria or objectives. 1t is important to recog-
nize that, for a particular site, the cleanup objectives
determined by a risk assessment may be either more or less
stringent than the more general state requirements.

To assess the risk to health, the potential level of exposure
is compared with chronic and acute toxicity data for the
chemicals of concern. The potential effect of exposure is
based on the following:

a. The type of receptor.

b. Fate and transport of hydrocarbon constituents.

c¢. The magnitude and duration of the exposure.

d. The expected effect of the hydrocarbon constituents on
the receptor.

A number of specific approaches for calculating the risk are
based on the factors listed in Items a—d. Regardless of which
approach is used, it must be based on the known character-
istics of the site and must be acceptable to the regulatory
agency overseeing the cleanup.

In comparison to the complex and detailed risk assess-
ments that are characteristic of cleanup operations under the
Superfund program, risk assessments for hydrocarbon fuel
releases are typically quite straightforward. Although gaso-
line is a complex mixture of hydrocarbons, most states are
concerned primarily with the health effects of the following
components that present significant risk: benzene, toluene,
ethylbenzene, xylenes, and tetracthyl lead.

6.3 Soil Remediation Strategy

Several decision and action steps must be completed dur-
ing the development and implementation of a cotrective-ac-
tion strategy at a release site. Although each site will have its
own specific requirements, these steps may be structured as
follows:

a. Step 1—Establish the cleanup objectives.

b. Step 2-—Evaluate remedial options.

c. Step 3—Identify and select a remedial option.

d. Step 4—Implement and monitor the selected remedial
option for a finite period.

e. Step 5—Terminate the selected remedial option when its
effectiveness has ended.

A brief examination of each of these steps is presented be-
low. Subsection 6.2 contains a more detailed discussion of
the overall concepts involved in establishing cleanup objec-
tives and selecting a remedial option (Steps 1 and 2). Be-
cause the concepts governing Step 4 actions are more
specific to each remediation method, information on imple-
menting and monitoring will be included in the discussion of
each method in 6.3.

6.3.1 ESTABLISHING CLEANUP OBJECTIVES

Before a cleanup strategy is selected, it is critical to con-
sider what the objectives of the remediation will be. The ini-
tial question is whether the risk present is sufficient to justify
active remediation; if not, can a passive approach be used. If -
active remediation is required, how much of the site must be
cleaned up, and what level of cleanup must ultimately be
achieved. The answers to these questions will be based on
the results of the site assessment (see Section 4) and the site-
specific or general cleanup requirements of the government
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agency regulating the remediation. These objectives will in-
clude the following:

a. The hydrocarbon phases targeted for removal.

b. The appropriate cleanup targets for the site.

¢. The general time and budgetary framework within which
remediation should occur.

6.3.2 IDENTIFYING AND SELECTING REMEDIAL
OPTIONS

6.3.2.1 Overview

The selected remedial options must be capable of achiev-
ing removal of the targeted hydrocarbon phases to the
specified cleanup levels within the time frame set for
remediation. They must also be technologically and eco-
nomically feasible, given the nature of the site and its activ-
ities. Finally, they must be acceptable to all regulatory
agencies overseeing the remediation. If these criteria cannot
be met with existing technologies, the cleanup objectives
may have to be revised.

6.3.2.2 Site-Specific Parameters Affecting
Cleanup

lems that must be addressed when developing a corrective-
action strategy. These constraints and problems often govern
the selection of one or more corrective-action techniques.
The parameters that most strongly influence the selection of
a corrective-action technology, other than those relating di-
rectly to exposure pathways, include the following:

' . Each site presents a particular set of constraints and prob-

a. Site hydrogeology—the depth to water, distribution and
character of high and low hydraulic-conductivity strata,
presence of a water table or confined conditions, hy-
draulic gradient, and the rate and direction of groundwater
movement.

b. Nature of the hydrocarbon fuel—the viscosity, volatility,
solubility, age, and density of the released fuel.

c. Extent of subsurface hydrocarbons—the three-dimen-
sional extent of soils and groundwater affected by the re-
lease; the distribution of concentrations within the
boundaries of this area; the distribution of hydrocarbons
among dissolved phase, vapor phase, and separate and resid-
ual liquid phases.

d. Nature of the site or facility—active or inactive; level of
traffic; location and orientation of buildings, islands, and
tanks; available utilities; and proximity to treatment or dis-
posal center.

The relationship between the parameters listed in Items

) a—d and the applicability of a specific cleanup technique will
vary depending on the technique considered. For this reason,
site-specific factors affecting implementation and effective-
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ness will be addressed in the discussion of individual tech-
niques in 6.3.

The conditions having the greatest effect on the selection
of remedial options are those that affect the movement of
hydrocarbons away from the point of release and their
movement to a receptor or to a point of removal or treat-
ment. Also important, however, are those parameters that
will affect the installation and operation of the equipment
required for remediation.

From a practical standpoint, it is important to note that not
all of the information listed in Items a—d will be available for
most sites. Even if a proper site assessment has been per-
formed, the scope of investigation typical of most hydrocar-
bon release sites may not permit the detailed evaluation of
complex hydrogeologic settings or the precise delineation of
the extent and distribution of contamination. The investiga-
tor selecting cleanup objectives and strategies must therefore
make intelligent assumptions based on an understanding of
the typical migration behavior of released hydrocarbon fuels
in various settings.

In many ways the effect of site-specific factors on the ap-
plicability of various cleanup alternatives seems to put the
person selecting remediation strategies in a difficult position.
Until these site-specific characteristics are known, it is diffi-
cult or impossible to select a remedial approach. It is often
helpful, however, to be able to tailor an investigation to de-
termine remediation-specific information, such as the nutri-
ent content of soil for a bioremediation or the permeability of
soil to air for a so0il vapor extraction approach. In other
words, many aspects of the investigation cannot be per-
formed without selecting a remediation approach, but a re-
mediation approach cannot be designated until the
investigatiorf has been performed. Additional investigations
may be required in order to help determine the most effective
remediation system.

The solution to this apparent contradiction is twofold. First,
the assessment must be performed with an eye toward the
possible remediation techniques that may be applicable. As
information from the ongoing site assessment narrows the op-
tions for a cleanup approach, the investigation must be mod-
ified to provide more remediation-specific samples or data.
This requires that the manager of the assessment have at least
a general understanding of the types of remediations that may
be applicable to any given site. Second, if the assessment is
performed in two or more phases or stages, the initial phases
could provide the information necessary to make a prelimi-
nary cleanup selection or selections. Later phases can then be
tailored to support this preliminary choice.

6.3.3 IMPLEMENTING AND MONITORING THE
REMEDIAL SYSTEM

This part of the corrective-action process includes design
of the remediation system, installation and startup, normal
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operations and maintenance, and ongoing changes in the
overall system to optimize its effectiveness.

For example, if soil vapor extraction (SVE) is selected as
a remediation system, the design of the SVE system would
then be conducted and tailored to the needs of the site. A soil
air permeability test might be performed to assist with the
system’s design. After the design phase, the system compo-
nents would be selected, acquired, and installed. The compo-
nents would include extraction wells, piping, vacuum
pumps, and vapor treatment. Following system startup, a pe-
riod of system balancing and fine-tuning could occur during
the early stages of operation.

The operation, maintenance, and monitoring of such a
system could include a daily check of the basic system sta-
tus,.a more detailed monthly status check and maintenance
visit, and the collection of extracted vapor samples for anal-
ysisias required. System effectiveness would be evaluated
based on concentration reduction for specific hydrocarbons
and concentration reduction in soil through evaluation of
soil cones.

6.3.4 TERMINATING THE CORRECTIVE ACTION

Corrective actions are typically terminated either because
the cleanup objectives have been achieved, or because the
effectiveness of the remediation has decreased below the
level that would justify its continued use. If the latter has oc-
curred, it may be necessary to evaluate an alternative ap-
proach that can achieve the remediation objectives. If this is
not possible, the cleanup objectives should be reevaluated in
light of the performance of the corrective action. In some
cases, continual remediation may be required in order to
control migration of site contaminants.

6.4 Corrective-Action Technologies

Each corrective-action method is best suited for a partic-
ular set or range of conditions. Selecting the optimal technol-
ogy for a given site must therefore be based on matching the
capabilities and economies of the technology with the con-
straints posed by site-specific conditions.

Corrective-action techniques that can be used for fuel-im-
pacted soils that are discussed in this publication are summa-
rized in Table 12. As discussed in 6.1, these techniques can
be subdivided into two basic types: '

a. Passive remediation, which allows natural processes to
remove released hydrocarbons and monitors the progress of
this removal.

b. Active remediation, which attempts to actively remove
the hydrocarbon impact from the soils, either in situ or
aboveground, following excavation. Active remediation may
be either limited or extensive.

Passive remediation is applicable in settings where the re-
leased hydrocarbons are limited in concentration and extent,

and/or no significant risk has been identified associated with
the release. Active measures must be taken where the risk
posed is significant because of the extent of the release, the
nature of the site, or both.

When active remediation is required, in situ techniques are
typically favored because of the lower cost and minimal dis-
ruption of surface structures and processes. Although above-
ground technologies involve significant disruption at a site
and removal may present risk of fire, explosion, and air emis-
sions, they do provide some advantages over in situ methods.
First, by removing the soil and placing it within a reactor or
treatment area, the impacted soils are typically isolated to a
large degree from the environment. This decreases the poten-
tial for the spread of contamination into fresh soils and
groundwater. In addition, the aboveground removal of hydro-
carbons from soils is typically more rapid and complete than
similar methods applied in situ. This is primarily due to the
homogenization, permeability and porosity enhancement, and
aeration that accompany the excavation process.

Both active and passive remediation approaches described
generally require the supplemental effort of site monitoring
to track the performance of the corrective action. Monitoring
typically consists of soil sampling or vapor probe analysis;
however, it may also involve periodic groundwater sampling
at selected wells if groundwater could be impacted.

Whether passive or active, any cleanup should commence
with identifying the source or sources of the release (see Sec-
tion 3). Otherwise, the probability of a rapid, effective
cleanup is minimal.

6.4.1 PASSIVE REMEDIATION

Hydrocarbons tend to have a limited but varying persis-
tence in natural systems. Naturally occurring microbes can
metabolize many hydrocarbons that are present in less than
toxic concentrations. Volatilization, hydrolysis, and oxida-
tion also can modify or remove hydrocarbon components.
Dilution associated with dispersion and diffusion may re-
duce hydrocarbon concentrations. In general, concentrations
at sites that do not have continuing sources of hydrocarbon
releases will gradually decrease over a time frame of years or
decades.

Such a time frame is not typically regarded as acceptable
when hydrocarbon concentrations are high before the con-
taminants degrade or when there is a high probability for
public exposure or other environmental impact. When the
absence of these conditions can be proven (or demonstrated
using a model), passive remediation may be an acceptable
option. Passive approaches can also be used at sites where
other remedial approaches would be difficult to implement
or minimally effective.

When appropriately applied, passive remediation has the
following advantages:

a. It generates no waste streams.
(text continued on page 53)
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Table 12—Summary of Corrective-Action Options for Hydrocarbons in Soil

Option Cost Advantages Disadvantages
Passive Very Generates no waste streams. Requires long time frame.
remediation fow Eliminates risks of fire, explosion, May not be appropriate if
and air emissions posed by removing potential receptors are nearby.
and transporting hydrocarbon- Can only be used if acceptable to
containing soils. regulatory agency.

Substantially less costly. Groundwater models to determine
risk may not be accurate if not
correlated to site conditions.

IN SITU TECHNOLOGIES
Bioremediation Moderate Achieves relatively low cleanup May take years to achieve cleanup
to levels from toxic constituents. levels.
high Can be used in areas not accessible Complete biodegradation of
for excavation. hydrocarbon mixtures may be
Eliminates risks of fire, explosion, difficult.
and air emissions posed by removing Not effective in soils with Jow
and transporting hydrocarbon- hydraulic conductivity.
containing soils. Groundwater recirculation is usually
required.
May mobilize contaminants into
groundwater.
Not effective for metals.
Soil flushing/ High Less expensive than aboveground Regulatory agencies reluctant to
leachate technologies. approve.
recycling Best for soils with high hydraulic Large volumes of leachate generated
conductivity (>10*3cm/s) and for treatment.
shallow groundwater [<15 feet Leachate treatment difficult.
(<4.6 m)). Not effective in soils with low
Eliminates risks of fire, explosion, hydraulic conductivity.
and air emissions posed by removing Residually saturated hydrocarbons
and transporting hydrocarbon- may not be easily removed.
containing soils. Requires hydraulic control.
Soil vapor Low Removes only volatile constituents.
extraction 0 Removes volatile hydrocarbons from Less volatile constituents in diese! fuel
moderate the unsaturated zone. and fuel oil not removed unless used

Suited for soils of moderate in conjunction with bioventing.

hydraulic conductivity. May not be effective in soils with

Appropriate for gasoline. low hydraulic conductivity.

Used to enhance biodegradation. Eliminates risk of explosion, fire, and
air emissions posed by removing and
transporting hydrocarbon-containing
soils.

Air sparging Low Not effective in soils with low
to Can enhance and accelerate the hydraulic conductivity or in soils with
moderate effectiveness of soil vapor extraction confining layers.

and downgradient groundwater
pumping for remediation.
Increases oxygen in saturated soil,
which can enhance biodegradation.
Can reduce concentrations of volatile
hydrocarbon.
Relatively simple and low in cost.

Eliminates risk of explosion, fire, and
air emissions posed by removing and
transporting hydrocarbon-containing
soils.
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Table 12—Summary of Corrective-Action Options for Hydrocarbons in Soil (Continued)
Option Cost Advantages Disadvantages
ABOVEGROUND TECHNOLOGIES
Bioremediation

Land Low Relatively moderate to long Regulatory requirements may limit use.
treatment treatment times. Large amount of space required.

1 Simple, inexpensive, and effective.

Soil venting Low Short treatment times. Regulatory requirements/ permitting

- piles to Simple and effective. may limit use.

‘ moderate Treated soil may be used on site as

backfill.
Bioreactors High Short treatment times relative to other Side waste streams may need

bioremediation processes. treatment.

Can treat higher hydrocarbon Regulatory requirements may limit
concentration levels. use.

Can uniformly treat most Large amount of space required.
hydrocarbons to nondetectable
levels in months.

Treated soil may be used as backfill.

Asphalt and Moderate Short treatment times. May require specific analyses to be
cement Viable alternative to landfilling. accepted for incorporation.
incorporation Minimizes hazard liability.

Thermal treatment

Low- Moderate Very short treatment times. Highly contaminated soil may have
temperature to Minimizes hazard liability. to be mixed.

Thermal high Depending on soil type and treatment High soil moisture content may
desorption process, the soil may be reused for influence effectiveness.

fill. States and localities require
Can treat soils with concentrations operational permits.
<10,000 parts per million TPH. Highly visible operation.
Incineration High Very short treatment times. Disposal requirements of ash depend

Reduces volume of solids.

on classification.

Minimizes hazard liability. If nonhazardous, ash may require

Achieves excellent final product mixing with soil for compaction.
quality. Disposal of ash that fails TCLP will

Can treat full range of concentrations. require further treatment.

Can effectively treat other High soil moisture will increase costs.
hydrocarbon contaminants States and localities require

unexpectedly found at the site.

operational permits.
May incur additional liability for ash
disposal.
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b. It eliminates the potential for human contact with im-
pacted soils that exists during installation and operation of an
active remedial system.

c. Itis substantially less costly than other methods.

The main disadvantage is that a long time frame is usually
required to reach the cleanup target levels along with the
possibility that monitoring may be required until it is certain
that no receptor is impacted. This corrective-action tech-
nique is not appropriate if potential receptors are nearby and
contamination is likely to be mobile.

6.4.2 IN SITU TECHNOLOGIES

In situ treatment of soils may be selected for several rea-
sons. Releases of petroleum hydrocarbons are often associ-
ated with structures that can interfere with soil excavation.
Examples are aboveground structures, such as railroads,
roadways, and buildings; and underground structures, such
as pipelines and tanks. Also, the depth to which hydrocar-
bons have migrated within the soil may extend beyond the
maximum depth of excavation. The interference to traffic or

site activity posed by an excavation effort may be unaccept-

able given the uses of the site. The selection of either in situ
treatment or aboveground corrective-action techniques will
depend on factors that are specific to the technology selected
and the site conditions.

In terms of configuration, in situ technologies typically ac-
cess the impacted soils via a system of wells, trenches, or in-
filtration galleries. In situ technologies also include
equipment such as blowers, controllers, or nutrient reser-
voirs, which are typically Jocated within the boundaries of
the site. At active sites, this equipment is usually compact so
as to avoid significant interference with site traffic or pro-
cesses. At inactive sites, size is less of a concemn.

Various options are available for treating soils in place. In
situ technologies to be discussed here include the following:

a. Bioremediation.
b. Soil vapor extraction, bioventing, and air sparging.
c¢. Soil flushing and leachate recycling.

These methods have gained varying degrees of acceptance
because of the ease with which they can be implemented,
their economy, and their general effectiveness.

6.4.2.1 Bioremediation
6.4.2.1.1 Description

Bioremediation is a treatment for petroleum-impacted
soils that can be carried out in situ. (For a discussion of the
bioremediation of excavated soil, see 6.4.3.3.) All soils have
indigenous populations of various microorganisms, some of
which are capable of degrading petroleum contaminants.
Bioremediation involves adding oxygen and/or nutrients to a
release area to enhance the natural microbe population.
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In situ bioremediation of soils involves the enhancement
of natural aerobic biodegradation by manipulating environ-
mental conditions to optimize the degradation of hydrocar-
bons. This is accomplished by adding oxygen and essential
nutrients to the release area. The lack of available oxygen
and nutrients such as nitrogen and phosphorous can limit mi-
crobial growth and degradation of petroleum hydrocarbons.
Figure 18 is a general schematic of in situ bioremediation.
The most commonly used methods rely on the delivery of a
source of oxygen (such as hydrogen peroxide) and nutrients
(such as nitrogen and phosphorous) to the subsurface
through an injection well or infiltration system to stimulate
the aerobic (oxygen-requiring) degradation of petroleum
contaminants by naturally occurring microbes. This treat-
ment technology can also be used in conjunction with soil
vapor extraction systems for increased oxygen in the subsur-
face by using a technique referred to as bioventing (see
6.4.2.4).

If ideal conditions are maintained, aerobic biodegradation
produces carbon dioxide, water, and biomass (an increase in
the population size of microbial organisms) from hydrocar-
bon fuel constituents. Given sufficient time and nutrients,
naturally occurring microbes are usually adequate for in situ
bioremediation of hydrocarbons within soils.

The specific advantages of in situ bioremediation include
the following:

a. It can provide an effective corrective action at a moderate
cost under appropriate conditions. The effectiveness of in situ
bioremediation largely depends on the hydraulic conductivity
of the soil and the availability of nutrients and oxygen.

b. It can be used in a corrective-action plan involving other
technologies (for example, soil vapor extraction).

c. It can be used in areas not accessible or suitable for exca-
vation with controllable disruption to surface activities, such
as under roads and buildings and where there are concerns
for soil and foundation stability.

The disadvantages or limitations of in situ bioremediation
include the following:

a. It may take years to achieve appropriate cleanup levels,
depending on site conditions such as permeability, soil mois-
ture, and the type of hydrocarbons present. The time frame
needs to be considered if selling a property.

b. Hydraulic conductivity or permeability can directly affect
the effectiveness and time frame by limiting the circulation
of nutrients and oxygen.

6.4.2.1.2 Feasibility and Design Considerations

The following parameters have the greatest impact on the
success of any in situ bioremediation program: oxygen con-
centration, soil pH, soil temperature, available nutrients, soil
moisture content, the type of petroleum hydrocarbons pre-
sent, and the soil’s hydraulic conductivity. Oxygen concen-
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Source: Western States Petroleum Association, On-Site Treatment of Hydrocarbon-Contaminated Soils [25].

Figure 18—Schematic of In Situ Bioremediation of Vadose Zone Soils

tration is the most critical factor. Although degradation may
still occur without oxygen (referred to as anaerobic
biodegradation), a lack of oxygen will severely limit the rate
of cleanup (for example, benzene does not appear to degrade
readily under anaerobic conditions). Extremes of pH and
temperature will limit the activity of microorganisms and
degradation of the hydrocarbons. A pH range of 6.0-8.0 and
a temperature range of 15°C to 35°C (59°F to 95°F) are rec-
ommended. The addition of critical nutrients (such as nitro-
gen and phosphorous) to the release area is always necessary
if naturally occurring levels are insufficient to sustain micro-
bial population growth. Maintaining a soil moisture content
of 10 percent to 20 percent by weight is also recommended
to ensure microbial viability and degradation of hydrocar-
bons. The amount of required moisture is optimized relative
to the available pore space for oxygen circulation. Measure-
ments of oxygen and carbon dioxide concentration, soil pH

and nutrients, and microbial population counts are made to
determine the degree of biodegradation occurring and the
feasibility for degrading hydrocarbons. Hydraulic conductiv-
ity or permeability are also determined usually during on-site
pilot tests to evaluate nutrient delivery systems. Oxygen and
carbon dioxide concentrations can be used in conjunction
with microbial population counts to monitor the progress of
in situ bioremediation.

While petroleam fuels are generally considered biodegrad-
able, microbes discriminate between the various constituents
of petroleum products such as gasoline and preferentially
degrade certain constituents. In general, aliphatic hydrocar-
bons are more readily biodegraded than lighter aromatic
hydrocarbons.

The ultimate feasibility of in situ processes for bioremedi-
ation is largely determined by the hydraulic conductivity of
the soils at the site. Even when all of the preceding factors
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are optimal, in situ bioremediation would be cost prohibitive
if the low hydraulic conductivity of the soils on-site prevents
the added nutrients from reaching the areas where the mi-
crobes and petroleum hydrocarbons exist.

6.4.2.2 Soil Flushing and Leachate Recycling
6.4.2.2.1 Description

Soil flushing refers to the in situ process in which water
percolates or is injected into soils containing petroleum hy-
drocarbons. These soils are flushed with water, or water is al-
lowed to infiltrate the soil to mobilize (via leaching or
dissolution) the hydrocarbons into the groundwater. Water
used by itself for flushing may be relatively ineffective. Non-
toxic and/or biodegradable surfactants may be added to the
water to improve the solubility and recovery of the hydrocar-
bons. However, surfactants may impact groundwater quality
and may not be allowed in certain jurisdictions. Groundwater
is collected downgradient of the flushing or infiltration site in
strategically placed extraction wells. The recovered water is
then treated to separate the hydrocarbons and surfactant. Spe-
cial water treatment may be required. The treated water may
then be reinjected to create a closed-loop system; or, if appro-
priate, it may be discharged to a sanitary or storm sewer sys-
tem. This treatment technology can be used in conjunction
with groundwater treatment systems. When surfactants are

Contaminated
soil

Infiltration zone

added, higher than normal hydrocarbon concentrations in
groundwater will occur, requiring special water treatment.

Modifications to the basic technology of soil flushing pri-
marily involve differences in the delivery and recovery sys-
tem. The two general choices of delivery methods are (a)
forced delivery and recovery (injection wells), and (b) grav-
ity delivery (for example, flooding, ponding, ditches, infiltra-
tion galleries, or infiltration beds). Figure 19 shows a
flushing system that uses gravity delivery.

The specific advantages of soil flushing include the following:

a. It can effectively remove hydrocarbons in soils with high
hydraulic conductivity and shallow depth to groundwater.
b. It can be lower in cost than excavation, transportation,
and disposal.

c. It has the high potential of flushing zones of interest.

The disadvantages or limitations of soil flushing are as
follows:

a. It can require large volumes of water or water and surfac-
tant mixture to be effective; it is not effective in soils with
low hydraulic conductivity; residual hydrocarbons may not
be easily removed.

b. Separating the hydrocarbon and surfactant mixture from
the water and proper disposal may increase costs.

c. Regulatory agencies are reluctant to approve the treat-
ment because of its impact on groundwater quality.

Pump Storage/treatment

Recovery well

-

v Water table

Source: Modified from L. M. Preslo et al., Remedial Technologies for Leaking Underground Storage Tanks [26].

Figure 19— Schematic of a Soil Flushing System
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d. Residually saturated hydrocarbons may not be easily
removed.

e. It must be performed in conjunction with groundwater
recovery.

f. Some groundwater modeling may be necessary to ade-
quately understand the groundwater system end design.

g. It can be higher in cost than other in situ technologies.

A primary concern among state regulators is the potential
impact on groundwater. Groundwater modeling can be used
in some cases to address this concern. State regulators
should be contacted to verify whether or not soil flushing is
acceptable prior to proceeding with this technique. Hydraulic
control of groundwater normally will be required.

6.4.2.2.2 Feasibility and Design Considerations

Soil flushing has been used successfully to treat certain
soluble hydrocarbon constituents, but its application may be
limited by the physical nature of the soil and the type of hy-
drocarbons present in the soil. Because the method relies on
the infiltration of an aqueous solution introduced through the
soil to remove residual hydrocarbons, it is most feasible at
sites where the following conditions exist:

a. Soils are relativély homogeneous, so that the solution per-
meates the targeted soils in a generally uniform manner.

b. Hydraulic conductivities of the soils are relatively high to
permit the flushing solution to penetrate rapidly and pass
through the targeted soils.

c. The hydrocarbon constituents will partition favorably
into the flushing solution from a soil-sorbed condition, this
will be a function of the particular hydrocarbon con-
stituents, the soil type, and the specific aqueous solution
used. (See Section 2 for a discussion of solubility and sorp-
tion capacity.)

Selection of a specific soil flushing system as a corrective-
action option, therefore, depends on the following:

a. The extent and nature of the soil contamination.

b. Soil characteristics: type, porosity, permeability, hy-
draulic conductivity, stratigraphy, sorption potential, and
mineralogy.

¢. Surface drainage patterns and surface infiltration rates.
d. Groundwater elevations, flow directions, and aquifer di-
rections.

¢. The type of hydrocarbon constituents present.

The information in Items a—e can be used in designing the
infiltration site configuration and determining the water injec-
tion and removal rate. Note that selection of soil flushing de-
pends on acceptance by the appropriate regulatory agency.
The method is somewhat controversial because many agen-
cies are concerned about the intentional introduction of hy-
drocarbons into groundwater. Generally, this concern can be
addressed with comprehensive groundwater modeling.

Gravity delivery systems for soil flushing depend strongly
on site configuration, drainage, and groundwater parameters,
whereas the forced delivery method is more flexible and can
be used for a wider range of field conditions. Gravity meth-
ods are generally adequate in areas where (a) the hydrocar-
bon-impacted soils are located in the unsaturated zone, (b)
the hydraulic conductivity of the soil is greater than 1 x 107
centimeters per second, and (c) the depth to the bottom of the
zone is about 15 feet (4.6 meters). This technology can be se-
lectively applied beneath utilities and pavement.

6.4.2.2.3 Control and Management of Side-Waste
Streams

The application of in situ leaching or flushing has been
limited, partially because of the reluctance of regulatory
agencies to approve the use of processes that involve inject-
ing or flushing additives into the groundwater. Typically, the
large volumes of water-surfactant mixture required generate
large volumes of hydrocarbon-surfactant-water leachate that
must be treated. Also, some difficulties have been encoun-
tered in the treatment process with separating the water-sur-
factant mixture from the petroleum hydrocarbons. Without
such separation, the water-surfactant mixture cannot be recy-
cled back into the system.

6.4.2.3 Soil Vapor Extraction Systems

6.4.2.3.1 Description

Soil vapor extraction (SVE) is an in situ corrective-action
technology typically used for removing a residual volatile
hydrocarbon phase. The procedure involves mechanically
withdrawing hydrocarbon vapors from soil pores via wells or
trenches using a vacuum pump. The withdrawn air is dis-
charged to the atmosphere either directly or after some form
of vapor emissions treatment. SVE also can be used for ex-
cavated soils placed in a controlled system.

Volatile hydrocarbons within soils tend to partition to
some extent into the soil vapor present in intergranular
porosity or secondary permeability. The source of these va-
por-phase hydrocarbons may be a liquid residual, an aqueous
solution in soil moisture, or a sorbed phase on soil solids.
Under natural conditions, the volatilization of these com-
pounds ceases when equilibrium is achieved between the
various hydrocarbon phases present.

By withdrawing soil vapor containing hydrocarbons and
replacing it with hydrocarbon-free air from uncontaminated
soils or the atmosphere, SVE disrupts the equilibrium condi-
tion. As a result of this disruption, compounds may continue
to volatilize and subsequently be removed. The vapor ini-
tially withdrawn from the impacted soils is typically the
most heavily laden with hydrocarbons and may be flamma-
ble. As the soil concentrations of high-vapor-pressure con-
stituents and poorly sorbed constituents begin to decline, the
vapor concentrations will tend to decrease asymptotically.
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b Figure 20 shows the configuration of a typical SVE sys-

tem. The basic components of the system include a well or
trench for withdrawing vapor, piping connecting the well or
trench to the suction of the vacuum blower or pump, and
some form of emissions control system. Vacuum pressures
within the subsurface are measured by a vapor piezometer
fitted with a magnehelic gauge or manometer port.

The most common application of SVE is for removing hy-
drocarbon dispersed throughout the soils of the unsaturated
zone. The technology has been used to prevent the entry and
accumulation of toxic and explosive vapors in building base-
ments and sumps. It may be used in combination with
groundwater extraction because the drawdown caused by
water extraction tends to expose product residuals deposited
as a result of water table drawdown. Finally, it may be used
to enhance biodegradation (as described earlier in 6.4.2.1.1).

The specific advantages of SVE are as follows:

a. The ability to remove volatile organics, including the
more toxic aromatics, at depths and below structures that
would prohibit excavation.

b. The ability to remove hydrocarbons from the zone of wa-
ter table fluctuation in conjunction with groundwater extrac-
tion.

c. The ability to perform remediation (in some cases) within
soils of moderately low hydraulic conductivity, including
those typically considered inappropriate for bioremediation
and soil flushing.

The disadvantages or limitations of SVE include the fol-
lowing:

a. The expense and difficulty of complying with air emis-
sions requirements when such requirements are relatively
stringent.

b. The inability of the technique to readily address separate-
phase hydrocarbons trapped as residuals within the saturated
zone (for example, below the water table or capillary fringe).
These trapped residual hydrocarbons can constitute a sub-
stantial fraction of the separate-phase hydrocarbons at many
sites, particularly those with significant water table fluctua-
tions.

¢. SVE is much less applicable to semivolatile-rich hydro-
carbon fuels, such as diesel fuels, than to volatile-rich fuels,
such as gasoline. It may still be applied to remediations in-
volving semivolatile-rich fuels, but the remedial process
should then be geared toward bioventing.

6.4.2.3.2 Feasibility and Design Considerations

Soils with hydraulic conductivities as low as 107 centime-
ters per second are routinely treated by SVE. Soils with
lower hydraulic conductivities may still be treatable, but they
may require drying or using desiccation materials. For un-
saturated zones less than 7 feet (2.1 meters) thick, rela-
tively low wellhead vacuums [less than about 20 inches

(508 millimeters) of water vacuum] must be used. In these
cases, a vacuum rise in the water table can be countered by
pumping. Higher vacuums will cause the water table to rise
substantially in the vicinity of the extraction well or trench,
which may inundate the well or trench and terminate airflow.
In these settings, trenches are generally more appropriate
than wells.

SVE may be applied at sites in which lower permeability
soils are interbedded with those of higher permeability. For
layers of lower permeability soils, such as clays and silts,
which are only 2 to 3 feet (0.6 to 0.9 meters) thick, wells
may be screened across the entire stratigraphic sequence of
the targeted soil zone. Hydrocarbon vapors will typically dif-
fuse vertically from the silt-clay layers into the interlayered
sands or gravels, then travel laterally to the well or trench.
The primary effect of the low permeability layers is the
slowdown of the remediation process, since the rate of reme-
diation is now rate limited by the diffusion of hydrocarbon
vapors through low permeability soils. However, lower per-
meability soil sites should be evaluated with care.

For thicker clay-silt strata, it may be necessary to target
separate strata with separate wells. This will permit the ap-
plication of higher wellhead vacuums and the use of closer
well spacings to the lower permeability strata.

Typically, the application of SVE is considered most ap-
propriate for hydrocarbons with high vapor pressures and
low solubilities in water because they tend to partition most
readily into the vapor phase. Most of the constituents in
gasoline fall into this category, as opposed to only a rela-
tively small fraction of the constituents in diesel fuels, fuel
oil, and jet fuels. As a result, SVE is more often applied to
gasoline-release sites. Although the less volatile fractions of
fuels other than gasoline are not readily extractable, SVE
may still be applied to such fuel releases for the following
reasons:

a. The more toxic aromatic constituents of fuels such as
diesel and jet fuels are relatively volatile; therefore, SVE can
reduce the overall toxicity of the release.

b. Constituents considered semivolatile have finite vapor
pressures and will volatilize. The lower magnitude of their
vapor pressures will prolong the time required for cleanup
because the transfer into the vapor phase is relatively slow.

c. In some cases, the use of vapor extraction enhances aer-
obic biodegradation of petroleum hydrocarbons, including
those with low levels of volatiles. This enhancement is pos-
sible when the oxygen content in the hydrocarbon-impacted
soils has been depleted by microbial action, causing soil con-
ditions to become anaerobic and slowing natural degradation
processes. By drawing in oxygen-laden air from outside the
spill area, vapor extraction can restore aerobic conditions
and therefore enhance the rate of microbial metabolic action.
An application of this phenomenon, called bioventing, is dis-
cussed in more detail in 6.4.2.4.
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The concentrations of hydrocarbons in extracted vapor tend
to achieve maximum levels at or soon after the startup of the
system and then decline steadily over a period of weeks and
months. In sandy soils, concentrations may decline rapidly
over a period of weeks. In clay-rich soils, in which diffusion
and sorption effects are stronger, the decline may require
months or even years. As the hydrocarbon concentrations de-
crease, the composition of the vapors should be evaluated
along with residual hydrocarbons in soil cores. This evalua-
tion will help determine when the system can be shut off.

Because hydrocarbon vapor concentrations serve as one of
the best indicators of system performance, these parameters
should be regularly monitored at both the system influent and
effluent. Periodic intervals for such monitoring are often es-
tablished. Specific site requirements may require more or less
frequent monitoring. Operational parameters that should be
measured regularly include the total well network and single
well flow rates, the wellhead and blower suction pressures,
and vacuum piezometer pressures. Regular monitoring results
can be used to optimize the SVE system operation, which can
keep the time and cost of cleanups to a minimum.

A summary of other major design parameters and factors
driving design decisions specific to vapor extraction are pro-
vided in 6.4.2.3.2.1 through 6.4.2.3.2.4.

6.4.2.3.2.1 Well and Trench Construction

Vapor extraction wells may be either 2- or 4-inch (51- or
100-millimeter) diameter (or larger) and should be con-
structed using screen with the largest slot width possible. The
filter pack in the unsaturated zone should be relatively coarse
sand or fine gravel in order to maximize permeability. Fine
sand filter packs, such as those used for monitoring wells, are
not appropriate for vapor extraction wells, since no filtering
function is required and maximum airflow is desired. There is
no limitation on the possible depth of a vapor extraction well.

Vapor extraction trenches are typically constructed to
maximum depths of approximately 12 feet (3.7 meters), al-
though depths of 30 feet (9 meters) or more are possible with
larger or specialized excavation equipment. Extraction
trenches consist of an excavation that is as narrow as possi-
ble, in order to minimize the quantity of potentially contam-
inated soils removed. The excavation is backfilled with fine
to coarse gravel and equipped with a horizontal perforated
pipe. This pipe is equipped with a riser to permit its
connection to the vacuum pump. When using trenches, it is
important to confine the trenching-vacuum interval to the
contaminated zone. Air flow in other zones will only limit
system effectiveness.

Both wells and trenches require placing a low-permeabil-
ity seal at the surface to prevent the short-circuiting of air
downward through the trench or well annulus, It may also be
advisable to seal the ground surface with pavement or a plas-
tic membrane if the vertical permeability of the soils is antic-
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ipated to be relatively high, the site is unpaved, and the tar-
geted soils are relatively shallow.

The trench depth, well depth, and/or screened interval will
be controlled by the depth or depth interval of targeted soil
contamination and by the distribution of contamination in tar-
geted soils. For soils in which the horizontal permeability is
much greater than the vertical permeability, including soils
with substantial interbedding, soil vapor movement will be
primarily horizontal, and the trench or screened interval of the
well should match the depth or depth interval of soil contam-
ination. However, for soils with vertical permeabilities that
match or exceed horizontal values, the vertical component of
vapor flow makes partially penetrating wells or trenches
more effective. The trenches or screened intervals in wells in
such soils would not necessarily have to coincide with the
depth interval of the contamination.

6.4.2.3.2.2 Piping and Manifolds

Piping connecting the extraction wells or trenches into a
single manifold or connecting the manifold into the vacuum
pump suction may be placed either above grade or below
grade. Above-grade piping is less expensive to install, repair,
and maintain. It is not desirable for active facilities because
it interferes with surface processes and is susceptible to dam-
age and to freezing temperatures.

The design and construction of piping must take into ac-
count the condensation of moisture from the extracted soil
vapor. If the piping is not properly sloped, this condensation
will collect in any low points, eventually blocking the pipe.
All piping should be sloped to a point of liquid collection,
such as a sump, or at least to a point where the piping can be
drained. Any changes in pipe level, such as a rise from be-
low grade to the vacuum pump intake, are also susceptible to
liquid collection. Each suction line connecting the well to the
manifold should have a valve and pressure gauge assembly
to help control flow to individual wells.

6.4.2.3.2.3 Vacuum Pumps

The vacuum pumps most commonly used for SVE are
low-pressure, high-volume regenerative centrifugal and tur-
bine types (see note). In selecting a vacuum pump for a site,
the designer should be aware of the voltage, amperage, and
phase requirements for both the pump selected and for the
available power supply at the site. For example, at sites
where three-phase power is not available, it may be possible
to use two pumps with single-phase power requirements in
parallel to achieve flow rates equivalent to those of a larger
three-phase pump.

Note: As mentioned in 6.4.2.3.2, lower permeability soils may require the
application of greater vacuums (more than approximately 120 inches of wa-
ter vacuum), Rotary-lobe, liquid-seal, or sliding-vane type pumps are typi-

cally used. In general, the higher vacuum units require more maintenance
and use greater power.
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Recently, redesigned internal combustion engines have been
used with great success. These engines can operate at flow
rates ranging from 50 to 500 cubic feet per minute and treat ex-
haust through internal combustion and catalytic oxidation.

6.4.2.3.3 Design Methods

The specific responses to the design requirements detailed
in the preceding subsections may be derived in one of three
basic ways. If the system designer is familiar with the oper-
ations of SVE systems in similar settings, it may be possible
to take an empirical approach to design. The designer selects
well designs, well locations, and blower size based on expe-
rience with similar sites. Given the relatively wide range of
conditions over which many blowers and vapor treatment
systems can operate, this approach can be applied with min-
imal risk—Dbut only if the designer has a base of experience
with closely similar sites. The empirical approach is typi-
cally appropriate only for relatively simple sites of limited
size. If appropriately applied by an experienced practitioner,
however, it is probably the most effective way to design a
system for such sites.

If the designer has no basis for an empirical design ap-
proach, more quantitative techniques may be used. One
method utilizes soil hydraulic-conductivity data, either de-
rived from geotechnical testing for air permeability or from
aquifer testing, such as slug or pump testing. This data is en-
tered into either a set of calculations or a numerical computer-
driven model to ascertain design parameters, such as well
placement, flow per well, vapor concentrations, and extrac-
tion time. A detailed analysis of this approach is provided in
A Practical Approach to the Design, Installation and Oper-
ation of Soil Venting Systems by P. C. Johnson et al. [19].

The alternative is the performance of a pilot scale opera-
tion on a representative portion of the site. Such tests are typ-
ically performed using a single extraction well with several
vapor piezometers at various radii from the test extraction
well. The performance characteristics of that well (its cap-
ture zone, flow rate, wellhead pressure, and the hydrocarbon
concentration in vapor) are measured during a test period of
several hours to several days. The data acquired is then ex-
trapolated to the remainder of the site to produce a full-scale
system design. Analysis of soil air-permeability samples
from across the site may be combined with pilot testing to
evaluate how readily data from the test area may be extrap-
olated to the rest of the site.

6.4.2.3.4 Control of Side-Waste Streams

Vapor treatment requirements can easily double the cost of
implementing and operating SVE systems, depending on the
emissions rates and the state and local regulatory limitations
on these emissions. Several options exist for removing or de-
stroying hydrocarbons from airstreams. The following have
been widely applied for hydrocarbon fuel remediation sites:

a. No treatment is appropriate when emissions rates are very
low (below regulatory de minimis levels), which generally
occurs when soil concentrations and/or airflow rates are low.
b. Activated carbon adsorption is appropriate when emis-
sion rates are very low but still exceed de minimis levels,
which typically occurs under conditions similar to those for
no treatment. The rate of carbon consumption generally
makes this option undesirable for sites having high hydrocar-
bon concentrations.

c. Thermal treatment includes thermal incineration, catalytic
incineration, and flaring (combustion external to any com-
bustion chamber or vessel). It is appropriate when hydrocar-
bon concentrations exceed those at which carbon adsorption
and “no treatment” options are feasible. It requires a fuel
source (natural gas or propane) and usually requires
substantial capital investment.

d. The internal combustion engine uses extracted soil vapor
as a source of fuel and air. It is appropriate for low- to high-
flow rates and a range of hydrocarbon concentrations. A sup-
plemental fuel source (natural gas or propane) is typically
required.

The selection of a particular emissions treatment method
will be based on the following criteria:

a. Initial capital cost, or the cost to purchase and set up the
equipment. This is typically moderate to high for thermal
treatment and the internal combustion engine and low to
moderate for activated carbon adsorption.

b. Operational cost, or the cost for maintenance and fuel or
replacement material, such as change-out carbon. The oper-
ational cost depends primarily on the concentration and rate
of hydrocarbon removal during extraction. If these are high,
thermal and internal combustion methods will require almost
no supplemental fuel and will be relatively inexpensive to
operate. Carbon usage, in contrast, will be very rapid, and re-
placement carbon and change-out labor will result in very
high operational costs. For low concentrations, the opposite
is typically true.

c. Regulatory acceptance by local or state environmental, air
pollution, or fire statutes or guidance that may limit the
available options for a particular site. The fire marshal within
a particular city, for example, should always be contacted for
permission to implement a thermal treatment option at a
gasoline retail location.

Another side-waste stream to consider is condensate. Air
withdrawn from partially saturated soils is usually quite
moist. If the airstream cools appreciably between the point
of extraction (the well or trench) and the blower, it may drop
below the dew point. An air-water separator, also referred to
as a knock-out pot or condensate-collection tank, is often
used on the blower to collect most of the resulting condensa-
tion. Usually, some condensation will also collect in the ex-
traction piping. Because this air is in continual contact with
hydrocarbon vapors, it may contain significant concentra-
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tions of dissolved hydrocarbons and require special handling
and disposal procedures.

6.4.2.4 Bioventing

Bioventing is a permutation of SVE that is beginning to
gain considerable attention. The basic approach is similar to
that of vapor extraction but with a different basic intent. The
intention of soil vapor extraction is to enhance the physical
partitioning of hydrocarbon fuels into soil vapor so they can
be removed from unsaturated soils. In contrast, the intention
of bioventing is to enhance microbial degradation of the hy-
drocarbon fuels in unsaturated soils. This enhancement is
produced by ventilating the soils to create and maintain con-
ditions favorable for aerobic metabolism. Although some de-
gree of biodegradation is often observed as a side effect of
normal SVE operations, the process of bioventing must be
regarded as distinct. The difference in intent leads to a mod-
ified approach to implementation and operation.

For bioventing, the primary objective is to maintain opti-
mum aerobic conditions in the targeted mass of impacted
soil. Because oxygen is typically the factor that limits the
rate of biodegradation of hydrocarbon fuels in soils, main-
taining aerobic conditions is required to promote the desired
microbial activity at many sites. For some sites, it may also
be necessary to add nutrients or supplemental moisture to
achieve the maximum microbial degradation rate.

The difference in implementation and operation between
SVE and bioventing remediations is that SVE reduces soil
vapor to a level that is just sufficient to maintain oxygen at
aerobic levels. This flow reduction minimizes moisture loss
from the soils and reduces the mass of hydrocarbons with-
drawn with the soil vapor. Because microbial action is
favored by the presence of some soil moisture, minimizing
soil drying favors microbial growth. The reduction in hydro-
carbon mass withdrawal rates is also helpful, as it may elim-
inate or reduce the vapor emissions treatment requirements
for a system.

An alternative approach would be to inject atmospheric air
into the targeted soils rather than extract soil vapors. In ad-
dition to improving oxygen levels in soil vapor, this ap-
proach eliminates the need for any emissions treatment,
because no vapor is extracted. It also may help disperse hy-
drocarbons through a larger soil volume, which may im-
prove the effectiveness of biodegradation. This approach,
however, should not be regarded as an easy solution to high
vapor emissions treatment costs. It does have possible signif-
icant disadvantages, such as the potential for spreading hy-
drocarbons to previously unimpacted soils, possibly even
beyond site boundaries. This method also may result in the
discharge of hydrocarbon vapors upward through the ground
surface in the treatment area. In areas predominantly covered
with paving or concrete, this could result in concentrated dis-
charge through any penetrations in that paving, such as util-

ity lines or building foundations. As with any injection
method, the appropriate regulatory agencies should be con-
tacted for approval and possibly for permits before imple-
mentation.

For any bioventing remediation, the system operators
should monitor oxygen and carbon dioxide concentrations
closely, as well as hydrocarbon vapor levels. These gases
should be monitored both within the extracted vapor stream
and for in situ soil vapors. The latter would be sampled by
using probes or vapor piezometers. Oxygen concentrations
should be maintained above 5 percent volume in the soil va-
por of the biovented soils. By monitoring these gas concen-
trations both before and periodically after initiating
bioventing, the operators can note when both carbon dioxide
and hydrocarbon concentrations decrease and oxygen con-
centrations increase, which indicates the possible termina-
tion of biodegradation. In addition, by temporarily halting
vapor withdrawal and monitoring relative changes in oxygen
and carbon dioxide concentrations, the operators may be
able to estimate the rate of hydrocarbon destruction within
the biovented soils.

6.4.2.5 Air Sparging/SVE Systems

Recently, an integrated approach to remediating hydrocar-
bon-impacted soils has been developed to enhance SVE and
bioventing. Typically, SVE/bioventing systems are designed
to address hydrocarbons in soil above the groundwater table
in the unsaturated zone. In many cases, however, residual
hydrocarbons are present in soils below the water table.
These hydrocarbons become trapped below the water table
as a result of seasonal groundwater table fluctuations, draw-
down during pumping operations, and the presence of dense
nonagueons-phase liquids that sink to the bottom of the wa-
ter table. Contaminants in soils in the saturated zone appear
to have been effectively removed by using SVE/bioventing
systems in combination with air-sparging systems to strip
and biodegrade residual and dissolved-phase hydrocarbons.

Air Sparging (also referred to as in situ aeration or strip-
ping) systems involve injecting pressurized air into soils be-
low the water table and extracting the resulting vapors via
SVE wells located above the water table. Figure 21 shows an
integrated air sparging/SVE system. As air is forced through
the injection points, it moves outward and upward, displac-
ing water from the soil pores and allowing the air to come in
contact with residual and dissolved-phase hydrocarbons.
Lateral movement of air can be significant if the horizontal
permeability of the soil is greater than the vertical permeabil-
ity. As the air moves through the saturated zone, volatile
constituents in the soil or water partition into the vapor phase
and travel upward (via buoyancy forces) to the unsaturated
zone, where they are captured by SVE wells. The extracted
hydrocarbon vapors are either treated or discharged to the at-
mosphere, depending on the level of contamination and local
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regulatory requirements. The injected air also provides oxy-
gen to stimulate aerobic biodegradation of hydrocarbons by
indigenous microbe populations.

Air sparging/SVE systems can be effectively used at sites
where the following conditions are present:

a. The injected air can pass upward through the water table
to the unsaturated zone. A site where groundwater is con-
fined by a relatively impermeable clay layer above the water
table would not be appropriate for air sparging/SVE/biovent-
ing systems.

b. The soil in the saturated zone is sufficiently permeable to
allow injected air to move to the unsaturated zone.

¢. The volatile constituents must have low solubilities (such as
BTEX). Highly soluble constituents will not partition into the
air and therefore cannot be effectively volatilized; however, air
sparging does enhance biodegradation of such constituents.

For effective operation, the air sparging/SVE system must
be designed to ensure effective air distribution and capture.
The quantity of air injected must be less than the quantity of
air withdrawn, and the injected air must be within the SVE
zone of influence to assure adequate capture of air and
volatile hydrocarbons (that is, the vertical and horizontal
spacing of the air injection and SVE wells must be adequate
for proper air distribution and capture).

When air sparging/SVE systems are installed, the SVE
system begins to extract volatile hydrocarbons whose con-
centrations in the exhaust air usually decrease sharply after
startup and then begin to level off. Air sparging is started
when the concentration of volatile hydrocarbons recovered
by the SVE system has leveled off, and it is operated simul-
taneously with the SVE system. As the air removes volatile
hydrocarbons from below the water table, the concentration
of hydrocarbons in the exhaust will increase sharply and then
decrease over time.

Bioventing has also been used successfully in conjunction
with air sparging to aid biodegradation of hydrocarbon con-
stituents in both the saturated and unsaturated zones. In gen-
eral, as oxygen levels in the unsaturated zone and dissolved
oxygen levels in the saturated zone increase from air sparg-
ing, laboratory and field evidence suggest that biodegrada-
tion is enhanced. Determining the relative contribution of
biodegradation (compared with other processes) to hydrocar-
bon degradation is difficult.

6.4.3 ABOVEGROUND TECHNOLOGIES

6.4.3.1 Overview

Aboveground technologies involve the excavation of soils
impacted by petroleum hydrocarbons and their subsequent
treatment on- or off-site. Despite the positive aspects of in
situ treatment, the removal of soils for treatment may be
more appropriate in the following situations:

a. Sites where the hydrocarbon impact is highly localized in
the shallow subsurface so that the bulk of the hydrocarbon
mass can be readily removed via excavation.

b. Sites where the potential risk posed by the presence of the
released hydrocarbon fuels is so high that removing them
must be accomplished quickly.

c. Sites where subsurface conditions (such as hydraulic con-
ductivity) impair the feasibility of in situ options.

This list of situations is not all-inclusive; it is intended
simply to illustrate the importance of site-specific constraints
on the selection of aboveground versus in situ techniques.
Probably the most critical constraint is the nature of surficial
and near-surficial structures (such as buried utilities) and ac-
tivities, which can often prohibit excavation and thus narrow
the options to in situ methods.

In the past, the corrective-action option for soil containing
hydrocarbons was usually to excavate and remove the soil to
an appropriate disposal site. More recently, this option has
become less attractive. Available landfill space has dimin-
ished as many landfill sites have closed, and the expansion
of others has become increasingly difficult. Also, federal
land disposal restrictions are limiting off-site disposal op-
tions. Consequently, the cost of off-site disposal options has
increased. The potential for long-term liability associated
with off-site disposal options also must be considered. Be-
cause this corrective action merely transfers the soil contain-
ing the hydrocarbons from the point of origin to another
location, liability for the material persists.

With the use of aboveground technologies, excavated soils
impacted with hydrocarbons can be treated either to remove or
to destroy the residual hydrocarbons. It is often beneficial to
treat these soils on-site because on-site treatment eliminates
transportation and handling costs and removes the liability
posed by transporting contaminated materials off-site. Many
aboveground technologies, however, require so much space
they can only be implemented off-site or at inactive sites.

Over the years, several forms of treatment have been de-
veloped for removing hydrocarbon fuels from soils. Some of
these, such as bioremediation and thermal treatment, actually
attempt to destroy the hydrocarbons within the soil matrix.
Others, such as asphalt batching and cement incorporation,
simply reuse the soil matrix and fuel residue in an acceptable
manner. The following treatments have been used success-
fully at several different sites and are therefore considered
proven techniques:

a. Bioremediation (includes bioventing in soil piles).
b. Soil aeration (discussed in 6.4.3.3.1).

c. Solidification by incorporating asphalt and cement.
d. Thermal treatment.

Each of these technologies is described in 6.4.3.3 through
6.4.3.5 (with emphasis on applicability, design considera-
tions, and waste stream treatment).
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Figure 21— Schematic of an Air Sparging/Soil Vapor Extraction System
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6.4.3.2 Management of Soil-Handling Operations

Excavating soil at a hydrocarbon-release site can be com-
plicated greatly by the presence of surficial and near-surficial
activities and structures. If proper consideration is not given
to the limitations posed by these activities and structures, the
result will probably be chaotic and could be dangerous.

6.4.3.2.1

Given the space requirements of even a modest excava-
tion effort and the potential for underground utility and prod-
uct-line damage, it is often judicious to halt commercial
operations at active sites until the excavation is completed.

Several activities involved in soil excavation require ad-
vance planning. The more significant of these include the
following:

Planning an Excavation Effort

a. Develop an adequate health and safety plan.

b. In some states, it may be necessary to obtain regulatory
permits, permission, or oversight for the excavation. It is typ-
ically appropriate to notify local fire authorities, who may
choose to be present.

c. Identify and locate underground utilities, such as water,
electric, sewer, product supply, and other services at the fa-
cility. Include both municipal and large commercial activi-
ties, which can be located either by contacting all pertinent
utilities or a single utility locating service. Either approach
will require several days to 2 weeks of advance notice.

d. Arrange for adequate excavating equipment or an appro-
priate subcontractor to perform the excavation to the re-
quired depth. It may also be necessary to arrange for a means
of penetrating any pavement or concrete surfaces in the ex-
cavation zone.

e. Arrange for storage or off-site transport of the excavated
soil.

f. Arrange for sampling and analysis of the excavation base
and walls to ensure the efficacy of the removal effort.

g. Arrange for air-quality monitoring (if required).

h. Arrange for equipment and supplies to maintain the sta-
bility of the excavation (shoring, for example).

6.4.3.2.2 Space Requirements

The space required for an excavation effort will probably
far exceed the actual two-dimensional area of the excavation
itseif. In addition, the excavated soil must be at least tem-
porarily stockpiled by the excavation. Depending on the vol-
ume and types of soil involved, this will require three to five
times the area of the excavation itself. The digging equip-
ment must have access to the digging area as well as suffi-
cient room to maneuver in and out of position. Aboveground
barriers to operation of the equipment, such as power lines or
canopy covers, will pose difficulties just as substantial as
those posed by buildings and pump islands. Finally, loading

and transport equipment must have access to the soil piles
generated by excavation.

6.4.3.2.3 Health and Safety Considerations

In addition to the normal hazards posed by heavy equip-
ment, excavating fuel-impacted soil poses the following spe-
cial health and safety problems:

a. Because these operations typically occur in populated,
heavy traffic areas, the presence of a large population often
must be considered in planning excavation activities.

b. The excavation, if successful, will unearth soils contain-
ing hydrocarbon fuels. If these fuels are inhaled, contacted,
or ingested, they may pose a hazard to workers on the site.
Odors or vapors also may reach the public downwind of the
site. Hydrocarbon vapors may also be present in sufficient
concentration to form explosive or flammable vapors.

¢. The excavation has a likelihood of encountering and dam-
aging undocumented product lines and/or utilities.

d. Excavation typically proceeds in close quarters where a
slope failure could result in building damage or collapse.

Overall, the nature of the work is such that the potential
for injury is great. Digging activities should be performed by
those with experience in removing fuel-impacted soils and
with sufficient training in safety procedures and in using pro-
tective equipment to perform the work safely. The excava-
tion should be overseen by an experienced operations
supervisor, and the atmosphere should be checked regularly
with an organic vapor analyzer and explosimeter. The public
must be completely excluded by barricades, fencing, or other
means. A broad range of requirements covering soil excava-
tion activities are defined by OSHA.

6.4.3.2.4 Handling Excavated Soils

The following are some of the more critical of the several
issues relating to the storage, preparation for treatment, and
sampling of soils generated by an excavation effort:

a. Stockpiling. Most states have specific procedural require-
ments for stockpiling fuel-impacted soils on-site. Typically,
these procedures are aimed at preventing leaching of hydro-
carbons out of the soil and across the ground surface or back
into the subsurface. A commonly applied requirement is the
placement of soil on a plastic membrane, surrounding the
stockpile with a berm (such as bales covered with a liner
membrane), and covering the soil with additional plastic.
Measures to exclude the public and consideration of the uses
of neighboring property (such as schools, residences, or va-
cant lots) are also necessary for most operations.

b. Piping. Many types of on-site treatment require the move-
ment of air or liquids into and/or out of the excavated soil. If
this can be accomplished by layering the soil with horizontal
perforated piping, placing this piping during the initial exca-
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vation and stockpiling process should be considered. This is
generally the most efficient approach because it reduces the
number of times the soil piles must be shifted.

c¢. Segregation based on material. Surficial materials such as
concrete and asphalt should be segregated from the soil ma-
terials and handled separately.

d. Segregation based on hydrocarbon impact. If the soil can
be segregated into highly impacted, slightly impacted, and
unimpacted segments by some method of field screening, the
mass of soil requiring treatment may be reduced. Field
screening techniques for volatiles using field analytical in-
struments are often used for these purposes. An example of
such a field measurement technique is dynamic headspace
analysis, which uses photo- or flame-ionization detectors.
For less volatile constituents, it may be cost-effective to use
a portable gas chromatograph or mobile laboratory to make
the necessary distinctions. After segregation, a less costly al-
ternative treatment of the slightly impacted soil may be pos-
sible. The unimpacted soil may be replaced in the excavated
area. It is very important, however, that the field screening
method be approved by the pertinent regulatory agencies be-
fore its use.

e. Physical arrangement of the stockpiles. No single arrange-
ment or configuration is most correct. As with other aspects
of a corrective-action strategy, the physical arrangement of
the soil stockpiles must be tailored to suit the site-specific op-
erational constraints. If certain soil is to be transported off-
site, for example, it should be accessible to loading and
transport equipment without having to shift soil remaining
on-site. Placement of soil to be treated in an on-site bioreac-
tor should allow untreated soil to be moved to the reactor
and treated soil to be moved away from the reactor with
maximum efficiency. Thus, it is necessary to anticipate how
later phases of the corrective action can affect the physical
placement and movement of the soil stockpiles.

6.4.3.3 Bioremediation

6.4.3.3.1 Description

Aboveground bioremediation techniques can be applied to
excavated soil containing petroleum hydrocarbons. The three
general types of aboveground bioremediation are land treat-
ment (derived from land farming), soil piles, and bioreac-
tors/slurry reactors. These aboveground bioremediation
techniques can be used for on-site treatment, depending on
the size and use of the site.

Land treatment involves removing soil that contains hy-
drocarbons and spreading it on a surface that has been lined
to prevent the migration of soluble constituents in runoff
water. A RCRA permit may be required. This method relies
primarily on naturally occurring microbes to degrade the
hydrocarbons. The soil is periodically tilled to help promote
degradation by aeration. In addition to aeration, nutrients

(depending on the naturally occurring nutrients in the soil)
and water may be added to stimulate degradation.
Volatilization, chemical degradation, and photochemical
degradation are supplementary processes associated with
land treatment. Figure 22 presents a schematic of the land
treatment process. This process frequently uses commer-
cially available microbial cultures.

Soil piles consist of excavated soil placed in a pile con-
structed with conduits for aeration to enhance biodegrada-
tion (see Figure 23). Typically, the pile is constructed by first
placing a plastic liner on the ground and then adding 1 to 2
feet (0.3 to 0.6 meters) of soil lifts at a time. Piping is placed
between the lifts for passive or active aeration to promote
microbial growth and to allow for volatilization. An addi-
tional piping network may be installed for aboveground SVE
to extract volatile hydrocarbons. Nutrients also may be ad-
ded in the form of fertilizer between lifts. Water may be ad-
ded to maintain optimum moisture content, and microbial
cultures may also be added to augment the indigenous mi-
crobial populations. The pile is covered with black plastic
and surrounded by a berm to control rainfall runoff.

Both volatilization and biodegradation are enhanced in
this approach. For passive systems, the black plastic absorbs’
heat and increases both the volatilization and biodegradation
rates. The off-gas generated will be emitted through the pip-
ing system and into a treatment unit if necessary. Active sys-
tems also force air into the pile and remove soil vapor
containing hydrocarbon vapors via SVE for further enhance-
ment of the biodegradation.

Bioreactors/slurry reactors involve the treatment of soil or
sludge containing petroleum hydrocarbons (see Figure 24).
The soil is first made into an aqueous slurry. Oversized debris
is separated from the soil, and the soil is mixed with water to
obtain the appropriate slurry density. The slurry is mechani-
cally agitated in a bioreactor vessel to keep the solids sus-
pended and to maintain contact between microbes and
petroleumn hydrocarbons. The bioreactor is also used to con-
trol the appropriate environmental conditions. In addition, nu-
trients, oxygen, and acid or alkali for pH control may be
added to maintain optimum conditions. Bacteria also may be
added to initiate the biodegradation, or they may be added
continuously to maintain the optimum biomass population.
The residence time in the bioreactor varies, depending on the
soil or sludge matrix, the physical and chemical nature of the
petroleum hydrocarbon, and the susceptibility of the petro-
leum hydrocarbons to biodegradation. When treatment is
complete, the slurry is dewatered. The residual water re-
moved from the slurry may have to be treated further before
its disposal. Figure 24 shows a generic slurry reactor.

The specific advantages of aboveground bioremediation
techniques are as follows:

a. Land treatment is simple and low in cost relative to other
corrective-action options.
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b. Bioremediation in soil piles is simple and involves rela-
tively short treatment times compared with other bioremedi-
ation processes.

c. Soil treated in soil piles or land treatment can be used on-
site as backfill.

d. Bioreactors have short treatment times relative to other
bioremediation processes and can uniformly treat most hy-
drocarbons to nondetectable levels in less than 2 months.

e. Bioreactors can treat higher hydrocarbon concentration
levels than other bioremediation processes can.

The disadvantages and limitations of aboveground biore-
mediation techniques include the following:

a. A large amount of space is required for bioreactors but
generally less than that required for land treatment. Soil piles
require less space than land treatment.

b. Side-waste streams generated from bioreactors may re-
quire proper treatment and disposal.

Water
vapor Volatile and
and CO, gaseous
emissions

Berm

Impermeable
liner

i !
I,I,I,\,I'\\1l1,‘,\,\,\‘|‘

!

¢. Land treatment may require relatively moderate to long
treatment times.

6.4.3.3.2 Feasibility and Design Considerations

A wide variety of site, soil, and environmental factors can
influence the use of bioremediation techniques.
The following factors affect the use of land treatment:

a. Types of microbes in the soil.

b. Types of petroleum hydrocarbons present in the soil.

c. Soil type and moisture content (which in general can be
optimized).

Temperature [15°C to 35°C (59°F to 95°F)].

Soil pH (6.0 to 8.0).

Nutrients (nitrogen and phosphorus).

Precipitation.

Amount of oxygen added through aeration.

i. Amount of soil to be treated.

Fmomoe A

j. Space constraints on the site.
Precipitation
Run-on and
Hydrocarbons uniformly run-off are
applied and mixed controlled

in the soil

Biological and
chemical reactions
in the soil

Native soil

Rainfall
collection
system

Figure 22— Schematic Cross Section of a Land Treatment System
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Irrigation hose
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Liner Leachate collection system (if needed)

Figure 23— Schematic Cross Section of Bioremediation in Soil Piles

The design process for land treatment is similar to that for
in situ biodegradation discussed in 6.4.2.1, except that the
soil 1s excavated and removed to an aboveground location

_(either on-site or off-site). The soil is placed in lifts and pe-
riodically tilled and watered to add oxygen and moisture to
enhance biodegradation. Soils that contain high levels of pe-
troleum hydrocarbons are tilled or disked several times per
week over a period up to several months to reduce the hydro-
carbon load. After the initial tilling and the resulting de-
crease in the hydrocarbon load, the tilling is continued
periodically until the hydrocarbon levels have been reduced
sufficiently to meet the appropriate cleanup objectives. Nu-
trient addition is based on the carbon concentrations. Regu-
latory agencies in some areas will not permit land treatment
if significant levels of volatile hydrocarbons are emitted
from the soil lifts.

As a means of keeping soluble hydrocarbon constituents
from migrating in runoff water, an impermeable liner and
berms are placed to contain the soil being treated. A layer of
fill:material or sand is placed over the liner to prevent dam-
age while tilling. Care should be taken during the tilling op-
eration to prevent tearing the impermeable liner. A leachate
collection system can be provided on the downgradient side
of the treatment area where leachate can be removed, treated,
or reapplied. The leachate collection system consists of a
sump pump buried in gravel at the low end of the treatment
area or drainage pipes leading from the soil treatment area to
a lined containment area to remove leachate (infiltrated wa-
ter and dissolved-phase hydrocarbons) from the soil being
treated.

A wide variety of soil and environmental factors affect the
use of soil piles and bioreactors. These factors include the
following:

. Soil type.

. Type of hydrocarbons in the soil.
. Ambient temperature.

. Soil moisture content.

. Available nutrients in the soil.

. Oxygen level of the soil.

Soil pH.

. Volume of soil.

Space constraints.

Time frame for remediation.

S0 0 Ao o

—

L

The microbial population present must be assessed to
identify the indigenous culture and its ability to biodegrade
the hydrocarbons present in the soil. The assessment of mi-
crobial population is conducted by laboratory analysis or
bench-scale testing. Commercial microbes may be added ini-
tially to stimulate degradation, or they may be added contin-
ually to replace the indigenous culture.

Aboveground bioremediation of soil piles is relatively
simple, and operating requirements are minimal. The treat-
ment times are relatively short compared with those of other
bioremediation processes. Most of the costs are associated
with the soil excavation, handling, and transportation (if
treated off-site). Soil treated in soil piles can be used on-site
as backfill after treatment. In certain jurisdictions, air permits
and treatment may be required for volatile hydrocarbons re-
moved from the soil piles.

Treatment times in bioreactors/slurry reactors are rela-
tively short for low volumes of soil containing petroleum
hydrocarbons compared with times required by other biore-
mediation technologies. The volume of soil treated in a batch
is limited by the size of the reactor. Higher hydrocarbon con-
centration levels can be treated by bioreactors rather than by
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Figure 24— Schematic of the Soil Bioreactor Process
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other bioremediation processes. These reactors can uni-
formly treat most petroleum hydrocarbons to nondetectable
levels in 1 to 2 months. Bioreactors, however, also tend to
be more expensive than other bioremediation options. In ad-
dition, associated air and residual-water permit require-
ments can delay implementation and increase the overall
costs.

6.4.3.3.3 Control of Side-Waste Streams

Vapor emissions from soil piles are controlled by methods
similar to those used for soil vapor extraction (SVE). The
most commonly used system for treating vapor emissions
from soil piles is activated carbon adsorption. Unlike vapor
emission systems used for SVE, the treatment system for soil
piles does not have to be used continually. Also, the hydro-
carbon vapor concentrations generated from soil piles tend to
be lower than those generated from SVE systems. Conse-
quently, the amount of activated carbon required for carbon
adsorption is minimized.

Side-waste streams generated from bioreactors/slurry re-
actors include residual water, sludge consisting of biomass,
and hydrocarbon vapor emissions. The residual water may
be treated with carbon adsorption or air stripping prior to dis-
charging it, or it may be shipped off-site for treatment and
disposal. The treatment process for residual water may have
to comply with National Pollution Discharge Elimination
System (NPDES) standards or local sanitary sewer and pub-
lic owned treatment works (POTW) standards. The biomass
sludge may undergo additional digestion or may be shipped
off-site for treatment and disposal. Hydrocarbon vapors are
recirculated in the reactors.

6.4.3.4 Asphalt and Cement Incorporation

6.4.3.4.1 Description

Asphalt incorporation involves mixing petroleum-laden
soils into hot asphalt mixes as a partial substitute for stone
aggregate; this mixture is then used for paving. The primary
remediation mechanisms effected by incorporating soil into
asphalt are volatilization and low-temperature thermal de-
struction or encapsulation of hydrocarbon constituents. The
efficiency of these mechanisms for removing hydrocarbons
is variable and depends on the asphalt-aggregate dryer tem-
perature, residence time of the soil containing hydrocarbons
in the dryer, and permit requirements. A secondary mecha-
nism involves incorporating the heavier hydrocarbons into
the asphalt/aggregate mix. The high temperatures in the
dryer combined with the encapsulation of the soil in the as-
phalt mix can provide an adequate corrective-action mea-
sure. Figure 25 is a schematic diagram of a typical asphalt
batch plant.

Some commercial cement kilns are also permitted to ac-
cept soils containing petroleum hydrocarbons for incorpora-

tion with raw aggregate material. Soils containing hydrocar-
bons that are high in silica are typically handled as part of the
sand that is added to the cement for strength. This process is
called cement incorporation and involves blending these
soils with other raw materials (limestone, alumina, silica,
and iron), grinding in mills, and placing the mixture in slurry
tanks and then into a kiln. The petroleum organics are evap-
orated and thermally oxidized, and the heavy metals are en-
trained in the dry slurry and treated at a high temperature to
form clinker (an intermediate cement product). The soil con-
taining hydrocarbons can be “roasted” in a preheated unit
similar to the asphalt aggregate dryer before being incorpo-
rated with the raw material. This practice reduces the volatile
hydrocarbon content of the soil to within the process chem-
istry requirements.

The specific advantages of incorporating soil into asphalt
or cement are as follows:

a. It requires relatively short treatment times and removes
the material from the site.

b. It is cost-effective and a viable alternative to landfilling.
c. It eliminates any long-term liability.

The disadvantages and limitations of incorporating soil
into asphalt or cement include the following:

a. Specific analyses of the petroleum-laden soil may be re-
quired before it is accepted by the asphalt or cement plant.
b. Contaminated soil handling at a treatment site is per-
formed by contractors; however, the liability for the soil may
remain for the site owner until the contaminants are below
acceptable concentrations.

c. Transportation to the treatment site is an additional cost.

6.4.3.4.2 Feasibility and Design Considerations

‘When asphalt incorporation is being considered as a cor-
rective-action measure for soil containing petroleum hydro-
carbons, the following two factors should be evaluated: the
availability of the process and the characteristics of the soil.

Only soil containing petroleum hydrocarbons that are con-
sidered to be nonhazardous can be incorporated into asphalt.
The hazardous or nonhazardous designation varies among
different states. For hydrocarbon-impacted soil that is non-
hazardous, asphalt incorporation is an attractive alternative
to other disposal options, such as landfilling.

The specific requirements of soil containing hydrocarbons
for asphalt batching vary among different plants. The most
suitable soil type is sandy; a wet heavy clay is unacceptable
at nearly any plant; however, drier silty clay may be incorpo-
rated in small quantities. Analyses of composite samples
typically required by most plants include TPH, TCLP, poly-
chlorinated biphenyls (PCBs), and flash point.

The particle size and organic content of the soil also may
have an effect on the quality of the asphalt mix. The strength
and durability of asphalt mixes depend on the size, type, and
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amounts of aggregates used. In general, the amount of fine
material is limited to between 2 percent and 10 percent of the
mixture.

Cement incorporation involves mixing soil containing hy-
drocarbons with portland cement to form a monolithic, solid
material. Cement incorporation can volatilize the light hy-
drocarbons and limit the mobility of higher molecular weight
hydrocarbons by encapsulating them in a solid mass, unless
the specific organic materials interfere with the hardening of
the cement. The mobility of the higher molecular weight hy-
drocarbons is limited in this process, but they usually will
not be completely stabilized or fixated because they do not
react with the cement mixture. Some cement incorporation
processes use nontoxic chemical additives to fixate organic
compounds to the cement; this reduces the compounds’ po-
tential for leaching from the solidified waste.

6.4.3.4.3 Control and Management of Side-
Waste Streams

The greatest limitations for asphalt plants and cement
kilns are associated with meeting the stringent regulatory air
pollution control and permit requirements for the plants.
State and local regulatory requirements vary among jurisdic-
tions; consequently, the required air pollution control sys-
tems will vary. The asphalt and cement incorporation
facilities must also have permits to accept petroleum-con-
taminated soil.

6.4.3.5 Thermal Treatment

Thermal treatment of hydrocarbon-impacted soils in-
volves liberating organics (hydrocarbon constituents) from
the solids into the gas phase followed by either condensation
for recovery or thermal oxidation into combustion by-prod-
ucts. The primary factors influencing the applicability of
thermal treatment to hydrocarbon-impacted soils or residues
are the quantity and chemical characteristics of the con-
stituents and the regulatory requirements, particularly the
cleanup objectives. The key factors influencing the selection
of the appropriate thermal treatment system include the op-
erating temperature and the solids’ residence time required
to achieve cleanup objectives.

A number of different types of thermal treatment systems
are currently being used to treat hydrocarbon-impacted soils
and residues. Thermal treatment processes that use indirect
heating transfer fluids, such as a screw-flight heat ex-
changer, are applicable only to soils or solids containing
volatile and some semivolatile organic constituents. Ther-
mal treatment processes that use indirect-heated or direct-
fired thermal treatment equipment are applicable to soils,
sludges, or solids containing both volatile and semivolatile
organic constituents.

Thermal desorption as defined in this document is limited
to any number of aboveground processes using either direct
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or indirect heat exchange to vaporize organic constituents
from soil or sludge. Air, combustion gas, or inert gas is used
as the transfer medium for the vaporized constituents. Ther-
mal desorption systems are physical separation processes
and are not specifically designed to provide organic decom-
position. Thermal desorption is not incineration, since the
decomposition of organic constituents is not the desired re-
sult, although some decomposition may occur.

Incineration is also any process that uses heat to indirectly
or directly transfer heat to the soil. However, sufficient oxy-
gen is required so that the organics are oxidized and con-
verted to combustion by-products, primarily carbon dioxide
and water. The level of contaminants and the specific
cleanup levels for the site will influence the applicability of
the thermal technology used at the site.

For solids contaminated with organics having low volatil-
ity or where very low residual contaminant concentrations
must be achieved, high treatment temperatures are required.
Low-temperature thermal desorption (LTTD) systems that
operate at 200°F to 500°F (93°C to 260°C), such as screw-
flight heat exchangers, may not be capable of meeting the
treatment criteria for semivolatile hydrocarbon constituents.
Thermal treatment processes that can provide higher temper-
atures of 400°F to 1000°F (204°C to 538°C)] are indirect-
heated rotary tube and infrared systems and direct-fired
rotary kiln and fluid bed incinerators.

6.4.3.5.1 Thermal Desorption
6.4.3.5.1.1 Description

A thermal desorption system consists of a screw-flight
heat exchanger in which the soil and sludge are mixed and
heated (indirectly) to drive off (desorb) moisture and organ-
ics in an oxygen deficient atmosphere. A variety of other
thermal systems can be operated at low temperatures. These
systems are limited to solids contaminated with volatile or-
ganic constituents at low to moderate concentrations. An in-
direct-heated system generates smaller off-gas volume than
a direct-fired system.

Screw-flight heat exchanger designs have been used pri-
marily to process soil and sludge contaminated with volatile
organics such as solvents and gasoline. The exchanger con-
sists of a screw conveyor, which is designed to circulate
heat transfer fluids inside the screw shaft, and flights to in-
directly heat the solids. These heat exchangers usually use
an organic-based heat transfer fluid that can heat solids up
to 500°F (260°C), but inorganic nitrate-salt-based heat
transfer fluids can be used to achieve even higher tempera-
tures of 600°F to 1000°F (316°C to 538°C). This type of
system is compact in size due to the relatively small volume
of off-gas generated and the small size of the gas cleaning
system.

The specific advantages of thermal desorption systems in-
clude the following:
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a. Treatment time is relatively short (15 to 60 minutes).

b. The system is compact and can be used for soil treatment
on-site.

¢. On-site use minimizes soil handling by eliminating trans-
portation off-site.

d. Treated soil may be used as backfill.

The disadvantages and limitations of thermal desorption
systems include the following:

a. Preprocessing of the soils to reduce particle size may be
significant.

b. The heat transfer fluid must be environmentally and tox-
icologically acceptable should it leak.

c. Appropriate safeguards for fires must be incorporated into
the design when organic-based heat transfer fluids are used.
d. The systems may not be capable of meeting low treat-
ment criteria for low-volatility organics.

6.4.3.5.1.2 Feasibility and Design
Considerations

Laboratory analyses of the soils are conducted to deter-
mine the efficacy of treating contaminated soil via thermal
desorption. The analyses are used to determine the concen-
tration and type of petroleum hydrocarbons, the physical
characteristics of the soil, and the applicability of thermal
desorption. The following physical characteristics may affect
the design and performance of on-site thermal desorption:

Moisture content of the soil.

. Particle size distribution in the soil.

. Permeability of the soil.

Soil type.

Contaminant type, concentration, and distribution.

Soil compressibility.

. Existence of metals, chlorinated compounds, and other
contaminants.

@me oo o

Three factors that have an impact on the design of the
solids-handling system of the thermal desorption system are
particle size distribution, moisture content, and soil type. The
soil particle size should be 0.5 to 1 inch (13 to 25.4 millime-
ters) in diameter for full-scale treatment units to minimize
operating costs. Mechanical screens may be used to remove
coarser soil particles that may reduce the overall effective-
ness of treatment. Energy and residence time requirements
for treatment are affected by moisture content, particle size
distribution, permeability, and soil types. Contaminant con-
centration may also affect energy and residence time require-
ments, off-gas organic concentration, and ultimate soil
disposition.

6.4.3.5.1.3 Management of Side-Waste Streams

Side-waste streams generated from thermal desorption
systems include off-gases and residues from emission con-

trol (such as, activated carbon, condensate, and particulate
filters). Depending on regulatory requirements, the off-gas
treatment may be costly and constrained by strict emissions
limits. Disposal of residues may involve analytical testing
and proper disposal. Some operators have chosen to add an
afterburner to the thermal desorption system to complete
thermal destruction of the contaminants. Other possible al-
ternatives for handling recovered organics include reclama-
tion off-site or use of supplemental fuels.

The treated soil may require testing and regulatory ap-
proval before it can be used on-site as backfill. Specific test-
ing required for treated soil may include nutrient levels,
ability to retain moisture, compressibility, compaction, and
ability to sustain plant and bacterial life.

6.4.3.5.2
6.4.3.5.2.1

Incineration systems can be either indirect-heated (rotary
tube) or direct-fired (rotary kiln and fluid bed) systems.
These systems are applicable to soils containing both volatile
and semivolatile organics and can achieve low residual or-
ganic concentrations in the treated soil.

Indirect-heated systems are rotary tube designs that have
been used primarily to process soils and sludges lightly con-
taminated with organic constituents. They consist of a non-
rotating outer tube with a concentric inner tube that rotates
and conveys the solids from the feed end to the discharge
end (see Figure 26). In between the inner and outer tubes are
multiple burners that transfer heat through the inner tube to
the solids. Because they are indirectly heated, these sys-
tems are compact in size due to the small volume of off-
gas generated and the small size of the gas cleaning
system. In addition, they can also process solids up to 2
inches (51 millimeters) in size. Because the inner and
outer tubes are isolated (sealed) from each other, these sys-
tems can be designed to recover organics contained in the
waste feeds. These indirect-heated systems can heat solids
up to 1,000°F (538°C).

Rotary kiln incinerators are commonly used in direct-
fired systems to treat hydrocarbon-impacted soil. These in-
cinerators consist of a primary (combustion) chamber, in
which the soil and solids are mixed and heated to drive off
moisture and organics, and a secondary combustion chamber
that oxidizes the volatilized contaminants from the primary
combustion chamber (see Figure 27). Pyrolysis or oxidation
of nonvolatile organics can also take place in the primary
chamber; this may be important in meeting treatment criteria
for residual organics. The most predominant type of system
used for large-scale on-site treatment of organic contami-
nated soils has been rotary kiln incinerators. :

Fluidized bed designs have been used on a limited basis to
incinerate low-Btu content soils with small particle sizes.
They maintain stable combustion of contaminated soils that

Incineration

Description
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have a broad water content range because the fluidized bed
media provides a significant heat sink and temperature
buffer. Fluidized and circulating bed designs have been used
to incinerate sludges and soils (see Figure 28). Both systems
rely on an inert bed (usually sand, but soil can be used as the
bed material) as the heat transfer body. Pressurized air is
forced into a vertical chamber where the air is used to flu-
idize the sand. Air passage through the bed promotes rapid
and relatively uniform mixing and intimate air contact with
the contaminated soil. Heat is transferred from the bed to the
contaminated soil; and as a result, efficient combustion oc-
curs at lower operating temperatures than in rotary kilns with
excess air levels.
The specific advantages of incinerators are as follows:

a. Treatment time is relatively short (15 to 60 minutes).

b. They are capable of meeting low treatment criteria for
low-volatility organics.

¢. On-site use minimizes soil handling by eliminating trans-
portation off-site.

d. Treated soil may be used as backfill.

The disadvantages and limitations of incinerators include
the following:

a. Hazardous waste regulations may apply when treating
RCRA wastes if organics are not recovered and recycled.
b. Potential fusion and slagging of low-melting-point eutec-
tic mixtures result from the thermal treatment of diverse
materials.

c. Treatment costs can be high.

6.4.3.5.2.2 Feasibility and Design
Considerations

Prior to implementing on-site incineration, a trial burn
may be necessary to demonstrate the suitability of this ap-
proach for a particular soil type. The feasibility and proper
design of an on-site incineration system may be affected by:

a. Moisture content of the soil.
b. Particle size distribution in the soil.

¢. Permeability of the soil.

d. Soil type.

e. Contaminant type, concentration, and distribution.

f. Existence of metals, chlorinated compounds, and other
contaminants.

g. Ash fusion temperature of the soil.

h. Ash content of the end product.

The moisture content of the soil is inversely proportional
to the operating efficiency. Soils generally possess low-Btu
values, which result in high energy costs. High moisture con-
tent in the soil will further escalate energy costs for inciner-
ation. Therefore, soil with excessive moisture content should
be pretreated before being incinerated. This soil can be
treated by air-drying or by putting an additive (such as lime)
into the soil.

A decision as to whether incineration should be conducted
on-site or off-site depends on several factors, including the
volume of contaminated soil, cost, utility availability, and
pollution control equipment and regulatory permit require-
ments. This process also has substantial operation, mainte-
nance, and monitoring requirements.

6.4.3.5.3 Management of Side-Waste Streams

Secondary wastes generated from high-temperature des-
orption systems will vary depending on the gas cleaning sys-
tem used. Wastes will be either fly ash, if a dry or dry/wet
system is used, or a wastewater purge stream, if wet pollu-
tion control equipment is used. These secondary wastes will
contain carryover (such as fine soil particles) as well as al-
kali and metal salts, if present in the soil. The partitioning of
metals in the thermal unit and in the gas cleaning system will
be one factor in determining the final disposition of sec-
ondary wastes.

The water purge from a wet pollution control system may
require treatment before discharge, depending on the dis-
charge option. Treatment of purge water, particularly to re-
move suspended solids or heavy metals, will result in
wastewater sludges that will require disposal.

(text continued on page 77)
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