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Preface

T his report identifies individual contaminants and contaminant mixtures that have been

measured in the ground at 91 waste sites at 18 U.S. Department of Energy (DOE)
facilities within the weapons complex. The inventory of chemicals and mixtures was used to

identify generic chemical mixtures to be used by DOE’s Subsurface Science Program in

basic research on the subsurface geochemical and microbiological behavior of mixed con-

taminants (DOE 1990a and b). The generic mixtures contain specific radionuclides,  metals,

organic ligands,  organic solvents, fuel hydrocarbons, and polychlorinated biphenyls (PCBS)

in various binary and ternary combinations. The mixtures are representative of in-ground

contaminant associations at DOE facilities that are likely to exhibit complex geochemical be-

havior as a result of intercontaminant reactions and/or microbiologic activity stimulated by

organic substances. Use of the generic mixtures will focus research on important mixed con-
taminants that are likely to be long-term problems at DOE sites and that will require cleanup

or remediation.

The report provides information on the frequency of associations among different chemi-

cals and compound classes at DOE waste sites that require remediation. For example,

radionuclides such as uranium, plutonium, strontium, and cobalt were found, in some cases,

to be disposed of with organic substances (e.g., organic acids, completing agents, and sol-

vents) that could influence radionuclide geochemical behavior and subsurface transport.

Knowledge of the types of chemicals that coexist in waste sites is important to remediation
for various reasons:

= The efficiency of many biotic and abiotic treatment processes for soil and ground-water

contaminants is affected by the presence of co-contaminants.

■ Multiple contaminant species may be treated simultaneously and more effectively by

specific aboveground or in-ground techniques if the nature of the contaminant associa-

tion is understood in advance.

■ Certain types of chemical mixtures may require special precautions or the development

of new remediation strategies or techniques.

■ In-ground remediation activities may selectively mobilize certain mixtures of chemical

constituents to air or ground water, thereby increasing environmental risk; or some mix-

tures may be stabilized, thus reducing environmental impact.
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m
3 The report provides quantitative information on the frequency of’ occurrence of binary,
m
3

ternary, and higher order contaminant mixtures in the 9 1 waste sites. This quantitative infor-
0
m mation may be used to refine or guide the development of new above-ground and in situ

remediation strategies that can be used throughout the weapons complex.

Scientists who are interested in participating in DOE’s Subsurface Science Program are

encouraged to review this document and the Program Overview (U.S. Department of Energy

1990b) for information about DOE’s research interests and as a basis for collaboration with

current investigators. Additional information about DOE’s research under the Subsurface

Science Program can be obtained by writing Dr. Frank Wobber, DOE’s Program Manager;

further details on research in Co-Contarninant Chemistry can be obtained from Dr. John
Zachara, Geosciences Department, Pacific Northwest Laboratory, P.O. Box 999, Richland,

WA 99352.
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This document summarizes a review of monitoring and restoration reports from 91
waste sites at 18 U.S. Department of Energy (DOE) facilities. The review was con-

ducted to identify (1) inorganic and organic contaminants found within soil and ground

water at DOE waste sites, (2) their concentration ranges, and (3) their frequency of occur-

rence as single compounds and as binary, ternary, quaternary, and higher order contaminant

mixtures. Fuel hydrocarbons, chlorinated hydrocarbons, radionuclides, metals, inorganic

anions, and ketones were the contaminant classes most frequently measured in the ground at
DOE facilities. The chlorinated hydrocarbon, fuel hydrocarbon, radionuclide(s),  metal(s),

and ketone reported in ground water most frequently were trichloroethylene, toluene,

tritium/uranium, lead/chromium, and acetone, respectively,

Contaminants in waste sites were frequently mixed; binary contaminant mixtures were

reported at 64 percent of the waste sites, and ternary mixtures were observed at 49 percent

of the sites, The most common binary contaminant mixture was that of metals and

radionuclides.  Twelve other common pairings included metals, anions, radionuclides,

chlorinated hydrocarbons, polychlorinated biphenyls  (PCBS),  and ketones in various combi-

nations. Mixtures of contaminants that could interact with each other and modify each

other’s subsurface geochemical behavior were disposed of together in DOE waste sites. For

example, mixtures of radionuclides and metals with organic Iigands (organic acids or amino-

carboxylic chelating agents) that could lead to mobile aqueous complexes in soil and ground
water were observed at 19 waste sites. Organic solvents (chlorinated hydrocarbons and

ketones) that can mobilize sparingly soluble hydrophobic organic compounds were disposed

of with PCBs at 15 waste sites. Furthermore, organic substances that can modify metal

ionhadionuclide  speciation by stimulating subsurface microflora were disposed of to the

ground with metal- and radionuclide-containing wastes.
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Chlorinated hydrocarbons and fuel hydrocarbons.

Metals/anions and radionuclides.

Organic solvents and PCBs.

Metals/radionuclides  and organic acids.

Metalsh-adionuclides  and completing agents.

Metalslradionuclides  and ketones.

Metals/radionuclides,  organic acids/complexing agents, and organic solvents.

Metals/radionuclides and natural organic substances.

These mixtures all have equal priority for research, based on the frequency of their oc-
currence, their likelihood to influence contaminant dynamics, and the extent of research

knowledge. This document provides guidance on how to select elements or compounds from

the generic mixtures for research.

The review and the process of mixture selection were limited by the data base on chemi-

cal constituents in DOE waste sites. Nonregulated chemical contaminants often were not

included in monitoring and chemical characterization efforts at DOE sites. Consequenty,

data were insufficient to define the true frequency of occurrence and environmental

concentrations of many important co-contaminants, including various organic complexing

agents that could significantly affect radionuclide mobility.

. . .Vlll
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SECTION 1

Introduction

The U.S. Department of Energy (DOE) recognizes

the severity of environmental quality problems at

its facilities (DOE 1989, 1990a). It has pledged to assist

in the cleanup of these sites through ( 1 ) direct remedia-

tion/restoration activities and (2) basic research to

improve understanding of contaminant behavior in subsur-

face environments and to develop new concepts for

remediation, DOE’s Subsurface Science Program (DOE

1990b) is part of this commitment to address subsurface

contamination issues at DOE facilities. The Subsurface

Science Program involves basic research on hydrologic,

microbiologic, and geochemical mechanisms that operate
in subsurface environments and that control contaminant

migration, persistence, and ease of remediation. Part of

the research within the Subsurface Science Program is
focused on understanding the subsurface geochemical be-

havior of chemical mixtures (Co-Contaminant Chemistry

Subprogram) as a basis for (1) improving the ability to

forecast contaminant migration and (2) establishing new

techniques to mobilize, immobilize, or degrade in-ground

chemical contaminants on DOE lands.

This report was written as a source document for the

Subsurface Science Program, with emphasis on the Co-

Contaminant Chemistry Subprogram. It provides
information on the types of chemical contaminants and

mixtures found on DOE lands and guidance on which of

these contaminants and mixtures should be emphasized in

basic research that targets subsurface contaminants at

DOE facilities. Specifically, the report includes the

following:

Review of the types of contaminants that have re-

portedly been disposed of to the ground at 18 DOE

facilities and that have been analytically determined

to be present in soils, sediments, and ground waters at

the sites.

Identification of the types of inorganic and organic

contaminants that have been mixed in the ground

through disposal activities and of the frequency of

occurrence of different chemical mixtures at 91 DOE

waste sites.

Evaluation of which chemical mixtures reported on

DOE lands warrant research because of scientific un-

certainty regarding the implications of intercon-

taminant interactions to contaminant geochemistry

and transport.

Development of a set of appropriate and defensible

chemical mixtures to be used in research into

co-contaminant chemistry.

Use of the generic chemical mixtures will focus sub-

surface science research on priority contaminants and the

real co-contaminant issues at DOE facilities.
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SECTION 2

Background

D OE performs its mission through the operation Some wastes at DOE facilities are stored in tanks

of research and production facilities, including (e.g., high-leve~ waste) or in the ground in a retrievable

the 18 facilities that form the basis of this report. The

DOE facilities occupy a total area of approximately

2,800 square miles (miz) (7,280 square kilometers

(kmz))  within the contiguous United States (DOE
1986; Table 1; Figure 1). Activities conducted at DOE

facilities have included multidisciplinary research;

enrichment (c.:., uranium) and production (e.g.,

plutonium and tritium) of nuclear materials; spent-fuel
reprocessing; development, testing, and fabrication of

nuclear and non-nuclear weapons; construction and

testing of nuclear reactors; and the management of
various radioactive wastes and spent fuels.

form (e.g., transuranic waste) awaiting additional treat-

ment before permanent subsutidce disposal (DOE 1987).

However, most wastes (by volume) have been disposed

of to the ground surface, ponds, cribs, basins, pits, piles,

injection wells, and landfills, leading to subsurface con-

tamination. Subsurface contamination is also the result of

leaks from process sewer lines, fuel and hazardous waste

underground storage tanks, and breached drums of buried

chemicals and wastes. In the early days of DOE opera-

tions, environmental disposal was common and was

believed to have limited long-term implications. How-

ever, many of the individual chemical constituents in the

Table 1. Sizes of DOE Research and Defense Production Facilities and Number of Waste Sites Considered

Facility

3



wastes are now of health concern, and they either are

regulated under Federal and State statutes or are currently

under evaluation for possible regulatory control (Federal

Register 1985a and b, 1989, 1990).

More than 3,000 inactive waste sites have been iden-

tified at DOE facilities (GAO 1988a and b), and the total

costs of environmental compliance and cleanup in the

1988-1989 time frame have been estimated to have been

in the range of $60 to $90 billion (GAO 1988a, DOE

1988). The extent and complexity of contamination by

hazardous and mixed hazardous wastes at DOE facilities

vary with the facility’s mission, size, and waste-manage-

ment practices, At one extreme are large facilities with

multiple activities and a complex history of waste-dis-

posal practices (e.g., Hanford, Oak Ridge National

Laboratory, and Savannah River Plant). Activities at

these facilities were chemically intensive; i.e., large

amounts of chemical agents were manipulated in day-to-

day operations, and complex chemical processes

involving inorganic and organic reagents, solvents, and

catalysts were used to recover radioactive elements from

spent fuels or to produce or Pdbricate fuels and target

4



DOE facilities are still largely unknown as a result of

several factors. For example, the completencess of records

describing quantities and types of chemicals disposed of

at individual waste sites varies, It has been suggested that

record purges may have occurred at some DOE futilities.

At some sites, a disparity exists between the chemicals
reported  to have been disposed  of (according to historical

records) and those analytically determined to be in the un-

derlying ground waters. Also, the facilities have different

schedules for implementing compliance/remediation ac-

tivities at waste sites. Another f factor is the compliance-

driven nature of environmental monitoring programs. Un-

regulated chemicals have not been routinely monitored;
only in the past 5 years have programs begun to monitor

an expanded list of organic chemicals.

Published information has documented that the chemi-
cal composition of waste sites at DOE facilities is

complex. with individual contaminant concentrations in

soils/sediments ranging from trace ( parts per billion

(ppb)) to percent (parts per hundred) levels. Soils and
sediments are contaminated with radionuclides (e.g.,

uranium, plutonium, cesium, thorium, strontium, tritium

and technetium). metals (e. g.. chromium, mercury, and

lead), and anions (e.g., nitrate. fluoride, and cyanide).

Reports of codisposal of inorganic and radioactive con-

taminants with the following contaminants are common:

( 1 ) chlorinated stolvents such as trichlomethylene,

tetrachloroethylene, and carbon tetrachloride; (2) fuel

hydrocarbons such as benzene, toluene, xylenes,  and

polycyclic aromatic hydrocarbons; (3) plasticizers such as

phthalates: (4) polychlorinated biphenyls  (PCBs);

(5) alkyl phosphates: (6) conventional explosives such as
hexahydro- 1,3.5-trinitro- 1,3.5-triazine ( RDX), octahydro-

1.3,5.7-tetranitro-1,3,5,7-tetraazozine (HMX),  and

trinitrotoluene; (7) complexing agents such as

ethylenediamine letraacetic acid (EDTA) and associated
degradation products; (8) organic acids such as oxalic and

citric: (9) pesticides: and ( 10) other miscellaneous

materials and liquids such as coal fly ash, scintillation

fluids, low-level waste debris, and pharmaceutical wastes.

These compound classes have been reported in ground
waters at concentrations ranging from trace (ppb)  to parts

per thousand (ppt) levels. In the case of radionuclides,

radioactivity in ground waters has been reported in con-

centration ranges from picocuries per liter (pCi/L) or less

up to millicuries per liter (mCi/L).
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SECTION 3

Approach to the Co-Contaminant
Review and the Selection of Generic
Mixtures

Relevant DOE Facilities

The review began with the collection of source

documents that describe the history of disposal
and/or the measurement of concentrations of chemical

contaminants in soil and subsurface sediments and in

ground water at selected DOE facilities ( Figure 2). Most
source documents were environmental monitoring and

site characterization reports or contractor/subcontractor

remedial investigation and feasibility study assessments.

Approximately 100 documents published from 1980 to

1990 were reviewed. Path 1
I

had to deal with a large number of waste streams

and sites, and the chemicals have often been

present in complex environmental and waste

matrices. Because most monitoring programs at

DOE sites have been directed most recently at en-

vironmental compliance, the most frequently

analyzed chemicals have been regulated con-

stituents (i. e., priority pollutants defined by the
U.S. Environmental Protection Agency (EPA )).

As a result, other chemical contaminants (e.g.,

several of those listed as Appendix IX* con-

stituents and those not listed at all) that were

Figure 2. Approach Taken To Identify Chemical Mixtures on

DOE Lands and To Establish Generic Chemical Mixtures for

Subsurface Science Research
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disposed of to the ground have been analyzed more selec-

tively or less frequently. The boundaries of the data base

are discussed in more detail in Section 10.

After these reports were evaluated, 91 individual

waste sites (listed in Table 3 on pages 10-13) at the 18

DOE facilities were identified (based on their large size
or location, the nature or concentration of contaminants,

or their priority for cleanup) for comprehensive evalua-

tion. Generally, these 91 sites represent those whose

chemical characterization data or historical disposal

records are sufficient to identify which chemical com-

pounds were disposed of to the ground and/or currently

exist in the ground. The central objective of identifying

the types of contaminants that are mixed in the ground at

the DOE facilities required that inventories be established
for important contaminant types at each waste site.

The reports were then used to identify the classes of

organic and inorganic compounds in soil or subsurface

sediments and ground water and the frequency of their oc-

currence. The evaluation considered the 13 classes of

elements/chemical compounds listed in Table 2. These

classes include constituents regulated under Federal

statutes (e.g., chromium, nitrate. trichloroethylene, ben-
zene, and PCB), constituents unique to DOE (e.g.,

technetium. plutonium, and tritium), organic compounds

and complexing agents (e.g., oxalic acid and EDTA) that

may modify metal ion and radionuclide transport in the

subsurface environment, and unlisted chemicals that are

subject to potential future environmental regulation (e.g.,

bis-2-ethylhexylphthalate).
Following the evaluation of compound classes, two in-

dependent paths of evaluation were taken (Figure 2) to

identify priority-class mixtures warranting research (Path

1 ) and the most common contaminants in soils, sedi-

ments, and ground water within each compound class

(Path 2). The information generated from the completion

of steps within each pathway was then used to identify

generic mixtures for basic research.

In the first step of Path 1, a statistical analysis was

performed to determine the frequency of occurrence
(across the 91 waste sites) of compound class combina-

tions (combinations of two, three, four, and five

compound classes). This analysis identified the most

common types of contaminant mixtures based on avail-

able data. Next, a brief literature review was performed

to identify the mixtures in which intercontaminant chemi-

cal reactions (i. e., complexation and cosolvation) are

expected to cause complex subsurface behavior that can-

not be predicted with current scientific understanding.

The seven compound class mixtures that exhibited the

greatest potential for co-contaminant interactions and that

appeared with the greatest frequency at the 91 waste sites
were identified as priorities warranting research.

8
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The first step of path 2 involved tabulation of in-

dividual compounds or elements within each compound

class that were identified in soils, sediments, and ground

water at the 18 DOE facilities. For a compound or ele-

ment to be listed, at least one facility must have reported

measurements of concentration in sediment or ground
water. The frequency of occurrence of each of the in-

dividual compounds or elements at each of the DOE

facilities was then determined for each of the 13 com-

pound classes. The frequency distribution was used to
identify those individual compounds or elements that

were most commonly observed in either soil/subsurface

sediment or ground water.

The results from Paths 1 and 2 were merged in a syn-

thesis activity (Figure 2) that led to the identification of

the generic co-contaminant mixtures. The procedure used

to identify the generic mixtures is best illustrated by the

following example, Path 1 might identify the compound

classes designated by A and D as a priority compound

class mixture (AD) because they were frequently mixed
in waste sites and because they react with one another to

form complexes that are weakly reactive with mineral sur-

faces and are consequently mobile in ground water. Path

2 may determine that the most common chemical con-

stituents reported within each of these compound classes

at the 18 DOE facilities are the chemical components a, b,
and c in class A and x, y, and z in class D. The generic

class mixture representing AD would then be some com-

bination of the chemical components a, b, c, x, y, and z,

such as a, b, c, and z. Use of the mixture for research
would be well justified, given chemical properties of the

classes, the type of chemical interaction or reaction that

occurs between them, and the reported chemical com-

ponents in the waste sites.

The proposed generic chemical mixtures are a refer-

ence point for the selection of relevant chemical

compounds for co-contaminant chemistry research. In-

vestigators may decide to use the generic mixtures

without change, or the proposed generic mixtures may

be changed or augmented by investigators who wish to
span the chemical properties of some set of chemical con-

taminants to develop free energy relationships for a

certain geochemical phenomenon or reaction. The

generic mixture provides the investigator with a refer-
ence point that is defensible, given the nature of

contamination on DOE lands.
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SECTION 4

Identification of the Most Common
Contaminant Classes

T able 3 on pages 10-13 identifies the 18 DOE

facilities and 91 waste sites that were included in

this assessment and summarizes information on the dis-

tribution of compound classes in soils/sediments and

ground waters at the waste sites. The table includes com-

pound classes that were reportedly disposed of to the site

(S 1 ) and those that have been measured in soil or sedi-
ment (S2) * or in ground water (G). These data were

incorporated into a computerized data base (Appendix B,

to the environment, soils and sediments tend to become

enriched in immobile, recalcitrant species and depleted in

species that have been degraded or transported to

ground water.

The compound classes most commonly reported in

sediments (by facility) were fuel hydrocarbons, followed

by chlorinated hydrocarbons, metals, and radionuclides
(Figure 3a). Less commonly reported compound classes

included anions, ketones, and PCBs. Organic acids, phtha-

Tables B-1 and B-2) that was used for identifying the lates, explosives, alkyl phosphates, complexing agents,

most common contaminant classes.

Frequency of
Compound-Class
Occurrence in
Soils/Sediments

Soil and sediment analyses, if
complete, can provide a good assess-

ment of the total chemical

composition of wastes and con-

taminants disposed of to the ground.

However, over time and exposure

and pesticides were reported at only two to five facilities.

Soils/Sedtments

100

90

80 [

Compound Classes

Figure 3. Distribution of Compound Classes in Soils/Sediments at 18 DOE

Facilities and 91 Waste Sites
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In contrast to the trend for the DOE facilities in Figure

3a, when the waste sites were evaluated as a single popula-

tion (Figure 3b), radionuclides  were the most frequently
reported class. Although fuel hydrocarbons were reported

for all the facilities (Figure 3a), they appeared localized to

a smaller subset of waste sites. In contrast, PCBs appear to
be facility specific. (Note the changes in order ranking of

these two compound classes, marked by asterisks, in

facility/waste site components in Figure 3.)

Frequency of Compound-Class Occurrence
in Ground Water

Compounds detected in ground water are those that
were disposed of to the ground and subsequently

transported through the soil and vadose zone by water or,

in select instances, by nonaqueous liquids such as organic

solvents. These compound classes are generally those that

exhibit high solubility in and low attenuation from the car-

rier fluid phase.

The compound classes most commonly reported for

ground waters of the 18 facilities (Figure 4a) were metals

and chlorinated hydrocarbons, followed by radionuclides,

anions, fuel hydrocarbons, and ketones. Reported with

less frequency were phthalates, explosives, and organic

acids. The least commonly reported classes of compounds

in ground water (pesticides, PCBs, and complexing

agents) each occurred at only one facility. The distribu-
tion of compound classes was similar for the 91 waste
sites (Fi,gurc  4b).

Although alkyl phosphates have been reported in soil,

none of the 18 DOE facilities reported their presence in

ground water. This observation contrasts with waste-site

inventories that document significant quantities of these

compounds disposed of to the ground at DOE facilities.
For example, at least 275,900 kilograms (kg) of alkyl

phosphates were disposed of to the ground at the Hanford

Site (Stenner et al. 1988a; Appendix E). Some of the

classes reported less frequently (phthalates, organic acids,

explosives, akyl phosphates, and chelating agents) are

not currently listed by EPA as a priority pollutant; there-

fore, they have commanded little attention in monitoring

programs driven by the Federal regulatory process.

100L Facilities (4a)

Compound Classes

Figure 4. Distribution of Compound Classes in Ground Water at 18 DOE Facilities

and 91 Waste Sites

16



SECTION 5

Frequency of Occurrence  of
Contaminant Class Combinations

T he frequency of occurrence of specific mixtures of

two-, three-, four-, and five-compound classes
within the 91 waste sites was determined by a com-

puterized manipulation of the data base. This activity was

central to the identification of the generic chemical mix-
tures for research (discussed in Sections 8 and 9) because

it showed which compound classes were most frequently

mixed in DOE disposal sites. Complete tabulation of the

results of this assessment is provided in Appendix C, and

selected results are described in this section. Mixtures of

two, three, and four contaminants were observed at 59,

45, and 30 of the 91 sites, respectively.

Soils and Sediments

The most frequently reported binary (two-compound)

compound-class mixture in soils/sediments was metals and

radionuclides.  Eleven other commonly reported binary

mixtures included metals, anions, radionuclides,

chlorinated hydrocarbons, fuel hydrocarbons, and PCBs in
various combinations (Table 4). The frequency of occur-

rence for these 12 combinations ranged from 10 to 25

waste sites and 5 to 11 facilities. Radionuclides  were most

frequently found in association with metals, PCBs, anions,
and chlorinated hydrocarbons. Neutral organic compounds

(i.e., chlorinated hydrocarbons, fuel hydrocarbons, and

PCBs) occurred as mixtures with one another (Table C- 1 )

and with ketone solvents with relatively high frequency

(Table 4). Binary mixtures of metals and radionuclides
with organic complexing agents and solvents were

reported but were rare (Table C-1 ). At a minimum, organic

acids, complexing agents, alkyl phosphates, and organic

solvents were each disposed of with metals and

radionuclides  at 3 to 10 waste sites (Table C-1 ).

The most common ternary (three-compound) con-

taminant mixtures reported in soils/sediments contained

metals, anions, radionuclides, chlorinated and fuel

hydrocarbons, and PCBs in various combinations (Table

4). The most ubiquitous ternary mixture components were

metals, chlorinated hydrocarbons, and radionuclides.  The

frequency of occurrence for the ternary mixtures was

lower than that observed for binary mixtures (Table 4).

The most frequent combination (metals, radionuclides,

and PCBs) was observed at 13 waste sites. Neutral or-

ganic contaminants, such as chlorinated and fuel
hydrocarbons and PCBs, were observed in combination at

seven sites, and ternary combinations of the neutral com-

pounds with ketone solvents were reported at five sites.

Metals, radionuclides, and inorganic anions were reported

together at nine sites, and various ternary combinations of

metals, anions, radionuclides, organic acids, complexing

agents, and alkyl phosphates were observed at three to

five sites.

Mixtures of four or more compound classes were rela-

tively infrequent (Tables 4, C-3, and C-4). The most

common components of these mixtures were metals, inor-
ganic anions, radionuclides, and chlorinated
hydrocarbons. Significant combinations included mix-

tures of (1) metals, inorganic anions, radionuclides,  and
alkyl phosphates; (2) metals, inorganic anions,

radionuclides, and organic acids; (3) metals,

radionuclides,  alkyl phosphates, and organic acids; and

(4) chlorinated hydrocarbons, fuel hydrocarbons, PCBs,

and pesticides.
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Table 4. Combinations of Compound Classes of Contaminants Reported Most Frequently in Soils/Sediments
and Ground Waters at DOE Facilities
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Ground Water

The most frequently reported binary compound-class

mixture in ground water (Table 4) was metals and

chlorinated hydrocarbons; this mixture was present at 38

waste sites and at 12 facilities. Other important binary

mixtures were metals and radionuclides, metals and

anions, anions and radionuclides, radionuclides and

chlorinated hydrocarbons, and anions and chlorinated

hydrocarbons. All of these pairs were reported at more

than 25 percent of the waste sites and at least 50 percent

of the facilities (Table 4). Because PCBs, alkyl phos-
phates, complexing agents, and organic acids were
infrequently reported in DOE-site groundwaters, they

were not found as mixtures with other contaminants in

ground water. The absence of data on alkyl phosphates,

complexing agents, and organic acids is due to several

factors, including (1) the site-specific nature of the con-

stituents, (2) the lack of regulation, and (3) limitations of

the analytical measurement technique. Ketones appeared

frequently as a binary mixture with metals, radionuclides,

or chlorinated hydrocarbons; fuel hydrocarbons appeared
frequently with chlorinated hydrocarbons. (See Table C-5

for details on minor pairings.)

Ternary compound-class mixtures including metals,
radionuclides, chlorinated hydrocarbons, and anions in

various combinations occurred at 23 percent of the waste

sites and 50 percent of the facilities (Table 4). Other ter-

nary mixtures were observed with less frequency (Tables

4 and C-6).

The most common quaternary (four-compound) com-

bination in ground water contained metals, anions,

radionuclides, and chlorinated hydrocarbons; it occurred

at 23 percent of the waste sites and at 50 percent of the
facilities (Table 4). Other important quaternary mixtures

included ketones in various combinations with ( 1 ) metals,

radionuclides, and chlorinated hydrocarbons; (2) metals,

chlorinated hydrocarbons, and fuel hydrocarbons; or

(3) metals, anions, and chlorinated hydrocarbons. (See

Table C-7 for details on minor combinations of four-

compound classes.)

Quinternary  (five-compound) compound-class mix-
tures were limited to 9 to 10 waste sites at 2 to 3 facilities

(Table C-8); these mixtures were composed of combina-

tions of metals, anions, radionuclides, chlorinated

hydrocarbons, fuel hydrocarbons, and ketones.
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SECTION 6

Identification of the Most Frequently
Occurring Chemicals

T his section provides information on (1) the types

of chemical compounds within each class that

have been reported in soil/sediment and ground water at

the 18 DOE facilities and (2) their frequency of occur-
rence. This report is not intended to account for why or

how certain chemical constituents have been mobilized to

ground water. The transport and attenuation process has

been complex, involving various multicomponent

geochemical reactions, microbiologic activity, mass trans-

fer by water and nonaqueous fluids, and the possible

contribution of mobile colloidal material. Many of the

species that exist in ground waters at DOE sites, includ-

ing chlorinated and fuel hydrocarbons, chromate, and

technetium, are relatively mobile in subsurface systems.

However, other constituents, such as cobalt, lead, and

plutonium, exhibit highly variable mobility depending on

the aqueous chemical (hydrogen ion activity (pH)  and

oxidation-reduction (redox)  potential) and mineralogic

properties of the subsurface environment. The soil and

subsurface geochemical properties at DOE facilities span

a wide range because the facilities are located in all major

geographic regions of the country (Figure 1). Because of

such variety, the attenuation of specific chemical con-

stituents at different sites may vary by many orders of

magnitude. Furthermore, acids, bases, and other chemical

agents that were often added to waste disposal areas

could modify subsurface behavior. Approximately 100
individual chemicals or mixtures (or measurements of

chemicals) have been reported in sediments and ground

water on DOE lands (Table D-1); specific details on the

sites where these contaminants were measured and other

pertinent geochemical factors may be found in the refer-

ences listed in Appendix A. For information on the

chemical processes in which some of these chemicals

were used, see Cleveland (1979, pp. 461–586),

McFadden (1980), or Appendix E, where selected opera-

tions performed at the Hanford Site are discussed.

Metals and Inorganic Anions

The most commonly reported metals in ground water

(Figure 5) were lead, chromium, arsenic, and zinc. Nitrate

was the most commonly reported anion. More than 50

percent of all facilities reported that 9 of the 12 species

listed in Figure 5 were present in ground water. Most of

the metals and anions reported in Figure 5 are common

constituents of wastes associated with reactor operations

(e,g., chromium and lead), irradiated fuel processing (e.g.,

nitrate, chromium, cyanide, and fluoride), uranium
recovery (nitrate), fuel fabrication (chromium, nitrate,

and copper), fuel production (mercury), and isotope

separation (mercury) (Evans et al. 1990, Rogers et al.

1989, Stenner  et al. 1988a).

The same 12 inorganic species were also reported in
soil/sediments (Figure 5), although less information was

available on the sediment concentrations. The most fre-

quently reported metals were copper, chromium, zinc,
mercury, arsenic, and cadmium. Consistent with the ex-

tensive use of nitric acid and nitrate salts in nuclear fuels
reprocessing and fabrication (Stenner  et al. 1988a), the
most commonly reported anion was nitrate.

21



Figure 5. Frequency of Occurrence of Selected Metals and Inorganic Anions in

Ground Water and Soils/Sediments at DOE Facilities

Figure 6. Frequency of Occurrence of Selected Radionuclides  in Ground Water
and Soils/Sediments at DOE Facilities

et al. 1989, Evans et al. 1990); and

thorium-228, 230, and 232 at Fer-

nald (Solow and Phoenix 1987).

Other radionuclides, including

americium-241 and neptunium-237,

have been identified in soils/sedi-

ments at DOE waste sites that were

not included in this review (e.g.,

Corbo et al. 1986). Many knowl-

edgeable personnel involved in

chemical processing activities at

Hanford and other production sites

have stated categorically that the

frequency of occurrence of such
elements as neptunium and ameri-

cium in soils and sediments is

higher than their absence from this

review would indicate.

Chlorinated Hydrocarbons

Nineteen chlorinated hydrocar-

bons were identified in ground

waters at DOE facilities (Figure 7).

Some of these compounds are

abiotic transformation products

(Vogel et al. 1987) of chemicals

that were used as solvents and

decreasing agents in nuclear fuels
reprocessing and fabrication

(Christensen and Gordon 1983,

Stenner et al. 1988a). The most
commonly reported constituents

(occurring at more than 50 percent

of the facilities) were trichloro-
ethylene; 1,1,1 -trichloroethane  and

1,2-dichloroethylene;  and
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tetrachloroethylene, 1,1 -dichloroethane, and chloroform.

Fifteen chlorinated hydrocarbon constituents were

identified in soils/sediments at DOE sites (Figure 7). The
most commonly reported constituents (occurring at 50

percent or more of the facilities) were trichloroethylene,

1,1,1 -trichloroethane, tetrachloroethylene, and

dichloromethane.

Fuel Hydrocarbons

The fuel hydrocarbon constituents in ground water

reported most frequently were toluene, xylene, benzene,

and ethylbenzene (Figure 8). Low-solubility hydrophobic
polyaromatic hydrocarbons (i.e., chrysene and
benz(a)anthracene) were observed in the ground water at

only one site.

The fuel hydrocarbons found in soil/sediment in-

cluded those found in ground water (Figure 8) and many

sparingly soluble polyaromatic hydrocarbons (e.g.,
phenanthrene, anthracene, and fluoranthene)  that are un-

likely to be mobilized to ground water in appreciable

concentrations. The aromatic hydrocarbons of higher

molecular weight were associated with only two to four
facilities. Toluene was the most commonly reported

aromatic constituent, followed by xylenes  and ethylben-

zene. Likely sources of the high-molecular-weight

hydrocarbons are coal and coal wastes (fly ash) derived

from the operation of coal-fired electric power- and

steam-generating plants located at many of the facilities
(Rogers et al. 1989, Solow and Phoenix 1987, Dennison

et al. 1989, Stenner et al. 1988b).  Sources of components

of lower molecular weight include gasoline and other

Soils/Sedimente

petroleum-derived fuels stored in

leaking aboveground or below-

ground storage tanks (Dresen  et al.

1986, Roy F. Weston, Inc. 1989).

Ketones

The most frequently reported

ketones in ground water were

acetone, methyl ethyl ketone, and
methyl isobutyl ketone (Figure 9).

Acetone was also the most com-

monly reported ketone in

soil/sediment, followed by methyl

ethyl ketone (Figure 9). Ketones

were frequently used in nuclear

fuels reprocessing. For example,

methyl isobutyl  ketone was the
preferred solvent used at Hanford

in processing to separate uranium

and plutonium from fission
products (Stenner et al. 1988a).
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Figure 9. Frequency of Occurrence of Ketones in Ground
Water and Soils/Sediments at DOE Facilities

Other Chemicals and Compounds
Table 5 lists chemical constituents within those com-

pound classes that have been reported with less frequency

at the 91 waste sites. Within Table 5, compound classes

are listed by frequency of occurrence, with the phthalates

being most common. Bis-2-ethylhexylphthalate was the
most frequently observed phthalate, and possible regula-

tion of this constituent, along with butylbenzyl-phthalate,

in drinking water is being considered (Federal Register

1989, 1990). Pesticides, many of which are regulated con-

stituents, are routinely monitored as part of monitoring

programs at the DOE facilities. However, pesticides are
rarely observed at levels above detection limits. The or-

ganic acids include paraffinic derivatives (e.g., palmitic
and hexadecanoic acid) that originate from thermal

decomposition of hydrocarbon solvents used in nuclear

fuels reprocessing and fabrication (Toste et al. 1988) and

benzoic acid that results from the decomposition of or-

ganic material in low-level waste debris (Toste and

Lechner-Fish  1989).

Historical records show that some of the minor
classes of compounds (e.g., chelating agents and organic

acids) may be far more common than is suggested by the

monitoring and characterization data from the 91 waste

sites. For example, records document the disposal of the

chelating agent EDTA or diethylenetriamine pentaacetic

acid (DTPA) at waste sites at Hanford, Savannah River,

Table 5. Chemical Constituents Reported for Less
Frequently Observed Compound Classes

Number of Facilities

Class/ Ground Soils/
Constituent Water Sediments

Oak Ridge, and INEL (Table 6). Disposal of large quan-
tities of organic compounds (e.g., oxalic and citric acid)

(Tables 6 and E- 1 ) and alkyl phosphates (Table E- 1 ) that

may facilitate metal/radionuclide migration in the subsur-
face environment has also been reported. These organic

chemical agents have not generally been analyzed during

characterization activities at DOE waste sites.

24



1

—

I

1
- - - i

25





SECTION 7

Concentration Ranges and
Regulatory Compliance

T able 7 summarizes the concentration ranges ob-

served in ground water and soils/sediments for the
most commonly reported constituents in seven compound

classes. The table also lists current guidelines for
regulatory compliance in water. This information is

provided (1) to display the high levels of contamination

that occur for certain constituents, (2) to identify the con-
stituents most in need of environmental remediation

because their concentrations significantly exceed

guidelines, and (3) to provide guidance on what con-
centration ranges are appropriate for co-contaminant

chemistry research relevant to DOE sites. It is important

to note that, although the upper concentrations of many

constituents in Table 7 are quite high, these concentra-

tions typically represent isolated analyses in small, highly

contaminated areas.

Metals and Anions

The highest concentrations reported for metal ions in

ground water were for zinc, followed by mercury and

lead. At the lower ends of the ranges, constituent con-

centrations in ground water were below regulatory

guidelines by a factor of 10 to 1,000. At the higher ends,
reported ground-water levels exceeded regulatory

guidelines by as much as 102 to 105. Nitrate has been
reported in ground water at concentrations as high as 10

percent, which exceeds regulatory standards by 104, In
soils/sediments, levels of four metals (lead, chromium,

zinc, and mercury) have exceeded one ppt.

Radionuclides

Federal  guidelines for the regulation of radionuclides

in water include the National Interim Drinking Water
Regulations (EPA 1976) and DOE’s derived concentra-

tion guides. The interim drinking water regulations are

more stringent by a factor of 10 to 100. Tritium has ex-

ceeded both guidelines in ground water, as has strontium.

Uranium has exceeded the interim drinking water regula-

tions by as much as a factor of 10; cesium has exceeded

the interim drinking water regulations but not the DOE

guidelines. Although significant levels of plutonium in

soils/sediments have been reported, the reported con-

centrations in ground water are below regulatory

guidelines. consistent with the strong attenuation noted

for most valence states of plutonium on subsurface sor-
bents (Sanchez et al. 1985) or in subsurface environments

(Rai et al. 1980, Cowan et al. 1985).

Chlorinated Hydrocarbons

The highest concentrations of chlorinated hydrocar-

bon constituents reported for ground water were for

dichloromethane and trichloroethylene, followed by

tetrachloroethylene. At the low end of the concentration

ranges in ground water, constituent concentrations below

regulatory guidelines by a factor of 10 to 100 have been

reported. At the high end, the observed concentrations ex-

ceed the existing regulatory guidelines by as much as a
factor of 105 (i.e., trichloroethylene). In soils and sedi-

ments, levels of three compounds (trichloroethylene,

1,2-dichloroethylcne, and tetrachloroethylene) have ex-

ceeded one ppt.
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Fuel Hydrocarbons

Benzene, toluene, and xylenes  are the fuel hydrocar-

bon constituents with the highest reported concentrations

in ground water, followed by ethylbenzene. Maximum

concentrations reported for soils/sediments were ap-
proximately 10 to 100 times higher than what was

reported for ground water. In ground water, benzene has

exceeded regulatory guidelines by a factor of 1,000.
Proposed guidelines for toluene and xylenes  have been ex-

ceeded by factors of as much as 13 and 1.4, respectively.

Ketones
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SECTION 8

Identification of Priority Class
Mixtures for Subsurface Science
Research

S ection 5 documented that many compound class

mixtures exist in the ground at DOE facilities and

waste sites. The existence of these mixtures is significant

in that certain components within these mixtures may un-

dergo chemical interactions that either facilitate or retard

their environmental dissemination and transport. These in-

tercontaminant reactions are termed “co-contaminant

interactions.” Within DOE’s Subsurface Science Pro-

gram, the Co-Contaminant Chemistry Subprogram is

performing research on the geochemical behavior of con-

taminant mixtures. Such research is necessary because
(1) co-contaminant interactions are generally less under-

stood than the geochemical behavior of the individual

compounds, (2) co-contaminant interactions may explain

cases of enhanced contaminant mobility at DOE sites
(Means et al. 1978, Killey et al. 1984, Olsen et al. 1986),

and (3) an enhanced understanding of co-contaminant in-

teractions may be useful in identifying improved concepts
for in situ remediation of contamination around DOE

waste sites (DOE 1990b).
Not all contaminants interact when present in mix-

tures. In fact, co-contaminant interactions may be

significant to the surface geochemical behavior of only a
subset of the mixtures identified in Table 4 and Appendix

C. The objectives of this section are to ( 1 ) define and
document the types of co-contaminant interactions that

may be significant on DOE lands, given the mixtures

identified in Section 5 and Appendix C, and (2) identify,

based on current scientific understanding, which of these

mixtures are likely to exhibit co-contaminant interactions.

Nature of Co-Contaminant Interactions

Research has shown that the following co-

contaminant interactions can alter the geochemical

behavior of individual contaminants when those con-

taminants are present in mixtures: competitive sorption,

cosolvation, aqueous complexation, and cosorption.

These interactions are not well understood with respect to

the dynamics of contaminant mixtures in the subsurface
environment, and their investigation forms the basis of co-

contaminant chemistry research in the DOE Subsurface

Science Program (DOE 1990b). In the paragraphs that fol-

low, these co-contaminant interactions are defined and

briefly discussed within the context of DOE contamina-

tion problems.

Competitive Sorption Aqueous solutes with similar

chemical properties sorb to the same types of surface sites

on solid materials. In subsurface materials, the most im-

portant surface sites for sorption are fixed-negative-

charge sites on layer-lattice silicates, hydroxylated sites
on iron and aluminum oxides or minerals containing these

components, surface lattice or kink sites on salt-type

minerals such as calcium carbonate, hydrophobic

domains on or within organic material, and carboxylated

sites on organic material (Sposito 1984, Curtis et al. 1986,

Kent et al. 1988). When solute mixtures contact sorbing

mineral surfaces, surface sites can become saturated with
adsorbed solutes (Zachara et al. 1987,  Cowan et al. 1991),

and the individual contaminants are forced to compete for
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surface sites. Competitive sorption effects have been ob-

served for a number of solute combinations relevant to

DOE, including metal cations and anions (Cavallaro and
McBride 1978, Bowman et al. 1981, Elrashidi and

O’Connor 1982, Zachara et al. 1989) and ionogenic or-

ganic compounds (Zachara et al, 1987, Jafvert et al.
1990). Competitive sorption has not generally been ob-

served for hydrophobic organic compounds in contact

with high-organic-carbon soil materials (Chiou et al.

1983), but it may occur to a limited extent in mineral-

dominated sorbents (MacIntyre and dc Fur 1985). The

magnitude of competitive sorption for hydrophobic or-

ganic chemicals, metal ions, or radionuclides is not yet

predictable. Competition generally leads to suppression

of the sorption of the more weakly binding constituents
and enhanced subsurface mobility.

Competitive sorption effects may therefore be ex-

pected in mixtures of contaminants that have similar
physiochemical properties, such as ( 1 ) metallic cations

and cationic radionuclides; (2) anionic metals, anionic

radionuclides, and anionic organic solutes, and (3) neutral

organic compounds in contact with low-carbon subsur-

face sorbents.

Cosolvation At high concentrations (ppt), dissolved or-
ganic substances such as ketone or alcohol solvents alter

the thermodynamic properties of water (i.e., dielectric

constant and interfacial tension) and its solvating  proper-

ties for both minor inorganic and organic solutes by

functioning as a co-solvent (Popovych and Tomkins

1981). Solvation/desolvation reactions contribute sig-

nificantly to the overall energetics, magnitude, and

kinetics of both solution and surface reactions. Therefore,

cosolvation can exert a major influence on a variety of

reactions, including aqueous cornplexation,  solubility,

and sorption, that control contaminant concentrations in
the subsurface environment.

When present at very high (percentage) concentration

levels, miscible solvents such as alcohols and ketones in-

crease the solubility of hydrophobic organic compounds

(Pinal et al. 1990) and markedly decrease their sorption

(Rao et al. 1985 and 1990, Nkedi-Kizza et al 1985,
Walters and Guiseppi-Elie 1988).  A result is an increase

in the mobility of the organic contaminant (Nkedi-Kizza

et al. 1989),  The presence of organic solyents  alters the

thermodynamic properties of ionic inorganic solutes

(Esteso  et al. 1989, Reynolds and Davis 1990) and de-

presses the sorption of ionogenic organic compounds that
sorb in competition with inorganic ions (Zachara et al.

1988). The presence of miscible organic solvents in water

affects the solubility of inorganic and mineral solids
(Popovych  and Tomkins 1981), sorption and ion ex-

change of inorganic solutes (Fessler and Strobel 1963,

Moody and Thomas 1968, El-Prince and Babcock 1975,

Sheet and Fuller 1986), and surface properties of mineral

material (Loeppert  et al. 1979). Only limited experimen-

tal data represent either the effects of cosolvents on the

sorption of metal ions or radionuclides or their complexes

with organic Iigands.

Cosolvation effects may be expected in contaminant

mixtures of ( 1 ) water-soluble organic substances/solvents

with sparingly soluble organic contaminants, such as

PCBs, if the water-soluble component reaches a con-

centration of I percent and (2) weakly hydrated cations,

such as cesium, or anionic and cationic metals and

radionulides with alcohol or ketone solvents.

Aqueous Complexation Two or more aqueous species

can associate in solution to form a complex. Thus com-

plexes  can form between inorganic and organic cations

and anions ( Iigands), between ionogenic  and neutral or-

ganic compounds (such as between PCBs and a humic
substance or anionic surfactant),  and between neutral or-

ganic compounds (such as between PCBs and a nonionic

surfactant). Aqueous complexation leads to enhanced con-

taminant solubility (see Chiou et al. 1987, Kile and Chiou

1989 on organic solutes). The sorption and transport be-

havior of aqueous complexes of inorganic ions may be
vastly different from those of the parent ions (Elliot and

Huang  1979, Elliot and Denneny  1982, Nelson et al.

1985, LaFlamme and Murray 1987, Huang et al. 1988,

Chairidchai and Ritchie 1990). For instance, aqueous

complexation will often render a relatively reactive, im-

mobile constituent significantly more mobile (Hunter et

al. 1988 ). Uranium may be cited as an example because

complexation by carbonate will significantly depress its

sorption at intermediate and higher pH levels (Hsi and

Langmuir 1985). In addition to such inorganic ligands as

bicarbonate, sulfate, and phosphate, organic complexing

agents (such as organic acids, amino carboxylic acids,
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and natural organic compounds) function as important

mobilizing agents for many cationic metals and

radionuclides on DOE lands and in ground water (Means

et al. 1978, Cleveland and Rees 1981, Killey et al. 1984,

Olsen et al. 1986, Hanson et al. 1990, Helm and Curtiss

1990). Some radionuclides form particularly strong com-

plexes with natural organic matter and natural organic

ligands  (Nelson et al. 1985, Moulin et al. 1987, Cacheris

and Choppin 1987, Kim et al. 1989). The effects of

aqueous complexation may be most significant in mix-
tures in which organic waste materials from extraction

and decontamination activities (i.e., organic acids,

aminocarboxylic acids, and alkylated phosphates) were
combined with metal and radionuclide cations.

Cosorption  Certain process-related organic chemicals
present in DOE waste materials, as well as a variety of

natural organic compounds such as humic substances,

contain multiple functional groups (i ,e., carboxylate

groups and hydrophobic domains). These polyfunctional

compounds ( 1 ) form strong complexes with certain dis-

solved contaminants (Nelson et al. 1985, Gauthier et al,

1987, Helm and Curtiss 1990) and (2) can sorb to sur-

faces of mineral or organic particles in the subsurface

environment (Jardine et al. 1989, Murphy et al. 1990).

Unoccupied sites on these surface-associated, polyfunc-

tional organic substances may bind or cosorb

contaminants in competition with the underlying solid
substmte. Hydrophobic organic compounds (Keoleian

and Curl 1989, Murphy et al. 1990), metal cations (Davis

1984, Zachara et al. 1991 ), and radionuclides (Ho and

Miller 1985, Al lard et al. 1989) may be cosorbed to

mineral-bound humic substances. Smaller multifunction-

al organic Iigands (Davis and Leckie 1978), surfactants

(Rea and Parks 1990), and certain inorganic Iigands

(Benjamin and Leckie 1982) can also promote cosorp

tion of inorganic ions to mineral surfaces.

Cosorption effects may be encountered in mixtures of

metal ions and/or radionuclides  with polyfunctional  com-

pleting  agents, organic acids, or natural organic

substances found in subsurface environments at DOE sites.

Compound-Class Mixtures Likely To Exhibit
Co-Contaminant Interactions

This section identifies the compound-class mixtures

documented in Section 5 that are likely to undergo sig-

nificant co-contaminant interactions in the subsurface.

This analysis was based on the assumption that the co-

contaminant interactions discussed in the previous
subsection are important ones that occur at DOE sites.

Experimentation or additional literature review may

reveal that other co-contaminant interactions are also
significant.

The compound-class mixtures observed on DOE
lands (Table 4 and Appendix C) whose subsurface

geochemical behavior may be influenced by co-

contaminant interactions are summarized in Table 8.

Several chemical interactions, though not discussed pre-

viously, may occur in the compound-class mixtures.

These interactions include co-precipitation, solid phase

modification, solvent-surface interactions, and phase

transfer. Co-precipitation is the formation of a mixed

solid phase, in this case one involving both metal ion and
radionuclide constituents, that behaves as a ther-

modynamic entity distinct from the homogeneous solid

phases of the individual constituents (Sposito  1984).

Solid phase modification is the dissolution of mineral

solids/sorbents  (e. g., iron oxides) by strong organic chelat-

ing agents and organic acids (Chang and Matijevic 1983,

Blesa et al. 1984). Solvent-surface interactions involve

the alteration of the surface properties and sorptivity of a

solid phase for contaminants as a result of the presence of

a water-soluble organic agent, such as a ketone (Loeppert
et al. 1979). Phase transfer is the partitioning of con-

taminant species between liquid phases in a biphasic

co-contaminant mixture, such as in a mixture of water

and trichloroethylene.

An attempt was made to assign research priorities to
these mixtures (Table 9), using the following criteria:

( 1 ) frequency of observation, (2) probability of the co-

contaminant interaction affecting migration, (3) extent of
research information available on the interaction, and

(4) importance of the site where the mixture has been
reported and priority of that site for cleanup. These

criteria were given a three-point ranking (3, 2, and 1, with

3 being the highest priority).

Cn
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Table 8. Compound-Class Mixtures Expected To Exhibit Co-Contaminant Interactions

Table 9. Prioritization of Generic Mixtures for Research

The scoring for probability of effect and scientific un-

certainty was subjective. An overall priority ranking was

calculated by giving each criterion equal weight

(Table 9). Using this approach, mixtures of (1)

chlorinated and fuel hydrocarbons and (2) metals and

radionuclides were given highest priority, followed by

(3) mixtures of metals and radionuclides with organic

acids, chelating agents, and ketones. However, the

priority rankings for all the mixtures are similar, indicat-

ing that research on all the mixtures is warranted.
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SECTION 9

Chemical Mixtures for Subsurface9
Science Research

Information on the most frequent chemical con-

stituents observed within each compound class

(Figures 5 through 9) was integrated with information on
those compound class mixtures believed to have potential

for co-contaminant interactions (Table 8) to yield seven

generic mixtures for subsurface science research (Table

10). Each generic mixture represents a menu of com-

pounds or elements whose importance to DOE is justified
by their high frequency of occurrence within the 91 DOE

waste sites evaluated. The list does not suggest that all

compounds identified within each generic mixture should

be used within a given study or by a single investigator.

Rather, the investigator can choose from among these

compounds to establish a defensible compound mixture

for research into the subsurface behavior of contaminant
mixtures found on DOE sites. The generic mixtures can

also be augmented with additional inorganic or organic

constituents, at the discretion of individual investigators,

to test specific scientific hypotheses or to broaden the

range of chemical properties spanned by a mixture. No at-

tempt has been made to rank either the generic mixtures
or the specific species within the mixtures according to

perceived priority for research.

Description of Generic Chemical Mixtures

Chlorinated hydrocarbons and fuel hydrocarbons

were chosen as a mixture to be used in research on com-

petitive sorption between hydrophobic solutes and
cosolvation in subsurface materials representative of

DOE sites. These phenomena may be studied with binary,

ternary, and higher order compound mixtures, with probe

compounds selected from both individual classes, to suit

the hypotheses and objectives of the individual inves-

tigator. The data for ground water in Table 7 suggest that

co-contaminant studies are warranted over a wide concen-

tration range, beginning at trace levels and extending to
concentrations near the aqueous solubility of the com-

pounds. The reported high concentrations of certain

compounds in soils/sediments (i.e., trichloroethylene,

tetrachloroethylene, toluene,  xylene)  indicate the prob-

able existence of free organic liquid (i.e., trichlorethylene
(TCE) or fuel) in the pore space. This observation sug-

gests that studies of phase transfer between the liquid

organic phase and water are warranted for dissolved or-

ganic constituents present in either phase.

Metal ions and radionuclides were disposed of

together at many waste sites and were selected as a

generic mixture to evaluate multispecies sorption and co-

precipitation. As shown in Table 10, a variety of metals

and radionuclides can be justified for research based on

frequency of occurrence. The recommended research sub-

jects are binary, and possibly also ternary and quaternary,
mixtures of cationic metals and radionuclides for study-

ing ( 1 ) competitive sorption on subsurface mineral

phases and heterogeneous mineral material and (2) co-

precipitation both in homogeneous solution and in

subsurface material. Cation mixtures must be carefully

selected, based on firm scientific hypotheses and
knowledge of the chemistry of the metal ion. For ex-

ample, mixtures of lead and thorium, zinc and cobalt, and

barium and strontium/cesium represent logical binary
mixtures because similarities in chemical behavior exist

within each of these compound pairings. Mixtures of

anionic contaminants should focus on the competitive

u)
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influence of trace (i.e., arsenic and chromium) and major

(i.e., fluorine and cyanide) anion contaminants on pertech-
netate (TcO4) sorption. Concentrations of the metal ions

and some of the radionuclides in both ground water and

soil/sediment are quite high (Table 7), indicating that re-

search is needed on both adsorption and solubility

reactions in metal/radionuclide mixtures.

According to the reports, PCBs were frequently dis-

posed of with chlorinated hydrocarbons, fuel

hydrocarbons, or ketones at DOE sites, causing concern
that these compounds could facilitate PCB migration

through cosolvation. Therefore, mixtures of these com-

ponents in various combinations offer an excellent
opportunity to investigate hypotheses regarding complex

cosolvation effects on the solubility and sorption of

hydrophobic solutes. It is important to note that the

ketones, which are miscible in water, may enhance the

solubility and aqueous concentrations of both the

chlorinated and fuel hydrocarbons (which tire partially

miscible solvents) as well as the PCBs.

Metals and radionuclides were disposed of with both
organic acids and chelating agents at a number of DOE

waste sites. As shown in Table 10. generic mixtures can

be justified for lead, uranium, plutonium, strontium,

cobalt, and chromium in contact with organic acids (mix-

ture 4) and complexing agents (mixture 5).

From these series (mixtures 4 and 5), various com-

binations of cations and organic ligands  can be

established for investigating ( 1 ) the influence of aqueous

complexation on metal/radionuclide sorption, (2) the sorp-

tion and microbiologic degradation of organic-metal/

radionuclide complexes, and (3) other scientific issues

related to solubility and adsorption behavior of
cation-ligand complexes. The recommended research

focus is on specific cation/organic ligand pairs or multi-

species combinations that can be justified based on the

charge and stability constants of the resulting complexes.

For example, UO2

2+-oxalate (log KML=6.36) and Co2+-

EDTA* (log KML= 17.2) are complexes with high stability

constants and reasonable frequencies of occurrence, two

factors that justify research into their geochemical

behavior. For chromium, experimentation for both the

chromium(III)  and chromium(VI) valence states in con-

tact with organic acids is needed to evaluate aqueous

complexation and competitive sorption effects, respective-
ly. Choice of an appropriate and environmentally relevant

metaI/radionuclide-ligand concentration ratio is a major

consideration in the use of mixtures 4 and 5 in Table 10

because that ratio may determine whether the metals and

radionuclides exhibit metal or Iigand-like  behavior. Unfor-

tunately. the concentration range data in Table 7 are
inadequate to estimate the metal/radionuclide-to-ligand

ratios that may exist in the ground at DOE sites.

Mixtures of metals/radionuclides and ketone solvents

at DOE waste sites were also reported with some frequen-

cy. The ketones vary in their water solubility, ranging

from miscible (acetone) to relatively insoluble (methyl

isobutyl  ketone). Hydration/dehydration reactions and

solvation forces exert a strong influence on metal
ion/radionuclide interfacial reactions on subsurface

mineral sorbents. Therefore, the presence of dissolved so-
vents such as ketones that change the solvating properties

of water may be expected to influence metal ion or

radionuclide  subsurface behavior. Mixture 6 was proposed

to evaluate such phenomena. Experiments are expected to

commence with one metal ion and one of the ketone sol-

vents varying over a wide range in aqueous concentration.

These simple mixtures could be contacted with subsurface

minerals or materials with varying properties to test

hypotheses regarding cosolvation effects on different sorp-

tion mechanisms, such as ion exchange or surface

coordination. Subsequent studies could focus on the com-

parative effects of the different ketone solvents and

competitive sorption from different cosolvent  mixtures.

The final proposed generic mixture of DOE con-

taminants is a complex  ternary mixture containing

metals/radionuclides, organic acids/complexing agents,

and ketones/chlorinated hydrocarbons (Table 10). This

mixture would allow evaluation of the influence of or-

ganic solvents, which are present as dissolved and
free-phase components, on the subsurface geochemical

behavior of organic ligand-metal/radionuclide  complexes.

Neutral complexes could partition into free-phase organic
solvents, while miscible solvent components could alter

the stability constants, interfacial behavior, and

microbiologic stability of inorganic-organic complexes in
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the aqueous phase. The complexity of the potential co-

contaminant interactions mandates that research be

initiated with just simple ternary mixtures of one com-

pound from each class, in which the organic compounds

and the metal or radionuclide have all been selected based

on their known chemical properties and a valid

hypothesis of behavior. For example, the mixture

uranium, tributylphosphate, and acetone or methyl

isobutyl ketone and the mixture cobalt, EDTA, and

acetone can be justified from this standpoint.

Another mixture that is fundamental to the under-

standing and prediction of contaminant mobilization and

migration at DOE sites is one with cationic and anionic
metals and radionuclides in combination with natural or-

ganic compounds (Table 10, mixture 8). Natural organic

substances, derived primarily from plant remains, are

ubiquitous in soils, subsoils, and ground water at many

DOE facilities. Natural organic substances modify the

subsurface behavior of both inorganic and organic con-

taminants by ( 1 ) complexation and cosorption  with

cationic constituents and (2) competitive sorption with
anionic metals and radionuclides. Research on these mix-

tures containing natural  organic material is warranted

because many of the details regarding metal/radionuclide
interaction with natural organic substances and their in-

fluence on other geochemical reactions are not well

understood. The recommended initial research using this

mixture should target ( 1 ) the interactions of a single

metal or radionuclide ion with one or more natural or-

ganic substances and (2) the effect of such interaction on
sorption or solubility reactions. The natural organic sub-

stances and their concentrations should be justifiable
within the context of geochemical conditions on DOE

sites; they could include such materials as humic and ful -

vic acid reference samples from the International Humic

Substances Society and/or natural, fractionated, or ex-

tracted organic matter from DOE-site soils, subsoils, or

ground water, with their attendant site saturation by

indigenous ions such as Fe3+ or A13+.

Uses for the Generic Mixtures

The generic chemical mixtures in Table 10 were

primarily selected for research into the subsurface

geochemical behavior of mixed contaminants (i.e., co-

contaminant chemistry research as defined by DOE

( 1990b)).  However, the mixtures also represent defensible
experimental materials for research into subsurface

microbiological stability, transformation, and degradation

of mixed contaminants (i.e., biodegradation/microbial
physiology research as defined by DOE ( 1990b)).  The

chemical mixtures could also be used to study such

phenomena as—

Degradation rates of chlorinated or fuel hydrocarbons

in complex, multisolute mixtures.

Effects of aqueous complexation with metals and

radionuclides on the rate of microbiologic degrada-

tion of organic acids and complexing agents.

Influence of sorption to the solid phase on the rate of

microbiologic degradation of metal/radionuclide-

bound organic ligands.

Effects of dissolved or free-phase organic solvents on

the rates of microbial degradation of organic con-

taminants or the valence transformations of

polyvalent metals or radionuclides.
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SECTION 10

Boundaries of the Co-Contaminant
Analysis

T he characterization data used in this report came

from only 3 percent of the waste sites that exist

on DOE lands (91 out of approximately 3,000). Although

these 91 waste sites were deemed important with respect

to their size and priority for cleanup at the larger facilities

(i.e., Hanford, Savannah River Plant, Oak Ridge National
Laboratory), they may or may not be representative of

DOE’s entire waste complex. Equally important, how-

ever, is the fact that some chemical mixtures that exhibit

strong interactions (i.e., chelating/complexing agents and
metals/radionuclides) may occur infrequently but still, in

fact, may be significant factors at a large number of sites
when the total waste site population of 3,000 is con-

sidered.

The collection of data on the identities and concentra-

tions of chemical constituents in DOE waste sites has

been driven primarily by regulatory concerns. As a result,

analyses have not been performed for many other impor-

tant chemical agents that have been disposed of to the
ground. For example, data on the subsurface concentra-

tions of important organic substances (such as chelating

agents, organic acid complexants, and alkyl phosphates)

are limited. However, records at many of the sites, al-

though incomplete, indicate the disposal of large
quantities of these chemical agents to the ground (see

Tables 6 and E-I). Therefore. the lack of subsurface con-

centration data for chelating and complexing agents

results not from their absence but from the fact that they

are unregulated chemicals and are not routinely measured

as part of environmental compliance programs at DOE
facilities. The limitations of available analytical measure-
ment techniques influence the acquisition of data for such

substances. DOE recognizes the limitations of existing

monitoring programs and is taking steps to strengthen

them. The improvements include incorporation of meas-

urements, using methodologies with documented

sensitivity, for organic chemical agents that have been dis-

posed of to the ground and exhibit potential to mobilize
metal ions or radionuclides.

Two other factors have also affected the breadth of

the data base and the comprehensiveness of this assess-

ment. Many of the organic chemical agents used in

chemical processing on DOE lands and disposed of to the
ground pose challenges for environmental measurement

and analysis. As a result, past analysis and measurement
methodologies may not be sensitive or precise enough to

accurately measure, monitor, or even detect the presence

of these constituents in environmental samples with com-

plex chemical matrices. Finally, the identity and

concentrations of elements in weapons-testing sites and

the environmental concentrations of certain radionuclides
have been labeled “classified” by the Federal Govern-

ment and either are not or have not been accessible for

scientific review.

The assessment performed in this report can be ex-

panded as additional data are obtained on the nature and

concentrations of chemical contaminants on DOE lands.
Meanwhile, the generic chemical mixtures identified in

Section 9 are justified for research, given existing data,

and this justification is not likely to change with new in-
formation. Basic research on the subsurface behavior of

these mixtures will provide DOE with a much needed un-

derstanding of complex co-contaminant geochemical
interactions to improve predictions of subsurface migra-
tion and develop better restoration techniques.
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Appendix B

Compound-Class Distributions

The tables in this appendix present the frequency of occurrence of the compound classes at
the 18 DOE facilities and 91 waste sites.
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Appendix C

Frequency of Compound-Class
Mixtures

The tables in this appendix present the frequency of occurrence of mixtures of compound

classes at the 18 DOE facilities and 91 waste sites.
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Table C-2. Frequency of Occurrence at DOE Facilities of the Most Commonly Reported Combinations of Three
Compound Classes in Soils/Sediments
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Table C-3. Frequency of Occurrence at DOE Facilities of the Most Commonly Reported Combinations of Four
Compound Classes in Soils/Sediments
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Appendix D

Specific Chemicals Identified

The table in this appendix is a tabulation of the specific inorganic and organic chemicals

identified and chemical measurements made in ground waters and soils/sediments
on DOE lands.
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Appendix E

Example of Site-Specific  Data

Introduction

This appendix uses the Hanford Site as an example to

demonstrate the kinds of chemical processes used at

DOE facilities. It describes (1) several of the major chemi-

cal processes used at Hanford for production and extraction

of nuclear materials and (2) historical disposal inventories of

terrestrial waste sites associated with specific chemical

processing areas. The discussion shows-

The origin of many of the chemical contaminants on

DOE lands and how these chemical agents were used

in the production of nuclear materials.

The relationship between chemical processing ac-

tivities and organic substances reportedly disposed of

to the ground.

Although this example focuses on the Hanford Site,

data exist to perform comparable assessments for Oak
Ridge National Laboratory, Savannah River Plant, and

other DOE facilities.

Background

In February 1943, the Hanford Site, in south central

Washington State, was designated by the War Depart-

ment as a site to be used for the production of plutonium

to be used in the construction of the first atomic bombs.

To perform this function and others added later, the site’s

558 mi2 (1,450 km2) of semiarid terrain were divided into

three operational areas comprising (1) reactors for

making plutonium (100 Areas), (2) facilities for separat-
ing plutonium from the irradiated reactor fuel (200 East

and West Areas), and (3) facilities for process develop-

ment and fabrication of reactor fuel (300 Area)

(Figure E-1).

After fabrication by such processes as coextrusion (in
which enriched uranium was encased in aluminum or zir-

conium alloy), the fuel was transported to the 100 Areas,

where it was placed in a reactor. In early years, irradiated

fuel (uranium-238 with trace amounts of plutonium-239)

was removed from the reactor, transported to the 200 East

Area (B-Plant), and subjected to a process that used bis-

muth phosphate to separate the plutonium from uranium

and other fission products. Beginning in 1951, the bis-

muth phosphate process was replaced by the REDOX

process, and that process, in turn, was replaced by the

Plutonium Uranium Extraction (PUREX)  process in
1956. The PUREX process is still used in fuels process-

ing at Hanford. Other processes were used in the

recovery of valuable radioactive elements. For example,

at Z-Plant (in the 200 West Area), a process called

“recouplex” was used to recover purified plutonium

nitrate solutions from plutonium scrap materials. By

replacing certain organic solvent components, americium

could be recovered in the same process. The specifics of

these processes are discussed below.

Fuel Fabrication and Separations Process
Development (300 Area)

Since 1943, activities in the 300 Area have included

the fabrication of reactor fuel and the pilot-scale evalua-

tion of separations processes before their full-scale

application in the 200 Area processing plants. For over
four decades, liquid wastes (specifically, chemically and

radiologically contaminated waste waters) associated

with these activities were discharged to ponds, trenches,

and cribs located within the area, by means of an intricate
system of sewer lines linking facilities to the waste dis-

posal areas.
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Fuel fabrication consisted of a coextrusion process

and treatment of pellets to form completed fuel elements.

In one version of the process, primary materials (e.g., zir-

conium and uranium-silicon) were protected with a

copper jacket, and the jacket was lubricated prior to ex-

trusion. Following extrusion into pellets, the lubricants
were removed with organic solvents (e.g.,

trichloroethylene (TCE) and perchloroethylene (PCE)),

and the copper jacket was removed by dissolution in
nitric acid. Next, chemical milling was performed using

copper sulfate, nitric acid, and sulfuric acid. Then, a zir-

conium end cap was brazed onto the ends of the pellets,
and beryllium formed the completed fuel element. Com-
pleted fuel elements were heat treated, etched with

solutions containing oxalic acid (for instance) to remove

scale, and steam-autoclaved to test for perforations. Fuel

elements occasionally ruptured during this activity, requir-

ing that the autoclave be decontaminated with solutions

containing ammonium citrate and disodium dihydrogen

ethylenediaminetetraacetate  dihydrate (EDTA). The sol-

vents that were routinely used in decreasing (TCE and
PCE) and drying (methanol) were stored in aboveground

tanks and piped to various buildings.
A pilot plant built in the 300 Area in 1944 and

operated until the middle of 1954 was used for the

development of the bismuth phosphate, REDOX, and
PUREX processes. Nitric acid solutions containing

uranyl nitrate and small amounts of thorium nitrate (to

simulate plutonium) were routinely processed, using such

solvents as methyl isobutyl ketone (hexone),

Fuel Processing

The 200 Areas, located near the middle of the Han-

ford Site, were dedicated to chemical separations and

waste management activities, including processing of ir-

radiated fuel and waste storage.

Bismuth Phosphate Process (B-Plant, 200 East Area)

The bismuth-phosphate process separated plutonium from

uranium and fission products by precipitating the plutonium.

The process involved (1) removal of the aluminum jacket

(by dissolution in sodium hydroxide-sodium nitrate solu-

tion), (2) dissolution of the fuel element in nitric acid,

(3) uranium complexation (by addition of sulfuric acid),
(4) adjustment of the plutonium oxidation state using

sodium nitrite, and (5) addition of bismuth phosphate to
the solution to precipitate a solid cake containing the

plutonium. The plutonium precipitate was further

purified through a series of dissolution/precipitation reac-
tions using selected oxidizing (sodium bismuthate and

sodium dichromate) and reducing (sodium nitrite and

oxalic acid) agents. The purified cake was then subjected

to other treatments (transfer to a lanthanum fluoride car-

rier, subsequent solubilization, ammonium sulfate

reduction, peroxide precipitation, and dissolution) and

final concentration as a plutonium nitrate solution.

Recouplex Process (Z-Plant, 200 West Area) The

recouplex process was used at the Z-Plant from 1955 to

1962 to recover plutonium from scrap materials and to

produce a purified plutonium nitrate solution. The

plutonium scrap was dissolved in a solution of nitric and

hydrofluoric acids and subsequently extracted with a mix-

ture of tributylphosphate and carbon tetrachloride to

recover purified plutonium nitrate. Aluminum nitrate was

added to the aqueous solution to provide extraction selec-
tivity (for plutonium) and eliminate interference from

fluoride ions during extraction. Americium was
recovered in the same process by replacing the tributyl-

phosphate with dibutylbutylphosphonate.

REDOX Process (REDOX Plant, 200 West Area) The

REDOX process was used to separate uranium and

plutonium from fission products and from each other.

Cladding was removed from fuel elements using a solu-
tion of sodium hydroxide and sodium nitrate. The declad

fuel elements were dissolved in nitric acid, and sodium

dichromate was added to oxidize the plutonium to a state
suitable for extraction by organic solvent. Aluminum

nitrate was also added as a salting agent to facilitate

uranium and plutonium extraction by the organic solvent
(methyl isobutyl ketone). A second extraction, using an

aqueous solution that contained a reducing agent,
separated the uranium from the plutonium (which was

driven to aqueous phase). Each liquid stream was

processed further to produce concentrated products (e.g.,
uranylnitratehexahydrate and plutonium nitrate).
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Assessment

Throughout the more than 40 years of Hanford Site

operations, fuel fabrication, fuel process development,

and processing facilities have generated large quantities

of waste effluents that were disposed of to the ground in

the 200 and 300 Areas. Effluent volumes have been sub-

stantial. For example, during their time in service

(1949-1974 and 1943-1975, respectively), the 300 Area
North and South Process Ponds received a combined
volume of 30 billion liters of liquid effluent consisting of

low-level and organic wastes.

Table E-1 describes the types and estimated quantities

of organic chemicals that were disposed of at selected

waste sites associated with the specific processing ac-

tivities. The table documents the disposal of thousands of

metric tons of chemicals used as (1) extractants (e.g.,

paraffinic hydrocarbons, carbon tetrachloride, methyl
isobutyl ketone, alkyl phosphates), (2) degreasers (e.g.,

trichloroethylene and tetrachloroethylene), and (3)

purification and decontamination agents (e.g., oxalate,
citrate, and EDTA). The complexity of some of these

wastes was increased by the codisposal of “fab oil” (a

mixture of 50 percent carbon tetrachloride and 50 percent
lard oil that was used as a cutting oil during the machin-

ing of plutonium).

Some of the compounds listed in Table E- I (e.g.,

chlorinated hydrocarbons and fuel hydrocarbons) have

been selectively measured (or at least looked for) in
soils/sediments and ground water at the Hanford waste

sites (and others across the DOE complex) based on the

need to satisfy regulatory compliance issues associated
with continued operation or restoration of these waste

sites. In contrast, however, actual subsurface concentra-

tions of other chemical compound classes (e.g., chelating

agents, organic acids, and alkyl phosphates) and their as-
sociated degradation products remain virtually unknown,

despite historical records indicating that large quantities

of these materials have been disposed of to the ground at
Hanford (and perhaps at other major facilities in the DOE

complex). The absence of such data for chelating agents.

organic acid complexing agents, and alkyl phosphates

may be the result of several factors including the follow-

ing: (1) they are unregulated chemicals and are not
routinely measured as part of environmental compliance

programs at DOE facilities, and (2) analytical sampling

and measurement methodologies may be inadequate to ac-

curately measure, monitor, or even detect these

constituents in the environment.
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