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CONVERSION FACTORS, ABBREVIATIONS, AND VERTICAL DATUM

Mulitiply By To obtain
inch (in.) 2.54 centimeter
inch (in.) 25,400 micrometer
inch per year (in/yr) 0.02540 meter per year
foot (ft) 0.3048 meter
foot per day (fi/d) 0.3048 meter per day
foot per year (ft/yr) 0.3048 meter per year
foot squared per day (R%/d) 0.09290 meter squared per day
mile (mi) 1.609 kilometer
gallon (gal) 3785 liter
gallon (gal) 0.003785 cubic meter
gallon per minute (gal/min) 0.06309 liter per second
gallon per day (gal/d) 0.003785 cubic meter per day
million gallons per day (Mgal/d) 3,785.0 cubic meters per day
pound, avoirdupois (Ib) 0.4536 kilogram
ton 907.2 kilogram

Sea Level: In this report, “sea level” refers to the National Geodetic Vertical Datum of 1929--a geodetic datum
derived from a general adjustment of the first-order level nets of the United States and Canada, formerly called Sea
Level datum of 1929.

Other abbreviated units of measure: Water temperature, specific conductance, chemical concentration, and
other chemical and physical properties of constituents are given in metric units. Water temperature in degrees Celsius
( C) can be converted to degrees Fahrenheit ( F) by use of the following equation:

‘F=18(C)+32

Specific conductance of water is expressed in microsiemens per centimeter at 25 degrees Celsius (uS/cm). This
unit is equivalent to micromhos per centimeter at 25 degrees Celsius, formerly used by the U.S. Geological Survey.

Chemical concentration in water is expressed in milligrams per liter (mg/L), parts per million (ppm) (which is
virtually the same as milligrams per liter), micrograms per liter (pg/L), milliequivalents per liter (meq/L), or micro-
moles per liter (umol/L).

Chemical concentration in soil is expressed as microgram per gram of dry soil (pug/g) or gram per kilogram of
dry soil (g/kg). Microgram per gram (pg/g) is the same as milligram per kilogram (img/kg).

Molecular weight and other mass expressions are expressed in grams (g), and density is given in gram per cubic
centimeter (g/cm3). Other abbreviations used include milliliter (mL) for volume measurements and micrometer (pm),
which equals 1 x 1 0 meter, for length.
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MISCELLANEOUS ABBREVIATIONS:

APG
BNA's
cC2
CERCLA
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CNB
CNS
DANC
DDT
DM

DNAPL
FS

GB

GC
GC-FID

GC/MS
GIS
HC
HGA
MCL

MCLG
PAH
PCB's
PVC
RCRA

RDX
RFA
RFI
RMSE
SMCL

SwW
SWMU's
TCPU

TIOC's
TOC

TOH
USATHAMA
USEPA
USGS

vVOC

VX
wwi
WwWw2
WP

Aberdeen Proving Ground

Base/neutral- and acid-extractable organic compounds

Clothing impregnite material: N,N'-dichloro-bis-(2,4,6-trichlorophenyljurea
Comprehensive Environmental Response, Compensation, and Liability Act
A tear gas: chloroacetophenone

CN (chloracetophenone) mixed with benzene and carbon tetrachloride
CN (chloracetophenone) mixed with chloroform and chloropicrin
Decontaminating Agent Non-corrossive

An insecticide: 2,2-bis(para-chlorophenyl)-1,1-dichloroethane
Adamsite, an arsenic-containing military agent

Dense non-aqueous-phase liquid

A smoke mixture

An organophosphorus nerve agent

Gas chromatography

Gas chromatography-flame ionization detector

Gas chromatography/mass spectrometry

Geographic Information System

Military designation for smoke mixtures that contain hexachloroethane
Hydrogeologic assessment

Primary maximum contaminant level

Maximum contaminant level goal
Polycyclic aromatic hydrocarbons
Polychlorinated biphenyls

Polyvinyl chloride

Resource Conservation and Recovery Act

Cyclotrimethylenetrinitramine, an explosives compound
RCRA Facility Assessment

RCRA Facility Investigation

Root mean square error

Secondary maximum contaminant level

An intermediate compound in manufacturing of organophosphorus nerve agents

Solid-Waste Management Units

A byproduct of the manufacturing process of the clothing
impregnite material CC2: N,N'-bis-(2,4,6-trichlorophenyl)urea

Tentatively identified organic compounds

Total organic carbon

Total organic halogen

U.S. Army Toxic and Hazardous Materials Agency
U.S. Environmental Protection Agency

U.S. Geological Survey

Volatile organic compound

An organophosphorus nerve agent
World War |

World War II

White phosphorus
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CONTAMINATION OF GROUND WATER, SURFACE WATER,
AND SOIL, AND EVALUATION OF SELECTED GROUND-WATER
PUMPING ALTERNATIVES IN THE CANAL CREEK AREA OF
ABERDEEN PROVING GROUND, MARYLAND

By Michelle M. Lorah and Jeffrey S. Clark

ABSTRACT

An investigation begun by the U.S. Geolog-
ical Survey in 1985 has defined the extent of
contamination and the types of contaminants in
ground water, surface water, and soil in the
Canal Creek area of Aberdeen Proving Ground
(APQG), Maryland. The Canal Creek area has
been used since 1917 for manufacturing of mili-
tary-related chemicals, for filling of chemical
munitions, and for various support activities
such as fabrication and cleaning of military
equipment and metal plating. A total of 33 his-
torical sites are identified as possible significant
contaminant sources.

Ground-water contamination is widespread in
two aquifers that are composed of unconsolidated
Coastal Plain sediments: the Canal Creek aquifer
and the overlying surficial aquifer. No contamina-
tion was detected in the lower confined aquifer,
which is separated from the Canal Creek aquifer
by a thick clay unit. One large contaminant plume,
referred to as the "western plume,” extends parallel
to West Branch Canal Creek; another plume,
referred to as the "eastern plume," extends east-
ward from East Branch Canal Creek. Other
smaller areas of contamination also were found in
the study area.

Thirteen inorganic constituents were found in
concentrations that exceed drinking-water regula-
tions established by the U.S. Environmental Pro-
tection Agency (USEPA)--chloride, iron, fluoride,
manganese, aluminum, antimony, arsenic, beryl-
lium, cadmium, lead, mercury, nickel, and thal-
lium. In addition, zinc and copper are present in
ground water in elevated concentrations compared
to background concentrations in the study area.

Several chlorinated volatile organic com-
pounds--1,1,2,2-tetrachloroethane, trichloroethyl-
ene, chloroform, 1,2-trans-dichloroethylene, and
carbon tetrachloride--are the most prevalent
ground-water contaminants. Maximum concentra-
tions of these five compounds ranged from 650 to
5,800 micrograms per liter during one sampling
period. Additional volatile organic compounds
that were quantitatively or tentatively identified in
the ground water include benzene, chlorinated
benzenes, pentachloroethane, and unknown com-
pounds.

Semivolatile organic compounds are not as
widely distributed in the ground water as volatile
organic compounds are. Nitrobenzene, 1,2,3-
trichlorobenzene, 1,2,4-trichlorobenzene, and two
mustard-degradation products (dithiane and 1,4-
oxathiane) are present in the ground water at three
or fewer sites. Other semivolatile contaminants
that were tentatively identified in some ground-
water samples include hexachloroethane, 1,2-
dibromoethene, tribromoethene, naphthalene com-
pounds, various compounds related to petroleum
fuels, and unknown compounds.

Two processes that have affected the distribu-
tion, movement, and fate of the volatile organic
contaminants are the sinking of dense non-aque-
ous-phase liquids (DNAPL's) into the aquifers and
microbial degradation. DNAPL's that were
released at or near the land surface from solvent
spills or waste-disposal sites could have easily
migrated downward into the aquifers where the
near-surface clay layer is absent or thin. The
apparent persistence of the volatile organic com-
pounds in the ground water for decades could be
partly accounted for by the continuous dissolution
of residual DNAPL's in the aquifers. Microbial
degradation products, including 1,2-trans-dichlo-
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roethylene and vinyl chloride, are widespread only
in anaerobic regions of the Canal Creek aquifer in
the eastern contaminant plume. The ground water
is anaerobic in the eastern contaminant plume
where a thick confining unit overlies the Canal
Creek aquifer; dissolved oxygen is transported into
this deep, confined region of the aquifer at a lower
rate than it is consumed by biogeochemical reac-
tions.

Ten inorganic constituents were found in sur-
face-water samples that were collected from Canal
Creek, Kings Creek, and the Bush River in con-
centrations that exceed the acute or chronic toxic-
ity criteria recommended by USEPA for
freshwater aquatic life. The 10 inorganic contami-
nants are beryllium, cadmium, copper, cyanide,
iron, lead, mercury, silver, thallium, and zinc. A
probable source of these inorganic contaminants is
the remobilization of metals that accumulated in
bottom sediments from discharge of untreated
industrial wastewaters and from discharge of
treated sanitary and chemical wastes from a waste-
water-treatment plant.

The same volatile organic compounds that
were major ground-water contaminants were
detected in surface-water samples, and discharge
of contaminated shallow ground water is probably
the major source of these surface-water contami-
nants. Dissolution of DNAPL's that could still be
present in stream bottom sediments is another
likely source of the volatile organic compounds in
the surface water. Phthalate esters, which are
common laboratory contaminants, were the only
organic compounds detected in the surface-water
samples in concentrations that exceed either acute
or chronic toxicity criteria for freshwater aquatic
life.

Soil samples had relatively high concentra-
tions of some trace elements, including lead, zinc,
and arsenic, at sites where the same constituents
were found in elevated concentrations in the shal-
low ground water. Thus, leaching of constituents
from the soils is apparently a pathway for contami-
nation of the shallow ground water. Polycyclic
aromatic hydrocarbons, which are ubiquitous con-
taminants in soils throughout the world from com-
bustion sources, were the most common organic
contaminants detected in the soil samples. In addi-
tion, a polychlorinated biphenyl (PCB) compound
was detected in one soil sample; relatively low
concentrations of a biodegradation product of the
insecticide DDT were detected in three soil sam-
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ples; and a number of fatty acids and fuel-related
hydrocarbons were tentatively identified.

Ground-water flow in the study area was sim-
ulated by use of a modular, three-dimensional,
finite-difference ground-water-flow model. The
model consists of three layers representing the
surficial, Canal Creek, and lower confined aqui-
fers. The model was calibrated to steady-state
water levels measured in 23 surficial aquifer wells,
55 Canal Creek aquifer wells, and 25 lower con-
fined aquifer wells. The final calibrated root mean
square error between measured and simulated
water levels in all 103 wells was 2.0 ft. Because
complete records of historical pumpage could not
be found, the model was not calibrated to stressed
conditions. The model is a simplification of a
complex flow system. Results of the model are
limited by assumptions made about the flow sys-
tem during model setup and calibration.

The ground-water-flow model was used in
conjunction with a particle-tracker postprocessor
computer program to evaluate the development of
contaminant plumes and the hydrologic effects of
three pumpage scenarios in the Canal Creek area.
The development of the contaminant plumes was
simulated by use of an estimated value for pump-
age in the 1940's to 1960's and suspected source
areas for contaminants. A no-pumpage simulation
shows that particles originating in the eastern con-
taminant plume move to the south toward the Gun-
powder River, and particles originating in the
western plume move to the west and south toward
Canal Creek and the Gunpowder River.

Remedial pumpage was simulated by use of
estimates of full (2.0 million gallons per day), half
(1 million gallons per day), and quarter (0.5 mil-
lion gallons per day) pumping capacity of existing
water-supply wells. At quarter capacity, some of
the particles in the eastern plume are captured by
the wells. At half capacity, all of the particles in
the eastern plume and some of the particles in the
western plume are captured by the wells. At full
capacity, all of the particles in both plumes are
captured by the wells. Estimated advective travel-
time for some particles in the full-capacity simula-
tion is more than 60 years; however, transport and
reaction processes affecting the nonconservative
contaminants would probably increase the travel-
time.

Pumpage from Harford County production
wells screened in the lower confined aquifer was
simulated to assess the possible effect of this















conjunction with the ground-water chemical data and
the hydrologic data to identify probable sources of
contaminants. The probable fate of ground-water
contaminants was evaluated by use of information on
the physicochemical properties of the contaminants,
possible degradation reactions, and the directions and
rate of ground-water movement.

A multilayer finite-difference ground-water-
flow model was used to represent the hydrologic sys-
tem and to simulate the potential effects of selected
ground-water pumping alternatives. Two of the
pumping alternatives consider the effects of possible
onsite remedial actions. A third scenario considers
the effect of pumpage from offsite production wells
in Harford County. Additionally, a particle tracker
postprocessor program was used in conjunction with
model output to simulate advective ground-water
flow within the hydrologic system at various times.

Previous and Concurrent Investigations

No comprehensive ground-water studies were
conducted in the Canal Creek area of APG before the
USGS began its investigation in 1985. Only a few
ground-water analyses had been reported for 14 shal-
low wells installed in the Canal Creek area (Nemeth
and others, 1983) and for the six standby water-sup-
ply wells (Gary Nemeth, U.S. Army Environmental
Hygiene Agency, written commun., 1988). Other-
wise, previous environmental studies focused on sur-
face-water and bottom-sediment sampling and on
wastewater disposal. Several studies were also con-
current with the USGS study described in this report.

During 1977-78, the U.S. Army Toxic and Haz-
ardous Materials Agency did a survey of the soil,
sediment, ground water, and surface water of the
Edgewood area of APG (Nemeth and others, 1983).
Water samples collected from 14 wells in the Canal
Creek area were analyzed for a hydrolysis product of
mustard (thiodiglycol), cholinesterase inhibitors,
arsenic, and white phosphorus. Five or fewer
ground-water samples were also analyzed for trace
metals, other selected inorganic constituents, base-
neutral-extractable organic compounds, and volatile
organic compounds.

Although no inorganic or organic constituents
of concern were detected in the 14 ground-water
samples, Nemeth and others (1983) stated that the
possibility of contamination could not be eliminated
because of the limited number of wells sampled.
Several other deficiencies in this initial survey were
later recognized, including inadequate siting of
wells, failure to sample deeper ground water, and
failure to recognize volatile organic compounds as
major possible contaminants in the Canal Creek area
(Nemeth, 1989, p. 214).

The major compound of concern that was
detected in this initial survey of the Canal Creek area
was white phosphorus, which was found in surface
water and bottom sediment of the upstream reaches
of Canal Creek (Nemeth and others, 1983). The
compound most frequently detected in bottom sedi-
ment in the Canal Creek area was N,N'-bis-(2,4,6-
trichlorophenyl)urea, abbreviated TCPU. TCPU is
produced during the manufacturing process of the
clothing impregnite material, CC2. Wastes from
impregnite manufacturing and clothing-impregnating
operations were discharged to Canal Creek during
World War II. TCPU was found in bottom sediment
in Canal Creek, the Gunpowder River, Kings Creek,
and the Bush River (Nemeth and others, 1983; Nem-
eth, 1989, p. 239). All other organic compounds
detected in bottom sediment during the environmen-
tal survey were either naturally occuring compounds
or compounds such as fuel-related hydrocarbons that
could not be directly related to activities at APG
(Nemeth and others, 1983).

In December 1983 and March 1984, the Mary-
land State Health Department collected water sam-
ples from the six standby water-supply wells, 23E-1
and 23K (fig. 2) (Lorah and Vroblesky, 1989, p. 19).
Volatile organic compounds were measured in water
from all the wells, although only low concentrations
were detected in ground water collected from the
deepest well, 23E. The highest concentrations were
observed at well 23F (fig. 2) during both sampling
periods. The major contaminant was 1,1,2,2-tetra-
chloroethane, for which the maximum concentration
was 2,300 pg/L. Other volatile organic compounds
that were detected in water from one or more of the
standby wells included carbon tetrachloride, tetra-
chloroethylene, chloroform, trichloroethylene, 1,2-
trans-dichloroethylene, 1,1,2-trichloroethane, 1,2-
dichloroethane, vinyl chloride, benzene, chloroben-
zene, and xylenes.

Since 1966, a water-quality-monitoring pro-
gram has been operating in the Edgewood area and
mainly involves the collection of surface-water and
effluent samples from Canal Creek and Kings Creek
(Nemeth and others, 1983). As part of this monitor-
ing program, the U.S. Army Environmental Hygiene
Agency did an assessment of surface-water quality in
the Edgewood area in 1977. Water-column, bottom-
sediment, and fish and clam samples were collected
from three sites along Canal Creek, four sites along
Kings Creek, four sites in the Gunpowder River, and
four sites in the Bush River (U.S. Army Environmen-
tal Hygiene Agency, 1977). Samples were also col-
lected from several creeks that are outside the study
area. When these samples were collected in 1977,
most of the wastewater generated by manufacturing
plants, research laboratories, and other buildings in
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the Edgewood area was discharged untreated to adja-
cent streams oOf rivers.

The 1977 study concluded that nutrient over-
loading had the largest effect on surface-water qual-
ity in the Edgewood area. Elevated concentrations of
some trace metals and pesticides also were detected
in Canal Creek and Kings Creek. In Canal Creek,
lead and zinc concentrations were above background
concentrations in the surface-water and bottom-sedi-
ment samples; in Kings Creek, silver, zinc, and mer-
cury concentrations were above background
concentrations in the water column. Analyses for
volatile organic compounds were not done.

From August 1984 through May 1985, the U.S.
Army Environmental Hygiene Agency (1985) con-
ducted another water-quality and biological study of
the surface-water system in the Canal Creek area. By
this time, the wastewater-treatment system had been
upgraded to eliminate all discharges of untreated
wastes to the adjacent streams. Surface-water, bot-
tom-sediment, and fish samples were collected from
a total of six sites along Canal Creek and Kings
Creek. Nutrient concentrations were low in the water
column, in contrast to results from the 1977 study.
Unlike the 1977 study, volatile organic compounds
were determined in all surface-water samples col-
lected in Canal Creek. Results showed the presence
of carbon tetrachloride, 1,1,2,2-tetrachloroethane,
tetrachloroethylene, trichloroethylene, chloroform,
1,2-dichloroethane, and methylene chloride in the
water samples (U.S. Army Environmental Hygiene
Agency, 1985). The agency concluded that the con-
centrations of volatile organic compounds were
within safe limits for aquatic and human health; how-
ever, the presence of these volatile compounds in the
surface water indicated an active, nearby source of
the compounds, such as discharge of contaminated
ground water to the creek (U.S. Army Environmental
Hygiene Agency, 1985).

Elevated cyanide, copper, lead, zinc, and beryl-
lium concentrations also were detected in surface-
water samples (U.S. Army Environmental Hygiene
Agency, 1985). Pesticides and polychlorinated
biphenyls (PCB's) were detected in bottom-sediment
samples from Canal Creek but not in water samples.
The compound TCPU also was detected in bottom-
sediment samples from both Canal Creek and Kings
Creek. Various metals were found in the bottom-
sediment samples, and the high concentrations indi-
cated that Canal Creek had received more metal
waste in the past than Kings Creek had (U.S. Army
Environmental Hygiene Agency, 1985). Bottom-
sediment samples collected in 1986 confirmed the
presence of elevated concentrations of arsenic, chro-
mium, and lead in Canal Creek and Kings Creek and
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the presence of elevated concentrations of PCB's in
Canal Creek (Lancellotti, 1987). Analyses of fish
muscle tissues showed that mercury, selenium, zinc,
pesticides, and PCB's were present in fish from
Canal Creek and Kings Creek, but concentrations
were below criteria established by the U.S. Enviro-
mental Protection Agency for human consumption
(U.S. Army Environmental Hygiene Agency, 1985).

Nemeth (1989) summarizes other studies that
have addressed different aspects of wastewater dis-
posal at APG. These studies include evaluations of
(1) the plumbing and sewer systems of various build-
ings to determine which facilities could discharge
liquid radioactive waste, (2) the effect of wastewater
discharges on the Gunpowder and Bush Rivers, (3)
the APG water-supply system and the generation and
handling of industrial, solid, and domestic wastes, (4)
the operation of the sewage-treatment plant, and (5)
the priority pollutants in wastewater generated in the
Edgewood arca.

Many of the studies that addressed the wastewa-
ter and sewer systems included some short-term
monitoring of wastewater discharges to surface
water. Under the current National Pollutant Dis-
charge Elimination System permit, APG is required
to monitor wastewater discharges for flow rate, bio-
chemical oxygen demand, total suspended solids,
fecal coliform, dissolved oxygen, total phosphorus,
and total residual chlorine. Several studies have also
addressed the drinking-water supply systems in the
Edgewood area (Nemeth, 1989).

The USGS study that began in 1985 has pro-
duced reports that describe the hydrogeology of the
Canal Creek area (Oliveros and Vroblesky, 1989),
the inorganic and organic ground-water quality in the
area based on data collected from November 1986
through April 1987 (Lorah and Vroblesky, 1989),
and the hydrogeologic data collected from April
1986 through March 1988 in the study area (Oliveros
and Gernhardt, 1989). In addition, Vroblesky and
Lorah (1991) describe a new technique to locate
areas where ground water that is contaminated with
volatile organic compounds discharges to surface
water. This research involved the collection of bot-
tom-sediment gas bubbles from a total of 15 sites
along Canal Creek during October 1988-89. Analy-
sis of the gas bubbles showed that concentrations of
volatile organic contaminants were substantially
higher in areas where the same compounds occur in
adjacent ground water that discharges to the creek.
The analysis of the volatile organic content of the
bubbles was also useful in identifying an area of pre-
viously unknown ground-water contamination.



Several studies were done concurrently with the
USGS study. Nemeth (1989) did the RCRA Facility
Assessment (RFA) of the Edgewood area of APG.
The RFA presents information on historical activities
in the area that have or may have resulted in the
release of hazardous materials to the environment.
The report discusses the history of facilities that gen-
erated wastes, identifies chemicals that have been
introduced into the environment, describes past
waste-disposal methods, summarizes the environ-
mental chemistry and fate of selected military-related
chemicals, summarizes previous environmental stud-
ies, and describes SWMU's and other sites that could
be potential sources of contamination.

In addition to the information gathered for the
RFA, a historical records search and site survey was
done for 34 buildings in the Edgewood area, 28 of
which are in the Canal Creek study area (EA1 Cormpo-
ration, 1989a and 1989b). The primary purpose of
the records search was to identify potential contami-
nants in each building that could pose a hazard dur-
ing demolition of the buildings. Visual inspections
of the sites and interviews with past and present
employees also were done. Seventeen of the build-
ings were determined to be potentially contaminated
because they were used to store, manufacture, or pro-
cess chemical-warfare agents or other types of con-
taminants. Some buildings posed a safety hazard
because of their deteriorating condition (EAI Corpo-
ration, 1989a,b).

A preliminary baseline risk assessment (Durda
and others, 1991) was done from October 1989
through January 1991 for eight priority areas at APG,
one of which was the Canal Creek area. The risk
assessments provide information on potential
adverse effects on humans and wildlife from chemi-
cal contamination at these sites. The assessments,
which are considered preliminary because of data
limitations, are most useful for identifying the chem-
icals of concern, exposure pathways, and populations
of greatest potential concern for each area (Durda
and others, 1991). For the Canal Creek area, Durda
and others (1991) conclude that (1) additional data
are needed for full evaluation of potential human
health risks, (2) acute and chronic toxicity from con-
taminants in Canal Creek probably has affected the
composition and structure of the resident aquatic
communities, and (3) terrestrial wildlife feeding in
Canal Creek seem to be at risk from dietary exposure
to heavy metals.
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DESCRIPTION OF STUDY AREA

Geographic Setting and Land Use

APG is in Harford County on the western shore
of the upper Chesapeake Bay in northeastern Mary-
land (fig. 1). APG consists of two peninsulas that are
separated by the Bush River--the Aberdeen area and
the Edgewood area. The Canal Creek study area is
located in the upper part of the Edgewood area (fig.
1). The study area lies in the Atlantic Coastal Plain
Physiographic Province, where the topography is
characterized by low hills, shallow valleys, and
plains. Within the Canal Creek area, altitudes range
from sea level to approximately 60 ft above sea level.

The climate is temperate and moderately humid.
Because of the proximity of APG to the Chesapeake
Bay and the Atlantic Ocean, winters are milder and
humidity is higher than further inland. Climatologi-
cal data for 1949-64 reveals that the average annual
precipitation ranges from 39 to 45 in. (Durda and
others, 1991, p. 2-7). Based on the recqrds for 1949-
64, the mean  daily temperature is 33.8 °F in the win-
terand 75.2 °F i in the summer. Mean annual temper-
ature is about 54 °F. Predominant wind direction is
from northwest to north-northwest in the winter and
from south to south-southwest in the summer. Aver-
age wind speed ranges from about 6 to 7 mi/h; wind
speeds generally are higher in the winter and spring
(Durda and others, 1991, p. 2-7).

Canal Creek, which is the creek from which the
study area name was derived, drains a land surface of
more than 3,000 acres, including much of the study
area (fig. 2). The East and West Branches of Canal
Creek flow southward from their confluence into the
Gunpowder River, an estuary at the southwestern
edge of the study area; Lauderick Creek and Kings
Creek drain to another estuary, the Bush River, on
the eastern boundary. Kings Creek drains approxi-
mately 800 acres of land surface, much of which is
included in the present study area. The creeks and
estuaries in the study area are influenced by tides,
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and the change in surface-water level with the tide
ranges from about 0.5 to 1.5 ft depending on the spe-
cific location.

Most of the land in the Canal Creek study area is
developed, containing buildings, paved areas, and
grassy landscaped areas. Since 1917, most manufac-
turing operations at APG were conducted in the
Canal Creek area. Currently (1992), the area is a
research and development center. Existing buildings
include laboratories, munitions filling plants, offices,
and vacant buildings that were manufacturing plants
in the past. Several residential areas for military per-
sonnel and their families, recreational areas, and mil-
itary training areas are also present. The Bush River
is a popular recreational area for fishing and boating,
and the mouth of Canal Creek at the Gunpowder
River also is a fishing area.

Marshes that are classified as estuarine, emer-
gent, irregularly flooded wetlands (Durda and others,
1991, p. 7-66) surround the West Branch Canal
Creek, a small area along the East Branch of Canal
Creek, and the entire reach of Canal Creek below the
confluence of the two branches (fig. 2). Small wet-
land areas are also adjacent to Kings Creeck. Wetland
areas were more extensive in the past; however, land-
filling of sanitary and production wastes eliminated
many marsh areas, especially along the East Branch
Canal Creek. Most of the land adjacent to the East
Branch Canal Creek is mowed regularly, whereas the
land immediately surrounding the West Branch con-
sists of tall marsh vegetation including Phragmites,
grasses, sedges, cattails, arrowhead, and pickerel-
weed (Durda and others, 1991, p. 2-4). Forested
areas are present mainly near the northern boundary
of the study area.

Most of the terrestrial wildlife present in the
study area is characteristic of disturbed and devel-
oped Jand and includes woodchuck, eastern chip-
munk, house mouse, gray squirrel, pigeon, mourning
dove, mockingbird, and house sparrow (Durda and
others, 1991, p. 7-66). Deer are common in the for-
ested areas. Wading birds, ducks, shorebirds, frogs,
and muskrat can be seen in the wetland areas, and the
creeks and estuaries support a variety of freshwater
and estuarine aquatic life. The endangered peregrine
falcon and bald eagle also are found in the APG area.

Hydrogeology

Hydrogeologic Framework

The regional geology is characterized by thick,
wedge-shaped deposits of unconsolidated Coastal
Plain sediments that rest unconformably on the older
crystalline rocks of the Piedmont Physiographic
Province (Owens, 1969, p. 77). The Coastal Plain

10 Canal Creek area of Aberdeen Proving Ground, Maryland

sediments dip southeastward, increasing to a thick-
ness of approximately 400 ft in the study area. The
unconsolidated sediments include the Potomac
Group of Cretaceous age overlain by the Talbot For-
mation of Pleistocene age. Both units are fluvial in
origin and consist of beds of clay, silt, sand, and
gravel. In some locations, the Talbot Formation has
been eroded by Holocene streams, and the underly-
ing Potomac Group has been exposed.

The hydrogeology of the Canal Creek area of
APG has been described in previous reports (Oliv-
eros and Vroblesky, 1989; Oliveros and Gemhardt,
1989). Additional hydrogeologic data that were col-
lected after publication of these reports are given in
Appendixes Al through A6 (at the end of this
report). The data in the Appendix include additional
lithologic logs (Appendix A1); chemical, physical,
and mineralogic data from core samples of aquifer
and confining units (Appendix A2 through AS; and
synoptic water-level measurements (Appendix A6).

The generalized hydrogeologic section in figure
3 shows the aquifers and confining units delineated
in the study area. The surficial aquifer sediments are
primarily composed of the Talbot Formation. The
upper confining unit, the Canal Creek aquifer, the
lower confining unit, and the lower confined aquifer
are composed of Potomac Group sediments. The
sediments follow the regional trend, dipping and
thickening southeastward. Because of their fluvial
origin, the aquifers and confining units have variable
thicknesses over relatively short distances and com-
monly contain individual beds that are not laterally
continuous. Hydrogeologic section A-A', which
extends west to east across the study area (fig. 4),
illustrates some of the complexity of these fluvial
deposits (fig. 5).

The Canal Creek aquifer (figs. 3 and 5), which
was the major aquifer investigated during the present
study, has a thickness of 30 to 70 ft in the study area.
The Canal Creek aquifer is unconfined or semicon-
fined in areas where the upper confining unit is
absent. The upper confining unit is absent in two
areas that extend approximately parallel to the pre-
sent courses of the East and West Branches of Canal
Creek (fig. 6). Near the West Branch Canal Creek,
the upper confining unit and Canal Creek aquifer
crop out (fig. 5). Near the East Branch Canal Creek,
a Pleistocene paleochannel deposit has replaced the
upper confining unit, and the Canal Creek and surfi-
cial aquifers are in direct hydraulic connection (fig.
5). The Canal Creek aquifer is confined east and
south of the paleochannel where the aquifer dips
approximately 50 ft/mi (Oliveros and Vroblesky,
1989, p. 30-31) under the thickening upper confining
unit (figs. 5 and 6). The upper confining unit is
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Table 22. Jolatile-organic-chemical data for
quality-control blanks collected in the field
during the third sampling period (April-May
1989), Aberdeen Proving Ground, Maryland

[In the sample number, the "-T" or "-F" indicates a trip blank or
equipment blank, respectively, and the number preceded by
"CC-" indicates the well site at which the sample was collected;
analysis type codes: H,halocarbon analysis by gas
chromotagraphy; VL, library search for volatile organic
compounds; dashes indicate data not available; unknown
compound concentrations are estimated; (17.7), retention time in
minutes; pg/L, micrograms per liter]

Sample  Sampling Analysfs  Concen-
number date Constituent type tration
(/L)
CC-1B-T  05-22-89 Tetrachloroethylene H 0.07
CC-1B-F  05-22-89 None detected - -
CC-8B-T  05-25-89 None detected .- -
CC-8B-F  05-25-89 None detected -- -
CC-17C-F  06-02-89 None detected - --
CC-21A-T 05-04-89 None detected -- --
CC-21A-F  05-04-89 None detected - -
CC-25A-T 05-17-89 None detected -- --
CC-25A-F 05-17-89 None detected - -
CC-33B-F  04-26-89 None detected - -
CC-111B-T 05-03-89 None detected - --
CC-111B-F 05-03-89 None detected -- -
CC-113A-T 04-28-89 None detected - -
CC-113A-F 04-28-89 Total organic halogen - 80
CC-120A-T 05-15-89 Unknown (17.7) VL 3.0
CC-120A-T 05-15-89 Unknown (22.6) VL 4.0

CC-120A-F 05-15-89 None detected - --

concentration of the trans and cis isomers; the anom-
alously low concentrations indicate that only one of
the isomers was sometimes reported instead of the
total 1,2-dichloroethylene concentration,

Anomalous differences also are seen in the con-
centrations of carbon tetrachloride, 1,1,2,2-
tetrachloroethane, and trichloroethylene that were
measured in replicate samples collected at well
120A during the third sampling period (fig. 44).

For the three replicate samples analyzed by USEPA
Method 624, concentrations in two of the samples
(one of which was analyzed by the USGS labora-
tory) were within about 10 percent, whereas the
concentrations in a third sample differed by an order
of magnitude. The concentrations of 1,100 pg/L of
carbon tetrachloride, 3,200 pg/L of 1,1,2,2-tetrachlo-
roethane, and 470 pg/L of trichloroethylene agree
relatively closely with the concentrations observed
during the second sampling period (Appendix B2).
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Table 23. Volatile-organic-chemical data for
quality-control blanks collected in the field
during the fourth sampling period
(September-October 1989), Aberdeen
Proving Ground, Maryland

[In the sample number, the "-T" or "-F" indicates a trip blank or
equipment blank, respectively, and the number preceded by
"CC-" indicates the well site at which the sample was collected;
analysis type codes: V, volatile organic compounds by gas
chromotagraphy/mass spectrometry; VL, library search for
volatile organic compounds; dashes indicate data not available;
unknown compound concentrations are estimated; (11.2),
retention time in minutes; pg/L, micrograms per liter]

Sample Sampling Analysis  Concen-
number date Constituent type tration
(ug/L)
CC-1B-F 10-13-89 None detected - --
CC-8B-T 10-16-89 1,1,2,2-Tetrachloroethane v 5.7
CC-8B-T 10-16-89 Unknown (1.2) VL 8
CC-8B-T 10-16-89 Unknown (1.4) VL 4
CC-8B-T 10-16-89 Unknown (2.0) VL 12
CC-8B-T 10-16-89 Unknown (2.3) VL 3
CC-8B-F 10-16-89 None detected -- -
CC-16A-T 09-15-89 None detected - -
CC-16A-F 09-15-89 Unknown (13.1) VL 10
CC-33B-F 10-11-89 1.1,2,2-Tetrachloroethane A\ 100
CC-33B-F 10-11-89 Unknown (1.2) VL 7
CC-112A-T  09-18-89 Unknown (11.2) VL 7
CC-112A-F 09-18-89 Unknown (11.2) VL 7
CC-112A-F  09-18-89 Unknown (12.1) VL 20
CC-112A-F 09-18-89 Unknown (12.3) VL 4
CC-113A-F 09-27-89 Unknown (1.9) VL 2
CC-113A-F 09-27-89 Unknown (2.2) VL 20
CC-113A-F 09-27-89 Unknown (2.5) VL 3
CC-120A-T  09-29-89 None detected - -
CC-120A-F 09-29-89 1,1,2,2-Tetrachloroethane 'V 16
CC-120A-F  09-29-89 Unknown (7.0) VL 10

The concentrations measured by the halocarbon anal-
ysis cannot be compared to those of the EPA Method
624 analysis because greater-than values were
reported (fig. 44).

The analytical results for quality-control blanks
collected in the field during the three sampling peri-
ods are shown in tables 21 to 23. Library-search
compounds were not reported for the blanks col-
lected during the second sampling period (table 21),
but they were reported for the blanks collected dur-
ing the third and fourth sampling periods (tables 22
and 23). Methylene chloride was the most com-
monly detected VOC in the blanks collected in the
field during the second sampling period. Because
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Figure 44. Concentrations of selected volatile organic compounds in replicate samples collected from well CC-120A, third sampling

period (April-May 1989).

methylene chloride was also commonly detected in
laboratory method blanks (table 19), the presence of
this compound in quality-control blanks probably
indicates laboratory contamination. Methylene chlo-
ride concentrations in the laboratory method blanks
commonly ranged from about 10 to 20 pg/L (tables
19 and 20). The low concentrations of toluene and
ethylbenzene measured in several of the quality-con-
trol blanks during the second sampling period are
also most likely caused by laboratory contamination,

because these compounds are commonly used in lab-
oratory procedures.

In addition to these common laboratory con-
taminants, low concentrations (5 pg/L or less) of
benzene, carbon tetrachloride, chloroform, 1,1,2,2-
tetrachloroethane, trichloroethylene, and 1,2-trans-
dichloroethylene were measured in some of the qual-
ity-control blanks collected in the field during the
second sampling period (table 21). The
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Figure 45. Concentrations of selected volatile organic compounds in replicate samples collected from well CC-8B and CC-16A, fourth
sampling period (September-October 1989).

concentrations of the same volatile compounds com- A high concentration (100 pg/L) of 1,1,2,2-tet-
monly were much higher in the ground-water sam- rachloroethane was detected in one equipment blank
ples (Appendixes B2 to B6) than in the blanks. Thus,  collected after the sampling of well 33B during the
cross-contamination from the sampling equipment fourth sampling period (table 23). Well 33A was
probably did not cause a substantial increase in the sampled after well 33B was sampled and the quality-
measured concentrations in the ground-water sam- control blanks were collected. A 1,1,2,2-tetrachloro-
ples. ethane concentration of 840 ug/L was detected in

the sample from well 33A during the fourth sam-
pling period (Appendix B6), but this concentration
is not significantly different from the concentrations
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of 730 to 1,300 ug/L that were detected in samples
from well 33A on previous sampling trips (Appen-
dix B4; Lorah and Vroblesky, 1989, p. 55). Thus,
the sample collected from well 33A during the
fourth sampling period probably was not affected
by cross-contamination.

Unknown compounds were the most com-
monly detected VOC's in quality-control blanks col-
lected in the field during the third and fourth sam-
pling periods (tables 22 and 23). In addition, un-
known compounds often were detected in labora-
tory method blanks, indicating that laboratory
contamination could be a source of these com-
pounds. Concentrations of individual volatile un-
knowns in the method blanks ranged from 3 to
30 ug/L (tables 19 and 20), and the total concentra-
tion of unknowns in one method blank was about
160 pg/L (sample number VBP(O06 in table 20).

Distribution

In this section, the general occurrence of
VOC's in the Canal Creek and surficial aquifers is
discussed first, and then the distribution of the
major contaminants in the three regions (fig. 19) is
described in separate subsections. Tables 24 to 26
summarize the VOC's that were quantitatively
detected in the Canal Creek aquifer, giving the fre-
quency of detection and the medians and ranges of
concentrations. Concentrations of these quantitated
VOC's in the Canal Creek aquifer are compared to
Federal drinking-water regulations for those com-
pounds for which regulations have been established
(U.S. Environmental Protection Agency, 1989;
1990a-¢; 1991a-c). Table 27 summarizes the maxi-
mum concentrations of VOC's that were
quantitatively measured in the surficial aquifer dur-
ing the study.

Of the 41 total VOC's for which quantitative
analyses were done (table 5), 10 compounds were
not detected in ground-water samples collected
from the Canal Creek area. These 10 compounds
(and their reported detection limits) are as follows:
bromomethane (10 pg/L); carbon disulfide (5 pg/L);
2-chloroethylvinyl ether (10 pg/L); 1,3-dichloropro-
pane (3.8 pg/L); 1,2-dimethylbenzene (3.0 pg/L);
2-hexanone (10 pg/L); 4-methyl-2-pentanone
(10 pg/L); styrene (5 pg/L); trichlorofluoromethane
(5 pg/L); and vinyl acetate (10 pg/L).

Sixteen VOC's were quantitatively detected in
samples from the Canal Creek aquifer during the
second sampling period (table 24). Many of these
VOC's were also contaminants in the surficial aqui-
fer (table 27). Three of the 16 compounds--methy-
lene chloride, toluene, and ethylbenzene--are com-
mon laboratory contaminants (see preceding section

on quality control and data validation), and their dis-
tribution will not be discussed further.

VOC's can be divided into three classes of com-
pounds: (1) chlorinated alkanes, which are saturated
aliphatic compounds characterized by single bonds,
(2) chlorinated alkenes, which are unsaturated ali-
phatic compounds characterized by double bonds,
and (3) aromatic compounds, which contain the ben-
zene ring structure (Lorah and Vroblesky, 1989, p.
61). Chlorinated alkanes and alkenes were gener-
ally detected more frequently and at higher con-
centrations in the Canal Creek aquifer than were the
aromatic compounds (table 24). The five major
VOC's in the ground water, identified on the basis
of their high detection frequencies (greater than 40
percent) and relatively high median concentrations
(greater than about 10 pg/L), were 1,1,2,2-tetrachlo-
roethane, trichloroethylene, chloroform, 1,2-trans-
dichloroethylene, and carbon tetrachloride (table
24). The most prevalent VOC's, 1,1,2,2-tetrachloro-
ethane and trichloroethylene, were detected in about
70 percent of the 93 samples collected from the
Canal Creek aquifer during the second sampling
period (table 24).

MCL's have not been established for 1,1,2,2-
tetrachloroethane, but MCL's for trichloroethylene
and carbon tetrachloride are 5 ug/L. Trichloroethyl-
ene concentrations in the Canal Creek aquifer
exceeded the MCL in samples from 61 wells (out of
93 wells sampled) during the second sampling
period (table 24). Trichloroetheylene concentra-
tions exceeded Federal drinking-water regulations
in more samples than any of the other VOC's,
except methylene chloride. Samples from 29 wells
screened in the Canal Creek aquifer exceeded the
current MCL for carbon tetrachloride during the sec-
ond sampling period.

The MCL of 100 pg/L for 1,2-trans-dichloro-
ethylene (table 24) was exceeded in 10 samples.
The concentrations given for 1,2-trans-dichloroeth-
ylene in this report actually represent the total
concentrations of the ¢rans and cis isomers of 1,2-
dichloro-ethylene (Appendixes B2, B4, and B6). If
the two isomers could be separately identified, the
concentration for each isomer was reported by the
laboratory (table 28). An MCL of 70 ug/L has been
established for 1,2-cis-dichloroethylene. Samples
that had total 1,2-dichloroethylene concentrations
that exceeded the MCL of 100 pg/L for 1,2-trans-
dichloroethylene also had 1,2-cis-dichloroethylene
concentrations that exceeded the MCL of 70 pg/L
(table 28).
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Table 28. Concentrations of cis and trans
isomers of 1,2-dichloroethylene in
ground-water samples collected during
the third (April-May 1989)and fourth
(September-October 1989) sampling
periods, Aberdeen Proving Ground,
Maryland

["(N)" indicates that sample was analyzed by the U.S. Geological
Survey National Water Quality Laboratory; "-R" indicates a
replicate sample; pug/L, micrograms per liter; concentrations of
the two isomers do not always exactly add to the total
concentration owing to precision and rounding]

cis-1,2- trans-1,2- total 1,2-
Sample Sampling dichloro- dichloro- dichloro-
number date ethylene ethylene ethylene

(ng/L) (ug'L) (ug/L)

April-May 1989
CC-1B(N) 05-22-89 990 81 1,100
CC-TB(N) 05-24-89 200 120 320
CC-8B(N) 05-25-89 48 73 120
CC-16A 05-03-89 3,000 190 3,200
CC-16B 05-03-89 30 31 33
CC-26B 04-27-89 5.0 <l.1 5.0
CC-27A 05.01-89 40 <l.1 40
CC-28B 04-28-89 3.0 1.9 4.9
CC-108A 05-09-89 8.0 42 50
CC-108B 05-09-89 6.0 40 46
CC-113B 04-28-89 10 <1.1 10
CC-120A 05-15-89 20 33 23
CC-120A-R 05-15-89 20 7.0 27
CC-120B 05-09-89 4.0 <1.1 4.0
September-October 1989

CC-16A 09-15-89 2,000 160 2,200
CC-17A 09-15-89 50 8.3 13
CC-107A 09-29-89 3.0 <l.1 3.0
CC-117A 10-18-89 10 1.8 12
CC-118A 09-28-89 2.0 <I.1 2.0
CC-120A 09-29-89 30 <1.1 30
CC-120A 09-29-89 20 <1.1 20

MCL's have not been established for chloro-
form, although the current MCL for total trihalo-
methanes, of which chloroform is one, is 100 ug/L.
Chloroform concentrations were greater than the
MCL for total trihalomethanes in eight samples
from the Canal Creek aquifer.

Although vinyl chloride was detected at a fre-
quency of only 20 percent in samples from the
Canal Creek aquifer, the median and maximum con-
centrations were high--20 and 210 pg/L, respect-
ively (table 24). During the second sampling

122 Canal Creek area of Aberdeen Proving Ground, Maryland

period, 19 samples from the Canal Creek aquifer
had concentrations that exceeded the MCL of

2 ug/L for vinyl chloride. A high detection fre-
quency of 54 percent was found for 1,1-dichloro-
ethane in the Canal Creek aquifer, but the median
and maximum concentrations were low (3.0 and
4.0 ug/L, respectively).

The remaining VOC's--1,1,2-trichloroethane,
1,2-dichloroethane, tetrachloroethylene, 1,1-dichlo-
roethylene, benzene, and chlorobenzene--were
detected in less than 40 percent of the samples and
had median concentrations below 8 ug/L (table 24).
Samples from 12 to 15 wells in the Canal Creek
aquifer had concentrations that exceeded the MCL's
(5 ug/L) for 1,1,2-trichloroethane, 1,2-dichloro-
ethane, and tetrachloroethylene (table 24). Only
one sample had a 1,1-dichloroethylene concentra-
tion that exceeded the MCL of 7 ug/L, and six
samples had benzene concentrations that exceeded
the MCL of 5 ug/L.

Concentrations of the major VOC's in ground
water did not change substantially during the period
of study. The ranges in concentrations of four
VOC's that were observed during each sampling
period are shown in figures 46 to 49. The analytical
results from 33 wells that were sampled during each
sampling period were used to construct the boxplots
shown in the figures. The number beside each box
indicates the number of samples, of the 33 total sam-
ples, that had concentrations above the detection
limit for the compound. Less-than or greater-than
values were not included in the data sets used to
construct the boxplots. The number of detected con-
centrations for a particular compound varies over
the four sampling periods mainly because different
detection limits were often reported and because
greater-than values or anomalously high less-than
values were often reported during the third and
fourth sampling periods.

Temporal changes in concentrations of the
VOC's sometimes are difficult to discern because of
differences in the manner in which analyses were
reported during the four sampling periods. The
range in concentrations of chloroform and the
median concentrations of chloroform show the least
difference between the four sampling periods com-
pared to the differences seen in concentrations of
1,1,2,2-tetrachloroethane, trichloroethylene, and 1,2-
trans-dichloroethylene (figs. 46 to 49). Median con-
centrations of chloroform ranged from about 12 to
18 ug/L for the 33 samples collected during the four
sampling periods (fig. 47). The fact that chloroform
concentrations change so slightly is probably
largely because only one greater-than value was
reported for the chloroform concentrations for these
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Figure 46. 1,1,2,2-Tetrachloroethane concentrations observed at 33 wells sampled during each of the four sampling periods in the
Canal Creek area, Aberdeen Proving Ground, Maryland.
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Figure 47. Chloroform concentrations observed at 33 wells sampled during each of the four sampling periods in the Canal Creek area,
Aberdeen Proving Ground, Maryland.
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Figure 48. Trichloroethylene concentrations observed at 33 wells sampled during each of the four sampling periods in the Canal Creek
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Figure 49. 1,2-trans-Dichloroethylene concentrations observed at 33 wells sampled during each of the four sampling periods in the
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33 samples. In contrast, as many as six greater-than
values or high less-than values were reported for the
other three VOC's (figs. 46, 48, and 49) during the
third and fourth sampling periods (Appendixes B4
and B6).

Additional VOC's that were quantitatively mea-
sured in samples from the Canal Creek aquifer
during the third and fourth sampling periods are
shown in tables 25 and 26. Except for methy! chlo-
ride and 1,2-dichlorobenzene, these additional
VOC's were detected only by the USEPA Method
601 of halocarbon analysis, which gives lower
detection limits for the VOC's than does USEPA
Method 624. Methyl chloride and 1,2-dichloroben-
zene were detected by both analytical methods.

Of the additional VOC's, 1,3-dichlorobenzene
and methyl chloride were detected most frequently,
but their maximum concentrations were less than
3 pg/L (tables 25 and 26). Because 1,3-dichloroben-
zene was also detected in two laboratory method
blanks (table 20), the 1,3-dichlorobenzene concen-
trations measured in the ground-water samples
could be attributed to laboratory contamination.
Methy! chloride could be a laboratory contaminant
associated with methylene chloride. Of these addi-
tional VOC's (tables 25 and 26), the highest con-
centration (150 ug/L) was found for chlorodibro-
momethane. The maximum chlorodibromomethane
concentration was measured in a sample from well
120A (table 25); however, two replicate samples
collected from well 120A on the same date did not
contain chlorodibromomethane, an indication that
the measured concentration of 150 ug/L is an analyt-
ical or reporting error.

During the third and fourth sampling periods,
1,2-dichlorobenzene and 1,4-dichlorobenzene were
not detected frequently in ground-water samples;
however, their concentrations were high compared
to concentrations of the other additional VOC's
(except chlorodibromomethane) (tables 25 and 26).
The maximum concentrations of 1,2-dichloroben-
zene were 28 and 43 pg/L during the third and
fourth sampling periods, respectively, and the maxi-
mum concentrations of 1,4-dichlorobenzene were
35 and 47 pg/L (tables 25 and 26). The other addi-
tional VOC's were detected in 5 percent or less of
the samples collected from the Canal Creek aquifer
and in low concentrations of less than 3 ug/L (tables
25 and 26). MCL's have been set for several of
these VOC's, but measured concentrations did not
exceed the MCL's in any of the ground-water sam-
ples (tables 25 and 26).

Additional VOC's were tentatively identified
by library search in ground-water samples collected
during the last three sampling periods (tables 29-
31). Library searches for VOC's were done for sam-
ples collected from a total of 62 wells during the
second sampling period, 32 wells during the third
sampling period, and 73 wells during the fourth sam-
pling period (table 3). TIOC's were detected in
samples from only 4 to 10 wells during these three
sampling periods, and the detected TIOC's generally
had estimated concentrations below 50 pg/L (tables
29-31).

Pentachloroethane, which was detected in sam-
ples from well 120A, was the only confirmed
occurrence of volatile TIOC's (tables 29 to 31). Pen-
tachloroethane was detected consistently in
replicate samples collected from well 120A during
the third and fourth sampling periods, and the esti-
mated concentrations were consistently between 30
and 40 ug/L (tables 30 and 31). Total xylenes is the
only TIOC for which Federal drinking-water regula-
tions have been established, and the single
measured xylene concentration of 2 pg/L (table 31)
is well below the MCL of 10,000 pg/L.

VOC's that could not be identified by library
search were reported as unknowns (tables 32-34).
Estimated concentrations of the unknowns were usu-
ally less than 50 pg/L, but concentrations as high as
2,000 pg/L were reported (table 33). Concentra-
tions of unknowns were extremely variable between
the different sampling periods. For example, sam-
ples collected from well 111A during the second
and fourth sampling periods did not contain
unknowns, whereas the sample collected during the
third sampling period contained the maximum of
about 2,000 ug/L of unknowns (table 33). Volatile
unknowns were also detected in laboratory method
blanks analyzed during the three sampling periods
(tables 19 and 20), indicating that the presence of
unknown compounds in the ground-water samples
is at least partly due to laboratory contamination.

Region |

The areal distributions of the major VOC's in
the Canal Creek aquifer are shown in figures 50
through 54 for Region I. In the construction of
these figures, the data from the second sampling
period were used to calculate an average concentra-
tion in the Canal Creek aquifer at each well site.
Only one well in Region I, 114A, is screened in the
surficial aquifer; at the other well sites in Region I,
the surficial aquifer either is not present or is
directly connected to the Canal Creek aquifer. The
VOC's detected in samples from well 114A are
listed in table 27.

Canal Creek area of Aberdeen Proving Ground, Maryland 125



Table 29. Estimated concentrations of
tentatively identified organic compounds
detected by library search for volatile
organic compounds in ground-water samples
collected during the second sampling period
(July-September 1988), Aberdeen Proving
Ground, Maryland

[TIOC's, tentatively identified organic compounds; pg/L,
micrograms per liter]

Sample Sampling Analysis Estimated
number date date Volatile TIOC's concentration
(ug/L)
Canal Creek aquifer
CC4B  7-13-88 7-23-88  Ethyl ether 33
CC-5C  7-13-88 7-23-88  Ethyl ether 6
CC-16A  7-25-88 8-05-88  Dichlorobenzene isomer 7
CC-30A 7-21-88 8-04-88  Substituted benzene compound .2
CC-36B  8-22-88 9-03-88  Substituted benzene isomer 16
CC-107B  7-15-88 7-24-88  Pentachloroethane 3
CC-111A  7-26-88 8-08-88  Ethyl ether 5
CC-111B  7-26-88 8-08-88  Acetone 22
CC-111B  7-26-88 8-08-88  1,2-Dibromoethene 11
CC-115A  7-26-88 8-08-88  3,5-Dimethyloctane 3
Surficial aquifer
CC-135A 8-09-88 8-16-88  1,4-Dioxane 3

Table 30. Estimated concentrations of
tentatively identified organic compounds
detected by library search for volatile
organic compounds in ground-water samples
collected during the third sampling period
(April-May 1989), Aberdeen Proving
Ground, Maryland

["-R" indicates a replicate sample; dashes indicate complete
laboratory number not available; TIOC'S, tentatively identified
organic compounds; Jg/L, micrograms per liter]

Estimated

Sample Sampling Laboratory  Volatile concen-
no. date number TIOC's tration

(1el)

Canal Creek aquifer

CC-27A 05-01-89  VAU0O01 Pentachloroethane 20
CC-112A 05-15-89 VAW--- Nitrobenzene 3
CC-113A 04-28-89  VATO00S Alcohols (high molecular weight) 20
CC-120A  05-15-89 VAW--- Pentachloroethane 30
CC-120A-R 05-15-89 VAW-.. Pentachloroethane 30
CC-120B  05-09-89 VAV002  Pentachloroethane 2
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Table 31. Estimated concentrations of
tentatively identified organic compounds
detected by library search for volatile
organic compounds in ground-water samples
collected during the fourth sampling period
(September-October 1989), Aberdeen
Proving Ground, Maryland

{"-R" indicates a replicate sample; TIOC's, tentatively identified
organic compounds; pg/L, micrograms per liter]

Estimated

Sample Sampling Laboratory  Volatile concen-
no. date number TIOC's tration

(1g/L)

Canal Creek aquifer

CC-16A 09-15-89 VBH003  Xylenes, total 2
CC-107A 09-29-89 VBMO014  2-Propanol 30
CC-120A 09-29-89 VBMO008  2-Propanol 200
CC-120A 09-29-89 VBMO008  Pentachloroethane 40
CC-120A-R 09-29-89 VBMO009 Pentachloroethane 30
CC-120B 09-29-89 VBMO12  Pentachloroethane 3

The chlorinated alkane 1,1,2,2-tetrachloroet-
hane was a widespread contaminant in Region 1
(fig. 50). In Region I, concentrations of 1,1,2,2-tet-
rachloroethane were highest (greater than
1,000 ng/L) in area 1A at sites 120 and 108 and in
area ID at site 27 adjacent to the West Branch Canal
Creek (figs. 19 and 50). The sample from well 27A
had the maximum 1,1,2,2-tetrachloroethane concen-
tration, 5,800 ug/L, during the second sampling
period (table 24). These high concentrations of
1,1,2,2-tetrachloroethane seem to be fairly local-
ized, as average concentrations in the Canal Creek
aquifer decreased to around 100 to 300 pg/L a short
distance from sites 27 and 120 (figs. 19 and 50). A
relatively high 1,1,2,2-tetrachloroethane concentra-
tion of about 500 ng/L was also observed at two
well sites, sites 111 and 30, in area IC by the pilot
plant (figs. 19 and 50).

High concentrations of carbon tetrachloride
and chloroform occurred in the Canal Creek aquifer
in Region I at some of the same well sites where
concentrations of 1,1,2,2-tetrachloroethane were
also high--site 120 and 108 in area IA, sites 111 and
30 in area IC, and sites 28 and 113, which are near
site 27 in area 1D (figs. 19, 51, 52). Atsite 114,
which is directly upgradient from site 113 (fig. 20),
a higher concentration of carbon tetrachloride was
measured in the surficial aquifer than in the Canal
Creek aquifer. The sample from well 114A in the
surficial aquifer had a carbon tetrachloride concen-
tration of 230 pg/L during the second sampling
period (table 27), whereas the average concentration



Table 32. Estimated concentrations of unknown  Table 33. Estimated concentrations of unknown

compounds detected by library search for compounds detected by library search for
volatile organic compounds in ground-water volatile organic compounds in ground-water
samples collected during the second samples collected during the third sampling
sampling perzogi (July-September 1988), period (April-May 1989), Aberdeen Proving
Aberdeen Proving Ground, Maryland Ground, Maryland
{ug/L, micrograms per liter] ["R" in the sample number indicates a replicate sample; pg/L,
micrograms per liter.)
Esti-
mated Estimated
Sample Sampling Analysis  Unknown Retenti Sampl Sampling Unknown Retention concen-
no. date date volatiles time tration no. date volatiles time tration
(minutes) (MgL) (Mg/L)
Canal Creek aquifer Canal Creek aquifer
CC-4B 7-13-88 7-23-88  Unknown 4.34 24 CC-16A 05-03-89 Unknown 12.6 20
CC-4B 7-13-88 7-23-88  Unknown octane  22.7 4 CC-16A 05-03-89 Unknown 20.3 2
CC-18B 7-18-88 8-01-88 Unknown 1.37 4 CC-16A 05-03-89 Unknown 222 4
CC-16A 05-03-89 Unknown 23.1 5
CC-36B 8-22-88 9-03-88  Unknown 19.87 2 CC-16A 05-03-89 Unknown 24.0 3
CC-36B 8-22-88 9-03-88  Unknown 25.7 4 CC-16A 05-03-89 Unknown 264 6
CC-36B 8-22-88 9-03-88  Unknown 30.7 4 CC-16A 05-03-89 Unknown 271 2
CC-36B 8-22-88 9-03-88 Unknown 32.7 8 CC-16A 05-03-89 Unknown 274 10
CC-36B 8-22-88 9-03-88  Unknown 34.2 6
CC-28B 04-28-89 Unknown 11.7 700
CC-101B 8-17-88 8-28-88  Unknown 233 3 CC-28B 04-28-89 Unknown 12.9 100
CC-107B 7-15-88 7-24-88  Unknown 1.57 5 CC-28B 04-28-89 Unknown 314 40
CC-111B 7-26-88 8-08-88 Unknown 1.52 37
CC-112A 7-26-88 8-08-88 Unknown 1.51 5 CC-108A 05-09-89 Unknown 13.6 2
CC-120A 7-12-88 7-20-88  Unknown 249 6 CC-108A 05-09-89 Unknown 154 8
CC-108A 05-09-89 Unknown 22.1 20
CC-120B 7-12-88 7-20-88  Unknown 2.31 42
CC-120B 7-12-88 7-20-88  Unknown 10.4 100 CC-108B 05-09-89 Unknown 13.5 3
CC-120B 7-12-88 7-20-88  Unknown 22.7 18 CC-108B 05-09-89 Unknown 154 7
CC-120B 7-12-88 7-20-88  Unknown 248 260 CC-108B 05-09-89 Unknown 220 10
Surficial aquifer CC-111A 05-01-89 Unknown 1.0 2,000
CC-33B 9-07-88 92188 Unknown 4.85 3 cc-uia 05-01-8%  Unknown 153 3
CC-101A 8-17-88 8-28-88  Unknown 233 10
CC-101A 81788 82888 Unknown 24.0 3 CC-113A 04.28.89  Unknown 1.7 600
CC-113A 04-28-89 Unknown 12.1 200
CC-113A 04-28-89 Unknown 314 30
CC-113A-R 04-28-89 Unknown 11.8 300
. o « . CC-113A-R 04-28-89 Unkni 12.6 80
in the Canal Creek aquifer at this site was 83 pg/L COALIAR 042889  Unknown 129 100
(fig. 51). Chloroform concentrations in the Canal CC-113A-R  04-28-89  Unknown 315 40
Creek aquifer (fig. 52) generally were lower than
those observed for 1,1,2,2-tetrachloroethane and car- gg:;g‘: gg:::; g:k"z;’:: g; 4(2)
bon tetrachloride (figs. 50 and 51). In the Canal CC120A 051589  Unknown 254 50
Creek aquifer, the maximum carbon tetrachloride CC-120A 05-15-89  Unknown 28.1 3
concentration (3,100 ug/L) was in asample from well ~ cc120a  05-15-89  Unknown 321 800
108{? ?ableé_?)), and the maximum ;:hlf‘(;rofonnﬁ:on- CCI0AR 051585  Unknown a5 000
centration (650 ng/L) was in a sample from we CC-120AR  05-15-89  Unknown 15.3 6
113A (table 24). CC-120A-R  05-15-89  Unknown 165 50
CC-120A-R 05-15-89 Unknown 174 40
One major difference is apparent when the dis- ~ C©1204R 051585 Unknown 287 2
tribution of 1,1,2,2-tetrachloroethane (fig. 50) is CC.120B  05.09.89  Unknown 13.6 3
compared to the distributions of carbon tetrachlio- CC-120B  05.09-89  Unknown 154 20
ride and chloroform in Region I (figs. 51 and 52). CC-120B  0509-89  Unknown 221 300

The average carbon tetrachloride and chloroform
concentrations in area IB, which is directly down-
gradient from area IA, were very low (less than
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the presence of lenses or thin layers of clay within
the aquifers; changes in flow directions during
pumping of water-supply wells in the past (fig. 21);
and variations in distance from contaminant source
areas.

Region iii

The areas of contamination in the surficial aqui-
fer in Region III are isolated hydrologically from
the Canal Creek aquifer (figs. 17, 19, and 43). How-
ever, the types of major VOC's detected in the
surficial aquifer in Region III are similar to those
observed elsewhere in the surficial and Canal Creek
aquifers (tables 24 and 27).

The highest concentrations of VOC's in the
surficial aquifer were seen at Beach Point in Region
111D, especially in samples from well 33B (fig. 43;
table 27). Maximum concentrations detected in
ground water at Beach Point include 9,500 ng/L of
1,1,2,2-tetrachloroethane; 940 ug/L of trichloroethyl-
ene; 520 ug/L of 1,2-trans-dichloroethylene; and
200 pg/L of tetrachloroethylene (table 27).

Concentrations of VOC's were generally less
than 50 pg/L in the surficial aquifer in areas I1IA,
IIIB, and IIIC (table 27). Samples from well 9A in
area II1A had a maximum concentration of 19 ug/L
of chlorobenzene during the second sampling
period, which confirmed the chlorobenzene concen-
tration of 14 pg/L observed during the first sampling
period (Lorah and Vroblesky, 1989, p. 55). The
maximum concentrations of VOC's measured in
samples from the wells surrounding the toxics dis-
posal pit in area I1IB (fig. 13 and 19) were 20 pg/L
of 1,2-dichloroethane, 7.0 ug/L of 1,2-trans-dichlo-
roethylene, and 8.2 ug/L of chloroform (table 27).
In area I1IC, the maximum concentrations of VOC's
were 47 pg/L of trichloroethylene in a sample from
well 135A and 88 ug/L of carbon tetrachloride in a
sample from well 10A.

Probabie sources

Because organic solvents were the chemicals
most commonly used and disposed of in the Canal
Creek area throughout its history, the specific
sources of the VOC's in the ground water are diffi-
cult to define. In many of the contaminated areas
(fig. 19), several possible sources of VOC's were in
close proximity: past manufacturing, filling, or
research plants; various support facilities, such as
machine shops and the airfield; waste-disposal
areas; and leaky sewerlines and sewer discharge
points (figs. 13 and 14). Most of the buildings were
used for several different purposes throughout their
history, and historical records of manufacturing and
disposal practices are incomplete. Thus, the VOC's

observed in the ground water in some areas could
have originated from more than one source. In addi-
tion, defining sources of ground-water contamination
is complicated because ground-water pumping dur-
ing approximately 1950-68 caused past flow direc-
tions to differ from current flow directions (figs. 20
and 21).

In this section, the most probable primary
sources of the major VOC's will be discussed for
each contaminated area (fig. 19). Secondary
sources from degradation reactions also could exist
for some of the VOC's, including 1,2-trans-dichloro-
ethylene, vinyl cloride, 1,1,2-trichloroethane, and
1,2-dichloroethane. These degradation products
will be discussed mainly in the section on fate of the
ground-water contaminants.

Region i

The location of maximum concentrations of
VOC's and the overall distribution of the VOC's in
Region I (figs. 50 to 54) indicate that major sources
of contamination are located in area IA, area IC, and
area ID. Inarea IA, the VOC's in the Canal Creek
aquifer are probably related to activities in the fill-
ing plant in building 99 (fig. 13; table 1). The
extremely high concentrations of VOC's measured
in well 120A (figs. 50 to 54), which is adjacent to
building 99, indicate that the well site is close to a
source; no known activities upgradient from site
120 could account for the presence of these organic
compounds. In addition, the long operational his-
tory (1918-81) and the large number of experi-
mental operations that took place in building 99
(table 1) could account for the large variation in the
types of VOC's, including unknowns, that were
detected in the ground water at site 120.

Current ground-water-flow directions (fig. 20)
indicate that the disposal pit south of site 120 (iden-
tification number 32 in fig. 13) could not be a
source of the ground-water contaminants at site
120. However, when ground water was pumped
from the water-supply wells in the past (figs. 21),
the disposal pit could have been a source of ground-
water contaminants to the south and east of site 120
inarea IA. The disposal pit also could be a source
of contaminants in area IB and IC under current
ground-water-flow conditions (fig. 20). Little infor-
mation is available on the types of materials that
were buried in the pit, which was used from the
early 1920's through the mid-1940's (table 1).

Although historical records for the building 99
filling plant do not specifically refer to the use of
the VOC's that were detected in the ground water in
area IA, VOC's were probably used as cleaning and
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degreasing agents for munitions metal parts, equip-
ment, and storage containers and as decontaminating
agents. DANC (an abbreviation for Decontaminat-
ing Agent, Non-Corrosive) was a commonly used
decontaminating agent that contained 90 to 95 per-
cent 1,1,2,2-tetrachloroethane by weight (Nemeth,
1989, p. 177). DANC was used to decontaminate
mustard, lewisite, the nerve agent VX, and other
agents that can be destroyed by chlorination.
Because the ingredients for DANC were not mixed
until ready for use, large amounts of 1,1,2,2-tetra-
chloroethane could have been stored in building 99
or in storage tanks that were located in a concrete pit
next to the building (Nemeth, 1989, p. 901-902).
Concentrations of 1,1,2,2-tetrachloroethane were
greater than 1,000 pg/L in the ground water in area
IA.

Some of the VOC's could also have been com-
ponents of filling mixtures. For example, the CN
mixture CNB contains 45 percent carbon tetrachlo-
ride and 45 percent benzene whereas the mixture
CNS contains 38.5 percent chloroform (Nemeth,
1989, p. 43). Carbon tetrachloride, chloroform, and
benzene were ground-water contaminants in area
IA, and much of the munitions filling work in the
Canal Creek area during the 1920's and 1930's
involved smoke and CN munitions (Nemeth, 1989,
p. 124). Aromatic compounds in the ground water
also could be derived from petroleum products that
are used in incendiary mixtures.

Leaks from storage tanks, sumps, and sewer-
lines are one method by which contaminants from
building 99 could have been released to the environ-
ment. Building 99 was served only by a chemical
wastewater and storm sewer that discharged to the
East Branch Canal Creek southeast of the building
until sometime during WW2, when it was con-
nected to the sanitary sewer system. A covered
concrete pit that contained storage tanks for chemi-
cals used in the plant and seven sumps that were
associated with the chemical sewer system are adja-
cent to or near building 99. At least two sumps are
also inside the building (Nemeth, 1989, p. 901-902).

Activities that took place in the pilot plant in
the building 87 complex (fig. 13; table 1) are most
likely the major source of ground-water contamina-
tion in area IC (fig. 19). Although ground-water-
flow directions indicate that contaminants from area
IA move westward through area IC (fig. 20), the
localized high concentrations of VOC's measured in
the Canal Creek aquifer near the pilot plant (figs. 50
to 54) indicate an additional source in area IC. In
fact, low and nondetectable concentrations of car-
bon tetrachloride and chloroform in area IB, which
is directly downgradient from area 1A (figs. 51 and
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52), indicate that not all of the VOC's in area IC
were derived from area IA. Some movement of con-
taminants from area 1A to IC could occur along
ground-water flowlines to the south of area 1B
(figs. 19 and 20), leaving little evidence of ground-
water contamination in area IB. However, samples
collected from well site 19, which is south of area
IB (fig. 19), contained only low concentrations of
chloroform and 1,1,2,2-tetrachloroethane (11 and
5.4 ug/L, respectively) (Lorah and Vroblesky, 1989,
p. 54), an indication that ground-water flow from
1A to 1C along flowlines south of area IB is nota
major contaminant migration route. Thus, the
ground-water contaminants present in area IC are
probably largely due to activities within area IC,
such as the pilot plant in the building 87 complex.

The building 87 complex was used in 1942 to
manufacture the clothing impregnite CC2 and from
the mid-1940's until 1986 as a research and pilot
manufacturing facility that mainly produced nerve
agents (Nemeth, 1989, p. 902-907). In addition,
munitions were filled with chemical agents in sup-
port of research and development work from the
late 1940's until the plant closed in 1986. Sanitary
and chemical sewer systems both served the build-
ing 87 complex. At least four sumps within the
plant received chemical wastewater. The chemical
wastewater was neutralized with caustic soda before
it was discharged to the West Branch Canal Creek
through the chemical sewerlines (fig. 14); however,
the neutralization process did not treat chlorinated
organic solvents. Between the late 1970's or early
1980's, the chemical sewer system was connected to
the sanitary sewer system to eliminate wastewater
discharge to Canal Creek. Some of the sewerline
segments, such as the segment extending past well
site 16 toward the creek (figs. 2 and 14), are known
to have leaked and could have contributed to the
ground-water contamination.

The solvent 1,1,2,2-tetrachloroethane was used
to clean filters and other equipuiment during produc-
tion of CC2 in the building 87 complex (Nemeth,
1989, p. 54). The amount of 1,1,2,2-tetrachloro-
ethane used was approximately 9 to 10 percent of
the quantity of CC2 manufactured. During 1942,
approximately 1,677,130 Ib of CC2 was manufac-
tured in this plant (Nemeth, 1989, p. 53), which
would have required the use of about 167,700 1b of
1,1,2,2-tetrachloroethane. All liquid wastes from
CC2 production were discharged through the chemi-
cal sewerlines to the West Branch Canal Creek
adjacent to the plant.

VOC's detected in ground water near the build-
ing 87 complex could have been used for various
purposes during pilot-scale work with nerve agents



and during munitions filling. Several references to
uses of VOC's have been found in historical
records. Carbon tetrachloride was used as a cooling
medium during the production of the nerve agent
GB during the mid-1950's (Nemeth, 1989, p. 107-
108). Trichloroethylene was used at the plant in the
1950's for several purposes during production of
methyldichlorophosphine (SW), an intermediate
compound for manufacturing nerve agents (Nemeth,
1989, p. 111-115; Lorah and Vroblesky, 1989, p.
74). Trichloroethylene was circulated through the
recycling columns to clean them, and the solvent
was used as a simulant to test the final-purification
distillation system. Because SW is highly reactive
with water and water vapor, SW was drained into
trichloroethylene when parts of the production sys-
tem were drained for cleaning or repairing. The
SW-trichloroethylene mixture was not reused. The
method of disposal is unknown; however, operating
procedures indicate that chemical spills would have
been flushed into the sewer with large amounts of
water. Because of safety considerations, the major
components of the SW production plant were con-
structed outside and to the south of the main build-
ing in the 87 complex, which increased the possibil-
ity of release of contaminants to the soil.

Trichloroethylene also was used in the manu-
facturing process of an intermediate compound for
the nerve agent VX during the late 1950's to early
1960's (Nemeth, 1989, p. 115-117). Condensers to
recover butane, which was sometimes used as a car-
rier solvent during the manufacturing process, were
made of coiled steel tubing placed inside 55-gal
drums filled with dry ice and trichloroethylene.
Benzene, which was detected in the Canal Creek
aquifer at site 16 (table 24), was reportedly used in
a scrubbing system for gases produced during manu-
facture of dimethylpolysulfide, abbreviated NM,
which is a VX binary component (Nemeth, 1989, p.
119). NM was produced on the pilot scale in the
building 87 plant from 1974-78.

VOC's known to be stored and disposed of at
the building 87 pilot plant during the 1980's
included 1,2-frans-dichloroethylene, trichloroethyl-
ene, 1,2-dichloroethane, trichloroethane, carbon
tetrachloride, chloroform, chlorobenzene, benzene,
1,2-dichlorobenzene, 1,4-dichlorobenzene, and 1,2-
dichloropropane (Office of the U.S. Attorney, Balti-
- more, Md., written commun., 1988, document 86-
02534). All of these compounds were also detected
in the ground water in the vicinity of the pilot plant.

Concentrations of 1,2-dichloroethane, which
can be a degradation product from higher chlori-
nated alkanes, were commonly less than 10 ug/L in
ground water from the Canal Creek area (Appen-

dixes B2, B4, and B6); however, concentrations as
high as 990 ng/L were measured in samples from
well 16A next to the pilot plant during the first
(Lorah and Vroblesky, 1989, p. 59) and second sam-
pling periods (table 24). These high concentrations
indicate that the 1,2-dichloroethane at site 16 was
derived from a primary source and not from a sec-
ondary source such as degradation reactions.

Trans-1,2-dichloroethylene, another compound
that could be derived from degradation reactions,
was also detected in high concentrations only at site
16 in Region I (fig. 54). Because 1,2-trans-dichloro-
ethylene is known to have been used, stored, and
disposed of at the pilot plant, it is most likely that
this compound is also derived from a primary
source related to the pilot-plant operations and not
from a secondary source of degradation reactions.

Activities in building 84, which is on the east-
ern side of the building 87 pilot plant (fig. 13),
could have contributed to the VOC contaminantion
in ground water in area IC. Building 84 was used
for filling munitions with agents, which included
phosgene, mustard, CNS, and CNB, and for degreas-
ing bomb bodies during and after WW2. Building
84 was also used for cleaning and storing produc-
tion equipment until the mid-1960's. Large amounts
of chloroform, carbon tetrachloride, and benzene
would have been handled during CNB and CNS fill-
ing; and equipment and munitions were probably
degreased by use of a chlorinated solvent such as
trichloroethylene (Nemeth, 1989, p. 896-897). At
least during WW2, most or all of the wastewater
from building 84 was discharged through a chemi-
cal sewer that led to the marsh north of the building
(fig. 14). This sewer could also have been con-
nected to the chemical sewer system for the
building 87 pilot plant that discharged to the West
Branch Canal Creek. Thus, activities in building 84
could have contributed to ground-water contamina-
tion in both areas IB and IC. The sewer discharge
point, north of building 84 (figs. 13 and 14), is adja-
cent to well site 130 in area IB.

Trichloroethylene and 1, 1,2,2-tetrachloro-
ethane were the most widespread of the VOC's in
ground water in area IB, and concentrations of these
two compounds were relatively low compared to
concentrations observed upgradient in area IA (figs.
50 and 53). The relatively low contaminant concen-
trations and the directions of ground-water flow
(fig. 20) indicate that most, if not all, of the VOC
contamination in area IB could be derived from
migration of contaminants from area IA. However,
the distribution of TOH in area IB shows that con-
centrations are slightly higher in the ground water at
sites 18 and 118 than are concentrations observed
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upgradient at site 107 (figs. 19 and 41). Two possi-
ble contaminant sources within area IB near sites 18
and 118 are the munitions filling plant that operated
in building 90 and the munitions filling plant and
machine shop that operated in building 60 (fig.

13). Disposal pit #2 (identification number 32 in
fig. 13), near well site 107, does not seem to be a
significant source of contamination, based on avail-
able historical records and the distribution of VOC's
in the ground water (figs. 19 and 41).

Building 90 was built during 1940-41 to be
used as a munitions-filling plant for FS (a smoke
mixture), CNB, and possibly CNS munitions (Nem-
eth, 1989, p. 889). The plant was then used for
filling of WP munitions from 1944 until it was
placed in standby condition after WW2. WP filling
operations were activated again during the Korean
and Vietnam wars, but the plant was used only inter-
mittently after the Vietnam war for research and
development work on WP munitions.

During WW2, large chemical storage tanks,
containing FS, CNS, CNB, chloroform, carbon tetra-
chloride, benzene, and other chemicals used in the
munitions-filling plant, were located in the west end
of building 90. Because carbon tetrachloride, chlo-
roform, and benzene were not observed in signi-
ficant concentrations in ground water in area IB, the
filling process for munitions with CNB and CNS
and storage of these chemicals in building 90 does
not seem to have been sources of ground-water con-
tamination in area IB.

Building 60, constructed during 1941-42, was
used as a mustard-filling plant until 1945 (Nemeth,
1989, p. 893-896). From 1945 until the mid-1960's,
building 60 was used as a standby mustard-filling
plant and for a variety of other purposes, including
supply handling and storage, and equipment clean-
ing and storage. Building 60 was then used as a
machine shop and fabrication facility from the mid-
1960’s until 1975.

Waste produced by building 90 and building
60 would have included organic solvents from
decontamination, cleaning, and degreasing activi-
ties. Use of the decontaminant DANC could have
been a source of the 1,1,2,2-tetrachloroethane in the
Canal Creek aquifer in area IB (fig. 50). Waste
from equipment cleaning, metal plating, and other
machine shop activities in building 60 would also
have included solvents. Trichloroethylene, which is
found in relatively low concentrations in ground
water in area IB (fig. 53), was the most commonly
used chlorinated solvent for degreasing and other
uses in machine shops since WW2 (Nemeth, 1989,
p. 894).
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The same sewer system served building 90 and
building 60 (fig. 14). The chemical sewer dis-
charged to a ditch about 500 ft west of building 60.
Until about the 1970's, this chemical sewer received
most or all of the chemical wastes from both build-
ings. A concrete neutralization sump containing
limestone was added to the chemical sewer after
WW?2 to receive metal plating and acidic wastewa-
ter from building 60. The sump was adjacent to the
north side of building 60 (Nemeth, 1989, p. 895).
Contaminants could have leaked from the sewer-
lines and sump into the ground water in area IB;
well sites 118 and 18 are near the chemical sewer-
lines (figs. 2 and 14).

Several major possible sources of contamina-
tion exist in area ID, including: the CN plant that
operated in building 58; impregnite (CC2) manufac-
turing and clothing impregnating in building 103;
the machine shops that operated in buildings 101,
88, and 103; mustard manufacturing and filling; and
activities in the experimental plant area (fig. 13).
Activities in the CN plant in building 58 are proba-
bly the major source of carbon tetrachloride and
chloroform detected in the Canal Creek aquifer
(figs. 51 and 52) and the surficial aquifer (table 27)
in area ID.

More than 1.5 million pounds of CN was manu-
factured in building 58 during 1941-44, and much
of the CN manufactured was used to make CNS and
CNB (Nemeth, 1989, p. 43-45). Thus, several mil-
lion pounds of chloroform, carbon tetrachloride, and
benzene would have been handled at building 58 to
make these CN mixtures. Carbon tetrachloride was
received in tank cars and stored in tanks near build-
ing 58, whereas chloroform was received in steel
drums, each of which held about 650 1b of chloro-
form. Drums and one-ton containers of raw
materials were temporarily stored in open areas near
building 58; and carbon tetrachloride and chloro-
form, which are dense solvents, could have easily
infiltrated into the ground water from spills or leaky
containers.

In addition, the acidic wastewaters from the
plant dissolved the entire bottom of the concrete
sewerline that extends southward from building 58
near well sites 114 and 26 (fig. 14). Significant
quantities of the VOC's could have entered the

. ground water before the problem was discovered

and the sewer was replaced. Solid waste and CN
precipitate from leaking containers were likely bur-
ied in the marsh west of the plant (Nemeth, 1989, p.
45) and could account for the relatively high concen-
trations of carbon tetrachloride and chloroform
observed in the Canal Creek aquifer at site 28 (figs.
51 and 52).



Impregnite manufacturing in building 103 was
probably a large source of 1,1,2,2-tetrachloroethane
in the ground water in area ID because this solvent
was used to clean filters. Small-scale experimental

roduction of the impregnite CC2 took place in
Building 103 during 1933-39 and at least 22,000 1b
of 1,1,2,2-tetrachloroethane was consumed (Nem-

eth, 1989, p. 52- 53% The production of approxi-
mately 1 220 000 Ib of CC2 during 1940-42
required the use of about 122,000 b of 1,1,2,2-tetra-
chloroethane for filter maintenance. The solvent
was most likely discharged as liquid waste to the
sewer leading to the marsh along the West Branch
Canal Creek (fig. 14).

Clothing-impregnating operations in building
103 used 1,1,2,2-tetrachloroethane to make impreg-
nating solutions that also contained CC2 and
chlorinated paraffin (Nemeth, 1989, p. 55-56). An
experimental impregnating plant began operating
during the early 1930's in building 103, and the first
production-scale impregnating unit in the Edge-
wood area was installed in this building during
1934. During WW2, experimental studies of the
impregnating process were again done in building
103. Waste from the clothing-impregnating opera-
tions were probably discharged through the sewer to
the marsh by the West Branch Canal Creek (fig.
14). Spills in and around building 103 and leaky
sewerlines could have released 1,1,2,2-tetrachloroet-
hane to the ground water, where current ground-
water-flow directions indicate that the dissolved sol-
vent would have been transported to the west or
northwest (fig. 20). The high concentration of
1,1,2,2-tetrachloroethane in ground water at site 27
(figs. 19 and 50) could indicate that solvent in undis-
solved form was buried or dumped in the marsh
near this site.

The machine and maintenance shops that oper-
ated at various times in buildings 88, 101, and 103
(fig. 13) are probably the major source of trichloro-
ethylene in area ID. Building 88 was constructed as
a machine shop during 1922 and was active until
the early or mid-1960's (Nemeth, 1989, p. 161).
The building 101 complex was used for machine
fabrication and maintenance facilities during and
after WW2, and a nearby building was used for
metal plating after WW2, Metal parts manufactur-
ing for munitions was most active during WW2 in
buildings 88, 101, and 103. Trichloroethylene was
commonly used as a degreasing solvent.

Mustard manufacturing and filling, which took
place during WW1 and WW?2 in several buildings
in the southern part of area ID (fig. 13), could have
been a source of solvents used for cleaning equip-
ment and decontamination. During WW2, chlorine

absorbed in carbon tetrachloride and CC2 in 1,1,2,2-
tetrachloroethane commonly were used for decon-
tamination (Nemeth, 1989, p. 37). Ground water
near and south of well site 25 would have been most
affected by wastes related to mustard manufacturing
and filling, and samples from this site had only low
concentrations of 1,1,2,2-tetrachloroethane (fig. 50)
and somewhat higher concentrations of trichloroeth-
ylene (fig. 53). The various activities that took
place in the experimental-plants area (fig. 13) also
could have contributed to the VOC contamination

in area ID.

The former salvage yard (fig. 13) is the likely
source of 1,1,2,2-tetrachloroethane and trichloroeth-
ylene in the Canal Creek aquifer in area IE (figs. 50
and 53). Solvent from containers are likely to have
spilled or leaked during temporary storage and han-
dling of chemicals during the time that the salvage
yard operated. Some drums that contained un-
known liquids were present in the salvage yard until
site remediation began in 1990. A partly filled
drum was found near well site 39, where ground-
water samples had the highest concentrations of
VOC's in the salvage yard (fig. 41). The label indi-
cated that the drum originally contained
trichloroethylene.

Region

In Region 11, the largest probable sources of
VOC contamination were adjacent to the East
Branch Canal Creek in area IIA and include the
clothing-impregnating plant in building 73 and the
first, second, and third filling units (fig. 13). The
clothing-impregnating plant that operated in build-
ing 73 in 1942 is the most probable source of the
1,1,2,2-tetrachloroethane that has spread in a large
east-trending plume in the Canal Creek aquifer in
areas 1A and IIB (fig. 56). This clothing-impreg-
nating plant used the organic-solvent impregnating
process, except for 19 days when the plant used the
water-suspension process (Nemeth, 1989, p. 58-
60). In the organic-solvent process, approximately
85 percent of the impregnating solution consists of
1,1,2,2-tetrachloroethane. The plant operated for
278 days, 24 hours a day, using the solvent process
to impregnate 3,874,918 1b of clothing. Approxi-
mately 1,024,000 Ib of 1,1,2,2-tetrachloroethane
was consumed during this period.

Large quantities of the 1,1,2,2-tetrachloroet-
hane were released to the chemical wastewater and
storm sewer because the solvent corroded the alumi-
num that was used to construct the mixing tanks and
the solvent-recovery system. The sewer discharged
to the East Branch Canal Creek near well site 1 (fig.
14). On one occasion, the failure of a mixing tank
released 2,000 gal of impregnating solution to the
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sewer. The solvent-recovery rate for the plant was
initially 79 percent, but the rate dropped to about 36
percent during the final months of operation. Much
of the solvent lost from the recovery system was dis-
charged with cooling water to the sewer. Nemeth
(1989, p. 60) estimated that more than 100,000 gal
of water containing 1,1,2,2-tetrachloroethane was
discharged daily to the sewer during the last several
months that the plant operated.

Much of the solvent probably was not dis-
solved in the water but was instead present as a
separate dense liquid. Because the sewer-discharge
point was where the upper confining unit is absent
in the Pleistocene paleochannel (figs. 6 and 62), the
dense solvent could have migrated through the surfi-
cial aquifer and directly into the Canal Creek
aquifer. In addition, a dam that was present across
the East Branch Canal Creek in 1942 (fig. 13) cre-
ated a reservoir at the sewer-discharge point; the
quiet water of the reservoir would have facilitated
sinking of the dense, undissolved solvent through
the streambed and would have reduced loss of the
solvent to the atmosphere by volatilization.

The 1,1,2,2-tetrachloroethane detected in the
Canal Creek aquifer in area 1IB most likely was
derived from the wastes discharged to the East
Branch Canal Creek from the clothing-impregnating
plant, whereas the 1,1,2,2-tetrachloroethane
detected in the surficial and Canal Creek aquifers in
area IIA probably originated from leaks along the
sewerline and from spills or leaking storage contain-
ers in and around the plant (figs. 19 and 56). In area
ITA, concentrations of 1,1,2,2-tetrachloroethane
were commonly greater in the surficial aquifer than
in the Canal Creek aquifer (table 27 and fig. 56).
Tanks and 55-gal drums of 1,1,2,2-tetrachloroet-
hane were delivered by rail to a concrete platform
along the southwest side of the building (fig. 13).
This platform was also used to store drums of the
solvent. In addition, above-ground steel storage
tanks for 1,1,2,2-tetrachloroethane were adjacent to
the northwest side of the building, and a tank for
recovered solvent was in a concrete pit adjacent to
the west end of the building.

Trichloroethylene distribution in arcas IIA and
IIB (fig. 59) indicates that at least two sources of
this solvent existed, resulting in high trichloroethyl-
ene concentrations in the ground water at site 1 in
the northern part of the plume and at site 5 in the
southern part of the plume. It could be significant
that well sites 1 and S are both near past sewer-dis-
charge points along the East Branch Canal Creek
(fig. 14). When undissolved in water, trichloroethyl-
ene is a dense solvent like 1,1,2,2-tetrachloroethane
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that could sink through the streambed and marsh
and into the surficial and Canal Creek aquifers.

The clothing-impregnating plant in building 73
could have been one source of trichloroethylene.
Although the use of trichloroethylene in this plant
has not been documented, the solvent may have
been used for equipment cleaning and discharged
through the sewer with the 1,1,2,2-tetrachloroet-
hane. The sewer that discharged near well site 1
also received wastes during WW1 from the first and
third filling plants and during WW2 from the third
filling plant (which was then called building 501)
and the chemical research laboratory in building 30
(fig. 13) (Nemeth, 1989, p. 790-792). The filling
plants, which probably used trichloroethylene for
cleaning and degreasing equipment and for cleaning
munitions before filling, were most likely a larger
source of waste than the research laboratory was.

Trichloroethylene was found in higher concen-
trations than 1,1,2,2-tetrachloroethane in the
surficial and Canal Creek aquifers at well sites 20,
22, and 1, which are close to the possible sources in
area [IA; this could indicate that trichloroethylene
contamination was released after the clothing-
impregnating plant released 1,1,2,2-tetrachloroet-
hane in 1942, Building 501, or the third filling
plant, was used for filling operations until the plant
was demolished in the middle or late 1960's (table
1). Liquid wastes from building 501 were dis-
charged through the sewer to the East Branch Canal
Creek, and solid wastes could have been dumped in
the adjacent marsh (Nemeth, 1989, p. 877).
Although building 501 originally was used to fill
munitions with various toxic agents, including mus-
tard, the building was converted for use as a WP
filling plant beginning in 1942 (Nemeth, 1989, p.
876). After the early 1950's, the work done in build-
ing 501 was primarily experimental.

The sewer that discharged near well site 5 (fig.
14) received waste during WW1 from the second
filling unit and during WW?2 from the smoke filling
plant in the building 503 complex (fig. 13). The sec-
ond filling unit, adjacent to building 503, was used
briefly during WW 1, was used intermittently after
WW1, and was destroyed around the early 1930's
(Nemeth, 1989, p. 840). Thus, the second filling
unit probably was not a large source of wastewater
discharge. The building 503 complex continues to
be used for munitions filling and experimental work
with smoke mixtures (table 1). Discharge of sol-
vents to the sewer from the second filling unit and
building 503 could be a source of the high trichloro-
ethylene concentrations at site 5, but spills or leaks
around the plant do not seem to have been a signifi-
cant source of solvents. Elevated concentrations of



some metals were observed in the Canal Creek aqui-
fer at site 36, which is in the building 503 area;
however, only low concentrations (less than 5 ug/L)
of VOC's were measured in the surficial aquifer at
site 36 (table 27), and VOC's were not detected in
the Canal Creek aquifer at this site.

Relatively high concentrations of VOC's,
including 1,2-trans-dichloroethylene and vinyl chlo-
ride (which are degradation products of trichloro-
ethylene), were observed west of the building 503
area in the surficial and Canal Creek aquifers at site
23 (figs. 19, 59, 60, and 61). Two possible sources
for the contamination at site 23 exist--the metal
shops that operated north of site 23 and the sand pit
adjacent to site 23 (fig. 13).

Although ground water in the Canal Creek
aquifer does not flow from the former metal shops
toward site 23 under present conditions (fig. 20),
ground water could have flowed in this direction
during the period of heavy pumping from during
1950-68. Simulations with the ground-water-flow
model for the Canal Creek area that are based on
pumping records from 1957 show that ground water
could have flowed from the western edge of the
metal shops southward to site 23 (fig. 21). The flow
directions and location of the ground-water-flow
divide shown in figure 21 are only approximated
from 1 year of pumping records. The flow divide
could actually have been further north than the posi-
tion shown in figure 21, and ground water in the
Canal Creek aquifer could have been pulled from
the metal shops area south and southeast toward
sites 23, 29, and S.

After WW 1, until the late 1930's or early
1940's, the sand pit (fig. 13), also referred to as "the
building 103 dump" in historical records, was used
as a dumping and burial site for miscellaneous
waste that possibly included chemicals (Nemeth,
1989, p. 784). No information is available on the
amount of chemical wastes placed in the dump; the
pit could have been used mainly for unserviceable
equipment and other waste. Recently, a storage
tank became visible at the site because of erosion of
soil cover. Samples from the tank contained bro-
mobenzyl cyanide (a WW1 French riot control tear
gas) and some degradation products of this
compound.

The same VOC's were present in the Canal
Creek aquifer in area IIC as in area IA (figs. 50 to
61). Because area IIA is near a ground-water-flow
divide (figs. 19 and 20), ground water could flow to
the southeast, especially from the eastern edge of
the contaminant plume in area IA. In addition,
southeastward movement of ground water in the

Canal Creek aquifer from area IA was probably
stronger during the period of heavy ground-water
pumping than under current unstressed conditions
(figs. 20 and 21). Thus, the VOC's in the Canal
Creek area in area IIC could be derived from the
munitions filling plant that operated in building 99
in area IA

Concentrations of VOC's are much lower in
area [IC than in area IA. Possibly, a greater amount
of contamination moved southwestward from area
IA than southeastward toward area IIC, or the rela-
tively low concentrations in area IIC could indicate
that contaminant concentrations were diluted when
they mixed with uncontaminated ground water as
they moved from area IA into area IC. The distribu-
tions of carbon tetrachloride and chloroform in
areas IIA and IIB (figs. 57 and 58) indicate that the
contaminants from area IIC could have moved, at
one time, far enough to the southeast to connect
with the east-trending contaminant plume in area
IIB. Radial flow inward toward the water-supply
wells (fig. 21) that were pumped during about 1950-
68 could have caused ground water in the Canal
Creek aquifer to flow south from area IIC and east
from area IIA, accounting for the observed distribu-
tion of VOC's (figs. 50 to 61).

No potential contaminant sources are known to
be directly north of area IIC, but other possible con-
taminant sources within area IIC include the motor-
pool garage and the runway (fig. 13). Past and
present ground-water-flow directions (figs. 20 and
21) indicate that the garage and runway are not
likely sources for the contamination observed in the
ground water at site W6 in area IIC, but they could
be sources for contamination observed at sites 124
and 6 (figs. 19 and 56-59).

Reglon lli

In Region III, contamination was present only
in the surficial aquifer, and the highest concentra-
tions were observed in area IIID at Beach Point (fig.
43 and table 27). Clothing-impregnating operations
at Beach Point were probably the major source of
the VOC's in the surficial aquifer at Beach Point. A
mobile impregnating plant operated at Beach Point
during 1943 used the organic-solvent process and
consumed approximately 100,000 Ib of 1,1,2,2-tetra-
chloroethane (Nemeth, 1989, p. 731). Other
solvents, including tetrachloroethylene, could have
been tested in experimental studies of the impregnat-
ing process. Wastes were discharged to a small pit
next to the mobile plant. The plant and waste-dis-
posal pit were adjacent to well site 33, and samples
from wells at this site contained the highest concen-
trations of VOC's, compared to concentrations
measured in other wells at Beach Point (table 27).

Canal Creek area of Aberdeen Proving Ground, Maryland 151



After testing with the mobile units, a semiperma-
nent impregnating facility that used the water
suspension process was operated near the same loca-
tion at Beach Point until at least 1947. Organic
solvents could have been used by this plant for
cleaning equipment.

Only one well is screened in the surficial aqui-
fer in area IIIA (fig. 19), and samples from this well
had low concentrations of chlorobenzene (less than
20 ug/L) (table 27). The building 330 laboratory
complex (fig. 13), now designated building E3300
complex, is the most likely source. The original
facilities in this complex were constructed in 1941
and 1942, and the complex has been used until the
present (1992) for research and development work
related to chemical warfare agents (Nemeth, 1989,
p. 693-704). Chlorobenzene is a commonly used
laboratory solvent. Two chemical wastewater and
storm sewerlines that were used to discharge wastes
to Kings Creek until about the early 1980's extended
northward from the laboratory complex near well
site 9.

Samples from two of the three shallow wells
installed around the approximate location of the dis-
posal pit in area IIIB (figs. 13 and 19) had low
concentrations of several VOC's, including chloro-
form, 1,2-dichloroethane, and 1,2-frans-dichloro-
ethylene (table 27). The approximate location of
this pit is known only from an interview with a past
employee in the area (Nemeth, 1989, p. 799). The
pit was used from about 1943 until the late 1940's
for disposal of toxic laboratory wastes, and the spe-
cific chemicals placed in the pit are unknown.
Seepage of chemicals from this pit and spills from
handling of chemicals at nearby laboratories could
be sources of the VOC's in the surficial aquifer in
area I1IB.

In area ITIC, two probable sources of ground-
water contamination exist--the building 37xx com-
plex near well site 10 and the pyrotechnic loading
facility in building 3580 near well sites 12 and 135
(figs. 13 and 43). The building 37xx complex was
constructed during 1942-43 as pilot plant facilities,
but historical information on the type of work done
in this pilot plant could not be found (Nemeth,
1989, p. 739). Wastewater from the complex was
discharged through a chemical sewer that extends
north past well site 10 to Kings Creek. Since the
early 1960's, the complex has been used for testing
of chemical agents and chemical-agent simulants, as
well as for pyrotechnic smoke testing (Nemeth,
1989, p. 740).

Three underground storage tanks, two that hold
1,000 gal and one that holds 5,000 gal, were
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installed outside the building 37xx complex in the
early 1960's to receive washdown and decontamina-
tion wastewater from the test chambers. Waste-
water from these tanks was discharged through the
chemical sewer to Kings Creek until about 1981
when the chemical sewer was connected to the sani-
tary sewer. A new 5,000-gal underground storage
tank was installed in 1986. An integrity test of this
new tank during early 1989 initially indicated leak-
age, but later testing did not show any leakage
(Nemeth, 1989, p. 740). Leaking tanks or sewer-
lines could account for the relatively low con-
centrations of carbon tetrachloride and chioroform
that were observed in the surficial aquifer at site 10
(table 27).

Near the pyrotechnic loading facility in build-
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