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CONVERSION FACTORS AND ABBREVIATIONS

For the convenience of readers who may prefer to use metric
(International System) units rather than the inch-pound units used in this
report, values may be converted using the following factors:

Multiply inch-pound unit by To obtain metric unit
inch (in.) 25.4 millimeter (mm)

inch (in.) 25,400 micrometer (um)

foot (ft) 0.3048 meter (m)

gallon (gal) 3.785 liter (L) s
gallon (gal) .003785 cubic meter (m )
pound, avoirdupois (1b) 4.536 kilogram (kg)

ea level: 1In this report, "sea level” refers to the National Geodetic
Vertical Datum of 1929 (NGVD of 1929)--a geodetic datum derived from a general
adjustment of the first-order level nets of both the United States and Canada,
formerly called "Sea Level Datum of 1929."

Water temperature, specific conductance, chemical concentration, and
other chemical and physical properties of constituents (such as density,
sorption, and vapor pressure) are given in metric units. Water temperature in
degrees Celsius ( C) can be converted to degrees Fahrenheit (OF) by using the
following equation:

°F = 1.8 (°C) + 32

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

Chemical concentration in water is expressed in milligrams per liter
(mg/L), micrograms per liter (ug/L), milliequivalents per liter (meq/L),
milliequivalents per kilogram (meq/kg), or micromoles per liter (umol/L).

Molecular weight and other mass expressions are expressed in grams (g),
and density is given in gram per cubic centimeter (g/cm?®). Sediment-water
partition coefficients have units of milliliter per gram (mL/g). Vapor pres-
sure is given in units of millimeter of mercury at 0 "C (mm Hg). Other
abbreviations used include milliliter (mL) for volume measurements and
micrometer (um), which equals 1 x 10 ®meter, for length.

vii



INORGANIC AND ORGANIC GROUND-WATER CHEMISTRY IN THE CANAL CREEK AREA

OF ABERDEEN PROVING GROUND, MARYLAND

By Michelle M. Lorah and Don A. Vroblesky

ABSTRACT

Manufacturing of military-related chemicals and other activities have
taken place since 1917 in the Canal Creek area of Aberdeen Proving Ground,
Maryland, and have affected the ground-water quality. This report, which
describes the first phase of a 5-year study, evaluates the distribution of
inorganic and organic constituents present in the ground water in the Canal
Creek area, identifies probable sources of the ground-water contaminants, and
describes possible reactions affecting the organic contaminants. From
November 1986 through April 1987, ground-water samples were collected once
from 87 observation wells screened in Coastal Plain sediments, including
59 samples from the Canal Creek aquifer, 18 samples from the overlying
surficial aquifer, and 10 samples from the lower confined aquifer.

The composition and distribution of major ions in the Canal Creek
aquifer are highly variable. Samples from the Canal Creek aquifer that con-
tain the highest dissolved-solids and chloride concentrations (maximums of
2,340 and 1,000 milligrams per liter (mg/L), respectively) are from wells
located between the two creek branches where most manufacturing activities
occurred.

Four samples collected from the the surficial aquifer underlying the
narrow peninsula of Beach Point have distinctive sodium chloride composi-
tions. Other samples from the surficial aquifer have either a calcium
bicarbonate composition or a mixed composition.

The median dissolved-solids concentration in the lower confined
aquifer (110 mg/L) is less than that in the overlying Canal Creek aquifer
(164 mg/L) and surficial aquifer (286 mg/L). Chloride concentrations usually
are less than the detection limit of 5 mg/L in the lower confined aquifer,
suggesting that the aquifer has not been affected by inorganic wastes
discharged in the Canal Creek area.

Dissolved solids and six inorganic constituents are present in
concentrations that exceed the primary or secondary maximum contaminant
levels (MCL's) for drinking water established by the U.S. Environmental
Protection Agency. Concentrations of dissolved solids exceed the secondary
MCL of 500 mg/L in six samples from the Canal Creek aquifer and six from the
surficial aquifer. Elevated chloride concentrations, ranging from 290 to
1,000 mg/L, are present in three samples from the Canal Creek aquifer and in
four samples from the surficial aquifer at Beach Point. In most cases, the



elevated chloride and dissolved-solids concentrations are from contamination
caused by past manufacturing activities. The Beach Point samples also may be
affected by intrusion of brackish water.

Excessive concentrations of iron and manganese are the most extensive
water-quality problems with regard to the inorganic constituents. Both of
these constituents are derived from natural dissolution of minerals and oxide
coatings in the aquifer sediments. Fluoride, | mercury, or chromium are pres-
ent in concentrations above the MCL's in samples from four wells.

The volatile organic compounds present in the Canal Creek and surficial
aquifers include chlorinated alkanes, chlorinated alkenes, and monocyclic
aromatics. Samples from the lower confined aquifer do not appear to be
contaminated by organic compounds. Base/neutral and acid-extractable organic
compounds were not detected in any samples collected in the study area.

The chlorinated alkanes that are most widely distributed in ground water
of the Canal Creek area include 1,1,2,2-tetrachloroethane and chloroform.
The highest concentrations of 1,1,2,2-tetrachloroethane observed in the Canal
Creek aquifer and surficial aquifer are 5,300 and 9,000 micrograms per liter
(pg/L), respectively. The highest concentrations of chloroform are 460 and
66 ug/L. Other chlorinated alkanes detected in the study area include
carbon tetrachloride, 1,1,2-trichloroethane, 1,2-dichloroethane, and 1,1-
dichloroethane.

Of the detected chlorinated alkenes, trichloroethylene and 1,2-trans-
dichloroethylene are the most widespread contaminants in the Canal Creek
and surficial aquifers. Vinyl chloride is présent in a total of 17 samples
collected from the two aquifers; tetrachloroethylene and 1,1-dichloroethylene
are the least commonly detected chlorinated alkenes. The highest concentra-
tions of trichloroethylene are 1,800 and 940 pg/L in the Canal Creek
aquifer and surficial aquifer, respectively. For 1,2-trans-dichloroethylene,
the highest concentrations are 1,200 and 520 pg/L. The highest concentra-
tions of chlorinated alkanes and alkenes obsexved in the surficial aquifer
were detected in samples collected at Beach Pdint.

Chlorobenzene and benzene are the only aﬁomatics observed in concen-
trations significantly above the detection limits. The maximum detected
concentrations of chlorobenzene (39 ug/L) and benzene (70 ug/L) in the
study area were in a sample collected from the Canal Creek aquifer.

On the basis of information on past activities in the study area, some
major identified sources of the volatile organic compounds include (1) their
use as decontaminants and degreasers, (2) clothing-impregnating operations,
(3) the manufacture of clothing impregnite, (4) the manufacture of tear gas,
and (5) fuels used in garages and at the airfield.

Density, solubility, sorption affinity, Jnd volatility are four
physicochemical properties that could control reactions of the organic
constituents in the ground water. The high d%:sity of most of the detected

organic compounds would have aided movement of the contaminants into the
aquifers by vertical sinking. The upper confining unit that overlies the
\



Canal Creek aquifer is missing in the outcrop area near the West Branch Canal
Creek and in an area cut by a paleochannel near the East Branch Canal Creek.
The Canal Creek aquifer is most susceptible to contamination at these sites
because the near-surface impermeable layer is not present.

The solubilities of the volatile organic compounds found in the study
area (1.1 to 16,700 mg/L) indicate that they are all moderately to highly
soluble. The low organic-matter content of the aquifer sediments indicates
that sorption probably is not a significant retardation mechanism for any of
the volatile organics. Volatilization could only be a significant removal
mechanism where the ground-water contaminants are in direct contact with an
air phase, such as the soil atmosphere.

Abiotic degradation reactions include dehydrohalogenation and hydrol-
ysis, whereas important microbially mediated reactions include reduction
by hydrogenolysis or dihalo-elimination. Concentrations of 1,2-trans-
dichloroethylene, trichloroethylene, chloroform, vinyl chloride, 1,1,2-
trichloroethane, and 1,2-dichloroethane in the ground water may be at least
partly derived from degradation reactions.

INTRODUCTION

Background

The Canal Creek area of Aberdeen Proving Ground (APG), Maryland
(fig. 1), has been used to develop, test, and manufacture military-related
chemicals since World War I. The chemicals produced include chlorine,
mustard, tear gas, phosgene, clothing-impregnating material, chlorpicrin,
white phosphorus, pyrotechnics, and arsenicals. Other relevant activities
included filling of chemical munitions, landfilling of domestic waste, land
disposal of production wastes, and the use of degreasing solvents on military
equipment.

Evidence that activities in the Canal Creek area may have affected
the environment became apparent in 1977 when white phosphorus was found in
the sediments of Canal Creek (Nemeth and others, 1983). 1In 1984, volatile
organic compounds were discovered in six standby water-supply wells, causing
the Maryland State Health Department to recommend that they be shut down.
Assessment of the possibility of contamination in the Canal Creek area
required a study of the inorganic and organic chemistry of the ground water.

The study, which began in 1985, has a duration of 5 years. The study is
divided into two phases both of which involve the installation of observation
wells and the collection of samples. The objectives of the overall study
include description of the hydrogeologic framework of the Canal Creek area;
determination of the nature, extent, movement, and behavior of ground-water
contaminants; definition, as nearly as feasible, of the contaminant sources;
and evaluation of the hydrologic and hydrochemical effects of wvarious
remedial actions. This report presents and evaluates data on ground-water
chemistry collected during the first phase of the study.
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Purpose and Scope

The purpose of this report is to (1) describe the distribution of
inorganic and organic constituents present in the ground water of the Canal
Creek area, identifying the major contaminants; (2) identify probable sources
of the ground-water contaminants; and (3) describe the possible geochemical
and physical reactions occurring among the organic contaminants in the ground
water. This report presents data collected from November 1986 through April
1987 during the first phase of the 5-year study.

Ground-water samples were collected once from 87 wells to describe
the distribution of constituents. The wells were screened in three aquifers,
including 59 wells in the Canal Creek aquifer, 18 wells in the overlying
surficial aquifer, and 10 wells in the lower confined aquifer. The three
aquifers will be discussed in this order throughout the report. Thus, the
results for the most extensively studied and contaminated aquifer (the Canal
Creek aquifer) are presented first, whereas the results for the least studied
and contaminated aquifer (lower confined aquifer) are discussed last,.

Samples were analyzed for 30 inorganic constituents, for a suite of
base/neutral and acid-extractable organic constituents, and for volatile
organic compounds. Historical data on manufacturing locations and ground-
water-head data were used to identify tentatively the probable sources of
contaminants. Known physicochemical properties (for example, density, water
solubility, volatility, octanol-water partition coefficients, soil-water
partition coefficients) and degradation products of organic constituents were
used to determine possible organic reactions.

Description of Study Area

Geographic Setting

The study area, which is located in eastern Maryland, lies near the
northern edge of the Atlantic Coastal Plain physiographic province. The
topography of the Coastal Plain is characterized by low hills, shallow
valleys, and plains. Within the Canal Creek area of APG, altitudes range
from sea level to approximately 60 ft (feet) above sea level. The climate
is temperate and moderately humid. Mean annual temperature is 54 degrees
Fahrenheit; mean annual precipitation is 45 in. (inches) (Nutter, 1977, p.3).

The Canal Creek area of APG is bordered by two estuaries--the Bush
River and the Gunpowder River--which drain to the Chesapeake Bay (fig. 1).
Lauderick Creek and Kings Creek (fig. 2) discharge to the Bush River on the
eastern boundary of the study area. The East and West Branches of Canal
Creek, which provide surface drainage for a major part of the study area,
flow into the Gunpowder River on the western boundary.

Hydrogeology

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 sediments dip southeastward, increasing to a
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thickness of approximately 400 ft in the study area. The unconsolidated
sediments include the Potomac Group of Cretaceous age, which are overlain by
the Talbot Formation of Pleistocene age. Both units consist of beds of clay,
silt, sand, and gravel that were deposited in a continental environment
(fluvial, channel fill, and overbank deposits). The Talbot Formation

has been eroded by streams and rivers, exposing the Potomac Group.

The hydrogeology of the Canal Creek area of APG has been described
from geologic data, borehole geophysical logs, and water-level measurements
collected from the 87 wells installed during the first phase of this study
and from 61 wells installed during the second phase (J. P. Oliveros and
D. A. Vroblesky, U.S. Geological Survey, written commun., 1988). Hydraulic
conductivity was determined for 15 wells by performing slug tests (J. P.
Oliveros and D. A. Vroblesky, U.S. Geological Survey, written commun., 1988).

The generalized hydrogeologic section in figure 3 shows the aquifers and
confining units delineated in the study area and a conceptualization of
directions of ground-water flow. The sediments follow the regional trend,
dipping and thickening southeastward. These hydrogeologic units were defined
partly on the basis of hydrologic characteristics of the units; therefore,
the boundaries between the hydrogeologic units do not necessarily correspond
with contacts between geologic units. The surficial aquifer sediments are
primarily composed of the Talbot Formation but are a composite of both the
Talbot Formation and the Potomac Group in some areas. The upper confining
unit, the Canal Creek aquifer, the lower confining unit, and the lower
confined aquifer (fig. 3) are composed of Potomac Group sediments.

Geologic framework

The Canal Creek aquifer is the major aquifer in the study area (fig. 3),
underlying most of the study area with a thickness ranging from 30 to 70 ft.
The aquifer subcrops beneath the surficial aquifer where the upper confining
unit is absent--in the Pleistocene paleochannel underlying the East Branch
Canal Creek and near the West Branch Canal Creek (fig. 3). The Canal Creek
aquifer and surficial aquifer are hydraulically connected in both of these
areas, which extend approximately parallel to the present courses of the East
and West Branches of Canal Creek. The Canal Creek aquifer crops out westward
of the West Branch Canal Creek. The lower confining unit and lower confined
aquifer underlie the Canal Creek aquifer (fig. 3).

The sediments of the Canal Creek aquifer, which is part of the Potomac
Group, are composed primarily of coarse quartz sand and gravel containing a
small percentage of dark, heavy-mineral grains. Sequences of fine sand and
silt that contain an abundance of muscovite and lignite are also present in
the aquifer sediments. Orange to yellow iron staining is common in sands and
gravels throughout the aquifer, and some sand layers have multicolored bands
of purple, red, orange, yellow, and white. Iron mineralization commonly is
present as small nodules and as zones of cemented sand and gravel. Thin clay
layers that are laterally extensive in places usually are composed of white
to gray, dense clay.
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Because of the variable lithology of the Canal Creek aquifer sediments,
the hydraulic conductivity of the aquifer also varies. The horizontal
hydraulic conductivity of the aquifer ranged from 6 ft/d (feet per day) to
176 ft/d, on the basis of slug tests in 11 wells. Wells where the lowest
values of hydraulic conductivity were determined generally are screened in
fine to medium sand, whereas the wells where the highest values of hydraulic
conductivity were determined are screened in coarse sand and gravel.

The surficial aquifer (fig. 3) is unconfined and consists of a rela-
tively thin layer (0 to 35 ft) of discontinuous sand and gravel. Thin clay
layers and stringers are also present. The surficial-aquifer sediments
consist of the Talbot Formation over most of the study area; however, the
sediments are a composite of both the Talbot Formation and the Potomac Group
in some areas, especially where the upper confining unit crops out near the
West Branch Canal Creek (fig. 3). The surficial-aquifer sediments are
thickest near the West Branch Canal Creek and in the paleochannel (fig. 3).
The surficial aquifer becomes more discontinuous and pinches out east and
northeast of the paleochannel. Isolated parts of the surficial aquifer are
present south of Kings Creek and at Beach Point (fig. 2).

The lithology of the surficial aquifer is highly variable because the
sediments are composed of two geologic units in some areas and because a
large part cof the study area has been disturbed by excavation and land-
filling. The sand members in the Talbot Formation typically are finer
grained, siltier, and more muscovite-rich than the sand in the Potomac Group.
Lignite and iron mineralization are common in both geologic units. In some
areas disturbed by human activities, the surficial-aquifer sediments contain
poorly sorted, clayey sand mixed with various fill material.

Along the West Branch Canal Creek where the surficial-aquifer sediments
are dominantly of the Potomac Group, the aquifer sediments generally are
coarser than sediments in the eastern half of the study area, where the
Talbot Formation is dominant. The sand deposit in the paleochannel (fig. 3)
is cleaner and thicker than sand found elsewhere in the surficial aquifer.
The horizontal hydraulic conductivity of the surficial aquifer ranges from
11 to 44 ft/d, on the basis of slug tests performed in two wells screened in
the paleochannel and in two wells located near the West Branch Canal Creek.

The upper confining unit underlies the surficial aquifer and overlies
the Canal Creek aquifer (fig. 3), except where the clay has been eroded in
the Pleistocene paleochannel and where the bottom of the unit crops out near
the West Branch Canal Creek (fig. 3). The confining unit consists of clay in
the Potomac Group with a thin veneer of clay from the Talbot Formation in
some areas. Between the outcrop area and the paleochannel, the clay is
relatively thin and contains a large percentage of silt and sand. East of
the paleochannel, the clay thickens and becomes dense and plastic, increasing
confinement of the underlying Canal Creek aquifer. The upper confining unit
exceeds 100 ft in thickness in the extreme southeastern part of the study
area.

The lower confining unit (fig. 3) has a distinct contact with the Canal
Creek aquifer that commonly is marked by iron-mineralized nodules and iron-
cemented layers that are several inches thick. The contact with the under-
lying lower confined aquifer is gradational. The lower.confining unit has a



thickness of 35 to 65 ft. Mottling of several colors is common in the clays
of the lower confining unit, including dark gray, olive green, dark brown,
red, and yellow. The upper part of the unit consists of dense plastic clay,
whereas the lower part of the unit consists of sandy friable clay that
contains a large percentage of muscovite and lignite fragments. Lenses of
fine-grained sand and silt occur mostly near the bottom of the lower
confining unit.

The lower confined aquifer (fig. 3) consists of fine to medium sand
interbedded with clay. Although individual layers are laterally discon-
tinuous, the lower confined aquifer as a whole appears to be continuous over
the entire study area. The sand and clay layers contain abundant muscovite
and lignite.

Ground-water flow

fined and part of the local flow system, and one confined and part of the
regional flow system (J. P. Oliveros and D. A. Vroblesky, U.S. Geological
Survey, written commun., 1988). The local flow system is present where the
upper confining unit is absent near the West Branch Canal Creek and in the
paleochannel near the East Branch Canal Creek (fig. 3). Both the Canal Creek
aquifer and the surficial aquifer behave as a single unconfined aquifer where
the upper confining unit is absent. Ground water in the local flow system of
the Canal Creek aquifer discharges vertically upward to the surficial
aquifer, whereas ground water in the regional flow system moves to the
southeast and downdip into the deeper confined flow system (fig. 3).

The Canal Creek aquifer contains two se:Frate flow systems: one uncon-

The heads in the Canal Creek aquifer (fig. 4) show characteristics of
local flow conditions near both branches of Canal Creek. Near the West
Branch Canal Creek, large bends in the potentiometric surface of the Canal
Creek aquifer indicate that heads are strongly controlled by the presence of
surface water in hydraulic connection with the aquifer. In the area of the
paleochannel, the potentiometric surface of the Canal Creek aquifer is only
slightly affected by surface water (fig. 4). | The vertical hydraulic
conductivity within the paleochannel is probably lower than the horizontal
hydraulic conductivity, resulting in some degree of hydrologic isolation
between the Canal Creek aquifer and the surface water. An upward component
of flow discharging to the surficial aquifer |in the paleochannel produces a
slight bend in the potentiometric surface of the Canal Creek aquifer;
however, a large horizontal component of flow into the confined system
subdues the response of the Canal Creek aquifier to the presence of the East
Branch Canal Creek (figs. 3 and 4). Eastward of the East Branch Canal Creek,
the potentiometric surface (fig. 4) is unaffected by surface water, and
ground water moves in the confined regional system (fig. 3).

The Canal Creek aquifer receives recharge from three sources: (1) down-
ward flow from the surficial aquifer; (2) upward recharge from the lower
confined aquifer; and (3) precipitation infiltrating to the aquifer from
updip, west and north of the study area. Recharge from the surficial aquifer
occurs where the vertical head gradient is downward (unshaded zone in
figure 5). The zone of ‘insignificant recharge and discharge in figure 5
delineates where the thickness of the upper confining unit prevents downward
ground-water flow.
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A large upward head gradient exists between the lower confined aquifer
and the Canal Creek aquifer, indicating that the lower confined aquifer is
primarily discharging vertically to the Canal Creek aquifer within the study
area. The head difference was as much as 8 ft at site 16 (fig. 2). Although
the lower confining unit that separates the two aquifers is 35 to 65 ft
thick, a persistent upward head gradient across the confining unit over large
areas might result in a significant amount of upward ground-water flow. This
recharge from the lower confined aquifer probably moves into the regional
flow system of the Canal Creek aquifer (fig. 3).

Although the Canal Creek aquifer probably receives recharge from
precipitation west of the study area where the aquifer crops out, most of
this recharge would discharge to the West Branch Canal Creek. Recharge to
the Canal Creek aquifer from north of the study area has a much greater
potential to reach the regional flow system in the study area because of the
direction of ground-water flow.

The primary discharge area for the Canal Creek aquifer is near the West
Branch Canal Creek (fig. 5), where ground water discharges upward to the
surficial aquifer and subsequently to the creek. In addition, the potentio-
metric surface near the West Branch Canal Creek is affected by ground-water
drainage into a network of leaky sewers and storm drains. The potentiometric
surface of the Canal Creek aquifer bends upgradient in one area (fig. 4),
indicating convergent ground-water flow where ground water is discharging
into sewers and storm drains. The ground water that flows in the regional
system discharges off-site to the southeast.

Ground-water flow in the surficial aquifer is characterized mainly by
local recharge and discharge with short flow paths (J. P. Oliveros and D. A.
Vroblesky, U.S. Geological Survey, written commun., 1988). The surficial
aquifer receives recharge from (1) direct infiltration of precipitation or
surface water, (2) upward leakage from the Canal Creek aquifer, and (3)
infiltration from leaky storm drains during high tides. Direct infiltration
of precipitation can occur over most of the aquifer surface area. Recharge
from the West and East Branches of Canal Creek during high tide may be
important during drought periods when the water table is low. Recharge to
the surficial aquifer from the Canal Creek aquifer occurs where an upward
head gradient exists between the two aquifers, which generally is in low-
lying areas near surface-water bodies.

The surficial aquifer discharges to surface water, leaky sewers and
storm drains, and the Canal Creek aquifer. Discharge to surface-water bodies
occurs through streambanks, bottom sediments, and marshes where an upward
head gradient exists in the aquifer. Discharge into sewers and storm drains
can occur when the altitude of the water table is higher than that of the
bottom of the pipes; this type of discharge was evident at only one area near
the West Branch Canal Creek. Much of the discharge from the surficial
aquifer to the Canal Creek aquifer probably returns as recharge to the
surficial aquifer at topographic lows; however, some may enter the regional
flow system of the Canal Creek aquifer, providing recharge to the Canal Creek
aquifer. Thus, the Canal Creek aquifer is susceptible to contamination from
the surficial aquifer in the areas designated as recharge areas in figure 5.
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The lower confined aquifer is mostly recgarged outside the western
boundary of the study area where the aquifer is relatively close to the
surface. Flow from the overlying Canal Creek aquifer is unlikely to reach
the lower confined aquifer under the present upward vertical gradient between
the aquifers. The lower confined aquifer discharges upward throughout the
study area. ‘

Currently, pumping stresses do not affect the aquifers within the study
area. However, a large amount of pumping was done during and after World War
II to obtain water for manufacturing activities. Six wells, 23E-I and 23K
(pl. 1), were part of the water-supply system for the Canal Creek area, and
all were pumped during World War II. Wells 23H, 23F, and 23G were used to
the greatest extent. A pump was installed in well 23M (pl. 1), but the well
may never have been pumped for water supply. Well 23M has been used as an
observation well by the U.S. Geological Survey since 1949. The data from
well 23M show that the water level was approximately 20 ft lower during 1950-
68. The flow system during this period probably was dominated by the cone of
depression that formed around the pumped wellé. Since about 1968, the water-
supply wells (wells 23E-I and 23K) were not used routinely but were consid-
ered standby wells until 1984 when organic contaminants were detected in the
water. Present water-level fluctuations are caused mainly by rainfall and
ocean tides.

Site History )

Since 1917, APG has been the primary chemical-warfare research and de-
velopment center for the United States. Activiities at APG include laboratory
research, field testing, and pilot scale manuflacturing of chemical materials.
The Canal Creek area also was the location of plants for production-scale
manufacturing and for chemical-munitions filling. Manufacturing and filling
plants were concentrated in the area between the West and East Branches of
Canal Creek (pl. 1).

A thorough research and compilation of past activities in the Canal
Creek area is being conducted by Gary Nemeth of the Waste Disposal
Engineering Division, U.S. Army Environmental Hygiene Agency (USAEHA), APG.
A draft of the report on historical activities, titled "RCRA (Resource
Conservation and Recovery Act) facility assessment, Aberdeen Proving Ground,
Maryland," was completed in 1986. All historical information given in the
present report was obtained from this draft report, which is referenced as
"(Gary Nemeth, U.S. Army Environmental Hygiene Agency, written commun.,
1986)" throughout the present report.

Plate 1 is not a complete reconstruction of the site history. Only
those plants and related activities that are believed to have the greatest
potential for environmental impact are included. In addition, many buildings
were used for a number of widely differing operations throughout their
history, and historical records are incomplete. New information is con-
stantly being found. For example, the existence of the disposal pit east of
the runway (center of plate) was not discovered until after the drilling and
sample collection for the first phase of this study were completed.
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Manufacturing, Filling, and Other Activities

Five major production-scale activities included the manufacturing of
chlorine, mustard, chloroacetophenone (CN), and impregnite material (CC2),
and the impregnating of protective clothing (pl. 1). The plants were most
active during World Wars I and II (WW1l and WW2, respectively).

Chlorine was needed as a raw material for producing nearly all the
chemical agents used in WW1l and WW2, and chlorine itself was used as an
agent during WWl. Separate chlorine plants were built for each war. The WW2
plant was leased to a private firm to manufacture chlorine for commercial use
after WW2.

Mustard, a liquid blistering agent, was manufactured at mainly the same
facilities during both WWl1 and WW2. The term "mustard" in historical records
refers to sulfur mustard unless otherwise noted. Mustard was also produced
at least once after WW2. The area of the fourth filling unit (pl. 1)
contained the major buildings in which mustard was manufactured.

The chemical agent CN, which is a tear gas, was manufactured inter-
mittently beginning shortly after WWl and continuing through WW2. During
the 1920’s and 1930’s, the first CN plant was operated in the area of the
fourth filling unit. A second CN plant was placed in operation in 1941 in
building 58 (pl. 1).

Impregnite, which is applied to clothing, provides protection by react-
ing with chemical agents to prevent hazardous amounts of the agents from
reaching the skin. The materials N,N’-dichloro-bis-(2,4,6-trichlorophenyl)
urea, abbreviated as CC2, has been the U.S. Military standard impregnite
since 1924. Building 103 was used to produce impregnite beginning in 1932 on
a small scale, and larger quantities were produced periodically from 1934
through WW2. 1In addition, CC2 production began in 1942 in the building-87
complex, commonly known as the pilot plant (pl. 1).

To produce protective clothing, CC2 has to be fixed uniformly on the
cloth with a binding agent that does not interfere with the action of CC2.
Chlorinated paraffin has been used as the binding agent since the 1920'’s.
The impregnite mixture can be applied to the clothing with either an organic-
solvent process or a water-suspension process. Although water suspension
has been the preferred process since the end of WW2, the organic-solvent
process was mainly used in the past. The first production-size clothing-
impregnating unit was installed in building 103 in 1934. The largest
clothing-impregnating plant in the Canal Creek area was operated in building
73 during 1942. 1In addition, two mobile impregnating units were used to
conduct field tests of the process at Beach Point during WW2 (pl. 1).

Pilot, or experimental, manufacturing was done to gather data on
manufacturing processes in support of the larger production-size activities.
Thus, many of the production-scale operations were performed first on a pilot
scale. In some cases, the distinction between production scale and pilot
scale is unclear as some plants were operated as both. During WW1l and WW2,
the experimental-plants area (pl. 1) was the location of pilot manufacturing
of mustard and of arsenicals such as lewisite, adamsite, diphenylchloroarsine,
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A large part of the research and development work in this pilot
plant involved the production of nerve agents.

Munitions-filling operations have been conducted from 1918 until the
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Waste Disposal
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The primary method of waste disposal from WWl until recently has been
by discharge to sewer systems. The sewer lines from the majority of the
manufacturing and filling plants led to the East or West Branches of Canal
Creek. Exceptions include the pilot plant east of the airport, which dis-
charged wastes to Kings Creek, and the mobile clothing-impregnating units
that operated at Beach Point, which discharged wastes to the Bush River or
Kings Creek. Solid wastes, such as sludges and tars, were often discharged
through the sewers if the wastes could be thinmned with water or held at
elevated temperatures to keep them fluid.

Before and during WW2, wastes generally received little or no treatment
prior to discharge. The sewer systems that received most of the manufactur-
ing wastes were constructed of vitrified clay during WW1l. The sewerlines
probably would have leaked a small amount of waste even without any major
cracks or other problems. Waste treatment increased after WW2 with the
rising awareness of environmental concerns and regulations. During the
1940’'s, a new sanitary sewer system and treatment plant were constructed, but
chemical wastes still went to the older system which discharged to Canal
Creek. During the late 1970's or early 1980's, all discharges of untreated
wastes to the creek were stopped.

Wastes that could not be put through the sewer systems were often dumped
into the marshy areas along Canal Creek. Relatively thin layers of fill
material have been spread inward from the edges of the swamp along most of
both branches of Canal Creek. The Canal Creek chLannel and marsh areas were
wider in the past before landfilling took place. Some of the old sewerlines
discharged into areas that are now covered with fill material, such as near
the mustard area. Chemical wastes including tars, .sludges, and empty
chemical containers have been placed in landfill areas in addition to
sanitary wastes (Gary Nemeth, U.S. Army Environmental Hygiene Agency, written
commun., 1986). Photographs taken during WW1l show dumping along the east
side of the West Branch Canal Creek, and large amounts of mustard are known
to have been disposed of immediately south of the mustard-manufacturing area
during WW1l and WW2 (pl. 1). Areas along the East Branch Canal Creek were
used for landfills from the 1940's until 1972,

Several disposal pits are known to have existed in the Canal Creek area;
however, few records can be found on the type of materials placed in the
pits. Toxics disposal pits (#1 and #2 on pl. 1) were located near two
chemical laboratories, which commonly are referred to as laboratories #l and
#2 in historical documents. Toxics included chemical agents, but the exact
materials considered toxic have varied over the years. The chemical labora-
tory that was near pit #1 was the main research and development laboratory
from 1918 through 1942. Chemical laboratory #2 also operated during the
1920's and 1930's.

The laboratories did research on most of the chemical agents produced in
the area to develop and refine the manufacturing processes. Laboratory work
generally produced less than several gallons of a chemical agent in a batch
and most often was accomplished in glassware. Thus, the laboratories
typically handled many different chemicals in small quantities. Although the
laboratories also discharged liquid wastes to the sewers, the amounts
probably were small compared to the manufacturing plants.
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A sand pit (pl. 1) excavated during WW1l was used later as a dump site
(Gary Nemeth, U.S. Army Environmental Hygiene Agency, written commun., 1986).
This pit was the most likely disposal site far chemical-sludge wastes from
the CC2 production in building 103. The pit was reportedly fairly deep and
contained trucks and equipment. The sand pit is believed to have been
covered in the early 1940’s (Gary Nemeth, U.S§. Army Environmental Hygiene
Agency, written commun., 1986).

The salvage yard (pl. 1), which also has been referred to as the
G-Street dump, was used primarily as a handling and processing area for any
items that were considered salvageable. Most of the material handled was
scrap metal and wood. The amount of chemical waste disposal in the salvage
yard probably was limited, but chemical containers often were stored tempo-
rarily in the yard. Wastes that can be seen |in the area include small metal
items, metal pipes, empty tanks, cars, empty |55-gal (gallon) drums, and at
least 10 drums that contain unknown liquids. | The salvage yard was active
from the 1940’s until the late 1960’'s; however, the area may have been used
earlier as a disposal site for miscellaneoustastes. In addition, a fire-
training pit, which required the use of fuels, was operated in the salvage
yard from about 1972-78.

Previous Investigdtions

Few ground-water studies on the Canal Creek area of APG have been
reported. A water-quality-monitoring program has been operating since 1966
for the area but mainly has involved the collection of surface-water and
effluent samples from Canal Creek and Kings Creek (Nemeth and others, 1983).
From August 1984 through May 1985, the U.S. Army Environmental Hygiene Agency
(1985) also conducted a water-quality and biological study of the surface
waters in the Canal Creek area. Volatile organic compounds were detected in
surface-water samples from Canal Creek, including carbon tetrachloride,
1,1,2,2-tetrachloroethane, tetrachloroethylene, trichloroethylene, chloro-
form, 1,2-dichloroethane, and methylene chloride. The agency concluded that
the concentrations of volatile organic compounds were within safe limits for
aquatic and human health but appeared to be originating from an active
ground-water source (U.S. Army Environmental Hygiene Agency, 1985).

Limited ground-water analyses have been
installed in the Canal Creek area (Nemeth an
standby water-supply wells (Gary Nemeth, U.S.
Agency, written commun., 1988). The study b
included a survey of the soil, sediment, gro
the Edgewood area of Aberdeen Proving Ground
were installed in the Canal Creek area, whic
in the environmental survey. The wells were
the Canal Creek aquifer and at depths less t
Water samples from all 14 wells were analyze
mustard (thiodiglycol), nerve agents, arseni
fewer ground-water samples also were analyze
constituents, base/neutral and acid-extracta
volatile organic compounds.

reported for shallow wells
others, 1983) and for the six
Army Environmental Hygiene
Nemeth and others (1983)

nd water, and surface waters of
during 1977-78. Fourteen wells
was one of five areas studied
screened in surficial sand above
an 35 ft below land surface.

for a hydrolysis product of

, and white phosphorus. Five or
for metals, various inorganic
le organic compounds, and
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Ground-water contamination was not detected for any of the inorganic or
organic constituents, but Nemeth and others (1983) stated that the possibil-
ity of contamination could not be eliminated because of the limited number of
wells sampled. The only compound of concern that was detected in this survey
of the Canal Creek area was white phosphorus, which was found in the surface
waters and sediment of the East and West Branches of Canal Creek.

Ground-water samples were collected from the six water-supply wells,
23E-1I and 23K (pl. 1), by the Maryland State Health Department during
December 1983 and March 1984 (Gary Nemeth, U.S. Army Environmental Hygiene
Agency, written commun., 1988). Wells 231 and 23K were sampled once during
this period, and the other wells were sampled twice. The standby wells are
screened in the Canal Creek aquifer, except for well 23E which is screened at
several depth intervals below the Canal Creek aquifer.

Volatile organic compounds were detected in water from all the wells
except 231 (Gary Nemeth, U.S. Army Environmental Hygiene Agency, written
commun., 1988). The lowest concentrations were observed in the deep well,
23E. In December 1983, the only volatile organic compound detected in well
23E was 1,1,2,2-tetrachloroethane (11 ug/L); however, when the well was
sampled again in January 1984, only chloroform (2 pg/L) was detected. The
highest concentrations were observed in well 23F (pl. 1) during both sampling
periods. The major contaminant was 1,1,2,2-tetrachloroethane for which a
maximum concentration of 2,300 ug/L was found. Other volatile organic
compounds detected in water from the standby wells included carbon
tetrachloride, tetrachloroethylene, chloroform, trichloroethylene, 1,2-trans-
dichloroethylene, 1,1,2-trichloroethane, 1,2-dichloroethane, vinyl chloride,
benzene, chlorobenzene, and xylenes (Gary Nemeth, U.S. Army Environmental
Hygiene Agency, written commun., 1988).

The six standby wells were sampled again for volatile organic compounds
during March 26-28, 1985, by the U.S. Army Environmental Hygiene Agency (Gary
Nemeth, U.S. Army Environmental Hygiene Agency, written commun., 1988). 1In
general, the types and concentrations of volatile organic compounds were
similar to those found by the Maryland State Health Department. However, a
relatively low concentration of 1,1,2,2-tetrachloroethane (13 ug/L) was
detected at this time in ground water from well 23I.
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METHODS OF INVESTIGATION

Well Installation

Between April and October of 1986, 87 observation wells were drilled
at 43 sites in the Canal Creek area of APG (fig. 2). The well sites were
chosen on the basis of historical information regarding chemical manufac-
turing and waste-disposal areas (pl. 1). Well sites (fig. 2) generally
consist of clusters of two to six wells, although several sites have only one
well! Individual wells at a site are designated with a letter following the
site number, beginning with "A" for the shallowest well. The wells range in
depth from 13 to 201.5 ft below land surface and are screened in three
aquifers (table 1).

Two different drilling methods were used, depending on the depth of the
well. Hollow-stem augers were used to drill| wells with a depth less than 120
ft. A sampling tube, with a length of 5 ft and an inner diameter of 6.25 in.,
was placed inside the augers to collect core samples of the sediment as the
well was drilled. For wells with a depth greater than 120 ft, mud rotary
drilling was done with organic-free bentonite drilling fluid. Split-spoon
samples were collected from the mud holes.

Lithologic descriptions of the sediment|samples and geophysical logs of
the drilled holes were used to determine screen placement at each site.
Gamma and electric logs were run on each mud hole, but only gamma logs could
be obtained through augers. Wells were constructed of 4-in.-inner-diameter,
flush-joint PVC screens and casing. Most wells were installed with 5-ft
screens (table 1), and all screens have a slot size of 0.01 in. A quartz
sand pack was set from the bottom of the screened interval to 2 ft above the
top of the screen, and a 2- to 3-ft-thick beEtonite seal was set above, the
sand pack. The wells were then grouted to land surface with Portland
Type V cement containing 4-percent bentonite

Water samples were collected from the 87 wells from November 19, 1986,
through April 8, 1987. Because of the length of time required to sample all
wells, a system was set up to minimize the sampling time for wells in a given
aquifer. Wells screened in the relatively isolated flow systems of the Beach
Point area and the salvage yard were sampled| first (fig. 2). Second, the
remaining wells screened in the surficial aquifer were sampled. The wells
screened in the Canal Creek aquifer were sampled next, generally beginning at
the downgradient (least contaminated) wells and moving upgradient (most
contaminated). The wells in the lower confined aquifer were sampled last.

1The use of brand, firm, or trade names in| this report is for
identification purposes only, and does not constitute endorsement
by the U.S. Geological Survey.
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Table 1.--Well-construction information for observation wells installed in the Canal Creek area

[S = gsurficial aquifer; CC = Canal Creek aquifer; LC = lower confined aquifer; -- = permit
number not known; Altitude, in feet, refers to distance above or below sea level]
Well Permit Altitude of Drilling Screened depth Aquifer
no. no. land surface method below land surface
(ft) (ft)
CC- 1A  HA-81-2983 8.05 auger 22~ 27 S
CC- 1B HA-81-2984 7.83 auger 47- 52 cc
CC- 1C  HA-81-2985 8.00 auger 67- 72 cc
CC- 1D HA-81-2986 8.31 mud rotary 149-154 LC
CC- 1E  HA-81-2987 8.42 mud rotary 168-173 LC
cCc- 1F -- 8.10 mud rotary 183-188 LC
CC- 2A  HA-81-2988 8.83 auger 31- 386 cc
CC- 2B  HA-81-2989 8.59 mud rotary 140-145 LC
CC- 2C HA-81-2990 7.52 mud rotary 175-180 LC
CC- 3A HA-81-2993 18.77 mud rotary 135-140 cc
CC- 3B HA-81-2994 19.16 mud rotary 160-165 cc
CC- 4A HA-81-2996 23.61 auger 78~ 83 cc
CC- 4B  HA-81-2997 24,23 mud rotary 88-90, 95-99 cc
CC- 5A HA-81-2999 17.52 auger 15- 20 s
CC- 5B HA-81-3000 16.84 auger 54~ 59 cc
CC- 5C HA-81-3001 17.83 auger 73.5-75.5, cc
80.5-82.5,83-85

CC- 6A HA-81-3003 26.03 auger 58- 63 cc
CC- 6B HA-81-3004 26.36 auger 79.5-84.5 cc
CC- 7A HA-81-3005 28.31 auger 85- 90 cc
CC- 7B HA-81-3006 28.04 auger 102-107 cc
CC- 8A HA-81-3007 18.50 auger 47- 52 s
CC- 8B HA-81-3008 18.38 avdger 75- 80 cc
CC- 8C HA-81-3009 18.10 auger 89.5- 94.5 cc
CC- 8D HA-81-3010 21.58 auger 110-115 cc
CC- 8E HA-81-3011 20.18 mud rotary 195.3-201.5 LC
CC- 9A HA-81-3012 19.89 auger 8- 13 s
CC- 9B HA-81-3013 19.87 mud rotary 118-123 cc
CC-10A HA-81-3015 18.42 auger 12- 17 s
CC-11A  HA-81-3017 13.78 mud rotary 133-138 cc
CC-11B HA-81-3018 13.50 mud rotary 156-161 cc
CC-12A HA-81-3019 17.41 mud rotary 132-137 cc
CC-12B HA-81-3020 16.50 mud rotary 160-165 cc
CC-13A HA-81-3021 8.27 auger 24- 29 cc
CC-13B HA-81-3022 8.29 auger 51- 56 cc
CC-14A  HA-81-3023 7.52 auger 25- 30 cc
CC-14B  HA-81-3024 7.40 auger 50- 55 cc
CC-15A HA-81-3025 5.70 auger 19- 24 cc
CC-16A HA-81-3027 11.74 auger 18- 23 cc
CC-16B HA-81-3028 11.96 auger 33- 38 cc
CC-16C HA-81-3029 11.84 auger 83- 88 LCc
CC-16D HA-81-3030 12.07 mud rotary 115-120 LCc
CC-17A HA-81-3031 10.06 auger 19- 24 cc
CC-17B  HA-81-3032 10.17 auger 30- 35 cc
CC-17C HA-81-3033 10.29 auger 98-103 LC
CC-18A  HA-81-3034 19.80 auger 47- 52 cc
CC-18B HA-81-3035 19.94 auger 65- 70 cc
CC-19A HA-81-3036 28.39 auger 6- 11 s
CC-19B HA-81-3037 28.35 auger 53- 58 cc
CC-20A HA-81-3038 11.17 auger 11- 16 s
CC-20B HA-81-3039 10.93 auger 25- 30 s
CC-20C  HA-81-3040 10.52 auger 54~ 59 cc
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