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CONVERSION FACTORS AND VERTICAL DATUM

For readers who wish to convert measurements from the inch-pound system of units used in this report to
the metric system of units, the conversion factors are listed below:

Multiply inch-pounds units By To obtain metric unit
inch (in.) 25.4 millimeter
inch (in.) 25,400 micrometer
inch per year (in/yr) 25.4 millimeter per year
foot (ft) 0.3048 meter
foot per day (ft/d) 0.3048 meter per day
foot per year (ft/yr) 0.3048 meter per year
foot squared per day (ft*/d) 0.09290 meter squared per day
cubic foot per day (ft*/d) 0.02832 cubic meter per day
mile (mi) 1.609 kilometer
gallon (gal) 3.785 liter
gallon (gal) 0.003785 cubic meter
gallon per day (gal/d) 0.003785 cubic meter per day
pound per square inch (Ib/in%) 6.895 kilopascal

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.

Water temperature, specific conductance, and chemical concentration are given in
metric units. Water temperature in degrees Celsius (°C) can be converted to degrees
Fahrenheit (°F) by using the following equation:

°F=1.8X(°C)+32

Specific conductance of water is expressed in microsiemens per centimeter at 25 degrees
Celsius (wS/cm). This unit is identical 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) and
micrograms per liter (ug/L).
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Ground-Water, Surface-Water, and Bottom-Sediment
Contamination in the O-Field Area, Aberdeen
Proving Ground, Maryland, and the Possible Effects
of Selected Remedial Actions on Ground Water

By Don A. Vroblesky, Michelle M. Lorah, and James P. Oliveros

Abstract

O-Fieid, in the Edgewood area of Aberdeen Proving
Ground, Md., was periodically used for disposal of muni-
tions, waste chemicals, and chemical-warfare agents from
World War Il to at least the 1950’s. This disposal has
resulted in contamination of ground water, surface water,
and bottom sediment at the site. Contaminated ground
water contains concentrations of arsenic and cadmium
that exceed drinking-water maximum contaminant levels
and concentrations of chloride, iron, manganese, and zinc
that exceed secondary maximum contaminant levels
established by the U.S. Environmental Protection Agency
(1987). Dominant organic contaminants are chlorinated
aliphatic compounds, aromatic compounds, and organo-
sulfur and organophosphorus compounds. Surface water
at the site is tidal, so that contaminant concentrations
vary. Surface-water contaminants detected in nearby Wat-
son Creek are arsenic, chlorinated aliphatic hydrocar-
bons, and a variety of transition metals, including mer-
cury. Bottom sediments in Watson Creek contain arsenic,
zinc, manganese, copper, lead, iron, chromium, nickel,
mercury, polycyclic aromatic hydrocarbons, trichlorofiuo-
romethane, carbon disulfide, di-n-octyphthalate, and 1,2-
dichloroethylene.

Transport of contamination to areas outside the
Proving Ground or to other areas within the Proving
Ground by way of ground water is unlikely because of the
focalized nature of the flow system. Lateral migration of
ground-water contamination is toward Watson Creek,
where it discharges to surface water. Migration of ground-
water contamination toward the Gunpowder River has not
been observed, the possible exception being 1,4-dithiane.
During periods when the contaminants in Watson Creek
attain sufficient concentrations, however, the depletion
mechanisms (primarily volatilization and sorption) wiil
probably be inadequate to prevent migration of contami-
nated surface water to the Gunpowder River.

Assessment was performed on such remedial actions
as an impermeable cap, subsurface barriers, a ground-

water drain, pumping, excavation, and no action. A digital
three-dimensional ground-water flow model was used to
assess possible effects of the remedial actions. Each reme-
dial action examined has advantages and disadvantages.

Placing an impermeable cap on Old and New
O-Fields may reduce the amount of ieachate from the soil
zone but probably will have little effect on water levels
beneath the disposal areas. Complete encapsulation
would impede contaminant migration but may increase
the concentrations of some contaminants within the
encapsulated fill that eventually could be released to the
environment if the liner is breached. The subsurface
barriers for Old O-Field tested by model simulation would
iower water levels at Old O-Field but increase water levels
at New O-Field. The subsurface barrier simulated at New
O-Field would decrease water levels within the disposal
trenches but increase water levels upgradient.

A ground-water drain between Old O-Field and New
O-Field would lower water levels at both sites but may
allow brackish surface water to move inland along the
drain and recharge the aquifer during periods of
extremely low ground-water levels or above-normal
surface-water levels. Pumping of wells upgradient from
Old and New O-Fields would lower water levels at both
sites, but also would have the potential to induce the
movement of contaminated ground water toward the
wells during summer months.

Excavation and removal of the disposed material
could increase the extent of contamination as a result of
the unconventional technology required to excavate the
site remotely. Model simulations indicate that pumping of
downgradient wells to remove contaminated ground
water would probably lower water levels within the dis-
posal areas, but also would induce movement of water
from Watson Creek into the aquifer if pumping rates were
too high or not adjusted to account for seasonal water-
level changes. Leaving the Old O-Field landfill in its
present state would allow the continued leaching of
contamination from the disposal areas and subsequent
transport through the ground water.

Abstract 1
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Figure 1. Location of O-Field study area in Aberdeen

INTRODUCTION
Background
O-Field (fig. 1), in the Edgewood area of Aberdeen

Proving Ground, Md., was periodically used for disposal of
waste material from U.S. Army operations from World War

2

Proving Ground, Maryland.

II to at least the 1950’s. The waste material consists of
munitions and chemical-warfare agents. O-Field contains
three sites that have been used for waste disposal: Old
O-Field, New O-Field, and a small site west of Old
O-Field. Analyses of ground-water samples by the Depart-
ment of Defense in 1977 and 1978 indicated the presence of
arsenic and chlorinated organic solvents (Nemeth and

Ground-Water, Surface-Water, and Bottom-Sediment Contamination in the O-Field Area, Aberdeen Proving Ground, Maryland



others, 1983). Analysis of surface-water and soil samples
indicated that arsenic from disposed materials at O-Field
was being transported from the site by ground water and
discharging into Watson Creek, a tributary of the Gunpow-
der River, which discharges into the Chesapeake Bay.
Further investigation was required to determine if contam-
ination was migrating to other aquifers or to the Gunpower
River. Moreover, there was a need to characterize the site
hydrogeology and to assess potential remedial actions.

In March 1984, the U.S. Army Environmental Man-
agement Office of Aberdeen Proving Ground contracted the
U.S. Geological Survey to conduct a hydrogeologic assess-
ment of O-Field. On September 10, 1986, while the study
was ongoing, the U.S. Environmental Protection Agency
issued a Resource Conservation and Recovery Act permit to
the U.S. Department of Army, Aberdeen Proving Ground
to address Solid-Waste Management Units with potential to
release hazardous wastes to the environment. The permit
required that the hydrogeologic assessment (1) provide a
framework for characterization of contaminant releases and
contaminant plumes at O-Field; (2) establish an
observation-well network to determine the rate and direc-
tion of ground-water movement, and the concentrations of
various pollutants and indicator parameters and their spatial
distribution; and (3) develop predictive systems that can be
used to generate design information for selection of reme-
dial measures. This study was fully funded by the U.S.
Department of Defense through the Environmental Manage-
ment Office of Aberdeen Proving Ground.

Purpose and Scope

The purpose of this report is to (1) characterize the
contamination of the ground water, surface water, and
bottom sediment in the O-Field area of Aberdeen Proving
Ground, Md., and (2) describe the probable hydrologic and
chemical effects of relevant remedial actions on the ground
water at the site. The report also describes the hydrogeology
at O-Field.

Two water and bottom-sediment samples were col-
lected from Watson Creek in November 1984. A more
extensive investigation of the creek and the Gunpowder
River was conducted in August 1985, during which 23
water samples and 37 bottom-sediment samples (fig. 2)
were collected and analyzed for inorganic and organic
parameters. Thereafter, water samples from the mouth of
Watson Creek and within the Gunpowder River were
collected and analyzed for arsenic six times. Three water
samples were collected through the ice on Watson Creek on
January 29, 1988, and analyzed for volatile organics.

Water samples were collected from 11 existing wells
and from 21 new wells that were installed at the site in
1985. Five additional wells were installed in 1987. Twelve
core samples of aquifer material were analyzed for selected

chemical constituents, and five core samples of confining-
unit material were analyzed for selected physical character-
istics. The wells were sampled at approximately 3-month
intervals for inorganic and organic constituents. Selected
wells were sampled for a limited number of parameters on
a biweekly basis from July 1986 through January 1987.
Digital monitors recorded water levels at 15-min intervals
on 18 wells and at two tide-gage stations for various lengths
of time from April 1986 through September 1987.

Surface and borehole geophysics were used to pro-
vide information on the geology and distribution of contam-
ination. A digital ground-water flow model was used to test
hypotheses concerning ground-water movement and the
hydrologic effects of various remedial actions.

Site History and Waste Characterization

Historical records of O-Field are incomplete, but the
first use of the area for disposal of chemicals and explosives
is thought to have been in the late 1930’s. It was during that
time that an explosion in a disposal pit in the Edgewood
area of the arsenal forced researchers to move their disposal
operations to Old O-Field (Yon and others, 1978). Excava-
tion and utilization of unlined and uncovered disposal
trenches began in 1941. The last trench was excavated in
1953, although activity at the landfill, namely, incineration
and demilitarization of ordnance, continued until about
1957. The maximum depth of the trenches was at least 12
feet (ft) according to original field-survey notes of Old
O-Field burial-pit locations dated September 17, 1942,
book 36, located in the files of the U.S. Army Aberdeen
Proving Ground Support Activity (USAAPGSA), Director-
ate of Engineering and Housing (DEH), Engineering Plans
and Services Division (EPSD). The trenches were typically
about 20 ft wide and ranged in length from about 50 to 470
ft at Old O-Field. During 1941-49, an unknown quantity,
measured in tons, of chemical-filled and explosive ordnance
and agent-contaminated equipment was disposed on the
ground or in trenches (Yon and others, 1978). Much of the
disposed material arrived in 1946, when captured foreign
chemical-agent munitions were moved to Old O-Field.

Disposal at New O-Field began in 1950. Disposed
material is reported to have included ordnance, contami-
nated material and laboratory quantities of chemical-
warfare agents, and dead animals (Yon and others, 1978).
The pits were about 20 ft wide and ranged in length from 40
to 150 ft. The depth of the pits is not known but is probably
similar to pits at Old O-Field. New O-Field continued to be
used after disposal was discontinued at Old O-Field. The
primary activity in later years at New O-Field was destruc-
tion of material by burning.

Little is known regarding the small site west of Old
O-Field. Ordnance, once thought to have been buried there,
was later shown to have been buried within the Old O-Field

Introduction 3
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boundary (David Parks, Environmental Management Office
of Aberdeen Proving Ground, written commun., 1986).
Yon and others (1978) report that a truck loaded with
explosives (type and quantity unknown) ignited and burned
in this area.

In 1949, cleanup operations began with the goal of
destroying some of the explosives. Periodically during the
cleanup operation, explosions ruptured container casings.
Release of chemicals to the environment, such as the
overland flow of mustard agent to Watson Creek and the
Gunpowder River, occurred as a result of the explosions
(Dickey, 1978). In 1950, hundreds of gallons of fuel oil
were placed in the trenches and ignited to burn residuals. In
the years following the 1950’s, dumping was limited and
sporadic. Infrequent explosions continue to occur. During
this investigation, the suspected ignition of a white-
phosphorus munition in 1984 resulted in a fire of limited
extent at Old O-Field.

Although records are incomplete, the disposed waste
at New O-Field was supposed to be burned daily. In later
years, new pits were excavated roughly perpendicular to the
original pits. The new pits were used as burn areas for waste
and are presently (1988) uncovered.

In addition to the items previously identified, a
variety of decontaminating agents have been used at the site
to render the chemical agents less toxic. Typical decontam-
inants are calcium hypochlorite, super topical bleach,
sodium hydroxide (caustic soda), sodium carbonate with
washing soda (soda ash), lime, and decontaminating agent
noncorrosive (DANC). The DANC was mixed with tetra-
chloroethane as a solvent for application.

Previous Investigations

In 1976 the U.S. Army Test and Evaluation Com-
mand (TECOM) recommended an assessment of Aberdeen
Proving Ground to determine the potential for off-post
migration of chemical contaminants. The U.S. Department
of Defense conducted a records search and recommended
collection of samples from several sites, including O-Field.
Observation wells were installed at O-Field in 1978. Anal-
ysis of well samples showed the presence of arsenic and
chlorinated organic solvents in the ground water (Nemeth
and others, 1983). Arsenic was also found in the water and
bottom sediment of Watson Creek.

An additional records review (Yon and others, 1978)
used available documents and personnel interviews to
reconstruct a general history of site operations. The inves-
tigation found that New O-Field contained 9 disposal pits,
Old O-Field contained 35 disposal pits, and there were
possibly 3 additional pits on the western side of Watson
Creek Road. A later review of historical survey notes
showed that only one pit existed west of Watson Creek
Road, and the other two suspected pits were within the

fenced area east of the road (D.M. Parks,
O-Field—Modification to historical location of disposal
pits: Unpublished memorandum to Installation Environ-
mental Quality Coordinator, Aberdeen Proving Ground,
Md., 5 p., 1986).

A limited resampling of O-Field ground and surface
water was done by the U.S. Army Toxic and Hazardous
Materials Agency (USATHAMA) in 1984. The results
(J.M. Murphy, Jr., USATHAMA, written commun., 1984)
confirmed that ground water contained elevated concentra-
tions of arsenic, cadmium, iron, and volatile organic
compounds (VOC).

The U.S. Army Environmental Hygiene Agency
(1977) conducted a surface-water quality and biological
study of Watson Creek and nearby creeks. They found
unusually high organic loading in Watson Creek due to lack
of complete tidal flushing. They found concentrations of 24
micrograms per liter (ug/L) di-n-butylphthalate, 6 pg/L
1,1,2,2-tetrachloroethane, and nonquantifiable amounts of
2,4,6-trichloroaniline, 2,4,6-dinitrotoluene, and 1,4-
dithiane in Watson Creek water. Dissolved inorganic con-
stituents exceeding chronic toxicity levels established by the
U.S. Environmental Protection Agency (1987) for freshwa-
ter aquatic life in Watson Creek were zinc, copper, and
lead. Copper concentrations also exceeded chronic toxicity
levels for saltwater aquatic life. Mercury, selenium, and
zinc were detected in muscle tissues in fish from Watson
Creek but were within the established safety limits for
human consumption.

ICF Technology (1987) published a feasibility study
of evacuation and cleanup options for the Old O-Field area.
The report used file searches, interviews, and unpublished
information from this U.S. Geological Survey study to
evaluate hydraulic excavation, entombment, in situ vitrifi-
cation, and mechanical excavation as remedial alternatives.
The methods were rated in decreasing order of feasibility as
follows: (1) in situ vitrification, (2) entombment and
remotely controlled mechanical excavation, and (3) hydrau-
lic excavation.

Acknowledgments

Many people outside the U.S. Geological Survey
made important contributions to this investigation. Cynthia
Couch and David Parks (Environmental Management
Office of Aberdeen Proving Ground) coordinated the inter-
action of several different organizations during drilling.
Gary Nemeth (U.S. Army Environmental Hygiene Agency)
provided valuable information regarding site history and
chemistry of specific chemical-warfare agents. Special
thanks are also deserved by the personnel of the Technical
Escort Unit at Aberdeen Proving Ground for providing
safety monitoring and by the U.S. Army Corps of Engi-

Introduction 5



neers’ drillers Charles Brown, Edward Woods, and Jerome
Jenkins for an outstanding job of drilling the observation
wells by remote control.

METHODS

Sampling-Network Design and Numbering
System

The observation-well network (fig. 2) installed at
O-Field was designed to allow determination of the rates
and direction of ground-water movement, the concentra-
tions of various pollutants and indicator parameters in the
ground water and their spatial distribution, and develop-
ment of predictive systems that can be used to generate
design information for selecting remedial actions. Eleven
wells were present at the site at the time this study was
initiated but, in general, were not in locations suitable for
monitoring contaminant movement. Therefore, an addi-
tional 21 wells were installed at eight locations within
O-Field during 1985. Most of the wells were installed as
clusters, and up to four wells were used per cluster. One of
the existing wells (OF6) was incorporated as part of a new
cluster. Each well within the cluster was screened at a
different depth to monitor vertical gradients. Most of the
well screens are 2 ft long to allow approximation of a
point-source sample. Selected wells contained 7-ft-long
screens extending from below the water table to above the
water table to allow sampling of possible floating contam-
inants. During the project, results from quarterly sampling
of the new wells suggested the possibility that increased
concentrations of contaminants might be present beyond the
established well network. Therefore, an additional five
wells were installed at three locations in 1987 with well
screens 5 ft long. The observation-well network at New
O-Field was primarily designed for reconnaissance because
it was unknown whether ground-water contamination
existed at the site. Consequently, only one well cluster (two
wells) at New O-Field is within the contaminated area.
Thus, the New O-Field wells are adequate to show the
presence of contamination but not the extent.

The well numbers of ground-water sampling points at
O-Field are designated by the prefix “OF” to differentiate
them from several other ongoing ground-water investiga-
tions at Aberdeen Proving Ground. At sites containing more
than one well, the well numbers contain letter suffixes.
Suffixes were assigned to wells in alphabetical order from
shallowest to deepest. Thus, well OF14A is the shallowest
well, and well OF14C is the deepest well at cluster 14. An
exception is well OF6. Although well OF6 is part of well
cluster 6, it existed prior to this study and was monitored by
the Army for several years. No suffix was assigned to the
well in order to maintain consistency with labeling used in
historical monitoring records.

The surface-water sampling network (fig. 2) was
designed to determine whether contamination existed in
Watson Creek and the Gunpowder River and to determine
the extent and potential for offsite migration of such
contamination. After a preliminary sampling of limited
areal extent in November 1984, surface-water samples were
collected from 20 sites in Watson Creek and 3 sites in the
Gunpowder River in September 1985. Bottom-sediment
samples were collected from 30 sites in Watson Creek and
from 7 sites in the Gunpowder River in September 1985.
Bottom-sediment sampling sites were more abundant than
surface-water sampling sites because of the increased poten-
tial for localized contaminant concentrations in the bottom
sediment. The sampling points within Watson Creek were
broadly distributed to provide information for the entire
main body of the creek, and were more closely spaced along
the O-Field shoreline to provide information specific to
O-Field discharges.

Sites where both a surface-water sample and a
bottom-sediment sample were collected are designated by a
site number with no suffix. Thus, the surface-water samples
are numbered consecutively from 1 to 23, and bottom-
sediment samples from those sites have the same number
designation. However, sediment samples were also col-
lected between several surface-water sampling sites. Sites
where only a bottom-sediment sample was collected are
designated by a site number with the suffix “s.”

Drilling
Remote Operation

All drilling at the site was performed by the U.S.
Army Corps of Engineers (COE). Encountering buried
ordnance or chemical-warfare agents was a potential danger
during drilling at O-Field. Extensive surveys of the predrill-
ing site using magnetometers and metal detector scans made
it unlikely that personnel would encounter such dangers.
However, as an extra precaution, the COE outfitted a
drilling rig to be operated remotely. The remotely con-
trolled drilling operation required a high level of personnel
protection and a highly coordinated site-management net-
work.

Protective clothing for remote drilling at Aberdeen
Proving Ground consisted of an inner garment treated with
agent-resistive chemicals, nonstatic (bomb-handler’s) cov-
eralls, butyl-rubber gloves and boots, and an outer apron
and coveralls, also made of butyl. Gas masks and hoods
were worn during work phases involving a potential vapor
hazard.

The first entry to the site each day was made by
military munitions experts, who visually inspected the area
and activated air-monitoring systems. The air-monitoring
devices consisted of organic-vapor detectors that emitted an
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alarm signal when a threshold limit was exceeded and vapor
collectors that were taken to a laboratory for analysis.

When the drillers entered the site, they carried gas
masks and were dressed in personnel-protection clothing.
They were accompanied at all times by two military
personnel trained in safety aspects of working around
chemical-warfare agents and munitions. Gas masks were
checked for leaks at each site entry. All groups of personnel
were in radio contact with each other and with a central
coordination center.

To begin the drilling operation, the drillers manually
turned on the drilling rig and the air compressor and
attached a 5-ft section of hollow-stem auger to the drilling
rig. They then set up a closed-circuit television camera to
allow the operation to be viewed on a television monitor
from a Class B bombproof shelter. The shelter was located
beyond the effective range of the type of munition that may
have potentially been encountered. After the personnel
moved to the bomb shelter, all nearby roads were blocked
off. The drillers then used remote controls to activate the rig
and advance the augers 5 ft into the ground. Next, the two
military personnel, wearing personnel-protection clothing
and gas masks, moved to the drilling rig, where they
conducted a series of tests for chemical-warfare agents on
the well cuttings and the borehole vapors. When the site
was declared safe, the drillers were allowed to return to the
drilling rig and retrieve the sample. The drillers then went
back to the shelter, while the military personnel conducted
tests for chemical agents on the sample. If no agent was
found, the drillers returned to the rig, attached another 5-ft
section of auger and began the process again.

If suspected or known unexploded ordnance was
encountered, or if any of the tests by military personnel
resulted in positive readings for a chemical-warfare agent,
the drillers remained masked and stayed in the bomb shelter
until military personnel removed the hazard. Suspected
ordnance was destroyed or removed. Whenever contamina-
tion was suspected, military personnel collected samples for
confirmation and decontaminated the area. When retesting
produced negative readings, the drillers sealed the borehole
with grout and moved to a new area. Such action was
required three times during the drilling.

The potential danger of producing an airborne hazard
to the drillers or to offsite areas dictated that drilling could
occur only under a narrow range of weather conditions.
During temperature inversions or low-wind conditions, no
drilling took place because released vapors would remain
near the ground and endanger onsite personnel. Similarly, if
the wind direction was toward the bombproof shelter, the
possibility of windborne transport of hazardous vapors
toward onsite personnel required that drilling be postponed
or the shelter be moved. When wind speed was too great,
drilling was cancelled to eliminate the possibility of air-
borne transport of hazardous chemicals to offsite areas.
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Figure 3. Typical well-screen construction.

Wells were installed using 4-inch (in.) outside diam-
eter (od) flush-jointed polyvinylchloride (PVC) casing and
screens. Screen lengths were 2 ft in areas where approxi-
mation of a point-source sample was required, 5 ft in areas
generally farther from the fill, and 7 ft in wells designed to
sample the surface of the water table. Continuous-slot
screens with a slot size of 0.01 in. were used for all wells.
The annular space outside the screen was filled with a
quartz-sand pack to a height of approximately 12 in. above
the top of the screen (fig. 3). A layer of bentonite pellets
between 12 and 24 in. thick was placed on top of the sand
pack. The remaining annular space to the surface was
grouted from the bottom upward using Type V Portland
cement. Augers were washed with detergent between sites.
Water was not introduced into the borehole during well
drilling. The wells were developed using an airlift method
until the discharging water was acceptably free of sus-
pended sediment.

Protective steel-surface casings were installed on all
wells and locked to prevent vandalism. A mark placed on
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the PVC casing of each well was used as a reference point
for water-level measurements. The marks were surveyed to
a common vertical-elevation benchmark using first-order
leveling criteria.

Core Collection

Hollow-stem augers (10-in. od) were used to install
the observation wells. Formation samples were taken with a
core-barrel sampler that was inserted into the bottom of the
auger column and advanced with the augers. The resulting
samples were approximately 5 ft long by 4 in. wide. Core
color, grain size, sorting, plasticity, thickness and lithology
of layers, and unusual features were recorded in field
books. Selected cores were collected for laboratory analy-
sis. Undisturbed cores of confining-unit material were
obtained by removing the outer 0.5 in. of core material with
a clean knife, wrapping the remaining core in cheesecloth,
sealing it with liquid wax, wrapping it in plastic wrap, and
immediately shipping it to a contract laboratory, where
analysis tests were performed for dry density, soil pH,
percentage of moisture, cation-exchange capacity, perme-
ability, liquid limit, plastic limit, and plasticity index.
Samples of undisturbed aquifer material were not obtainable
due to lack of cohesion. However, disturbed samples were
collected from selected intervals and analyzed for concen-
trations of total organic carbon and total organic carbon in
the size fraction less than 0.005 in., cation-exchange
capacity, and concentrations of arsenic, iron, manganese,
and antimony.

Hydrologic Testing

Pumping tests to determine aquifer hydraulic proper-
ties were not done at O-Field because of the requirement for
offsite disposal of the contaminated water from the test and
because of the possibility of forcing contaminated plume
migration into previously uncontaminated areas. Instead,
slug tests were done on 14 wells in the water-table aquifer
and 7 wells in the upper confined aquifer. A solid slug with
a displacement volume of about 1.5 gallons (gal) was used
where the water column in the well was higher than 6 ft. A
3-gal slug of distilled water was used in wells with a water
column of less than 6 ft. During each test, water-level data
were collected with a portable, digital data logger and a 5
pounds per square inch (psi) pressure transducer. Horizontal
hydraulic conductivity was calculated from the slug-test
data with a method developed by Hvorslev (1951). All
downhole equipment was washed several times with dis-
tilled water to prevent cross contamination between sites.
The hydraulic tests were done after collection of ground-
water samples.

Water-Level Measurements

Digital recorders were installed on 18 wells for
various lengths of time to record water levels at 15-min
intervals. The longest period of record, 18 months, was
from well OF6A. Synoptic water-level measurements at all
wells were made quarterly. Each measurement was repeated
until two readings were identical. Water levels were man-
ually recorded to the nearest 0.01 ft.

The data obtained from the recorders and the synoptic
measurements were averaged for the period September 1,
1986, to September 1, 1987, and for the period March 1,
1986, to March 1, 1987. The values for both periods were
then averaged together to determine average annual heads.

Tide-gage stations, equipped with digital recorders,
were installed in the Gunpowder River and in Watson Creek
to determine the tidal influence on ground-water levels.
Tidal stage was recorded at 15-min intervals. A rain gage
and digital recorder collected rainfall data at New O-Field.
All data were stored in the U.S. Geological Survey com-
puter network.

Ground-Water, Surface-Water, and
Bottom-Sediment Sampling

Water samples were collected from selected O-Field
wells five times on a quarterly basis, beginning in Decem-
ber 1985 and ending December 1986. Additional samples
were collected more frequently from wells OF6, OF6A, and
OF17A. These three wells were sampled weekly from
July 22, 1986, to September 3, 1986, and then once every
2 weeks through February 5, 1987. Sampling methodology
consisted of (1) purging the wells, (2) measuring field
parameters, and (3) collecting, filtering, and bottling sam-
ples to be sent to the laboratory for chemical analyses.

Teflon bladder pumps with Teflon sampling tubes
were permanently installed in the deeper wells (well sites
OF6C, OF12C, OF13C, OF14C, OF14D, OF18C) for
purging and collecting samples. The wells without bladder
pumps were purged and sampled with Teflon bailers (1.5-
in. od) attached to Teflon-coated stainless-steel cables. To
obtain a controlled rate of sample flow, a bottom-discharge
fitting with a 0.25-in. od Teflon tube, approximately 6 in.
long, was attached to the bailer. The bailers were used for
more than one well.

Water levels were measured at each well prior to
sampling to determine the volume of water within the well.
Generally, two to four well volumes of water were purged
from each well, except for those wells that bailed dry after
less than two well volumes were removed. For purging deep
wells, the bladder pump was placed approximately 10 ft
below the water surface and gradually lowered as the water
level declined. The shallow wells were bailed from the top
of the water column. To determine if the amount of purging
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was adequate to remove the casing water, the purging
methods were tested in an offsite well. The well was spiked
with a known volume of salt and purged until the specific
conductance declined to prespike concentrations. This test
showed that removal of about 2.7 casing volumes ade-
quately purged the casing water (Oliveros and others,
1988). The water level in the well was allowed to recover
before samples were collected. Recovery periods ranged
from 5 min to 4 hours.

Decontamination of bailers between wells consisted
of rinsing at least three times with distilled water. After
sampling the most contaminated wells, samples of the final
rinse water were analyzed and showed that the rinsing was
adequate to decontaminate the bailers. The same bailer was
used to purge and sample a well, so the bailer was also
rinsed with well water several times prior to sample
collection. The possibility of cross contamination was
further minimized by first sampling background wells and
other sites suspected or known to be the least contaminated.

Samples were filtered and preserved in the field at the
time of collection. Samples for analyses of all inorganic
chemical constituents, except sulfide, were filtered through
3.9%107° in. (0.1 micrometer) membrane filters using a
peristaltic pump. Before beginning sample collection at a
new well, the filter stands and Tygon tubing used with the
peristaltic pumps were rinsed thoroughly with distilled
water and well water. The Tygon tubing was replaced
frequently. To preserve the bottled samples until chemical
analyses could be performed, samples for major cations and
metals were treated with concentrated nitric acid, and
samples for ammonia and total phosphorous were treated
with sulfuric acid. Cyanide samples were preserved with
sodium hydroxide.

The organic and sulfide samples were not filtered but
were collected directly from the discharge tube of the
bladder pump or bailer into the appropriate bottles. Samples
for volatile organics were the first samples collected after
well recovery. To prevent aeration of the sample, special
care was used in collecting the samples for analyses of
VOC'’s, total organic halogen (TOH), and sulfide. For
VOC'’s, two 40 milliliter (mL) vials were filled at each well
with a slow, steady stream of water and allowed to overflow
several times. The inflation pressure of the bladder pump
was lowered to decrease the sample discharge rate, or the
bottom-discharge device was used on the bailer to obtain a
slow stream of water. The glass vials were immediately
sealed with Teflon-septa caps and checked for bubbles. If
bubbles were seen, the vials were emptied and refilled.
TOH samples were collected in the same manner in 250-mL
glass bottles with Teflon-septa caps. Zinc acetate and
sodium hydroxide were added to the sulfide bottles as
preservatives before the bottles were filled with samples.
Samples for analysis of base-neutral-acid organic com-
pounds were collected in amber glass 3.8-liter (L) jugs.

All inorganic and organic samples were immediately
placed on ice in coolers documented for chain of custody.
At the end of each day, the samples were packed in the
coolers and sent by overnight airfreight to a contract
laboratory for chemical analyses.

Dissolved-oxygen and alkalinity concentrations, tem-
perature, specific conductance, and pH were measured in
the field. After well purging, the dissolved-oxygen concen-
tration in each well was determined with a dissolved-
oxygen meter equipped with a probe and submersible stirrer
attached to the meter with a 50-ft cable. After the meter was
calibrated to water-saturated air, dissolved oxygen was
measured with the probe and stirrer assembly at the bottom
of the well, or at 50 ft in the wells that were deeper than the
cable length. For the deep wells, dissolved oxygen also was
measured by pumping water from the screen depth into a
jug. The jug was allowed to fill and was kept overflowing
while the meter was read. Temperature, pH, and specific
conductance were measured immediately after collection of
unfiltered well water in glass beakers.

Water temperature was measured with a mercury-
filled glass thermometer marked in increments of 0.1
degrees Celsius (°C). Temperature was also recorded from
the dissolved-oxygen, pH, and conductance meters. The pH
was read on a digital pH meter equipped with a gel-filled
combination pH electrode and an automatic temperature-
compensator probe. The meter was calibrated with pH 4.00
and 7.00 buffers before the samples were collected. If the
pH of the sample was greater than 7.00, the meter was
recalibrated with pH 7.00 and 10.00 buffers and the pH was
reread on a fresh sample. Specific conductance was meas-
ured on a conductance meter with a glass conductivity cell.
By using a temperature probe with the meter, specific
conductance at field-sample temperatures could be compen-
sated automatically to a specific-conductance value at a
temperature of 25°C. If the well water was turbid, the
specific conductance was determined on both a filtered and
an unfiltered sample.

Alkalinity titrations were performed on a 100-mL
filtered sample. The sample was stirred slowly using a
battery-powered magnetic stirrer, while a Hack digital
titrator was used to add 0.16 normal s