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Abstract

The soil and groundwater at the Central Chemical facility,
Hagerstown, Maryland, are contaminated due to the blending
and production of pesticides and fertilizers during much of the
20th century. Remedial investigations focus on two operable
units (OU) consisting of the surface soils and waste disposal
lagoon (OU-1) and the groundwater (OU-2). The contaminants
of concern (COC) for groundwater include 41 compounds
categorized within the subgroups of volatile organic com-
pounds (VOCs), semi-volatile organic compounds (SVOCs),
pesticides, and metals. The purpose of this report is to provide
a conceptual site model of the hydrogeology and groundwa-
ter contaminant transport at and near the Central Chemical
facility. The conceptual model was developed through review,
synthesis, and interpretation of the results of hydrogeologic,
soil, and other environmental investigations conducted at and
in the vicinity of the facility in recent decades and is intended
to support plans for environmental remediation of the ground-
water in OU-2.

The extent and nature of the groundwater contaminant
plume associated with the bedrock was characterized for OU-2
of the site. Lithologic and structural comparisons between
shallow soil, weathered rock, and epikarst and deeper com-
petent but bedded, dipping, fractured, and karstic limestones
illustrate two connected flow systems—a surficial flow system
consisting of the unconsolidated overburden and epikarst and a
structurally dominant bedrock flow system below the epikarst.
Uncertainties exist regarding the nature and transport of con-
taminants within the epikarst system particularly within voids
and perched epikarst water tables. Karst dissolution features
are observed within the site including sinkholes and dissolu-
tion voids within wells at the site. Of interest, one well in the
northern part of the study area (MW-J-71) appears to have
a dissolution void connected to an offsite well (OW-2-115)
farther to the north. This connection is supported by ground-
water level data and elevated concentrations of total suspended
solids (TSS) and chlorobenzene in both wells. The high level
of TSS supports the possibility of offsite transport of particle-
bound contaminants within the conduit system. Episodically
elevated concentrations of COC from different groups also

were observed within select wells in the epikarst near the
waste disposal lagoon (particularly MW-A-51). The variability
observed between different COC within the same well may be
the result of additional contaminated source materials unre-
lated to the disposal lagoon. Storage and episodic transport

of contaminated material within the epikarst system has the
potential to hinder remediation efforts if not considered in the
remedial action.

Introduction

The Central Chemical facility (U.S. Environmental
Protection Agency [EPA] identification number
MDDO003061447) in Hagerstown, Maryland (fig. 1) was
listed in 1997 on the National Priorities List (NPL) under the
Comprehensive Environmental Response, Compensation,
and Liability Act (U.S. Environmental Protection Agency,
2009; Maryland Department of the Environment, 2017).
Operations related to the blending and production of pesticides
and fertilizers during much of the 20th century contributed to
known contamination of soils and water resources at and near
the facility. Remediation activities were established in 2009
to address soil contamination and a former waste disposal
area (lagoon) at the facility (U.S. Environmental Protection
Agency, 2009). Designing remediation strategies to address
contamination in groundwater requires sufficient understand-
ing of the complex local geologic setting, groundwater hydrol-
ogy, and resulting contaminant fate and transport in the area.

Agricultural pesticides and fertilizers were blended at the
Central Chemical facility from 1937 through 1984 (Maryland
Department of the Environment, 2017). Contaminants of
concern (COC) include, but are not limited to, the pesticides
that were produced or blended at the facility including aldrin,
chlordane, Daconil (chlorothalonil), dichlorodiphenyldichlo-
roethane (DDD), dichlorodiphenyltrichloroethane (DDT),
dieldrin, endrin, guthion (azinphos-methyl), lead arsenate,
methoxychlor, miscible oils, Omite (propargite), Sevin
(carbaryl), and toxaphene (U.S. Environmental Protection
Agency, 2009). Facility operations included grinding and
blending with air or hammer mills, preparation of liquid
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pesticides using organic solvents, and onsite waste disposal
(Maryland Department of the Environment, 1993, 2017; U.S.
Environmental Protection Agency, 2009).

Site Remedial Actions

The history of environmental investigations and regula-
tory activity related to the Central Chemical facility has been
summarized by the Maryland Department of the Environment
(1989, 2017) and the U.S. Environmental Protection Agency
(2009) and is synopsized here. Briefly, guthion concentra-
tions measured in air samples collected in 1962 in response
to odor complaints from residents were deemed nonhazard-
ous by the Maryland Department of Health. In 1970, the
Washington County Health Department inspected the facility
and directed the consolidation and coverage with soil of refuse
disposed onsite and regrading to direct surface runoft away
from the lagoon disposal area. DDT was detected in sediments
in Antietam Creek in 1976. Soil samples collected from the
Central Chemical facility and vicinity, as part of subsequent
investigations later that same year, contained DDT, lead, and
arsenic at concentrations as high as 1,650 parts per million
(ppm), 395 ppm, and 300 ppm, respectively. Because of a sub-
sequent hydrogeologic investigation ordered by the Maryland
Water Resources Administration, waste disposal areas at the
facility were closed and covered with clay, soil, and stabilizing
vegetation. Further environmental investigation was ordered
by the Maryland Department of the Environment (MDE)
following the discovery of buried “chemical materials” near
the onsite former lagoon waste disposal area as part of sewer
construction in 1987 and the detection of pesticides, naphtha-
lene, and volatile organic compounds (VOCs) in soils. Soil
and groundwater samples collected as part of subsequent stud-
ies contained VOCs, pesticides, and heavy metals and borings
through the former waste lagoon (fig. 1) included powders and
other materials of various colors and petroleum odors. Results
of a site inspection published by the MDE in 1996 determined
that pesticide contamination in soils at and near the facility
posed no significant cancer risk to pedestrians but did pose a
slightly increased health risk for young children. The Agency
for Toxic Substances and Disease Registry (2005) similarly
concluded that exposure to chemicals from the site’s soils,
sediments, and water resources represented no apparent hazard
to public health.

Following the inclusion of the Central Chemical facil-
ity on the NPL in 1997, remedial investigations were con-
ducted in two parallel units (Maryland Department of the
Environment, 2017). Soils at the facility and waste material in
the former disposal lagoon were included in operable unit 1
(OU-1), whereas groundwater was included in operable unit 2
(OU-2; Maryland Department of the Environment, 2017).
Remedial activities related to the soil and former waste lagoon
at the Central Chemical facility (OU-1) are described by the
U.S. Environmental Protection Agency (2009), and included
permanent sequestration of onsite contamination through (1)
the solidification and stabilization or excavation and removal

of material in the former waste lagoon, (2) consolidation of
contaminated soils from elsewhere at the facility to the area of
the former lagoon, (3) installation of a low permeability cover
over the consolidation area at the former lagoon, and (4) moni-
toring and treatment of groundwater to prevent the movement
of contaminants from the consolidation area. The groundwater
treatment system was expected to be completed during 2020
and the solidification and stabilization of the former waste
lagoon was expected to begin in 2021 (U.S. Environmental
Protection Agency, 2019). Remedial investigations related to
groundwater at and near the Central Chemical facility (OU-2)
are ongoing.

Purpose and Scope

A conceptual model of the hydrogeology and ground-
water contaminant fate and transport at and near the Central
Chemical facility (fig. 1) is presented and described in this
report. The conceptual model was developed through review,
synthesis, and interpretation of the results of hydrogeologic,
soil, and environmental investigations conducted at and near
the facility in recent decades and is intended to support plans
for environmental remediation of OU-2. The geologic setting,
groundwater hydrology, and environmental fate and trans-
port of pesticides and other contaminants at the facility are
discussed, as well as limitations of the current understanding
of contaminant transport within the groundwater system. This
report does not include an assessment of risk associated with
the COC.

Methods

The following sub-sections describe the methodology and
approach of the U.S. Geological Survey (USGS) to construct
the conceptual site model of the Central Chemical facility.
Data from the existing groundwater monitoring network and
other monitoring efforts conducted at the site were provided to
the USGS and are available in the Central Chemical Records
Collection (U.S. Environmental Protection Agency, 2021).
This includes documentation of a tracer test by the EPA (Field,
2017) where fluorescein dye was injected into sinkholes at
the facility and monitored at select monitoring wells and
nearby springs.

Hydrologic Cross Sections

Three cross sections were constructed for analysis of
groundwater flow pathways at the Central Chemical facility.
Section A-A" occurs from northwest to southeast along the
approximate bedrock dip direction (Maryland Department
of the Environment, 1989; U.S. Environmental Protection
Agency, 2009; Brezinski, 2013) from monitoring wells
MW-K-80 and MW-K-440 in the northwest to MW-B-55,
MW-B-400, and M-B-598 in the southeast (fig. 1). Because of
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Figure 1. Map showing the location of the study area at the Central Chemical facility and vicinity, Hagerstown, Maryland.
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the complexly folded nature of the site’s geology, dip direc-
tion and angle vary depending on location on the fold limb,
but the bedrock dips primarily perpendicular to the dominant
regional northeast-southwest strike. Lagoon piezometer cluster
nests PZ-1, PZ-2, and PZ-3, monitoring well MW-A-51, and
the sinkhole used in EPA Tracer Test 3 (TT3; Field, 2017;

fig. 1) are projected onto section A-A" along strike. Cross
sections B-B' and C-C' (fig. 1) occur along the approximate
strike direction of bedrock (Maryland Department of the
Environment, 1989; U.S. Environmental Protection Agency,
2009; Brezinski, 2013). Cross section B-B' extends from
offsite wells OW-2-65, OW-2-115, and OW-8-230 in the
northeast to MW-M-50 located near the southwest flank of
the lagoon (fig. 1). Projected onto this section are monitoring
wells MW-J-71, MW-0-145, MW-N-83, and MW-N-113, and
lagoon piezometers PZ-2S-13 and PZ-2D-34 (where section
B-B' intersects section A-A") (fig. 1). Cross section C-C' starts
at lagoon piezometers PZ-4D-44 and PZ-4S-17, which are
located approximately 135 feet (ft) southeast of MW-M-50

on section B-B'. Monitoring wells MW-P-235, MW-I-55, and
MW-Q-150 and the sinkhole used as the injection location

for the Environmental Protection Agency (EPA) Tracer Test 2
(TT2; Field, 2017) are projected onto section C-C', which
terminates at monitoring well MW-E-46 to the southwest

(fig. 1). Despite the proximity of well EW-1-110 to sections
B-B' and C-C', this well was omitted from the sections because
its longer 50-ft open-interval length limits the usefulness of its
groundwater level data.

Reported groundwater level data were contoured on
cross sections and two maps to observe the distribution of
hydraulic heads in the subsurface and infer characteristics
of the groundwater flow system beneath the site. Tables 1.1
and 1.2 contain all reported groundwater data from the site, as
well as relevant well construction information. Construction
information and groundwater data from 2014, 2016, and 2017
were reported by Amec Foster Wheeler (2018). Data from
2018 were reported by Wood Environment & Infrastructure
Solutions, Inc., (2019). Appendix 1 also contains the total
head drawdowns during 2019 aquifer tests (Geosyntec, 2019)
and tracer-test detections in 2014-2015 (Field, 2017). No data
were collected by the USGS. Data from the October 2016
synoptic groundwater measurement event were the lowest
groundwater levels reported for much of the site (appendix 1).
Data from the October 2018 synoptic groundwater level
measurement event were generally the highest groundwater
levels reported (appendix 1). Thus, contouring data from both
October 2016 and October 2018 allows for comparison of
differences in conceptual groundwater flow pathways between
dry (October 2016) and wet (October 2018) conditions. The
October 2018 dataset was collected during the wettest calendar
year and wettest fall season on record for Maryland (National
Oceanic and Atmospheric Administration, 2019), which is
likely what contributed to the higher groundwater levels dur-
ing that measurement event compared to earlier events. After
contouring reported groundwater levels on cross sections,
maps were created to observe subsurface groundwater level

conditions at specific depths or elevations in the subsurface.
Potentiometric surface maps were produced at the bottom

of the epikarst and at an elevation of 52 ft (North American
Vertical Datum of 1988 [NAVD 88]). Further explanation of
the approach used in contouring the cross sections and maps is
discussed later in this report.

Annual Evapotranspiration Calculations

Estimates of evapotranspiration (ET) were produced
using the operational remote-sensing-based Simplified Surface
Energy Balance (SSEBop) model (Senay and others, 2013)
from 2003 to 2019. The SSEBop is based on the Simplified
Surface Energy Balance (SSEB) approach (Senay and others,
2007, 2011). The global ET is derived from the integration of
Moderate Resolution Imaging Spectroradiometer (MODIS)-
based land surface temperature, maximum air temperature
from WorldClim, and reference ET derived from global data
assimilation systems (GDAS). A comprehensive validation
of the SSEBop model was conducted by Velpuri and others
(2013) over the conterminous United States at both point and
basin scales.

Contaminant Transport

To evaluate contaminant transport in the epikarst, four
wells (MW-A-51, MW-B-55, MW-M-50, and MW-E-46) were
selected based on their depth below the surface and location
in the study area. Along cross section A-A’ (fig. 1), MW-A-51
and MW-B-55 were determined to be completed within the
epikarst of the site (described later in the Epikarst section
of this report). MW-A-51 is located to the southeast of the
lagoon waste disposal area, whereas MW-B-55 is located at
the eastern edge of the site boundary. Dye from the 2017 EPA
tracer test study was detected in MW-A-51 demonstrating a
connection between the surface where the dye was released
and the well (Field, 2017). MW-M-50 is located just to the
southwest of the lagoon waste disposal area along the transect
B-B'. MW-E-46 is shown on cross section C-C' and is located
to the southwest of the waste disposal lagoon at the boundary
of the site (fig. 1).

Concentrations of COC measured in samples collected
from MW-A-51, MW-B-55, MW-M-50, and MW-E-46 are
presented in appendix figures 2.1 to 2.16. Concentrations of
COC and water quality measurements were extracted from
Wood Environment & Infrastructure Solutions, Inc. (2019)
2018 Groundwater Monitoring Report for OU-2 and are
available through the U.S. Environmental Protection Agency
(2021). COC concentrations measured during sampling events
were plotted then fitted with a local polynomial regression
fitting (LOESS) as a solid line with corresponding standard
errors in gray. Years 2016 and 2018 are highlighted with red
bars corresponding to the “dry” and “wet” conditions previ-
ously described. These two years provide an opportunity to
evaluate how changes in the water table affect COC.



To evaluate contaminant transport within the conduit
system or dissolution voids, three compounds were selected
to compare between the different wells. Wells MW-1-55,
MW-J-71, MW-M-50, MW-N-113. MW-0O-145, MW-P-235,
OW-2-65, OW-2-115, and OW-8-235 were selected for com-
parison due to proximity to possible dissolution voids reported
by Weston, Inc. (1989) and Amec Foster Wheeler (2018)
(table 1). Chlorobenzene was identified as a compound of
interest for comparison due to its frequent detections in many
of the wells (appendix 2). For comparison, 1,2,4-trichloro-
benzene (1,2,4-TCB), n-octanol-water partition coefficient
(log K,,,=4.02), was selected due to its similarity to chloroben-
zene (log K,,=2.84) but is more hydrophobic and more likely
to sorb to matrix materials than chlorobenzene. 1,2,4-TCB
has a hydrophobicity closer to benzene hexachloride (BHC)
isomers (log K,,,=3.72), commonly grouped as technical-
BHC. COC concentration data are plotted by well with respect
to time and fitted with a LOESS as a solid line (appendix 3).
Years 2016 and 2018 are highlighted with red bars to compare
groundwater level effects as previously described. Box and
whisker plots were generated for each well and grouped by
compound to evaluate variability in concentration by com-
pound and well (appendix 3).

Table 1.

[Descriptions in quotes are verbatim of that reported. --, not available]
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Geologic Setting

The Central Chemical facility is located in western
Maryland (fig. 1) within the Great Valley (locally known as
the Hagerstown Valley) along the eastern edge of the wider
Valley and Ridge Physiographic Province (U.S. Environmental
Protection Agency, 2009). The valley is underlain by lower
Paleozoic (Cambrian and Ordovician) shale, limestone, and
dolomite that were deposited in a shallow marine environ-
ment and later compressed into tight folds and partially eroded
(Brezinski, 2018).

Soil

Soil at the Central Chemical facility is generally fine
grained, varies in thickness, and is classified as Hagerstown
silt loam, which is 80 percent silt with some clay and laterally
discontinuous thin sand lenses (Maryland Department of the
Environment, 1989; U.S. Environmental Protection Agency,
2009). The soil is derived from chemical weathering of the
underlying carbonate bedrock, is generally well drained, and
varies in thickness at the facility from 0 ft at bedrock out-
crops to more than 40 ft (fig. 2) (Maryland Department of the

Dissolution features reported driller’s logs from wells, Central Chemical facility, Hagerstown, Maryland.

Reported
Well Cro_ss depth interval Reported desciption Data source Comment
section  below land
surface (feet)
MW-A-51 A-A' 50-51 “mud-filled void” Amec Foster Wheeler (2018) --
MW-J-71 B-B 64-67 “mud-filled void” Amec Foster Wheeler (2018) --
MW-N-83 B-B' 745-79.5  “mud-filled void” Amec Foster Wheeler (2018) -
B-B 104-105 “mud-filled void”
MW-N-113 B-B 745795  “void” Amec Foster Wheeler (2018) --
B-B 65.5-68.5 “extremely soft mud”
MW-0-145 Amec Foster Wheeler (2018 --
B-B 78.5-80 “extremely soft mud” ( )
OW-5-90 none 79-92 “possible loss of return water”  Amec Foster Wheeler (2018) --
MW-1 A-A' 26-43 “open cavern” Weston, Inc. (1989) Former well “near MW-K”
none 15-25 “void space/weathered zone”
MW-2 Weston, Inc. (1989 Former well “near MW-P”
c-c 28-32 “void space/mud-filled cavity” ( ) W
B-B' 18-20 “mud-filled void” w Y
MW-4 B-B' 2742 cmud-filled void” Weston, Inc. (1989) Former well “near MW-M
MW-6 none 27-32 “mud-filled void” Weston, Inc. (1989) Former well “northeast of MW-E”
none 24-27.5 “mud-filled void”
MW-7 m et ol Weston, Inc. (1989) Former well “near MW-L"
none 95-97 “soft mud”
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Environment, 1989; U.S. Environmental Protection Agency,
2009; Amec Foster Wheeler, 2018). Surface permeability
ranging from 0.06 to 0.6 inches per hour (in/h) have been
reported for the Hagerstown silt loam (Maryland Department
of the Environment, 1993). Overlying the natural soil in some
locations is as much as 13 ft of fill, including brown silt with
some coarse-to-fine sand and gravel (U.S. Environmental
Protection Agency, 2009).

Geologic Formations

The Central Chemical facility and vicinity are underlain
by the Conococheague Formation, Stonehenge Limestone
of the Beekmantown Group (Stonehenge Limestone), and
Rockdale Run Formation of the Beekmantown Group
(Rockdale Run Formation; figs. 3 and 4), which include
primarily carbonate rocks (Brezinski, 2013, 2018). The lithol-
ogy, stratigraphy, and nomenclature applied to rocks of these
formations in the Hagerstown Valley and wider Great Valley
are described in detail in Brezinski (2018) and are briefly sum-
marized herein.

The Central Chemical facility is underlain by the
Zullinger and Shady Grove Members of the Conococheague
Formation (Brezinski, 2018; figs. 3 and 4). The Zullinger
Member, previously described as the “middle member” of
the Conococheague Formation, includes 1,600 to 1,900 ft of
alternating sequences of thick beds of thrombolitic limestone
and ribbony, laminated dolomitic limestone. These sequences
alternate on the scale of 200 to 300 ft. Above these alternating
sequences of the Zullinger Member are younger ribbony lime-
stone, sandy dolomite, and chert of the Shady Grove Member,
which was previously described as the “upper member” of the
Conococheague Formation. The Shady Grove Member of the
Conococheage Formation is between 350 and 500 ft thick.

Overlying the Conococheague Formation to the south-
east and northwest of the Central Chemical facility are the
younger rocks of the Stonehenge Limestone (figs. 3 and 4),
which include three members with a combined thickness of
approximately 850 ft (Brezinski, 2018). At the base of the
Stonehenge Limestone is the Stoufferstown Member, which is
175 to 275 ft thick and composed of thin (less than or equal to
1 inch) beds and ribbons of siliceous lime mudstone. Included
among the thin beds of the Stoufferstown Member is an
atypical 3- to 9-ft-thick massive thrombolitic lime mudstone.
The Stoufferstown Member is overlain by the Funkstown
Member of the Stonehenge Limestone, which is 350 to 450 ft
in thickness and composed of thick beds of organically bound
limestone. Above the Funkstown Member is the Dam Five
Member of the Stonehenge Limestone, which is composed
of medium bedded, locally ribbony mechanically deposited
limestone that varies in thickness from 330 to 450 ft. The
Funkstown Member and Dam Five Member were previ-
ously mapped as the “middle” and “upper” members of the
Stonehenge Limestone, respectively.

Geologic Setting 7

The Rockdale Run Formation overlies the Stonehenge
Limestone in the vicinity of the Central Chemical facility
(figs. 3 and 4) and exceeds 2,700 ft in thickness (Brezinski,
2018). Included within the lower 350 to 450 ft of the forma-
tion are cyclical sequences of organically bound limestone,
limestone ribbons, laminated dolomite, and chert (Brezinski,
2018). These rocks are overlain, in turn, by interbedded oolitic
lime packstone and dolomite, approximately 200 ft thick,
and by more than 1,000 ft of additional cyclical carbonates
(Brezinski, 2018).

Geologic Structure

The complex folding and faulting of the carbonate geo-
logic units in the Hagerstown Valley reflect compression in a
generally westward direction that occurred during the orogenic
event that created the Appalachian Mountains (Maryland
Department of the Environment, 1989; Brezinski, 2018). This
compression created folds in the rock units spanning several
orders of magnitude in scale with axes that trend generally to
the north-northeast (Brezinski, 2018; fig. 5). Fractures, includ-
ing bedding-plane partings, joints, and faults, are common in
the rock units in the valley and are commonly oriented parallel
or perpendicular to the north-northeastern strike of the rock
formations (fig. 5); faulting reflects movement over scales
from inches to hundreds of miles (Brezinski, 2009, 2018).

The Central Chemical facility is located to the southeast
of the axis of a structural anticline that trends to the north-
northeast and plunges to the southwest (fig. 4) (Maryland
Department of the Environment, 1989; U.S. Environmental
Protection Agency, 2009). Bedding planes at and near
the facility generally dip more steeply (between 55 and
90 degrees) on the northwestern limb of this anticline than on
the southeastern limb (between 25 and 45 degrees) (Maryland
Department of the Environment, 1989; U.S. Environmental
Protection Agency, 2009).

Secondary meso-scale folds also occur at the site and
have been named the Western Boundary Anticline, the Former
Plant Syncline, the Former Plant Anticline, the Drainage
Swale Syncline, and the Mitchell Avenue Anticline (Amec
Foster Wheeler, 2018). Bedding planes dip more steeply to the
west than to the east on either side of the secondary anticlines,
similar to those of the primary anticline (U.S. Environmental
Protection Agency, 2009). Section A-A' of figure 6A, 6B is
aligned with the approximate dip of the regional anticline
and intersects several of the meso-scale folds beneath the
facility. Although no attempt at bedding correlations was
made, the generalized fold structure reported in the cross
sections in Amec Foster Wheeler (2018) was checked against
reported acoustic televiewer logs collected during construc-
tion of boreholes MW-K-440 and MW-B-400 in Amec Foster
Wheeler (2018). Borehole MW-K-440 had reported dominant
fracture azimuths to the north and west-northwest in the upper
100 ft and to the east and east-southeast at a depth from 100
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to 250 ft. These orientations are consistent with MW-K-440
being located within the Western Boundary Anticline, where
the upper portion dips toward the northwest near the tilted
axial trace and the deeper portion along the lower southeast-
dipping limb. For borehole MW-B-400, the dip azimuths are
predominantly toward the northwest and southeast directions,
which is consistent with the location of MW-B-400 near the
middle of the axial trace of the Mitchell Avenue Anticline.

In the upper 200 ft, the orientation is more dominant to the
southeast, so MW-B-400 was drawn on section A-A" as being
southeast of the axial trace (fig. 6A, 6B).

The axial trace of the Drainage Swale Syncline was
mapped by Amec Foster Wheeler (2018) as occurring approxi-
mately 150 ft northwest of MW-B-55 at the screen elevation
and was incorporated on cross section A-A’ (fig. 6A, 6B).
Although the reported Former Plant Syncline (Amec Foster
Wheeler, 2018) occurs along section A-A', it was omitted
because of the unclear structure of this fold and the Former
Plant Anticline that is reported to terminate south of this
cross section. The cross sections interpreted by Amec Foster
Wheeler (2018) that cross this area also do not include the
Former Plant Syncline.

The geologic structure depicted on the cross sections
was not determined by any other means than as represented in
Amec Foster Wheeler (2018). Therefore, the actual dip angles
and overall structural geometry may differ from those depicted
here, which should be considered generalized approxima-
tions. On the northwest-dipping limb of the Western Boundary
Anticline and the limb between he Drainage Swale Syncline

and Mitchell Avenue Anticline on section A-A’ (fig. 6A, 6B),
the dips are approximately 45 degrees. Beds located on the
limb between the Western Boundary Anticline and Drainage
Swale Syncline are drawn by Amec Foster Wheeler (2018) as
dipping approximately 27 degrees southeast (100 ft in eleva-
tion for every 200 ft in distance). Sections B-B' and C-C' are
aligned approximately in the northeast-southwest strike direc-
tion and no meso-scale folds are included on these sections
(fig. 7A, 7B, 7C). Amec Foster Wheeler (2018) shows beds
tilted 14 degrees southwest along the strike direction (decreas-
ing approximately 100 ft in elevation over 400 ft of distance).
The same bed orientations were incorporated on cross sections
B-B' and C-C' as those in Amec Foster Wheeler (2018), but
whether these orientations correspond to the strikes and dip
angles mapped by Brezinski (2013) is unknown. Since many
fewer structural data are available along the strike direction,
the true structure along strike is unclear.

Rock fractures observed in the vicinity of the Central
Chemical facility are generally oriented in a manner similar
to those in the wider Hagerstown Valley. Fractures near the
land surface generally strike to the north-northeast or to the
northwest and are steeply inclined or nearly vertical (Maryland
Department of the Environment, 1989). These fractures
may be wider near the crest of anticlines due to extensional
stresses during convex folding (Maryland Department of the
Environment, 1989; U.S. Environmental Protection Agency,
2009). Rock strata are offset along a reverse fault to the west
of the facility near the axis of the major anticline (fig. 3;
Brezinski, 2013; Field, 2017).
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Karst Features

Karst features, including closed depressions, sinkholes,
springs, and caves, are common in carbonate rocks of the
Hagerstown Valley (Duigon, 2001; Brezinski, 2018). Because
these features are formed through the dissolution of the rock
matrix by groundwater, their occurrence is related to the
solubility of individual lithologic units and to the distribu-
tion of fractures available as conduits for groundwater flow
(Brezinski, 2018). Karst features occur in all rock formations
in the vicinity of the Central Chemical facility, although the
Rockdale Run Formation is generally more susceptible to
karst development than the Conococheague Formation, but
less so than the Stonehenge Limestone. In the Hagerstown
Valley, springs and sinkholes commonly occur near the surface
trace of faults and rock dissolution is common along bedding
planes. Solution cavities that form along joints in the rock
tend to be wider in formations with more massive bedding
and more purely carbonate lithology. Karst features are also
common in areas where groundwater flow may be increased
by a locally depressed water table or in areas of stormwater
impoundments or unlined drainage.

Geologic Setting 1"

Karst features have been observed at and near the Central
Chemical facility. Numerous sinkholes and closed depressions
have been reported at and within a few kilometers of the facil-
ity (Maryland Department of the Environment, 1993; Field,
2017). Caverns and voids in the bedrock exceeding 5 meters
(m) in height have been encountered during subsurface drill-
ing at the facility and in-situ permeability as high as 1,042 feet
per year has been reported (Maryland Department of the
Environment, 1993). Fractures enlarged by solution have
been observed in outcropping rocks of the Conococheague
Formation at the facility (Field, 2017).

Overlying the Conococheague Formation at the Central
Chemical facility is highly fractured bedrock of the epikarst
(U.S. Environmental Protection Agency, 2009). The contact
of the bedrock with the overlying soil and epikarst is highly
irregular and the soil thickness consequently varies substan-
tially (Maryland Department of the Environment, 1989; U.S.
Environmental Protection Agency, 2009). Vertical pathways
of high permeability have been reported in the epikarst at the
facility (U.S. Environmental Protection Agency, 2009).
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Figure 6. Hydrogeologic cross sections showing A, shallow potentiometric surface contours on Section A-A’,
October 2016; B, shallow potentiometric surface contours on Section A-A’, October 2018; C, deep potentiometric
surface contours on Section A-A’, October 2018. [NAVD 88, North American Vertical Datum of 1988]
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Figure 7. Hydrogeologic cross sections showing A, potentiometric surface contours on Section B-B'and C-C', October 2016; B,
potentiometric surface contours on Section B-B'and C-C', October 2018; C, water-level drawdown from reported aquifer tests on
Section B-B'and C-C'. [NAVD 88, North American Vertical Datum of 1988]
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Hydrology

The site is located within the drainage basin of the
Potomac River, which is located approximately 6 mi southwest
of the site (fig. 8). The topographic altitude of the site ranges
from 633 ft along the northern boundary to 596 ft along the
southern boundary. The major local tributaries of the Potomac
River include Antietam Creek and Conococheague Creek that
drain southerly along the regional northeast-southwest trend-
ing bedrock structural grain (fig. 8) into the Potomac River.
Conococheague Creek is approximately 5 mi to the west of the
site. The meander patterns of Conococheague Creek and the
smaller Antietam Creek follow the local northeast-southwest
structural grain with elongated stream segments that paral-
lel fractures striking northwest-southeast cutting across the
regional structural grain (bedrock strike).

Mean annual precipitation, from 2003 to 2019, in the
Hagerstown area averaged 1,078 millimeters per year (mm/yr),
mostly in the form of rain (Abatzoglou, 2013). Mean annual
potential evapotranspiration (PET) averaged 1,168 mm/yr
and mean annual actual evapotranspiration (AET) averaged
364 mm/yr from 2003 to 2019 (Senay and others, 2013). The
difference between mean precipitation and mean AET (in
this case 714 mm/yr) either infiltrates the soil and recharges

groundwater or runs off over the land surface. Streamflow
is generated from overland flow and groundwater discharge,
such as from springs.

Regionally, the site is located approximately 0.5 mi
southeast of the regional groundwater divide that demar-
cates flow toward Antietam Creek (to the southeast) and flow
toward Conococheague Creek (to the west and southwest)
with inferred regional groundwater flow direction in the
vicinity of the site to the southeast towards Antietam Creek
approximately 2.1 mi from the site (Duigon, 2001). At a more
local scale, lithological and structural contrasts between shal-
low soil, weathered rock, and epikarst and deeper competent
but bedded, dipping, fractured, and karstic limestones give rise
to two connected groundwater flow systems, including a shal-
low hydrogeologic system containing epikarst and unconsoli-
dated surficial overburden and a deeper hydrogeologic system
in the bedrock (figs. 6, 7, 9, and 10).

Surficial and Epikarst Hydrogeologic System

The shallow hydrogeologic system encompasses the
unsaturated vadose zone through the depths at which the
regional water table fluctuates within the bedrock and consists
of two portions: (1) the surficial sediments, and (2) the subcu-
taneous epikarst portion of bedrock.
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Figure 8. Map showing major topographic and drainage features in the Hagerstown Valley.
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Figure 9. Map showing generalized potentiometric surface at the approximate bottom of the epikarst, October 2018, Central
Chemical facility, Hagerstown, Maryland.
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Unconsolidated Surficial Overburden

The zone of surficial materials at the site consists of soil
and unconsolidated overburden that boring logs (Amec Foster
Wheeler, 2018) indicate consist of silty-clays to clayey-silts,
with minor amounts of sand (Weston, Inc., 1989). The lagoon
disposal area is included in this zone, which also contains
sludge and waste debris such as plastic bags that may contrib-
ute heterogeneity to this hydrogeologic zone. The unconsoli-
dated zone begins at the land surface and has highly variable
thickness owing to the weathering and dissolution of the
underlying carbonate bedrock. Additional dissolution may
have occurred due to the use and disposal of various acids
onsite. Unconsolidated overburden thickness, estimated from
cores (Weston, Inc. 1989) and from monitoring well records
(table 2-2 in Amec Foster Wheeler, 2018), indicate a thick-
ness of 2 to 41 ft and 9 to 44 ft, respectively. The overburden
is nonexistent where grikes expose the underlying bedrock
and thickest in collapsed sinkholes where the bedrock is most
weathered. Exact locations of grikes, sinkholes, and similar
features are not included on the cross sections unless already
explicitly identified elsewhere, such as the sinkholes noted
near MW-Q-150 and MW-A-51 associated with EPA tracer
test injections 3 and 2, respectively (Field, 2017; Amec Foster
Wheeler, 2018).

The unconsolidated overburden sediments are a porous
media in which groundwater flow is not dependent on the
structure of the bedrock nor on effects of carbonate dissolu-
tion, except at boundaries where groundwater encounters
grikes. Groundwater flow within the overburden is most
readily assessed within the lagoon disposal area. Piezometers
PzZ-1D, PZ-1S, PZ-2D, PZ-2S, PZ-3D, PZ-3S, PZ-4D, and
PZ-4S are located directly in the lagoon and are the only wells
onsite screened exclusively in the overburden. Hydraulic
heads on section A-A" indicate that groundwater flow in the
overburden of the lagoon is downward toward PZ-2D, which
is the deepest lagoon piezometer and has the lowest hydraulic
head on that section (fig. 6). October 2018 hydraulic heads in
the PZ-1D and PZ-1S piezometer nest also indicate perched
water table conditions occurred in the lagoon; during that syn-
optic event, both piezometers had groundwater levels within
their screened intervals, which indicates their screens inter-
sected the water table at the boundary with the vadose zone
(appendix 1; fig. 6). Since the two piezometers are nested,
the groundwater at PZ-1S was likely a perched water table
that may not have extended to the other piezometers in cross
section A-A', whose heads were more aligned with PZ-1D and
representative of a deeper overburden water table within the
lagoon (fig. 6).

The dominance of clay and silt within the overburden
suggests overall low permeability and slow movement of
groundwater through this zone. Contractors reported lagoon
piezometers going dry and producing insufficient groundwater
quantity during low-flow purge sampling (Wood Environment
& Infrastructure Solutions, Inc., 2019), which would corre-
spond to the expected low permeability. Furthermore, based
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on piezometer groundwater levels during drier periods, such as
October 2016 (appendix 1; fig. 6), portions of the unconsoli-
dated overburden that are sometimes saturated with groundwa-
ter may become dry and unsaturated at other times. So, despite
the low permeability sediments in the overburden, sufficient
downward gradient exists to drain the groundwater out of the
lagoon on section A-A' into deeper portions of the aquifer.
This observation has implications for how contaminants move
through the lagoon, as repeated high concentrations of con-
taminants in the lagoon piezometers during dry periods indi-
cates continued storage of the contaminants within the soils
surrounding and within the lagoon that become mobile during
wet periods. Groundwater levels were reported in the lagoon
piezometers during the October 2016 synoptic groundwater
level measurement event (Amec Foster Wheeler, 2018), but
reported groundwater elevations ranged from 0.13 to 0.38 ft
above the reported bottom of the screen for PZ-1D, PZ-2D,
PZ-3S, and PZ-3D (appendix 1). These short water column
heights may be residual water pooled in the tailpiece of the
well below the actual openings at the bottom of the screen,
and not represent actual hydrologic conditions at the time.
Alternatively, if these measurements were representative of
lagoon groundwater-level conditions, a 0.38-ft or shorter water
column within a 5-ft long screen may indicate perched water
tables in the lagoon, perhaps associated with the bottom of the
“waste material” depths to which Amec Foster Wheeler (2018)
reported PZ-3S was completed as well as the top of bedrock
surface to which PZ-1D, PZ-2D, and PZ-3D were completed.
A third possibility is evident in the reported groundwater
levels from PZ-1S and PZ-2S in October 2016, which were
deeper than the reported bottom of the piezometers (Amec
Foster Wheeler, 2018; appendix 1) and suggests an error in
reporting the groundwater level or casing elevation data.
These errors may affect the other piezometers in the lagoon
and (or) other measurement events. This report interpreted that
the lagoon piezometers were dry in October 2016, as implica-
tions of that condition would have the most substantial effect
on how groundwater flow paths and contaminant transport
will occur at the site. This assumption is justified given that
the hydraulic head in PZ-2D was 603.25 ft in October 2018
(5 ft above the reported top of the screen) and 583.63 ft in
October 2016 (about 0.38 ft above the bottom of the screen
set at the top of bedrock). October 2018 conditions indicated
flow toward PZ-4D, so the nearly 10 ft drop of groundwater
level indicates substantial drying of the lagoon, regardless of
whether the 0.38 ft of water was perched atop the bedrock sur-
face or trapped in the tailpiece below the screen. No ground-
water analytical results were collected in piezometers during
October 2016 (Amec Foster Wheeler, 2018), but whether that
is due to those piezometers not being scheduled for sampling
or whether not enough water was present in those piezometers
to sample was not reported; so, no other data are available to
indicate the exact hydrologic conditions at the time.

On sections B-B' and C-C' (fig. 7), piezometers PZ-4S
and PZ-4D did not go dry in October 2016 and heads
remained above the piezometer screens (appendix 1). This
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trend indicates the southeastern portion of the lagoon con-
tains groundwater even when other portions of the lagoon go
dry. Groundwater flow in the lagoon, in addition to occurring
downward, also may occur toward PZ-4D which consistently
has the lowest hydraulic head of the eight lagoon piezometers
(appendix 1). The southeast portion of the lagoon is topo-
graphically lower than other portions of the lagoon, so runoff
from the land surface will accumulate more likely near the
PZ-4 nest and be infiltrated at that location. Notably, PZ-4D
is reportedly the only lagoon piezometer that responded to
aquifer testing (fig. 7); all other lagoon piezometers did not
indicate groundwater level responses despite being located
closer to the extraction wells (Geosyntec, 2019), which would
be expected given the low permeability of lagoon sediments.
This observation indicates a strong hydraulic connection
between the lagoon near PZ-4 and deeper portions of the
flow system, including the possibility that the PZ-4 area is

the primary connection between the lagoon and deeper units.
However, not enough data are available to make that compari-
son definitively.

The lagoon piezometers provide the only groundwater
level measurements available from the unconsolidated over-
burden zone. Therefore, the hydrology of this zone cannot be
assessed for any other location at the site. The high hydrau-
lic heads in shallow lagoon piezometers are considered in
Sections A-A', B-B', and C-C' to be local only to the lagoon
because those are the only measurements available; saturated
surficial sediments may exist elsewhere onsite where the water
table may extend beyond the lagoon, particularly in areas such
as near MW-E-46 where thick overburden is reported and
where a low topographic elevation likely accumulates runoff.

Epikarst

The epikarst zone is located below the overburden.
Epikarst refers to subcutaneous areas within the karstic
carbonate bedrock located above the water table (the prefix
“epi-” meaning “above” or “over”). Therefore, the epikarst is
primarily a vadose zone through which infiltrating groundwa-
ter must pass to recharge the regional water table that exists
within the bedrock (Duigon, 2001; Williams, 2008; Yager and
others, 2013; Hartmann and others, 2014). Other approaches
to defining epikarst, such as those based on the degree of
karstic bedrock weathering and fracture sizes (Kozar and oth-
ers, 2007), are more applicable to coarser-resolution, regional-
scale hydrologic investigations such as the detection of tracer
tests at springs (Field, 2017), for which generalizing properties
over large distances is required for analysis. Previous work at
the site (Amec Foster Wheeler, 2018) considered the epi-
karst to extend to depths of 100 ft below the land surface and
sometimes more than 75 ft below the water table, which would
apply to this approach. However, a less generalized hydro-
logic definition of epikarst is required for higher resolution
site-scale groundwater flow investigations so heterogeneities
occurring over shorter distances that affect contaminant trans-
port can be studied. Hydrologic properties such as hydraulic

conductivity will vary depending on scale of observation.
Because these properties can vary over several orders of mag-
nitude in karst aquifers and affect the distribution and transport
from the source area, scale becomes very important and too
low a resolution may neglect or overgeneralize a particular
mechanism (Hartmann and others, 2014; Worthington and
others, 2017).

Epikarst is associated with diffuse infiltration where the
infiltrating water causes dissolution of the carbonates on con-
tact at the lower boundary of the overburden. Diffuse infiltra-
tion occurs at all locations where water infiltrates through the
vadose zone and recharges the water table. In karst aquifers,
diffuse infiltration is distinct from the rapid point infiltration
through karst features such as sinkholes. Dissolution fractures
and voids in the epikarst created by diffuse infiltration will
often be oriented more vertically in the direction of the down-
ward infiltration flow through the vadose zone (Duigon, 2001;
Williams, 2008; Yager and others, 2013; Hartmann and others,
2014), which is imprinted atop the geologic structure of the
bedrock that dominates flow regimes below the water table
(discussed in the next section). Any non-impervious surface at
the land surface can exhibit this type of infiltration, so this pro-
cess occurs on a more laterally extensive scale across the site
compared to point infiltration where the infiltrating water is
funneled into deeper portions of the aquifer through sinkholes.

Perched water tables are a common occurrence within
the vertically oriented fractures in epikarst (Duigon, 2001;
Williams, 2008). As the acids within the diffusely infiltrating
groundwater create dissolution fractures in the vertical direc-
tion, enough dissolution of carbonates eventually will occur to
neutralize the acidity and the dissolution will cease, creating
“dead end” vertical fractures. If the vertical fractures terminate
before reaching the main water table and (or) before encoun-
tering a structural fracture that would enable the groundwater
to flow in a different direction, a perched epikarstic water
table can form, trapping the groundwater in the epikarst. In
such instances, the perched groundwater in the vertical “dead
end” fractures will have minimal routes for outflow until more
acidic infiltration takes its place to cause further dissolution
and the fracture size grows wide and (or) deep enough to
increase leakage or intersect another fracture through which
the water can escape, or until the groundwater is removed
by evapotranspiration if the overburden is thin and fractures
shallow enough. These perched water table conditions within
epikarst have implications for the long-term storage of con-
taminants at shallow depths.

The bottom of the epikarst in this study (figs. 6 and 7)
was considered to coincide with the lowest groundwater level
measured in monitoring wells that have reported groundwater
levels located within the screened interval or within an arbi-
trarily chosen depth of 1 ft of the screened interval. This depth
represents the lowest depth at which the water table would
fluctuate at those locations. Deeper portions of the epikarst
would exhibit features characteristic of both epikarstic vadose
zone infiltration processes and flow-through geologic structure
of the bedrock (discussed in the next section) at the locations



where infiltration through the epikarst meets the main water
table in the bedrock. Thus, the bottom of the epikarst zone
is more of a transitional zone between those two dominant
groundwater flow regimes rather than a sharp interface.

On cross section A-A' (figs. 1 and 6), MW-A-51 and
MW-B-55 had low groundwater levels within their screen
intervals that were used to determine epikarst depth. On
cross sections B-B' and C-C' (figs. 1 and 8), wells OW-2-65,
MW-M-50, MW-I-55, and MW-E-46 had groundwater levels
within their screened intervals. The lowest measured ground-
water level in these wells occurred in October 2016, except
MW-M-50 and MW-1-55 which occurred in January 2017
(appendix 1). For MW-A-51, the lowest groundwater level
reported was 583.02 ft in October 2016 (appendix 1). This
groundwater level is near the midpoint of the screened interval
of MW-A-51, thus elevation of the bottom of the epikarst was
taken to be 583.02 ft at MW-A-51 (fig. 6). The reported bot-
tom of the unconsolidated surficial overburden at MW-A-51
was reported to be about 14 ft below the land surface, or at
an altitude of approximately 614 ft (Amec Foster Wheeler,
2018), indicating an epikarst thickness of 35 ft at this loca-
tion. In October 2018, the groundwater level in MW-A-51
was 10 ft shallower than in October 2016 and about 1 ft above
the MW-A-51 screened interval (appendix 1), indicating 25
ft of unsaturated epikarst above the water elevation (fig. 6).
MW-A-51 is located near the edge of the lagoon, which had
high groundwater levels during this time (appendix 1; fig 6).
Given the epikarst's potential as a transition zone between the
surface and the main bedrock aquifer with the possibility to
form perched water tables, this large difference of hydraulic
heads between the lagoon and MW-A-51 may indicate perched
water tables in the epikarst in this area. If contaminated
groundwater near the edges of the lagoon infiltrate directly
into the epikarst, the perched water table may consist of con-
taminated groundwater rather than first flowing toward PZ-2D
or PZ-4D. This is the case illustrated on section A-A' (fig. 6).
However, if groundwater near the edges of the lagoon pref-
erentially flows toward PZ-2D or PZ-4D, diffuse infiltration
would be expected to occur throughout the entire unconsoli-
dated overburden, such as the area in the immediate vicinity
of MW-A-51. In this case, a perched water table would likely
still exist, but may contain recharge that did not pass through
the lagoon and therefore may be less contaminated. MW-A-51
will be discussed further in the contaminant fate and transport
section of this report.

The bottom of the epikarst was interpreted to be above
an unfractured bedrock unit located above the screen in well
MW-K-80, which does not have groundwater levels that
fall within its screen (appendix 1; fig. 6). Reported acoustic
televiewer and caliper logs from the MW-K borehole (col-
lected prior to construction of the MW-K wells; Amec Foster
Wheeler, 2018) do not indicate any fractures present from
depths of 40 to 60 ft below the land surface at this location.
Reported natural gamma logs from this borehole (Amec Foster
Wheeler, 2018) indicate low gamma intensities in this interval,
which also correlate with the less fractured portions of the
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bedrock. The lack of fractures from 40 to 60 ft in MW-K-80
indicate a shallow and thin epikarst at this location. For this
reason, the October 2018 water table in section A-A" was inter-
preted as having a hydraulic connection between PZ-2D and
the bedrock monitoring wells on the section (fig. 6), despite
the lack of aquifer test drawdown observed by Geosyntec
(2019) at this location. Weston, Inc. (1989) reported a borehole
“near MW-K” that contained a large, cavernous feature from
26 to 43 ft depth, which was not reported in MW-K (Amec
Foster Wheeler, 2018). Applying a 40-ft epikarst depth at
MW-K, the bottom of the epikarst would correspond approxi-
mately to the bottom of this cavernous feature (fig. 6). How
this feature is connected to other reported dissolution features,
such a 5-ft thick cavernous feature reported in MW-N-113
(fig. 7), is unknown.

In general, most wells less than 70 ft deep have a reported
groundwater level in or close to its screened interval in at least
one synoptic event from 2014 to 2018 (appendix 1). However,
the depth and thickness of epikarst will vary depending on the
height of the water table at a particular location, the thickness
of the overlying overburden, and whether sinkholes, grikes, or
other karst features are present at a location (Yager and others,
2013). Observing actual epikarst hydrological processes such
as groundwater infiltration and perched water tables is chal-
lenging without more detailed characterization of the bedrock
between the overburden and the main water table. Only lagoon
piezometer groundwater level measurements are available for
the unconsolidated overburden, so additional measurements in
other areas, particularly where nested with monitoring wells
open to bedrock, will assist in observing the vertical distribu-
tion of heads with respect to potential perched water tables
within the epikarst transitional zone.

Bedrock Hydrogeologic System

The site is underlain by the Zullinger and Shady Grove
Members of the Conococheague Formation. In the site area,
the Stonehenge Limestone overlies the Conococheague
Formation. Amec Foster Wheeler (2018) categorized the
bedrock at the site into three general lithologic units: a dark
gray, fine-grained limestone with a high degree of fracturing; a
light to medium gray, coarse-grained limestone with few frac-
tures but large apertures when present; and a light gray to tan
coarse-grained limestone/dolomite interbedded with fine, dark
gray limestone. Amec Foster Wheeler (2018) mapped the con-
tact between the Conococheague Formation and Stonehenge
Limestone at the site as a thrust fault. Bedding correlations
between boreholes from Amec Foster Wheeler (2018) were
assumed to be correct and no attempt was made to recatego-
rize these geologic units or reinterpret bedding correlations
between boreholes. Bedding on cross sections A-A', B-B', and
C-C'in this report (figs. 6 and 7) are included to delineate the
generalized schematic bedrock structure geometry only and do
not imply any location-specific or borehole-specific lithologic
information.
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Dissolution of carbonate bedrock will occur preferen-
tially within joints and bedding plane fractures determined
by the geologic structure (Duigon, 2001; Brezinski, 2018);
in other words, the structure of the dissolution voids (tertiary
porosity) follows the structure of joints and fractures (second-
ary porosity). Groundwater flows more easily through frac-
tures than through the primary porosity of the rock matrix. As
groundwater flows through fractures over time, acidic water
will cause dissolution, enlarging fractures. Rock matrix not
adjacent to fractures has lower permeability and porosity than
fractures, thereby more quickly neutralizing dissolved acids in
the groundwater. Groundwater flow is slow through the rock
matrix and acids can be more quickly neutralized and dis-
solution of the bedrock stops. The amount of time to replace
the “used up” neutralized groundwater with incoming acidic
groundwater that will restart dissolution will subsequently
be longer than in fractures. Conversely, acids in groundwa-
ter flowing through fractures may not be neutralized and the
replacement of these acids in the fractures and joints will be
faster than in the rock matrix because groundwater in fractures
is being replaced continuously, and thus these features will
become enlarged by dissolution more readily and to a greater
degree than in the rock matrix. The prevalence of dissolution-
enlarged fractures typically decrease with depth (Duigon,
2001), but groundwater flow directions in bedrock occur
predominantly along the structure of the bedrock, regardless
of whether that feature is associated with secondary or tertiary
porosity (Amec Foster Wheeler, 2018).

Three scales at which structural bedrock folds occur each
affect groundwater flow differently. Regionally, the site’s loca-
tion on the limb of the large anticline whose axis is located to
the northwest of the site (Brezinski, 2013, 2018) will affect
direction(s) of groundwater flow away from the site and may
affect interpretation of tracer-test detection at springs. Too few
offsite data are available for this study to accurately discuss
groundwater flow directions at the regional scale. Imprinted
on this regional fold are smaller meso-scale folds that can be
considered “site-scale” structural features with the greatest
effect on groundwater flow and contaminant transport within
the boundaries of the site. These folds include the Western
Boundary Anticline, Drainage Swale Syncline, Mitchell
Avenue Anticline, and other named folds (Amec Foster
Wheeler, 2018). Micro-scale folds also occur with the poten-
tial to affect groundwater flow at the borehole scale. Micro-
scale folds are important for packer test and geophysical log
interpretations, but likely have negligible effect on site-scale
processes.

Contouring Approach

The bedrock hydrogeologic system is discussed here as
the portion of the groundwater flow system within the bedrock
aquifer below the water table, regardless of depth. By basing
the contouring of groundwater elevations (and contaminant

concentrations) on cross sections, the vertical heterogene-

ity is accounted for without categorization into shallow and
deep at an arbitrary depth. Furthermore, the shallow and deep
categorization utilizes a less strict definition of epikarst than
that described here. Although the prevalence of karst conduits
decreases with depth, geologic structure still will have the
dominant influence as discussed in the previous section, so
shallow non-epikarst bedrock beneath the water table likely
has generalized groundwater flow geometries more similar

to deeper bedrock than the epikarst vadose-zone infiltration
processes.

The maps in figures 9 and 10 show hydraulic head poten-
tiometric contours from cross sections in map view at select
depth “slices” of the subsurface. After contouring groundwater
levels in cross section (figs. 7 and 8), the location where the
contour line intersects the given elevation or depth “slice” is
transferred onto the map, where the contours inferred from
each cross section are connected in lateral view. This method
incorporates the effects of vertical hydraulic gradients on the
lateral flow directions and generalized potentiometric surfaces
in the horizontal direction by first contouring in cross section
view and provides a three-dimensional context of groundwa-
ter level conditions in map view. Such an approach has been
utilized at other fractured rock-aquifer contamination sites
with highly dipping, complex geologic structure (Lacombe,
2000; Fiore and Lacombe, 2020). Figures 9 and 10 show
the potentiometric surface contours in October 2018 at the
bottom of the epikarst and at an arbitrary elevation of 525 ft,
respectively. The bottom of the epikarst corresponds to the
approximate top of the deeper zone where geologic structure,
rather than infiltration through the vadose zone, is the domi-
nant influence on karst structure. The 525 ft elevation occurs
at an average depth of 100 ft below the land surface, depend-
ing on exact land surface elevation. The 525 ft elevation was
arbitrarily chosen as an approximate midpoint where sufficient
groundwater-level data are available in cross sections. Only
the potentiometric surface from October 2018 was contoured
on maps; less recharge would have occurred during the drier
conditions in October 2016, preventing a more direct transla-
tion for interpretation of conditions necessary for episodic
release of contaminants from the lagoon, which would not
have occurred in October 2016 when the lagoon was dry.

Potentiometric surfaces contoured manually in fractured
rock and karst settings and their associated groundwater flow
directions should be considered generalized interpretations,
rather than actual, considering the complex geologic structure,
highly dipping beds, and possibility of cavernous karst voids
that may have gone undetected. Although flow directions for
the site are based on geometry inferred from bedrock struc-
ture, the configuration of fracture connectivity, the variability
of transmissivity, and resulting anisotropy of flow pathways
would require numerical groundwater flow and transport
models for a more accurate estimation (Tiedeman and oth-
ers, 2018).



Potentiometric Surfaces and Generalized
Groundwater Flow Directions

Previous work at the site identified the highest hydraulic
heads in the area of the lagoon, creating a “mound” of ground-
water with hydraulic gradients extending radially away from
the lagoon (Amec Foster Wheeler, 2018; Geosyntec, 2019;
Wood Environment & Infrastructure Solutions, Inc., 2019).
Potentiometric surface contours on the cross sections and
maps presented here indicate similar groundwater flow divides
in the bedrock (figs. 6, 7, 9, and 10).

On cross section A-A', hydraulic heads from
October 2016 and October 2018 indicate that a groundwater
divide is present near the approximate lagoon area, and that
the location of the divide changes depending on dry or wet
conditions (figs. 1 and 6). In October 2016, lagoon piezom-
eters were dry and the hydraulic head at MW-K-80 was higher
than MW-A-51 (appendix 1; fig. 6). Higher heads occurred
at MW-K-80 in all synoptic events except October 2018,
during which time MW-A-51 was higher (appendix 1). In
October 2018, the lagoon contained groundwater that con-
tributed recharge to the deeper system, so the heads were
elevated around the lagoon, but when the lagoon was dry the
groundwater divide was shifted toward the northwest (fig. 6).
However, lagoon piezometers are the only measurement
collected in the unconsolidated overburden, so locating the
groundwater divide is biased to locations where the data are
available. If the unconsolidated overburden near MW-K-80
has higher heads than the lagoon piezometers during wetter
conditions and has hydraulic connection to the bedrock, the
groundwater divide may be more consistently located toward
the northwest. MW-K-80 also does not contain epikarst within
its screened interval and the exact location of the bottom of the
epikarst could not be estimated at this location using water-
level data. Therefore, hydraulic heads above MW-K-80 are not
available to estimate the exact water table height and down-
ward gradient from the land surface at this location, which
potentiometric surfaces indicate may exhibit higher heads than
deeper lagoon piezometers PZ-2D (fig. 6).

The northwestern shift of the groundwater divide along
A-A' during dry conditions is likely associated with the ten-
dency for groundwater in the bedrock to flow along structure;
if the input from the surface is decreased, the groundwater
drainage through the bedrock along the strike- and dip-aligned
fractures is more noticeable. The drainage divide along
Section A-A" may be associated with the axial trace of the
Western Boundary Anticline that changes the dip orientations
of the fractures through which the groundwater is draining,
from a southeastern dip and southwestern gradient on one side
of the axial trace and northwestern dip and northwestern gradi-
ent on the other side (fig. 6).

Strike sections B-B' and C-C' also show the groundwater
divide located around the lagoon, more predominantly on the
southern end near the PZ-4 piezometer nest (figs. 1 and 7).
This is consistent with the hydraulic heads available for PZ-4S
and PZ-4D during dry October 2016 conditions, unlike the
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other lagoon piezometers that were dry. At this location, the
epikarst is thin and the boundary with the bedrock blurred
because of the constant influx of newly infiltrated groundwa-
ter, indicating the localized groundwater high at this location
would have better connection with the land surface and that
perched water tables or trapped groundwater in epikarstic
“dead end” fractures may be less likely near the PZ-4 nest than
at other locations.

With dip-aligned section A-A" indicating a divide west of
the lagoon and strike-aligned sections B-B' and C-C' indi-
cating a divide south of the lagoon, the associated contour
maps based on these sections indicate the mound of radial
groundwater flow directions is centered west-southwest of
the lagoon, rather than under the lagoon itself (figs. 9 and 10).
Notably, the west-southwest location of the mound occurs
in wetter October 2018 conditions when high groundwater
levels occurred in the lagoon. Lagoon piezometers had high
heads, so the radial mound in the unconsolidated overburden
would coincide within the lagoon boundary itself where those
measurements occurred. The radial mound at the bottom of
the epikarst (fig. 9) and within the bedrock (fig. 10) are not
at the same location as the lagoon piezometer mound and
are approximately at the same location as each other despite
slightly different shapes. Therefore, the high hydraulic heads
in a wet lagoon have a minor effect on the overall groundwater
flow paths in the bedrock, even if the bedrock is in hydraulic
connection with the lagoon.

Strike sections B-B' and C-C' also include karst dissolu-
tion features reported in wells along those sections (table 1),
which correspond to the distribution of hydraulic heads. In
October 2018, offsite well OW-2-115 had a higher head than
the shallower OW-2-65 and deeper OW-8-230 (appendix 1;
fig. 8). Well OW-2-115 also has a possible 2-ft-thick dis-
solution void within its well screen, which is approximately
aligned along strike with the dissolution void in MW-J-71
(table 1; figs. 8 and 11). Potentiometric surfaces from
October 2018, absent of any knowledge of karstic conduits,
indicate flow from MW-J-71 to OW-2-115 in a similar direc-
tion as a potential connection between the dissolution voids
(figs. 8 and 10), which indicates that a connection at this loca-
tion is possible. The potentiometric surface map at the 525-ft
elevation strongly indicates this connection with the shape of
the 585-ft head contour (fig. 10). In the map view in particular,
the strike-alignment of the 585-ft contour is clearer compared
to the cross-section view and supports a conceptual model
of dissolution void Kkarst feature orientations being aligned
with strike and dip orientations in the bedrock. The reported
dissolution features in table 1 were based only on drilling log
descriptions (Weston, Inc., 1989; Amec Foster Wheeler, 2018).
There are likely additional features that can be identified on
geophysical logs such as acoustic televiewer or caliper, but
no geophysical log analyses were incorporated into this study
nor by Amec Foster Wheeler (2018) for this purpose. The
likelihood of encountering a large-cavernous feature, such
as a 5-ft-thick feature reported in MW-N-113, is generally
low (Brezinski, 2018), and many dissolution features will be
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Figure 11.

Graph showing total suspended solids concentration in milligrams per liter with respect to screen depth in feet below

ground surface, at the Central Chemical facility, Hagerstown, Maryland. Dye detections were extracted from Field (2017) and TSS
concentrations are available through the U.S. Environmental Protection Agency (2021).

indistinguishable from non-dissolution fractures on geophysi-
cal logs. Therefore, reported geophysical logs indicating large
and highly fractured portions of bedrock, such as the 168
through 170 ft and 389 through 393 ft depths on the geophysi-
cal log for MW-B (Amec Foster Wheeler, 2018), are likely
dissolution features that should be included in analysis of the
geometry and connectivity of these features within a structural
framework.

In April 2014, October 2016, January 2017, and
April 2017, the groundwater level in OW-2-115 was lower
than OW-2-65, whereas in July 2017 and October 2018 the
reported water-level measurements in OW-2-115 had greater
water-level elevations than OW-2-65. This difference may be
caused by the dissolution voids preferentially directing excess
groundwater toward OW-2-115 in high-head conditions, with
excess groundwater occurring due to wetter than typical condi-
tions (such as October 2018) and (or) following a precipitation
event; more groundwater was present in October 2018 to flow
through those conduits toward the intersection with OW-2-115
compared to portions of the bedrock above and below with
lower transmissivity than a dissolution void. As calendar
year 2018 was the wettest on record (National Oceanic and
Atmospheric Administration, 2019), the voids upgradient
of OW-2-115 may have contained excess groundwater in

October 2018 than typical conditions that subsequently raised
the head in downgradient areas along the flow path. Note that
the heads in MW-J-71 do not vary with the same magnitude
as those in OW-2-115 (appendix 1), which is counter to the
expectation if the two wells were connected by a high trans-
missivity dissolution feature. The disparity may be caused by
additional conduits affecting groundwater levels in one well
not affecting the other and (or) that the connection of dissolu-
tion voids between MW-J-71 and OW-2-115 are not directly
connected between the two wells but have connections within
their respective general area along strike direction.

Aquifer tests (Geosyntec, 2019) did not report drawdown
in OW-2-115 but did report 1.9 ft of drawdown in MW-J-71
and 0.25 ft of drawdown in OW-8-230, which is located near
OW-2-115 but is screened about 100 ft deeper (appendix 1;
fig. 8). Well OW-8-230 also has reported tracer-test detec-
tion (Field, 2017), so another strong connection likely exists
between the site and OW-8-230. Aquifer test drawdown
also correlates with the general geologic structure, with
drawdown oriented along the dipping beds of B-B' and C-C'
(fig. 7) as well as reportedly 0.04 ft of drawdown in deep well
MW-B-400 (appendix 1; Geosyntec, 2019), which report-
edly occurs along a thrust fault within the Conococheague
Formation (Amec Foster Wheeler, 2018). If the reported



0.04 ft of drawdown is accurate, this would indicate the
fault is a permeable conduit for groundwater flow, which
has been identified elsewhere in the Hagerstown Valley
(Brezinski, 2018).

Effects of dissolution voids along bedrock structure are
not apparent for the potentiometric surface map of the bottom
of the epikarst (fig. 9), representing the top of the fully satu-
rated bedrock, because the vertical dissolution void fractures
associated with vadose zone processes within the epikarst are
dominant over structural effects at that transitional boundary.
Similar dissolution features are also present in MW-N-83,
MW-N-113, and MW-1-55 (table 1). The connections of the
dissolution features in sections B-B' and C-C' (fig. 7) all fol-
low the generalized geologic structure similar to the possible
OW-2-115 connection and provide further evidence that
tertiary porosity orientations and subsequent groundwater flow
directions are determined by orientations of geologic structure.

Extrapolating the conduit connection from MW-N-113
to MW-1-55 upward to the land surface on section C-C' aligns
with the sinkhole used as the injection location during EPA
Tracer Test 2 (fig. 6). Wells along the path of these dissolu-
tion void connections had reported tracer detections (Field,
2017), which may indicate these connections as important
conduits for tracer movement during the tracer tests. However,
only wells instrumented with the fluorometer during the
tracer tests could display tracer detections, and many of
the wells in the cross sections were not instrumented with
a fluorometer (Field, 2017). Thus, lack of tracer detection
in a non-instrumented well cannot indicate whether a tracer
flowed to that well and the tracer test has limited use for the
understanding of site-scale groundwater flow pathways. For
example, Field (2017) reported tracer detections at OW-8-230,
but not OW-2-115—not because the tracer was non-detect
at OW-2-115, but because no tracer monitoring occurred at
OW-2-115. Tracer detections were reported at offsite springs
and indicate regional-scale flowpaths away from the site
(Field, 2017), but too few data are available between the site
and the springs to delineate these paths of groundwater flow.

Groundwater Contaminants

The groundwater COC for the site consist of 41 com-
pounds identified in the 2009 Record of Decision for the site
(U.S. Environmental Protection Agency, 2009). For discussion
purposes, these compounds can be grouped into subcategories
of VOCs, SVOCs, pesticides, and metals. A brief description
of these compounds by group is included below. In discuss-
ing the fate and transport of these compounds, this report will
focus primarily on COC which exceeded either a maximum
contaminant level (MCL) or regional screening level (RSL)
during the 2018 sampling events listed below and can be
found in table 4.1. COC concentrations were provided to the
USGS by NewFields consulting company from past sampling

Groundwater Contaminants 25

events and reports associated with the site (Wood Environment
& Infrastructure Solutions, Inc., 2019; U.S. Environmental
Protection Agency, 2021).

Known sources of COC to the groundwater of the site
include the former waste lagoon, a drainage swale trench with
possible sinkhole, contaminated soils, and unknown waste dis-
posal sites outside the former waste lagoon. The waste lagoon
is a major source of COC to the groundwater and a focus for
remedial efforts of OU-1, however, the historical use of the
site may have resulted in multiple complex COC sources to
the groundwater.

VOCs comprise a large group of carbon-containing
chemicals characterized by high vapor pressure and low
water solubility. This group of compounds is of interest due
to their ability to contribute to ozone-producing atmospheric
reactions, their role in the formation of secondary organic
aerosols, and their documented potential for harmful effects
to human health. SVOCs are a subgroup of VOCs that tend to
have higher molecular weights and lower vapor pressures than
VOCs. These compounds are of interest for the same reasons
listed above.

Pesticides in the study area can be broken into three main
chemical classes: organochlorines, organophosphates, and
carbamates. All of the pesticides (insecticides and herbicides)
listed as COC for the site are classified as organochlorines.
Organochlorines are characterized by low water solubility.
High persistence in the environment and carcinogenicity and
low biodegradability are reasons for concern in this class
of compounds.

In contrast to the previously described contaminant
groups, metals are inorganic elements that can be reactive and
subject to reduction-oxidation reactions through environmen-
tal chemistry. Changes in redox conditions can increase the
mobility of inorganics and mobilize naturally occurring inor-
ganics within soils and rock. Metals are naturally occurring
and some, at low levels, are essential for living organisms.
However, at elevated levels these same metals are toxic.

Dissolved Phase Aqueous Transport

Contaminants transported within the dissolved phase
of groundwater will primarily follow the dominant ground-
water flowpath (advective transport) as discussed within
the Hydrology section of this report. COC dissolve into
groundwater either through recharge events where rainwater
dissolves soluble COC from contaminated soils or desorb
hydrophobic contaminants from contaminated soils and sedi-
ments. Depending on the chemical properties of the COC,
dissolved phase transport can be rapid (in the case of soluble,
freely available COC) or slow (due to diffusion from within
particles). The concentrations of water-soluble compounds
are generally limited by the solubility of those compounds if
raw source material is present such as in the waste lagoon.
As groundwater moves from the source material, dilution
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and dispersion occur as the groundwater moves along the
dominant flow path. While solubility limits do exist for more
hydrophobic compounds, the dissolved phase within ground-
water is generally limited by partitioning between the dis-
solved (aqueous) phase and the solid phase where compounds
are sorbed to a solid matrix. Dissolved hydrophobic contami-
nants within the groundwater will sorb and desorb from solid
materials based on the thermodynamic chemical activity of the
water and the solid materials. The chemical activity of a com-
pound in a mixture is used to define chemical potential and
determine directional flux as a system moves to equilibrium. A
compound is at equilibrium between states when the chemical
activities are equal. When contaminated groundwater with a
high activity coefficient is in contact with solid materials with
a lower activity coefficient, the contaminants will sorb to the
solid material due to the directional flux from high to low.
Contaminants will continue to sorb until equilibrium is estab-
lished. If the concentration within the groundwater changes to
a lower activity coefficient, such as a period of high recharge,
the thermodynamic flux is reversed and COC are mobilized
into the dissolved phase. The contact time of the groundwater
with the source material can have an impact on the concentra-
tion. Slow desorbing hydrophobic (log K, >4) compounds
may increase in concentration within the groundwater during
periods of low recharge due to the longer contact time.

Inorganic contaminants and metals found within the
groundwater at the study site are affected both by solubility
and the redox chemistry of the groundwater. Changes in the
redox chemistry or pH of the site may mobilize or immobilize
contaminants within the groundwater. The carbonate rock
found within the bedrock system has a buffering effect on the
pH. Changes in groundwater chemistry within the epikarst
layer would be more variable as recharge enters the groundwa-
ter and water levels change within the unconsolidated overbur-
den. Fast recharge events coupled with a change in redox state
may result in mobilizing contaminants to deeper portions of
the aquifer via conduit flow.

As mentioned in the hydrology discussion of this report,
the water table periodically rose above the disposal lagoon.
During high water levels, groundwater was likely in direct
contact with raw materials such as DDT that would typically
be bound to soils and sediments, increasing the potential for
mobilization.

Colloidal (Particle-Bound) Transport

White (2018) identified two potential transport mecha-
nisms for hydrophobic COC in a karst system. First, water-
soluble contaminants and dissolved COC generally move
with the dominant flow path of the water in an aquifer.
Second, hydrophobic compounds move and are stored
within the system sorbed either to particles or colloids that
do not necessarily correspond with the movement of water
in an aquifer. Dense non-aqueous phase liquids (DNAPLS),
such as the chlorinated organic contaminants (for example,

1,2-dichlorobenzene and 1,2-dichloroethane), can settle into
pockets, such as voids or caves, within the conduit system
where the contaminants can accumulate with settled particu-
late materials (Vesper and others, 2001). Slow mobilization

of hydrophobic contaminants into the dissolved phase then
can occur through a slow diffusion process as less contami-
nated water flows over deposited contaminated sediments. In
the event of higher energy flows within the conduit, a second
mobilization of the sediment can occur rapidly transporting the
sediment to a new location. This type of mobilization, caused
by high energy flows within the conduit system, would be
difficult to observe and measure since this type of flow can be
episodic and unpredictable. Additionally, wells are tradition-
ally installed and screened to reflect the dominant groundwater
flow and not to target a conduit with irregular flows patterns.
Due to the hydrophobicity of many of the COC, the mass
associated with the dissolved phase will likely be many orders
of magnitude less than the concentration associated with the
solid phase.

Various epikarst features, such as mud-filled voids and
caves, were observed during well installations as part of the
Remedial Investigation and other OU-2 remedial actions at
the site. These features were observed between 18 and 106 ft
depth. The source of the mud and sediment filling the voids
was not determined at the time of the installation, however,
three of the wells (MW-A-51, MW-N-113, and MW-0O-145)
connect with surface-level conduits (sinkholes) demonstrated
by the detection of dye in these wells during the dye tracer
study conducted by the EPA in 2017 and will be discussed in a
later section of this report. It is important to note that the dye
for the EPA study was not injected into a well but into sink-
holes present at the site. Without analysis of the material found
within the voids, it is not possible to conclusively determine
if COC are present, but there is evidence that these voids are
connected hydraulically with a surface sinkhole at the site. The
connection between the surface and an epikarst conduit system
could allow for particle-bound COC to enter and accumulate
within these voids. As discussed in the Epikarst section of this
report, perched epikarst water tables can form vertical “dead
ends” for groundwater flow before reaching the aquifer. These
features can trap COC that may mobilize to the deeper aquifer
under specific conditions or water levels. Storm sampling
events in June 2003 observed site-related pesticides and heavy
metals within the stormwater leaving the site via stormwater
sheet flow that also may enter the various sinkholes present
on the site (U.S. Environmental Protection Agency, 2009). An
initial site investigation report observed some onsite surface-
water travel to a depression that contains a sinkhole approxi-
mately 2 ft in diameter located to the north of the entrance to
Central Chemical Corporation (Maryland Department of the
Environment, 1989). COC entering the groundwater system
from contaminated material at the surface will not contain the
same composition as the COC from the disposal lagoon. High
levels of COC were found throughout the site from improper
handling during the manufacturing process and disposal
which included dumping material down sinkholes (Maryland



Department of the Environment, 1989). Well locations and
screen intervals were selected to monitor the site contaminant
transport based on identification of the disposal lagoon as a
primary source of groundwater contamination. As discussed in
the Hydrology section of this report, the only location where
the overburden was sampled was in piezometers associated
with the lagoon. Without additional sampling locations within
the site, it is not possible to determine the extent and transport
of COC associated with non-lagoon sources.

Groundwater monitoring activities for OU-2 in 2018
and 2019 reported detectable quantities of total suspended
solids (TSS) that lessened in quantity with depth, as shown in
figure 11. Most TSS were detected within or near the epikarst
zones but also were detected in deeper parts of the system
indicating the potential for sedimentation at depth to occur.
Without analysis of the TSS, it is not possible to determine
the source of the TSS, although they provide additional
evidence of sedimentation occurring within the groundwater
flow system.

Contaminant Transport Near the Water Table

Wells MW-A-51 and MW-M-50 are located on the
periphery of the waste disposal lagoon. Concentrations of
VOCs within MW-A-51 do not show a decreasing trend
but are highly variable (appendix 2; fig. 2.1). During 2016
when groundwater levels were low, concentrations of
1,2-dichloroethane, 1,2,4-TCB, benzene, chlorobenzene,
ethylbenzene, and toluene increased. Concentrations of these
compounds decreased during 2018 and fit closer with the
LOESS. The increase in 2016 may be the result of VOCs
being released from contaminated material with longer
contact time to enable material to diffuse out of the matrix.
Concentrations of VOCs in MW-M-50 (fig. 2.5) do not share
the same variability as MW-A-51 with lower concentrations
measured in 2016. COC in MW-M-50 (figs. 2.5-2.8) generally
follow a trend of elevated concentrations prior to 2010, fol-
lowed by lower concentrations after 2010. The general pattern
within MW-M-50 follows a contamination source based on
desorption-dissolution from contaminated soils in which levels
would decrease with time as the source material is depleted.
The exception to this pattern is observed in chlorobenzene,
diphenamid, and bis(2-ethylhexyl)phthalate (fig. 2.6). These
three COC remain elevated and may be the result of a different
source material not associated with the waste disposal lagoon.
The presence of elevated levels of bis(2-ethylhexyl)phthalate
may be related to an indirect release of plastics including poly-
vinyl chloride (PVC). Solvents disposed of at the site could
leach bis(2-ethylhexyl)phthalate into the groundwater where
they came into contact with various plastics.

Wells MW-B-55 and MW-E-46 are located at the edge of
the study area boundary. VOCs and SVOCs generally decrease
in concentration over time within these wells (appendix 2;
figs. 2.9, 2.10, 2.13, 2.14). Pesticide concentrations of DDX
(combined isomers of DDT, DDD, and DD), endrin, gamma-
BHC, alpha-BHC, and pentachlorophenol all decrease with
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time in well MW-E-46 (appendix 2, fig. 2.15). A bell-shaped
pattern is observed for beta-BHC and heptachlor epoxide

that is not observed in MW-B-55 (appendix 2, fig. 2.11). The
concentration of the SVOC diphenamid in well MW-B-55
(appendix 2, fig. 2.10) increases with time possibly caused by
recharge desorbing contaminants from surface soils then reab-
sorbing to the deeper materials. Desorption could result in a
steady increase in diphenamid until either the source material
is removed or the matrix reaches equilibrium.

The variable COC concentrations and patterns observed
near the water table do not provide conclusive evidence of
dominant transport mechanisms or sources. The variability
observed between different COC within the same well may
be the result of additional source materials unconnected to the
disposal lagoon. Storage of contaminated material within the
epikarst system has the potential to hinder remediation efforts
if not considered in the remedial action. Gaps in the sam-
pling frequency add uncertainty to COC transport if affected
by water-level changes within the epikarst as observed in
MW-A-51. Increased sampling frequency and a targeted
approach to capture changes in water level and recharge events
may provide clarity in understanding COC transport within the
epikarst.

Contaminant Transport Within Dissolution Voids

Specific wells depicted in sections B-B' and C-C" in
figure 7 contain reported dissolution voids with possible
connections, as seen in the figure. Additionally, these cross
sections contain wells with tracer detections from the EPA
tracer test study (Field, 2017). Therefore, these wells indicate
possible contaminant transport within dissolution voids. A
possible conduit connection from MW-N-113 to MW-I-55
on section C-C' may be aligned with the sinkhole used as
the injection location during EPA Tracer Test 2. Dissolution
features also are present in MW-N-83 and may also be con-
nected to this sinkhole. Wells MW-J-71 and MW-N-113 also
have a possible void connection within section B-B’. Although
no void is depicted in wells MW-P-235 and MW-N-113, there
is some groundwater connectivity based on detection of dye
during the EPA tracer test study (Field, 2017). Wells OW-2-65,
OW-2-115, and OW-8-230 located offsite also were evaluated
due to the possible dissolution void connecting MW-J-71 to
OW-2-115.

TSS concentrations in MW-I-55 measured in 2018 and
2019 were between 15 and 55 microgram per liter (mg/L),
which may result from direct recharge through the sinkhole
used in the tracer test study. MW-J-71 also had elevated
levels of TSS measured in 2018 and 2019 with concentra-
tions between 17 and 67 mg/L. MW-J-71 and MW-1-55 both
had the highest concentrations of TSS of the wells sampled
that was not a shallow piezometer. Elevated chlorobenzene
levels were measured in MW-J-71 with fluctuating concen-
trations and no observed decrease over the sampling period
(fig. 12A). 1,2,4-TCB exhibits similar elevated levels but at an
order of magnitude lower concentration (fig. 12B). The more
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hydrophobic 1,2,4-TCB (log K, =4.02) has higher sorption to
solid materials (like TSS) than chlorobenzene (log K,,=2.84),
resulting in approximately an order of magnitude difference in
the aqueous concentration if the initial release were the same.
BHC isomers have a similar hydrophobicity (log K,=3.72)

to 1,2,4-TCB, but concentrations decrease with respect to
time. Chlorobenzene and 1,2,4-TCB may be associated with
accumulated sediments within the dissolution void acting as a
reservoir for the contaminants.

Evaluating wells within cross section B-B’ (fig. 7) that
may be connected to MW-J-71, elevated levels (greater than
the RSL) of chlorobenzene and 1,2,4-TCB were observed in
MW-0O-145 and OW-2-115 though there was no significant
pattern change with time (appendix 3). TSS concentrations in
MW-0-145 were between 12 and 21 mg/L and in OW-2-115
between 9.8 and 32 mg/L. MW-0-145 is not depicted with
a possible void connection and is within the vicinity of
MW-J-71 (fig. 7). MW-0O-145 also had detections of dye
during the EPA tracer test with some connection to surface
conduit flow systems. The elevated levels of both chloroben-
zene and TSS in OW-2-115 support the possible void con-
nection depicted in cross section A-A' of figure 7C. Within
the well cluster containing OW-2-115, TSS were measured in
OW-8-235 to range from 4.0 to 7.8 mg/L and had dye detec-
tions during the 2017 study. The shallowest well within the
cluster, OW-2-65, had TSS concentrations between 4.0 and
7.0 mg/L. Elevated levels of contaminants generally were not
observed in OW-2-65, as concentrations were significantly
lower than deeper wells within the cluster. Chlorobenzene
concentrations within OW-8-230 increased with time. This
increase is not observed with 1,2,4-TCB or technical-BHC.
Chlorobenzene associated with particles may be a transport
mechanism offsite via the possible dissolution void connecting
MW-J-71 to OW-2-115.

Well MW-N-113 is also depicted with a possible
void connection to MW-J-71 and has some connection to
MW-P-235 based on detection from the EPA tracer test
(fig. 7). Chlorobenzene concentrations in both MW-N-113 and
MW-P-235 decreased with time supporting the hydraulic con-
nectivity observed in the tracer test (fig. 3.1). Elevated levels
of TSS were not observed in MW-N-113 during this same
period with concentrations near the detection limits, which
may be the reason for the decrease in concentration with
respect to time if there is no significant storage of contaminant
within sediments allowing for dilution of the contaminants.
MW-P-235 had detectable quantities of TSS between 5.4 and
8.0 mg/L and may have buffered reduction with time due
to TSS compared to MW-N-113. 1,2,4-TCB also decreased
with time in MW-N-113 but was variable in MW-P-235
(fig. 3.3). Technical-BHC decreased with respect to time in
MW-N-113 until the wetter period of 2018, where the con-
centration increased to earlier levels (fig. 3.5). Although the
void connecting MW-J-71 to MW-N-113 may exist, it does not
seem to be contributing to contaminant transport associated
with particles.

Limitations and Considerations for
Future Study

Karst features, especially dissolution voids, are poorly
defined in the subsurface despite their importance to ground-
water flow and contaminant transport. Driller’s logs provided
the primary dataset to identify karstic dissolution voids in
boreholes (Amec Foster Wheeler, 2018), but driller’s logs
have inherent limitations with regards to the accuracy of
depth and interval thicknesses that may cause many voids
to go unnoticed. Most dissolution voids are open (not mud-
filled) and marginally thicker than typical secondary porosity
lithostatic fractures and joints (Duigon, 2001), but are particu-
larly difficult to identify with driller’s logs. Geophysical logs
such as acoustic televiewer (ATV) logs could be utilized and
collected in a larger number of boreholes to identify zones of
1-ft or greater thickness that are likely to be dissolution voids,
whose presence then could be incorporated into the conceptual
site model.

Characterization of site hydrogeology is limited by the
dearth of measurements collected within the surficial sedi-
ments and epikarst. The lagoon piezometers are the only
locations at the site where data are collected in the surficial
sediments. The lack of groundwater in most piezometers
during periods of low rainfall, despite the lagoon remaining a
source area leaching residual contaminants from storage into
the groundwater, indicates that the surficial component of the
site hydrogeology should be better investigated. Similarly, the
characterization of the epikarst used in previous iterations of
the conceptual site model is based on a definition of epikarst
that consolidates the entire subsurface 100 ft below the land
surface as a generalized, low-resolution epikarst zone. This
characterization is more suited for a regional-scale assessment
than for a site-scale investigation. No data have been collected
at the site to assess the presence of perched epikarstic water
tables above the main water table that may exist as areas of
long-term storage of contaminants, a possibility for which
indirect indicators provide evidence in this study. Additional
monitoring well nests in areas such as near MW-A-51 that
contain screens in the unconsolidated surficial sediments and
at various depths in the shallow bedrock would assist with that
identification.

Continuous data are important to understand the hydrol-
ogy of karst aquifers because of the faster flow times that
water moves through karst voids following precipitation
events compared to fractures and joints. Continuous surface-
water data, such as stage (surface-water level) and discharge,
could be collected in parallel with continuous groundwater
data to observe responses to precipitation and identify bedrock
zones that may exhibit responses similar to surface water. For
example, the EPA tracer test study (Field, 2017) contained
only discrete spring discharge monthly measurements. The
addition of continuous discharge data would allow for analysis
of the spring responses to precipitation events that might have
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Figure 12. Graphs showing concentrations of, A, chlorobenzene, B, 1,2,4-trichlorobenzene (1,2,4-TCB), and C,
technical-BHC (Benzene hexachloride isomers) in well MW-J-71, Central Chemical facility, Hagerstown, Maryland.
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affected tracer detections at various offsite locations over time.
These new data could potentially provide more information
regarding hydraulic connections at the Central Chemical facil-
ity and provide a better understanding of flow processes and
pathways. Future passive sampling to monitor for hydropho-
bic organic contaminant concentrations at the site and nearby
springs, coupled with spring discharge data, may better define
hydraulic connections at the site.

This current study, as well as previous efforts at the
Central Chemical facility, have represented the subsurface
using 2-dimensional maps and cross sections, which creates
challenges when illustrating depth changes on maps and lateral
correlations between cross sections. The conceptual model for
the site would benefit from three-dimensional (3D) modeling
of the subsurface to observe geologic and hydrologic cor-
relations between boreholes in all directions. Hydrologic and
contaminant concentration data could be emplaced on these
3D views.

Contaminant transport within dissolution voids is dif-
ficult to sample and quantify. Flows through conduits or
voids can be episodic requiring frequent sampling to catch
recharge events that may mobilize particle-bound contami-
nants. Additionally, wells are not typically installed to sample
voids. This study identifies the TSS material measured
throughout the site and surrounding wells as possible contami-
nant transport mechanisms and sinks for more hydrophobic
contaminants. Filtering samples to collect and measure TSS in
wells where high concentrations of COC and TSS have been
detected would confirm or deny the role of particles in trans-
porting COC. Well MW-J-71 and associated wells would be
viable locations to test for COC and TSS. Additional sampling
and analysis of the TSS found in select wells may provide
additional confirmation if COC are bound and transported
within the site. Future remedial actions taken to address con-
taminant transport within OU-2 may need to address sediment-
bound COC within voids that could mobilize or act as second-
ary source material as COC desorb into treated groundwater. A
water budget for the site may aid in quantifying what fraction
of groundwater recharge is associated with conduit systems
flowing offsite compared to moving deeper into the system.
The water budget could be linked to local surface water
discharge sites identified in the EPA tracer study to provide
further evidence of the extent to which the site is hydraulically
connected to the surface water sites. Future passive sampling
work at surrounding surface water discharge locations may
provide evidence to understand the extent to which COC are
transported offsite via dissolution voids.

Additionally, this report does not specifically address
the contaminant dioxin that was detected at the site in 2018
(U.S. Environmental Protection Agency, 2019). The presence
of dioxin at the site may result in additional risk due to the
associated toxicity. Additional sampling and monitoring would
be necessary at the site to determine the fate, transport, and
possible source of dioxin.

Not addressed in this study is the role or potential role of
microbial degradation and transformation of the COC found
at the site. Halogenated organic compounds can be degraded
by a variety of microorganisms that may already exist at the
site. For example, sulfate-reducing bacteria Desulfococcus
multivorans DSM 2059 and Desulfovibrio gigas DSM 1382
have been found to reduce lindane through co-metabolism
(Badea and others, 2009). Sulfate-reducing bacteria may
be enriched at the site due to past production of lime sulfur
resulting in a sulfate plume. In situ and ex situ microcosm and
microbial-community sampling could determine the feasibil-
ity that microbial degradation may have in future contaminant
reductions.

Summary

The soil and groundwater of the Central Chemical facility
in Hagerstown, Maryland are contaminated due to operations
related to the blending and production of pesticides and fertil-
izers during much of the 20th century. Remedial investigations
at the site focus on two operable units—the surface soils and
waste disposal lagoon (OU-1) and the groundwater (OU-2).
The contaminants of concern (COC) for groundwater consists
of 41 compounds categorized within the subgroups of volatile
organic compounds (VOCs), semi-volatile organic compounds
(SVOCs), pesticides, and metals. The purpose of this report
is to provide a conceptual site model of the hydrogeology and
groundwater contaminant transport at and near the Central
Chemical facility. The conceptual model was developed
through review, synthesis, and interpretation of hydrogeologic,
soil, and other environmental investigations conducted at and
in the vicinity of the facility in recent decades and is intended
to support plans for environmental remediation of OU-2.

The Central Chemical facility and vicinity are underlain
by the Conococheague Formation, Stonehenge Limestone, and
Rockdale Run Formation, which include primarily carbonate
rocks (Brezinski, 2013, 2018). Overlying the Conococheague
Formation at the Central Chemical facility is highly frac-
tured bedrock of the epikarst (U.S. Environmental Protection
Agency, 2009). The contact of the bedrock with the overly-
ing soil and epikarst is highly irregular and the soil thickness
consequently varies substantially (Maryland Department of the
Environment, 1989; U.S. Environmental Protection Agency,
2009). Vertical pathways of high permeability have been
reported in the epikarst at the facility (U.S. Environmental
Protection Agency, 2009). The Central Chemical facility is
underlain by the Zullinger and Shady Grove Members of the
Conococheague Formation (Brezinski, 2018).

The extent and nature of the groundwater plume asso-
ciated with the deeper bedrock has been characterized for
OU-2 of the site. Lithologic and structural contrasts between
shallow soil, weathered rock, and epikarst and deeper com-
petent but bedded, dipping, fractured, and karstic limestones



give rise to two connected flow systems. Uncertainties exist

in the nature and transport of contaminants within the epikarst
system particularly within voids and perched epikarst ground-
water. Contaminated and raw materials within the waste
disposal lagoon are in contact with the groundwater. Based on
piezometer groundwater levels during drier periods, such as
October 2016 (appendix 1; fig. 6), portions of the unconsoli-
dated overburden that are sometimes saturated with groundwa-
ter can become unsaturated at other times.

Karst dissolution features, including sinkholes and dis-
solution voids, were observed in wells at the site during their
installation. Of interest, MW-J-71 appears to have a dissolu-
tion void connecting it to offsite well OW-2-115. This connec-
tion is supported by water-level data and elevated concentra-
tions of total suspended solids (TSS) and chlorobenzene. The
high levels of TSS support the possibility of offsite transport
of contaminants via particle-bound contaminants in the
conduit system due to the hydrophobicity of the COC and the
preferential partitioning to solids. Additional sampling would
be necessary to confirm this transport phenomena. Variable
concentrations of COCs also were observed in certain wells
within the epikarst near the waste disposal lagoon, particularly
MW-A-51. The variability observed between different COC
within the same well may be the result of other source materi-
als unconnected to the disposal lagoon. Storage of contami-
nated material within the epikarst system has the potential to
hinder remediation efforts if not considered.

This study was limited by the available data for the site
and no data were generated by the U.S. Geological Survey to
complete this report. Additional studies focusing on the epi-
karst and developing a water budget for the site may provide a
better characterization of the groundwater system and con-
taminant transport.
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Appendix 1.

Reported Well Construction Information, Groundwater Level

Measurements, Groundwater Level Drawdown from Aquifer Tests, and Tracer
Test Detections, Central Chemical Facility, Hagerstown, Maryland

Table 1.1. Reported well construction information, Central Chemical facility, Hagerstown, Maryland.

[Datum is North American Vertical Datum of 1988. All measurements in feet]

Well Depthto top of  Depth to bottom of Land :surface Casing altitude Altitude of the Altitude of the
screen screen altitude top of the screen  bottom of the screen

EW-10 59.5 109.5 619.94 622.25 560.44 510.44
EW-11 62 152 616.94 618.78 554.94 464.94
EW-12 57 117 629.04 630.54 572.04 512.04
EW-13 57 117 630.33 632.01 573.33 513.33
EW-1-110 60 110 623.63 623.83 563.63 513.63
MW-A-51 36 51 628.34 630.04 592.34 577.34
MW-B-55 40 55 619.13 621.72 579.13 564.13
MW-B-400 3775 402.5 619.36 621.66 241.86 216.86
MW-B-598 514 599 618.74 620.39 104.74 19.74
MW-C-40 25 40 608.44 610.16 583.44 568.44
MW-D-77 13 7 605.78 607.79 592.78 528.78
MW-E-46 31 46 614.47 616.17 583.47 568.47
MW-F-70 55 70 619.16 620.65 564.16 549.16
MW-G-35 20 35 598.37 600.39 578.37 563.37
MW-G-360 342 362 597.1 598.38 255.1 235.1

MW-G-600 582 602 597.35 599.41 15.35 -4.65
MW-H-65 50 65 613.02 615.1 563.02 548.02
MW-1-55 40 55 624.38 625.93 584.38 569.38
MW-J-71 56 71 629.26 630.84 573.26 558.26
MW-K-80 65 80 627.46 629.33 562.46 547.46
MW-K-440 417 442 628.08 629.55 211.08 186.08
MW-L-48 33 48 618.46 620.14 585.46 570.46
MW-L-250 232 252 617.54 619.47 385.54 365.54
MW-M-50 35 50 623.69 625.44 588.69 573.69
MW-N-83 67.5 83.5 624.28 625.24 556.78 540.78
MW-N-113 97 113 624.28 625.22 527.28 511.28
MW-0-145 125 145 631.21 632.49 506.21 486.21
PZ-P-165 150 165 627.57 626.57 477.57 462.57
MW-P-235 197.1 237.1 624.92 626.51 427.82 387.82
PZ-Q-118 98 118 630.62 630.62 532.62 512.62
MW-Q-150 135 150 629.14 630.59 494.14 479.14
MW-R-330 297 332 617.81 619.03 320.81 285.81
MW-R-600 582 602 617.52 620.08 35.52 15.52
OW-1-62 475 62.5 626.32 626.09 578.82 563.82
OW-1-105 90 105 626.32 626.05 536.32 521.32
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Table 1.1. Reported well construction information, Central Chemical facility, Hagerstown, Maryland.—Continued

[Datum is North American Vertical Datum of 1988. All measurements in feet]

Well Depthto top of Depth to bottomof  Land _surface Casing altitude Altitude of the top of Altitude of the bottom
screen screen altitude the screen of the screen

OW-2-65 50 65 630.14 629.81 580.14 565.14
OW-2-115 100.5 1155 630.14 629.88 529.64 514.64
OW-3-55 40 55 615.4 615.12 575.4 560.4

OW-3-105 90 105 615.4 615.09 525.4 510.4

OW-4-70 55 70 604.41 604.07 549.41 534.41
OW-5-90 70.5 90.5 601.64 601.37 531.14 511.14
OW-7-242 222 242 602.27 601.96 380.27 360.27
OW-7-410 387 412 601.7 603.75 214.7 189.7

OW-8-230 210 230 630.19 629.73 420.19 400.19
OW-9-125 85 125 603.14 602.8 518.14 478.14
OW-10-250 230 250 606.62 606.28 376.62 356.62
OW-11-240 220 240 613.17 612.68 393.17 373.17
OW-11-600 552 602 613.48 614.86 61.48 11.48
OW-12-232 212 232 612.02 611.62 400.02 380.02
OW-13-250 230 250 574.77 574.48 344.77 324.77
OW-14-96 76 96 584.99 584.68 508.99 488.99
OW-14-235 175 235 584.99 584.69 409.99 349.99
OW-15-202 182 202 590.67 590.4 408.67 388.67
OW-16-448 424 449 609.03 609.62 185.03 160.03
OW-17-600 565 600 613.32 613.02 48.32 13.32
OW-18-597 564 599 600.14 602.54 36.14 1.14
OW-19-450 415 450 625.87 625.4 210.87 175.87
PZ-1S 5 10 628.58 628.26 623.58 618.58
PZ-1D 17.7 22.7 626.58 628.43 608.88 603.88
Pz-2S 8.3 133 627.65 628.68 619.35 614.35
PZ-2D 29.4 34.4 627.65 629.67 598.25 593.25
PZ-3S 10 15 628.15 630.08 618.15 613.15
PZ-3D 20.2 25.2 628.15 630.14 607.95 602.95
PZ-4S 125 175 623.66 625.59 611.16 606.16

PZ-4D 39 44 623.66 625.62 584.66 579.66




Table 1.2. Reported groundwater level measurements, groundwater level drawdown from aquifer tests, and tracer detections, Central Chemical facility, Hagerstown, Maryland.

[NAVD 88, North American Vertical Datum of 1988; NA, not applicable; NM, not measured; ND, not detected]

9€

. . . . . . . October 22, 2018 synoptic May 21-24,
April 14,2014 synoptic ~ October 21, 2016 synoptic  January 19, 2017 synoptic  April 20, 2017 synoptic July 26, 2017 synoptic (Wood Environment & ?019 EPA tracer test',
(Amec Foster (Amec Foster (Amec Foster (Amec Foster (Amec Foster Infrastructure Solutions. aquifer test 2014-2015
Wheeler, 2018) Wheeler, 2018) Wheeler, 2018) Wheeler, 2018) Wheeler, 2018) Inc,, 2019) " (Geosyntec, (Field, 2017)
Well 2019)
Water level Water level Water level Water level Water level Water level Total Detection Detection Detection

depth below  Head depth below  Head depth below  Head depth below  Head depth below  Head depth below  Head drawdown during during during

casing (feet) casing (feet) casing (feet) casing (feet) casing (feet) casing (feet) (feet) tracer tracer tracer

(feet) (feet) (feet) (feet) (feet) (feet) test 1 test2 test3
EW-10 NA NA NA NA NA NA NA NA NA NA 29.26 592.99 22 NM NM NM
EW-11 NA NA NA NA NA NA NA NA NA NA 37.92 580.86 36 NM NM NM
EW-12 NA NA NA NA NA NA NA NA NA NA 40.09 590.45 375 NM NM NM
EW-13 NA NA NA NA NA NA NA NA NA NA 38.66 593.35 23 NM NM NM
EW-1-110 25.45 598.38 36.88 586.95 37.07 586.76 29.46 594.37 30.57 593.26 24.96 598.87 0.5 NM NM NM
MW-A-51 36.24 593.8 47.02 583.02 46.74 583.3 42.29 587.75 42.3 587.74 36.1 593.94 1 Yes ND Yes
MW-B-55 4251 579.21 48.86 572.86 47.54 574.18 45.44 576.28 43.65 578.07 42.77 578.95 0 NM NM NM
MW-B-400 NA NA 56.98 564.68 57.07 564.59 55.39 566.27 55.21 566.45 51.98 569.68 0.04 NM NM NM
MW-B-598 NA NA 55.58 564.81 55.73 564.66 54.07 566.32 53.86 566.53 50.67 569.72 0 NM NM NM
MW-C-40 27.49 582.67 32.11 578.05 3191 578.25 27.96 582.2 29.76 580.4 27.91 582.25 0 NM NM NM
MW-D-77 25.75 582.04 28.46 579.33 31.44 576.35 32.08 575.71 31.8 575.99 25.88 581.91 0 NM NM NM
MW-E-46 23.47 592.7 33 583.17 32.05 584.12 25.19 590.98 26.31 589.86 32.45 583.72 0.5 NM NM NM
MW-F-70 41.7 578.95 50.32 570.33 50.23 570.42 46 574.65 44.76 575.89 41.27 579.38 0 NM NM NM
MW-G-35 19.3 581.09 24.74 575.65 26.58 573.81 20.84 579.55 21.93 578.46 18.25 582.14 0 NM NM NM
MW-G-360 NA NA 33.84 564.54 33.56 564.82 3151 566.87 31.25 567.13 27.65 570.73 0.3 NM NM NM
MW-G-600 NA NA 36.17 563.1 36.36 562.91 34.6 564.67 34.39 564.88 30.72 568.69 0 NM NM NM
MW-H-65 29.6 585.5 35.63 579.47 34.77 580.33 31.43 583.67 32.65 582.45 29.65 585.45 0 NM NM NM
MW-I1-55 27.05 598.88 38.63 587.3 38.93 587 3111 594.82 32.2 593.73 26.53 599.4 0 NM NM NM
MW-J-71 37.59 593.25 47.94 582.9 45.39 585.45 42 588.84 42.84 588 37.59 593.25 1.9 NM NM NM
MW-K-80 35.97 593.36 44,98 584.35 44.46 584.87 38.95 590.38 39.42 589.91 36.47 592.86 0.75 Yes ND Yes
MW-K-440 NA NA 64.1 565.45 64.48 565.07 62.59 566.96 62.22 567.33 58.51 571.04 0 NM NM NM
MW-L-48 28.13 592.01 36.13 584.01 34.38 585.76 29.19 590.95 30.82 589.32 29.43 590.71 0 NM NM NM
MW-L-250 NA NA 54.63 564.84 55.02 564.45 53.13 566.34 52.75 566.72 48.6 570.87 0 NM NM NM
MW-M-50 26.1 599.34 36.87 588.57 37.98 587.46 29.17 596.27 30.67 594.77 25.36 600.08 0 NM NM NM
MW-N-83 34.48 590.76 4431 580.93 43.88 581.36 37.87 587.37 37.66 587.58 33.67 591.57 13 NM NM NM
MW-N-113 34.91 590.31 44 581.22 441 581.12 38.3 586.92 38.11 587.11 34.17 591.05 11.8 Yes Yes Yes
MW-0-145 52 580.49 59.58 57291 58.67 573.82 55.37 577.12 55.2 577.29 51.17 581.32 3.4 ND Yes Yes
PZ-P-165 46.75 579.82 54.48 573.09 53.65 573.92 50.38 577.19 49.97 577.6 NM NM 16 NM NM NM
MW-P-235 50.49 576.02 57.53 568.98 56.94 569.57 54.16 572.35 53.84 572.67 50.05 576.46 2 Yes Yes Yes
PZ-Q-118 40.12 590.5 50.22 580.4 4991 580.71 43.81 586.81 43.86 586.76 NM NM 5.9 NM NM NM
MW-Q-150 47.78 582.81 56.21 574.38 55.74 574.85 51.4 579.19 51.15 579.44 47.25 583.34 6.3 ND Yes Yes
MW-R-330 NA NA 52.4 566.63 52.09 566.94 49.7 569.33 494 569.63 45.85 573.18 0.9 NM NM NM

MW-R-600 NA NA 55.13 564.85 55.46 564.52 53.59 566.39 53.62 566.36 49.77 570.31 0 NM NM NM
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Table 1.2. Reported groundwater level measurements, groundwater level drawdown from aquifer tests, and tracer detections, Central Chemical facility, Hagerstown, Maryland.—Continued

[NAVD 88, North American Vertical Datum of 1988; NA, not applicable; NM, not measured; ND, not detected]

. . . . . ) . October 22, 2018 synoptic May 21-24,
April 14,2014 synoptic ~ October 21, 2016 synoptic  January 19, 2017 synoptic  April 20, 2017 synoptic July 26, 2017 synoptic (Wood Environment & ?019 EPA tracer test',
(Amec Foster (Amec Foster (Amec Foster (Amec Foster (Amec Foster Infrastructure Solutions, aquifer test 2_014—2015
Wheeler, 2018) Wheeler, 2018) Wheeler, 2018) Wheeler, 2018) Wheeler, 2018) Inc., 2019) " (Geosyntec, (Field, 2017)
Well 2019)

Water level Water level Water level Water level Water level Water level Total tecti Detecti Detecti

depth l_)elow Head depth l_)elow Head depth I_Jelow Head depth I_Jelow Head depth below  Head depth below  Head drawdown during during during

casing (feet) casing (feet) casing (feet) casing (feet) casing (feet) casing (feet) (feet) tracer tracer tracer

(feet) (feet) (feet) (feet) (feet) (feet) test 1 test2 test3
OW-1-62 49.6 576.49 55.61 570.48 59.47 566.62 53.47 572.62 53.13 572.96 48.48 577.61 0 NM NM NM
OW-1-105 50.2 575.85 56.49 569.56 56.33 569.72 53.95 572.1 53.52 572.53 48.4 577.65 NM NM NM NM
OW-2-65 44.32 585.49 50.07 579.74 47.88 581.93 47.86 581.95 46.77 566.83 47.28 582.53 0 NM NM NM
OW-2-115 47.36 582.52 55.93 573.95 53.93 575.95 51.49 578.39 50.07 579.81 4453 585.35 0 NM NM NM
OW-3-55 41.76 573.36 50 565.12 50.69 564.43 49.15 565.97 48.29 566.83 42.03 573.09 NM NM NM NM
OW-3-105 42.38 572.71 50.21 564.88 50.78 564.31 49.23 565.86 48.52 566.57 4177 573.32 NM NM NM NM
OW-4-70 31.62 572.45 40.19 563.88 39.29 564.78 37.35 566.72 35.46 568.61 31.45 572.62 NM NM NM NM
OW-5-90 36.12 565.25 44.44 556.93 43.93 557.44 41.9 559.47 41.11 560.26 36.3 565.07 NM ND ND ND
OW-7-242 37.37 564.59 427 559.26 44.01 557.95 50.29 551.67 41.8 560.16 336 568.36 NM ND ND Yes
OW-7-410 NA NA 41.65 562.1 41.8 561.95 39.99 563.76 39.66 564.09 35.65 568.1 0 NM NM NM
OW-8-230 52.53 577.2 59.9 569.83 58.76 570.97 56.84 572.89 55.9 573.83 52.01 577.72 0.25 ND Yes Yes
OW-9-125 29.3 5735 34.19 568.61 33.69 569.11 32.07 570.73 317 571.1 28.2 574.6 NM ND Yes Yes
OW-10-250 35.77 570.51 40.06 566.22 39.41 566.87 38.19 568.09 37.65 568.63 34.61 571.67 NM NM NM NM
OW-11-240 45.32 567.36 52.22 560.46 50.54 562.14 49.39 563.29 48.56 564.12 45,57 567.11 NM NM NM NM
OW-11-600 NA NA 55.78 559.08 54.78 560.08 53.88 560.98 53.44 561.42 51.18 563.68 0.1 NM NM NM
OW-12-232 54.76 556.86 62.98 548.64 62.49 549.13 61.89 549.73 60.31 551.31 52.68 558.94 NM NM NM NM
OW-13-250 13.08 561.4 20.31 554.17 19.99 554.49 18.03 556.45 17.75 556.73 14 560.48 NM NM NM NM
OW-14-96 19.51 565.17 27.57 557.11 27.58 557.1 25.56 559.12 25.13 559.55 18.7 565.98 NM NM NM NM
OW-14-235 18.42 566.27 25.74 558.95 25.91 558.78 23.97 560.72 23.54 561.15 17.63 567.06 NM NM NM NM
OW-15-202 19.23 571.17 26.23 564.17 27.09 563.31 25.32 565.08 25.02 565.38 19.12 571.28 NM NM NM NM
OW-16-448 NA NA 47.12 562.5 47.87 561.75 46.2 563.42 25.79 583.83 41.09 568.53 NM NM NM NM
OW-17-600 NA NA 47.36 565.66 47.47 565.55 45.99 567.03 45.84 567.18 42.73 570.29 NM NM NM NM
OW-18-597 NA NA 43.41 559.13 42.95 559.59 NM NM 41.39 561.15 38.12 564.42 NM NM NM NM
OW-19-450 NA NA 59.82 565.58 60.42 564.98 58.54 566.86 58.2 567.2 53.61 571.79 NM NM NM NM
PZ-1S 9.17 619.09 11.64 616.62 11.13 617.13 9.08 619.18 10.91 617.35 9.19 619.07 0 NM NM NM
PZ-1D 24.15 604.28 242 604.23 24.28 604.15 24.32 604.11 24.25 604.18 22.97 605.46 NM NM NM NM
PZ-2S 12.87 616.81 15.76 613.02 15.91 613.77 13.75 615.93 14.88 614.8 13.39 615.29 NM NM NM NM
PZ-2D 30.11 599.56 36.04 593.63 36.16 593.51 36.22 593.45 35.78 593.89 26.42 603.25 0 NM NM NM
PZ-3S 1 619.08 16.64 613.44 16.73 613.35 14.12 615.96 14.99 615.09 10.58 619.5 0 NM NM NM
PZ-3D 21.22 608.92 27.06 603.08 27.16 602.98 27.22 602.92 26.75 603.39 19.34 610.8 0 NM NM NM
PZ-4S 6.42 619.17 11.79 613.8 11.53 614.06 8.2 617.39 9.47 616.12 6.01 619.58 0.2 NM NM NM
PZ-4D 26.1 599.52 36.62 589 38.16 587.46 31.28 594.34 31.68 593.94 25.37 600.25 0 NM NM NM
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MW-A-51 - Volatile organic compounds
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Graphs showing select volatile organic compounds (VOC) concentrations reported for well MW-A-51, Central Chemical facility, Hagerstown,

Maryland. Years 2016 and 2018 are highlighted with red bars, a local polynomial regression is depicted with a blue line, and the 95 percent confidence interval in
grey. All concentrations for contaminants of concern are available through the U.S. Environmental Protection Agency (2021).
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MW-A-51 - Semivolatile organic compounds
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Figure 2.2. Graphs showing select semi-volatile organic compounds (SVOC) concentrations reported for well MW-A-51, Central Chemical facility, Hagerstown,
Maryland. Years 2016 and 2018 are highlighted with red bars, a local polynomial regression is depicted with a blue line, and the 95 percent confidence interval in grey. All
concentrations for contaminants of concern are available through the U.S. Environmental Protection Agency (2021).
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MW-A-51 - Pesticides and herbicides
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Figure 2.3. Graphs showing select pesticide and herbicide concentrations reported for well MW-A-51, Central Chemical facility, Hagerstown, Maryland. Years 2016

and 2018 are highlighted with red bars, a local polynomial regression is depicted with a blue line, and the 95 percent confidence interval in grey. All concentrations for
contaminants of concern are available through the U.S. Environmental Protection Agency (2021). [Dichlorodiphenyltrichloroethane, DDT, Dichlorodiphenyldichloroethylene,
DDE; Dichlorodiphenyldichloroethane, DDD; Benzene hexachloride, BHC]
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MW-A-51 - Metals
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Graphs showing select metal concentrations reported for well MW-A-51, Central Chemical facility, Hagerstown, Maryland. Years 2016 and 2018 are

highlighted with red bars, a local polynomial regression is depicted with a blue line, and the 95 percent confidence interval in grey. All concentrations for contaminants of
concern are available through the U.S. Environmental Protection Agency (2021).
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MW-M-50 - Volatile organic compounds
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Figure 2.5. Graphs showing select volatile organic compounds (VOC) concentrations reported for well MW-M-50, Central Chemical facility, Hagerstown, Maryland.
Years 2016 and 2018 are highlighted with red bars, a local polynomial regression is depicted with a blue line, and the 95 percent confidence interval in grey. All
concentrations for contaminants of concern are available through the U.S. Environmental Protection Agency (2021).
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MW-M-50 - Semivolatile organic compounds
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Graphs showing select semi-volatile organic compounds (SVOC) concentrations reported for well MW-M-50, Central Chemical facility, Hagerstown,

Maryland. Years 2016 and 2018 are highlighted with red bars, a local polynomial regression is depicted with a blue line, and the 95 percent confidence interval in grey. All
concentrations for contaminants of concern are available through the U.S. Environmental Protection Agency (2021).
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MW-M-50 - Pesticides and herbicides
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Figure 2.7. Graphs showing select pesticide and herbicide concentrations reported for well MW-M-50, Central Chemical facility, Hagerstown, Maryland. Years 2016

and 2018 are highlighted with red bars, a local polynomial regression is depicted with a blue line, and the 95 percent confidence interval in grey. All concentrations for
contaminants of concern are available through the U.S. Environmental Protection Agency (2021). [Dichlorodiphenyltrichloroethane, DDT, Dichlorodiphenyldichloroethylene,
DDE; Dichlorodiphenyldichloroethane, DDD; Benzene hexachloride, BHC]
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MW-M-50 - Metals
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Graphs showing select metal concentrations reported for well MW-M-50, Central Chemical facility, Hagerstown, Maryland. Years 2016 and 2018 are

highlighted with red bars, a local polynomial regression is depicted with a blue line, and the 95 percent confidence interval in grey. All concentrations for contaminants of
concern are available through the U.S. Environmental Protection Agency (2021).
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MW-B-55 - Volatile organic compounds
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Figure 2.9. Graphs showing select volatile organic compounds (VOC) concentrations reported for well MW-B-55, Central Chemical facility, Hagerstown, Maryland.
Years 2016 and 2018 are highlighted with red bars, a local polynomial regression is depicted with a blue line, and the 95 percent confidence interval in grey. All
concentrations for contaminants of concern are available through the U.S. Environmental Protection Agency (2021).
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MW-B-55 - Semivolatile organic compounds
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Figure 2.10. Graphs showing select semi-volatile organic compounds (SVOC) concentrations reported for well MW-B-55, Central Chemical facility, Hagerstown,
Maryland. Years 2016 and 2018 are highlighted with red bars, a local polynomial regression is depicted with a blue line, and the 95 percent confidence interval in grey. All
concentrations for contaminants of concern are available through the U.S. Environmental Protection Agency (2021).
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MW-B-55 - Pesticides and herbicides
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Figure 2.11. Graphs showing select pesticide and herbicide concentrations reported for well MW-B-55, Central Chemical facility, Hagerstown, Maryland. Years 2016

and 2018 are highlighted with red bars, a local polynomial regression is depicted with a blue line, and the 95 percent confidence interval in grey. All concentrations for
contaminants of concern are available through the U.S. Environmental Protection Agency (2021). [Dichlorodiphenyltrichloroethane, DDT; Dichlorodiphenyldichloroethylene,
DDE; Dichlorodiphenyldichloroethane, DDD; Benzene hexachloride, BHC]
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Appendix 2. Contaminants of Concern Observed Over Time in Wells at the Central Chemical Facility in Hagerstown, MD

MW-B-55 - Metals
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Figure 2.12. Graphs showing select metal concentrations reported for well MW-B-55, Central Chemical facility, Hagerstown, Maryland. Years 2016 and 2018 are

highlighted with red bars, a local polynomial regression is depicted with a blue line, and the 95 percent confidence interval in grey. All concentrations for contaminants of

concern are available through the U.S. Environmental Protection Agency (2021).
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MW-E-46 - Volatile organic compounds
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Figure 2.13. Graphs showing select volatile organic compounds (VOC) concentrations reported for well MW-E-46, Central Chemical facility, Hagerstown,

Maryland. Years 2016 and 2018 are highlighted with red bars, a local polynomial regression is depicted with a blue line, and the 95 percent confidence interval in

grey. All concentrations for contaminants of concern are available through the U.S. Environmental Protection Agency (2021).
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MW-E-46 - Semivolatile organic compounds
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Figure 2.14. Graphs showing select semi-volatile organic compounds (SVOC) concentrations reported for well MW-E-46, Central Chemical facility, Hagerstown,
Maryland. Years 2016 and 2018 are highlighted with red bars, a local polynomial regression is depicted with a blue line, and the 95 percent confidence interval in grey. All
concentrations for contaminants of concern are available through the U.S. Environmental Protection Agency (2021).
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MW-E-46, pesticides and herbicides
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Figure 2.15. Graphs showing select pesticide and herbicide concentrations reported for well MW-E-46, Central Chemical facility, Hagerstown, Maryland. Years 2016

and 2018 are highlighted with red bars, a local polynomial regression is depicted with a blue line, and the 95 percent confidence interval in grey. All concentrations for
contaminants of concern are available through the U.S. Environmental Protection Agency (2021). [Dichlorodiphenyltrichloroethane, DDT, Dichlorodiphenyldichloroethylene,
DDE; Dichlorodiphenyldichloroethane, DDD; Benzene hexachloride, BHC]
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Appendix 2. Contaminants of Concern Observed Over Time in Wells at the Central Chemical Facility in Hagerstown, MD

MW-E-46 - Metals
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Figure 2.16. Graphs showing select metal concentrations reported for well MW-E-46, Central Chemical facility, Hagerstown, Maryland. Years 2016 and 2018 are

highlighted with red bars, a local polynomial regression is depicted with a blue line, and the 95 percent confidence interval in grey. All concentrations for contaminants of

concern are available through the U.S. Environmental Protection Agency (2021).
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Graphs showing concentrations of chlorobenzene reported for wells MW-I-55, MW-J-71, MW-M-50, MW-N-113, MW-0-145, MW-P-235, 0W-2-115,
O0W-2-65, and 0W-8-230, Central Chemical facility, Hagerstown, Maryland. Years 2016 and 2018 are highlighted with red bars and a local polynomial regression is
depicted with a blue line. All concentrations for contaminants of concern are available through the U.S. Environmental Protection Agency (2021).
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Figure 3.2. Boxplots showing chlorobenzene concentrations in micrograms per liter (pg/L) reported for wells MW-1-55 (sample size [n]=15), MW-J-71(n=15),

MW-M-50(n=13), MW-N-113 (n=14), MW-0-145 (n=7), MW-P-235 (n=7), OW-2-115 (n=13), OW-2-65 (n=14), and O0W-8-230 (n=9), Central Chemical facility, Hagerstown,
Maryland. All concentrations for contaminants of concern are available through the U.S. Environmental Protection Agency (2021).
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Figure 3.3. Graphs showing concentrations of 1,2,4-trichlorobenzene reported for wells MW-1-55, MW-J-71, MW-M-50, MW-N-113, MW-0-145, MW-P-235,
0W-2-115, 0W-2-65, and OW-8-230, Central Chemical facility, Hagerstown, Maryland. Years 2016 and 2018 are highlighted with red bars and a local polynomial
regression is depicted with a blue line. All concentrations for contaminants of concern are available through the U.S. Environmental Protection Agency (2021).
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Figure 3.4. Boxplots showing 1,2,4-trichlorobenzene concentrations in micrograms per liter (pg/L) reported for wells MW-1-55 (sample size [n]=15), MW-J-71(n=15),

MW-M-50 (n=13), MW-N-113 (n=14), MW-0-145 (n=7), MW-P-235 (n=7), OW-2-115 (n=13), OW-2-65 (n=14), and 0W-8-230 (n=9), Central Chemical facility, Hagerstown,
Maryland. All concentrations for contaminants of concern are available through the U.S. Environmental Protection Agency (2021).
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Figure 35. Graphs showing concentrations of technical benzene hexachloride (BHC) reported for wells MW-1-55, MW-J-71, MW-M-50, MW-N-113, MW-0-145,
MW-P-235, 0W-2-115, 0W-2-65, and OW-8-230, Central Chemical facility, Hagerstown, MD. Years 2016 and 2018 are highlighted with red bars and a local polynomial
regression is depicted with a blue line. All concentrations for contaminants of concern are available through the U.S. Environmental Protection Agency (2021).
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Appendix 4. Contaminants of Concern for Groundwater Vicinity of the Central
Chemical Facility

Table 4.1. Contaminants of Concern properties and reported maximum concentrations for the Central Chemical facility, Hagerstown,
Maryland. Maximum contaminant level and regional screening level reported in Wood Environment & Infrastructure Solutions, Inc.
(2019).

[All concentrations for contaminants of concern are available through the U.S. Environmental Protection Agency (2021). CAS number, Chemical Abstracts
Service identification number; log, logarithm; K, n-octanol-water partition coefficient; mg/L, milligrams per liter; MCL, maximum contaminant level; ug/L,
micrograms per liter; RSL, remedial screening level; —, not available]

Maximum Maximum
- concentration concentration
Contaminant CAS number log K,,, s?:':'b;ll_')tv (M(/:II_') (Rst shallow deep
g Ha hg/L) groundwater  groundwater
(pg/L) (pg/L)
Volatile organic compounds
Acetone 67-64-1 -0.24 1,000,000 - 1,400 72 -
Benzene 71-43-2 2.13 1,790 5 0.46 330 82
2-Butanone 78-93-3 0.29 223,000 - 560 23 -
Carbon disulfide 75-15-0 1.94 2,160 - 81 16 -
Chlorobenzene 108-90-7 2.84 499 100 7.8 1,500 1,100
Chloroform 67-66-3 1.97 7,950 80 0.22 52 4.2
1,2-Dichlorobenzene 95-50-1 3.43 156 600 30 140 78
1,3-Dichlorobenzene 541-73-1 3.53 125 600 - 3.9 -
1,4-Dichlorobenzene 106-46-7 3.44 81 75 0.48 320 90
1,2-Dichloroethane 107-06-2 1.48 8,600 5 0.17 8.4 6.8
Ethylbenzene 100-41-4 3.15 170 700 15 2,500 2.1
Isopropylbenzene 98-82-8 3.66 61.3 - 45 16 1.3
Methyl Tertbutyl Ether 1634-04-4 0.94 42,000 - 14 0.92 0.92
Tetrachloroethene 127-18-4 3.4 206 5 4.1 24 0.48
Toluene 108-88-3 2.73 526 1,000 110 310 10
1,2,3-Trichlorobenzene 87-61-6 4.05 30 - 0.7 0.97 -
1,2,4-Trichlorobenzene 120-82-1 4.02 49 70 0.4 16 3.4
Trichloroethene 79-01-6 2.42 1,280 5 0.28 - 1.4
Xylene, ortho 95-47-6 3.12 178 10,000 19 3,800 5
Xylenes (M&P) 108-38-3/106-42-3 3.2/3.15 161/ 165 10,000 - 12,000 9.9
Semivolatile organic compounds
Acenaphthene 83-32-9 3.92 4 - 53 140 15
Acetophenone 98-86-2 1.58 6,130 - 190 4.3 0.27
Anthracene 120-12-7 4.45 13 - 180 0.49 -
Atrazine 1912-24-9 2.61 33 3 0.3 3,000 3.2
Benzo(a)anthracene 56-55-3 5.76 0.0094 - 0.03 - 0.13
Benzo(a)pyrene 50-32-8 6.13 0.00162 0.2 0.025 - 0.28
Benzo(b)fluoranthene 205-99-2 5.78 0.0015 - 0.25 - 0.61
Benzo(ghi)perylene 191-24-2 6.63 0.000026 - - 0.067 0.52
Benzo(k)fluoranthene 207-08-9 6.11 0.0008 - 2.5 - 0.24
Butylbenzylphthalate 85-68-7 4.73 2.7 - 16 - 0.62
Biphenyl 92-52-4 4.01 7.5 - 0.083 12 -
Bis(2-Ethylhexyl)phthalate 117-81-7 7.6 0.27 6 5.6 5.8 -
Caprolactam 105-60-2 -0.19 5,250,000 - 990 31 -
Carbazole 86-74-8 3.72 1.8 - - 26 0.66
4-Chloroaniline 106-47-8 1.83 3,900 - 0.37 2.3 54
2-Chlorophenol 95-57-8 2.15 11,300 - 9.1 15 0.31

Chrysene 218-01-9 5.73 0.002 - 25 - 0.52
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Table 4.1. Contaminants of Concern properties and reported maximum concentrations for the Central Chemical facility, Hagerstown,
Maryland. Maximum Contaminant Level and Regional Screening Level reported in Wood Environment & Infrastructure Solutions, Inc.
(2019). —Continued

[All concentrations for contaminants of concern are available through the U.S. Environmental Protection Agency (2021). CAS number, Chemical Abstracts
Service identification number; log, logarithm; K, n-octanol-water partition coefficient; mg/L, milligrams per liter; MCL, maximum contaminant level; ug/L,
micrograms per liter; RSL, remedial screening level; —, not available]

Maximum Maximum
- concentration concentration
Contaminant CAS number log K,,, s'()rl:b/'ll_')ty (M(/:::) (RS/II'_) shallow deep
g Ha Ha groundwater  groundwater
(pg/L) (pg/L)
Semivolatile organic compounds—Continued
Di-n-butylphthalate 84-74-2 45 11.2 - 90 - 0.77
Di-n-octylphthalate 117-84-0 8.1 0.022 - 20 - 0.69
Dibenz(a,h)anthracene 53-70-3 6.5 0.0025 - 0.025 0.15 0.19
Dibenzofuran 132-64-9 4.12 3.1 - 0.79 76 0.89
2,4-Dichlorophenol 120-83-2 3.06 4,500 - 4.6 63 2.4
Diethylphthalate 84-66-2 2.47 1,080 - 1,500 1.7 1.3
2,4-Dimethylphenol 105-67-9 23 7,900 - 36 6.3 -
Dimethylphthalate 131-11-3 1.6 4,000 - - 0.38 0.14
1,4-Dioxane 123-91-1 -0.27 800,000 - 0.46 - 4.6
Diphenamid 957-51-7 2.17 260 - 53 830 370
Fluoranthene 206-44-0 5.16 0.23 - 80 10 0.74
Fluorene 86-73-7 4.18 1.69 - 29 69 15
Indeno(1,2,3-cd)pyrene 193-39-5 6.7 0.0002 - 0.25 0.084 0.34
2-Methylnaphthalene 91-57-6 3.86 24.6 - 3.6 48 0.58
2-Methylphenol 95-48-7 1.95 25,900 - 93 21 -
4-Methylphenol 106-44-5 1.94 21,500 - 190 14 -
Naphthalene 91-20-3 33 31 - 0.17 450 21
3-Nitroaniline 99-09-2 1.37 1,200 - - - 0.22
4-Nitroaniline 100-01-6 1.39 600 - 3.8 0.71 4.3
Nitrobenzene 98-95-3 1.85 2,090 - 0.14 0.19 0.41
4-Nitrophenol 100-02-7 1.91 11,600 - - 1.6 31
N-Nitrosodiphenylamine 86-30-6 3.13 35 - 12 11 0.14
Phenanthrene 85-01-8 4.46 1.15 - - 93 0.3
Phenol 108-95-2 1.46 82,800 - 580 11 1.1
Pyrene 129-00-0 4.88 0.135 - 12 3.8 0.56
2,3,4,6-Tetrachlorophenol 58-90-2 4.45 1,000 - 24 8.7 2.6
2,4,5-Trichlorophenol 95-95-4 3.72 1,200 - 120 13 0.28
2,4,6-Trichlorophenol 88-06-2 3.69 500 - 1.2 24 -
Insecticides
Alpha-BHC 319-84-6 3.72 2 - 0.0072 580 6
Alpha-Chlordane 5103-71-9 6.16 0.051 2 - 0.62 0.0026
Beta-BHC 319-85-7 3.72 2 - 0.025 54 6.3
Delta-BHC 319-86-8 3.72 2 - - 330 14
2,4'-DDD 53-19-0 5.87 0.1 - - 12 0.075
2,4'-DDE 3424-82-6 6 0.14 - - - 0.071
2,4'-DDT 789-02-6 6.79 0.085 - - 3 0.027
4,4'-DDD 72-54-8 6.02 0.09 - 0.0063 13 0.042
4,4'-DDE 72-55-9 6.51 0.04 - 0.046 11 0.1
4,4'-DDT 50-29-3 6.91 0.0055 - 0.23 9.4 0.13
Dieldrin 60-57-1 5.4 0.195 - 0.0018 2 0.11
Endosulfan I1 959-98-8 3.83 0.53 - - 0.0039 0.25

Endrin 72-20-8 5.6 0.2 2 0.23 0.22 0.07
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Table 4.1. Contaminants of Concern properties and reported maximum concentrations for the Central Chemical facility, Hagerstown,
Maryland. Maximum Contaminant Level and Regional Screening Level reported in Wood Environment & Infrastructure Solutions, Inc.

(2019). —Continued

[All concentrations for contaminants of concern are available through the U.S. Environmental Protection Agency (2021). CAS number, Chemical Abstracts

Service identification number; log, logarithm; K

ow?

micrograms per liter; RSL, remedial screening level; —, not available]

n-octanol-water partition coefficient; mg/L, milligrams per liter; MCL, maximum contaminant level; pg/L,

Maximum Maximum
- concentration concentration
Contaminant CAS number log K,,, s'()rl:b/'ll_')ty (M(/:::) (RS/II'_) shallow deep
g Ha Ha groundwater  groundwater
(ng/L) (ng/L)
Insecticides—Continued
Endrin aldehyde 7421-93-4 4.7 50 - - 0.22 0.28
Endrin ketone 53494-70-5 4.99 - - - 13 0.016
Gamma-BHC/Lindane 58-89-9 3.72 2 0.2 0.042 460 5.9
Gamma-Chlordane 12789-03-9 6.16 0.056 2 - 0.0016 0.095
Heptachlor epoxide 1024-57-3 5.4 0.35 0.2 0.0014 0.16 0.0019
Toxaphene 8001-35-2 5.9 0.55 3 0.06 - 0.16
Herbicides
MCPP 93-65-2 3.13 880 - 1.6 1,400 4,700
Pentachlorophenol 87-86-5 5.12 14 1 0.041 7.4 22
2,45-T 93-76-5 4 268 - 16 45 0.67
2,4,5-TP/Silvex 93-72-1 3.8 71 50 11 25 -
Metals
Aluminum 7429-90-5 - - - 2,000 190,000 380
Antimony 7440-36-0 - - 6 0.78 8.7 3.9
Arsenic 7440-38-2 - - 10 0.052 2,300 1.7
Barium 7440-39-3 - - 2,000 380 120 160
Beryllium 7440-41-7 - - 4 2.5 31 0.31
Cadmium 7440-43-9 - - 5 0.92 6.4 -
Calcium 7440-70-2 - - - - 680,000 570,000
Chromium 7440-47-3 - - 100 - 36 2.7
Cobalt 7440-48-4 - - - 0.6 180 3.8
Copper 7440-50-8 - - 1,300 80 1,800 23
Iron 7439-89-6 - - - 1400 400,000 18,000
Lead 7439-92-1 - - 15 15 17 48
Magnesium 7439-95-4 - - - - 130,000 80,000
Manganese 7439-96-5 - - - 43 20,000 6,100
Mercury 7439-97-6 - - 2 0.063 - 0.2
Nickel 7440-02-0 - - - 39 310 5.8
Potassium 7440-09-7 - - - - 43,000 21,000
Selenium 7782-49-2 - - 50 10 32 -
Sodium 7440-23-5 - - - - 150,000 150,000
Thallium 7440-28-0 - - 2 0.2 1 1.3
Vanadium 7440-62-2 - - - 8.6 32 3.6
Zinc 7440-66-6 - - - 600 7,900 56




For additional information, contact:

Director, Maryland-Delaware-D.C. Water Science Center
U.S. Geological Survey

5522 Research Park Drive

Catonsville, MD 21228
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