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foot (ft) 0.3048 meter (m)
mile (mi) 1.609 kilometer (km)
Volume
gallon (gal) 3.785 liter (L)
gallon (gal) 0.003785 cubic meter (m®)
gallon (gal) 3.785 cubic decimeter (dm?)
cubic inch (in’) 0.01639 liter (L)
cubic foot (ft’) 28.32 cubic decimeter (dm?)
cubic foot (ft%) 0.02832 cubic meter (m?)
Flow rate
foot per day (ft/d) 0.3048 meter per day (m/d)
foot per minute (ft/min) 0.3048 meter per minute (m/min)
foot per year (ft/yr) 0.3048 meter per year (m/yr)
Hydraulic conductivity
foot per day (ft/d) 0.3048 meter per day (m/d)

Hydraulic gradient

foot per mile (ft/mi)

0.1894 meter per kilometer (m/km)




Slto Inch/Pound

Multiply By To obtain
Length
centimeter (cm) 0.3937 inch (in.)
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liter (L) 0.2642 gallon (gal)
cubic meter (m?) 264.2 gallon (gal)
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Mass

gram (g) 0.03527 ounce, avoirdupois (0z)
kilogram (kg) 2.205 pound avoirdupois (Ib)
megagram (Mg) 1.102 ton, short (2,000 1b)
megagram (Mg) 0.9842 ton, long (2,240 1b)
metric ton per day 1.102 ton per day (ton/d)
megagram per day (Mg/d) 1.102 ton per day (ton/d)
megagram per day per square 2.8547 ton per day per square mile

kilometer [(Mg/d)/km?] [(ton/d)/mi’]
megagram per year (Mg/yr) 1.102 ton per year (ton/yr)
metric ton per year 1.102 ton per year (ton/yr)

Hydraulic conductivity

meter per day (m/d) 3.281 foot per day (ft/d)
Hydraulic gradient
meter per kilometer (m/km) 5.27983 foot per mile (ft/mi)

Temperature in degrees Fahrenheit (°F) may be converted to degrees Celsius (°C) as follows:

°C=(°F-32)/1.8

Vertical coordinate information is referenced to the North American Vertical Datum of 1988

(NAVD 88).

Horizontal coordinate information is referenced to the North American Datum of 1983 (NAD 83).
Altitude, as used in this report, refers to distance above the vertical datum.

Specific conductance is given in microsiemens per centimeter at 25 degrees Celsius

(uS/cm at 25 °C).

Concentrations of chemical constituents in water are given either in milligrams per liter (mg/L)
or micrograms per liter (pg/L).
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Source, Transport, and Fate of Groundwater Contamination
at Site 45, Marine Corps Recruit Depot, Parris Island,

South Carolina

By Don A. Vroblesky, Matthew D. Petkewich, James E. Landmeyer, and Mark A. Lowery

Abstract

Groundwater contamination by tetrachloroethene and its
dechlorination products is present in two partially intermin-
gled plumes in the surficial aquifer near a former dry-cleaning
facility at Site 45, Marine Corps Recruit Depot, Parris Island,
South Carolina. The northern plume originates from the vicin-
ity of former above-ground storage tanks. Free-phase tetra-
chloroethene from activities in this area entered the ground-
water and the storm sewer. The southern plume originates
at a nearby new dry-cleaning facility, but probably was the
result of contamination released to the aquifer from a leak-
ing sanitary sewer line from the former dry-cleaning facility.
Discharge of dissolved groundwater contamination is primar-
ily to leaking storm sewers below the water table. Extensive
biodegradation of the contamination takes place in the surficial
aquifer; however, the biodegradation is insufficient to reduce
trichloroethene to less than milligram-per-liter concentrations
prior to discharging into the storm sewers. The groundwater
volatile organic compounds entering the storm sewers are
substantially diluted by tidal flushing upon entry and are sub-
ject to volatilization as they are transported through the storm
sewer to a discharge point in a tributary to Ballast Creek. TCE
concentrations of about 2—6 micrograms per liter were pres-
ent in storm-sewer water near the discharge point (sampled
at manhole STS26). On three out of four sampling events at
manhole STS14, the storm-sewer water contained no vinyl
chloride. During a time of relatively high groundwater levels,
however, 20 micrograms per liter of vinyl chloride was pres-
ent in STS14 storm-sewer water. Because groundwater leaks
into that storm sewer and because the storm sewer upgradi-
ent from manhole STS14 is adjacent to part of the aquifer
where 2,290 micrograms per liter of vinyl chloride have
been detected, there is a potential for substantially increased
concentrations of vinyl chloride to discharge at the storm-
sewer outfall under conditions of high groundwater levels and
low tidal flushing. In addition, the observation that free-phase
tetrachloroethene may have entered the storm-sewer system
during the 1994 discharge means that dense nonaqueous phase
liquid tetrachloroethene could have leaked from various parts
of the storm sewer or discharged to surface water at the storm-
sewer outfall.

Introduction

Marine Corps Recruit Depot (MCRD), Parris Island, is
in the southeastern part of South Carolina (fig. 1). Site 45 is
a former dry-cleaning facility and the surrounding area near
the intersections of Panama Street, Samoa Street, and Kyushu
Street (fig. 2). The area includes a new dry-cleaning facility.
Groundwater contamination is present at the site, consist-
ing primarily of tetrachloroethene (PCE) and its dechlorina-
tion products trichloroethene (TCE), cis-1,2-dichloroethene
(¢DCE), and vinyl chloride (VC).

The former dry-cleaning facility began operations in the
1950s. In 1988, above-ground storage tanks were installed in
an overflow catch basin (fig. 2). On March 11, 1994, one of
the above-ground tanks was overfilled with PCE, and PCE
spilled into the catch basin. The PCE was released from the
catch basin to the surrounding soil when the containment
basin was drained following heavy rains (S&ME, Inc., 1994).
PCE may have entered the storm drains during this event.
Evidence for entry of PCE to the storm drain was that when
the site was investigated in the days after the spill, there was
a wedge-shaped area of dead vegetation widening away from
the spill area and intersecting Panama Street (James Clark,
Environmental Officer, Parris Island, oral commun., 2008). A
storm drain was present on Panama Street within a few tens
of feet from the area where the wedge intersected the street.
Multiple solvent releases were reported in 1995 (James Clark,
Environmental Officer, Parris Island, oral commun., 2008),
and the field investigation associated with the 1994 release
concluded that additional solvent releases of lesser magni-
tude occurred over time predating the 1994 spill (S&ME,
Inc., 1994). Underground storage tanks, possibly containing
petroleum-based solvents, also were present at the site and
were removed prior to construction of the above-ground stor-
age tanks (S&ME, Inc., 1994). The former dry-cleaning facil-
ity was demolished, and related structures were removed from
the site in early 2001 (Tetra Tech NUS, Inc., 2004). Ground-
water contamination in the vicinity of and downgradient from
the area of former above-ground storage tanks is designated as
the northern plume in this report (fig. 2).

In late 1997, the dry-cleaning operations were moved to
a new facility, approximately 130 feet (ft) west of the former
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Location of Site 45 and Marine Corps Recruit Depot, Parris Island, South Carolina.



dry-cleaning building (fig. 2). With the move to a new facility,
the dry-cleaning operation switched from using PCE as the
cleaning solvent to using a non-hazardous hydrocarbon-based
cleaner (ExxonMobil DF-2000%) that contains no chlorinated
solvents, and the equipment was replaced with refrigeration
for recirculation and recovery of the solvent (Center for Waste
Minimization, 2000). Investigations in 2005 and 2006 showed
the presence of a second groundwater contamination plume of
chlorinated solvents, hereafter known as the southern plume,

Introduction 3

south and southwest of the former dry-cleaning facility (fig. 2),
appearing to originate from the new dry-cleaning facility (Tetra
Tech NUS, Inc., 2005; Mark Sladic, Tetra Tech NUS, Inc., writ-
ten commun., 2006). Groundwater flow directions were to the
southeast, making it improbable that the contamination at the
new dry-cleaning facility was caused by groundwater transport
from the documented spill at the former dry-cleaning facility.
Prior to initiation of the present investigation, the
U.S. Geological Survey (USGS) conducted groundwater
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Location of above-ground storage tanks and approximate boundary of groundwater contamination, Site 45, Marine
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investigations at Site 45 beginning in 2005 to examine issues
related to the influence of in-well convection on groundwa-
ter sample quality (Vroblesky and others, 2007). The USGS
initiated the present investigation in 2007 for several reasons.
(1) Measurements made by the USGS indicated that several
storm-sewer lines intersecting the site were below the water
table, and information was needed on whether those sewer
lines influenced contaminant movement. (2) Further delin-
eation of the southern plume was needed. (3) Additional
information was needed on the fate and transport of the
southern plume.

The purposes of this report are (1) to examine the role
that sewer lines play in contaminant source, distribution,
attenuation, and transport in both the northern and southern
plumes, (2) to present data further delineating the main body
of contamination in the southern plume and on the potential for
contaminant movement to the deeper aquifer system, and (3) to
examine natural attenuation aspects of groundwater contamina-
tion in the southern plume. The investigation involved exami-
nation of historical records and engineering drawings of build-
ings, video imaging of storm sewers, water-level monitoring
by synoptic measurements in wells and by use of continuous
data loggers, installation and sampling of temporary wells, and
water and sediment sampling. The water sampling included
wells, storm drains, and surface water. Water samples were col-
lected from 23 permanent wells in the target aquifer, several of
which were sampled on multiple occasions. Five of these wells
were installed during this investigation. The wells were located
predominantly in the southern plume. Samples were analyzed
for volatile organic compounds (VOCs) and water chemistry.
Selected groundwater samples were analyzed for molecular
biological tools (MBTs) and for compound-specific stable car-
bon isotopes. Groundwater samples also were collected from
four wells screened deeper than the known contamination,
three of which were installed during this investigation. Water
samples were collected from 96 temporary wells installed
during this investigation. Membrane Interface Probe (MIP)
logs were collected at seven borings in the southern plume.
Additional water samples for VOC analysis were collected
from storm sewers and from surface water at the sewer outfall.
Sediment was collected for VOC analysis at the storm-sewer
outfall. Aquifer core samples were analyzed for total organic
carbon. This report contains several appendixes, which include
well-construction and lithologic information, water and sedi-
ment chemistry, and synoptic water-level data.

Methods

This investigation involved monitoring existing perma-
nent wells and installation and monitoring of additional per-
manent and temporary wells (figs. 3 and 4). Monitoring also
involved determination of groundwater levels by collecting
synoptic and continuous water-level data from wells and storm
sewers. Subsurface sewer lines were mapped, sampled, and
subjected to a dye test to measure transport times. Sediment

samples and surface-water samples were collected and ana-
lyzed. Water-level data and well samples were not collected
from wells with the prefix PFM (originally used for a pas-
sive flux-meter investigation) because the 15-ft well screens
were substantially longer than in the other monitoring wells
(4-5 ft) in the surficial aquifer (fig. 3). One of the PFM wells
was used, however, to obtain a vertical distribution of specific
conductance in the surficial aquifer.

Well Installation

Temporary borings were installed using direct-push tech-
nology. MIP logs run in the temporary borings at seven loca-
tions in the southern plume provided information on the depth
of the contamination (fig. 5). An MIP is a semi-quantitative
field-screening device that typically is advanced into the soil
and sediment by push technology and detects volatile organic
compounds by heating and capturing vapor from the soil and
transporting it to the surface for onsite analysis (U.S. Environ-
mental Protection Agency, 2005).

Other temporary borings functioned as wells for water
sampling or as sources for analysis of sediment cores. Tempo-
rary wells were constructed by advancing a stainless-steel well
screen with a retractable cover to the target depth. Retracting
the cover at the target depth exposed 4 ft of screen. The depth
of investigation at each site was based primarily on vertical
profiling using MIPs during this investigation and a previ-
ous investigation (Tetra Tech NUS, Inc., 2005). The depth of
maximum electron-capture-detector (ECD) response on the
MIP logs in areas outside the 1994 PCE spill area varied from
about 9.5 to 14 ft. Therefore, the targeted depth for exposing
the 4-ft screened interval of investigation was within the range
of 5 to 15 ft depth, with the site-specific depth depending on
nearby MIP data.

At some temporary-well locations, water samples were
collected from multiple depths. On the east side of the facil-
ity at wells PAI-45-USGS-TW9 and PAI-45-USGS-TW20,
multiple depths were sampled by sampling in two different
boreholes, each with its own well name (PAI-45-USGS-TW18
and PAI-45-USGS-TW21, respectively). Near the new dry-
cleaning facility, multiple depths were obtained by advancing
the retractable well point to a shallow depth, sampling the
well, removing and cleaning the equipment, and using the
same borehole to advance the retractable well point to a deeper
depth for sampling. The temporary wells and MIP borings
installed as part of this investigation were filled in by grouting
with Portland® cement within 24 hours of sampling.

A South Carolina certified well driller installed all perma-
nent wells. The permanent wells in the surficial aquifer were
installed using hollow-stem augers. The wells were 2-inch
inside diameter (ID) polyvinyl chloride (PVC) flush-threaded
casing with 5-ft screen lengths having 0.010-inch openings.
The filter pack consisted of clean silica #1 sand installed adja-
cent to the screen from approximately 3—6 inches below the
bottom of the well to approximately 2 ft above the well screen.
The seal overlying the sand pack consisted of a minimum
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Figure 3. Locations of monitoring wells used in the U.S. Geological Survey investigation, Site 45, Marine Corps Recruit Depot,
Parris Island, South Carolina.
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Figure 4.
Marine Corps Recruit Depot, Parris Island, South Carolina.

Locations of temporary wells installed and sampled as part of the U.S. Geological Survey investigation, Site 45,
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2-ft-thick layer of 100 percent sodium bentonite pellets that
were allowed to hydrate for 1 hour or longer before grout-
ing. Portland cement (100 percent) grout filled the remaining
annular space above the bentonite seal to a point at least 2 ft
below ground surface. The wells were flush mounted with
at-grade protective steel casings equipped with sealing, lock-
ing caps, at-grade covers, and concrete pads at the well heads.
All monitoring wells were developed by pumping to remove
formation cuttings and residual fluids from drilling prior to
initial sampling.

The three wells beneath the surficial aquifer were installed
using hollow-stem augers and mud rotary. The driller used
hollow-stem augers to set 6-inch-diameter Schedule-40 PVC
outer casing from land surface to within the clay confining unit
at the base of the surficial aquifer at a depth of approximately
19 to 20 ft. After grouting the surface casing in place with
Portland® cement, the casing grout cured for approximately
24 hours. The driller then used a 5- to 5-5/8-inch-diameter
roller cone bit with mud rotary to drill through the grouted
bottom of the surface casing to a total depth of approximately
34-35 ft. The well constructed within the surface casing
consisted of 2-inch ID PVC flush-threaded casing with 10-ft
screen length having 0.010-inch openings. The primary filter
pack consisted of clean silica #1 sand from approximately
3—6 inches below the bottom of the well to approximately 2 ft
above the well screen. The overlying seal consisted of a mini-
mum 2-ft-thick seal of 100 percent sodium bentonite pellets
installed directly above the primary filter pack and allowed to
hydrate for 1 hour or longer before grouting. Portland® cement
(100 percent) grout filled the remaining annular space above
the bentonite seal to a point at least 2 ft below ground surface.
The wells were flush mounted with at-grade protective steel
casings equipped with sealing, locking caps, at-grade cov-
ers, and concrete pad at the well heads. The monitoring wells
were developed by pumping to remove formation cuttings and
residual fluids from drilling prior to initial sampling.

On July 3, 2008, measurements of wells PAI-45-MW26-
SL and PAI-45-MW27-SL showed that fine-grained sand had
filled the screened interval, apparently as a result of the driller
using a sand pack that was too coarse for the aquifer mate-
rial. The driller returned to the site and modified the wells by
removing the sand and constructing a 1-inch ID PVC well
within each of the existing 2-inch diameter casings. The driller
filled the remaining annular space of about 3/8 inch with sand.
Subsequent examination of the wells showed that the modi-
fication was adequate to prevent further infilling with sand.

A private surveying company, Andrews and Burgess, Inc.,
determined new vertical datums for the modified wells.

Water-Level Measurements

Water-level measurements in monitoring wells at Site 45
provided information to determine groundwater flow direc-
tions. Continuous water-level data from the storm sewers and

the aquifer indicated that water levels increase in both during
high tide. Before the data loggers provided information on

the tidal influence, a synoptic water-level measurement on
April 14, 2007, resulted in data that were not reproducible,
with groundwater depths changing over the course of minutes
in some wells. Therefore, subsequent synoptic water-level
measurements were made at low tide, when water levels
changed little over the course of hours. The measurements
involved opening the caps on all of the wells and allowing the
water levels to stabilize for at least 30 minutes, then deploying
multiple people to measure water levels using electric tapes

in a time period of less than about 30 minutes. To ensure that
the water levels were corrected to a uniform datum, Andrews
and Burgess, Inc., remeasured the altitudes of all of the wells
in 2008. The water-level measurements provided synoptic data
for six dates in the surficial aquifer and five dates in the deeper
aquifer. Solinst Leveloggers provided continuous water-level
monitoring in several wells and selected storm sewers.

Sewer Mapping

This investigation used a variety of approaches to map
and investigate the sanitary and storm sewers at Site 45
(fig. 6). In the initial stages of this investigation, the direc-
tion of transport in an abandoned sanitary sewer that drained
the former dry-cleaning facility was determined by pouring
water into the manhole. Scanned images of historical as-built
engineering drawings of buildings and sewer lines imported
into a geographic information system map of the site, includ-
ing surveyed locations of manholes, provided the framework
for generating the map of sanitary- and storm-sewer locations.
A commercial in-line sewer camera, used in the sanitary sewer
from the former dry-cleaning facility and in several of the
storm sewers, provided information on sewer integrity and
confirmed connections between manholes. The altitudes of the
sewer inverts (bottom of the pipe entering a manhole) were
determined by comparing surveyed altitudes of manholes to
field tape-down measurements. The nomenclature for man-
holes and storm-sewer drains in this report includes a prefix of
“SAS” for sanitary sewer or “STS” for storm sewer, followed
by a numeric identifier.

The USGS conducted a dye test on August 30, 2007, to
verify the location of the storm-sewer discharge and to deter-
mine the time-of-transport for water in the storm sewer to reach
the discharge location from Site 45. The test involved inserting
1 liter of Red 25 dye (KingsCote Chemicals®) into manhole
STS06 at 12:51, 12 minutes after high tide (fig. 6). Monitoring
of the dye transport with the outgoing tide took place in two
manholes along the storm sewer and at the outfall to a tributary
to Ballast Creek. A chlorophyll fluorometric sensor in manhole
STS25 (fig. 74) detected the arrival of the dye pulse.
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Figure 6. Storm sewers and sanitary sewers at Site 45, Marine Corps Recruit Depot, Parris Island, South Carolina.
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Figure 7.

Locations of (A) storm sewers and (B) surface-water and sediment samples collected at the storm-sewer discharge from

Site 45 to Ballast Creek, Marine Corps Recruit Depot, Parris Island, South Carolina, June 16-17, 2008.

Sediment Sampling

This investigation included collection of sediment sam-
ples from the tributary to Ballast Creek in the vicinity of the
storm-sewer outfall at high tide using a 424-B40 hand corer
(Wildlife Supply Company) (fig. 7B). Field personnel used the
corer to collect the sediment in cellulose acetate liners, and
then they extruded the sediment from the acetate liners into
sampling syringes. The syringes were part of a U.S. Envi-
ronmental Protection Agency (USEPA) Method 5035 O2SI
Sample Smart Field Preservation Kit for sediment sampling
(O2SI Smart Solutions, P.O. Box 30712, Charleston, SC). This
kit consists of preserved syringes that allow a 14-day holding
time for VOCs and analysis of moisture content. Sediment
sample depths were 0.5 and 1 ft below the bed surface at each
of four locations (fig. 7). Samples were analyzed for VOC
content and percentage of moisture.

A limited number of sediment samples from the aquifer and
confining material were analyzed for total organic carbon (TOC)
content by method SW846-9060 (U.S. Environmental Protection
Agency, 1999). A split-spoon sampler provided the core mate-
rial from well PAI-45-MW28-D, and a direct-push technology
method provided the core material from temporary well PAI-45-
USGS-TW96. The sediment sample from well PAI-45-MW26-
SL consisted of fine-grained sand that infiltrated the well screen
after the well was completed, and, therefore, was skewed toward
material fine enough to pass the well screen.

Selected core samples were analyzed onsite by the AQR
Color-Tec® method (Kelso, 2005). This method consisted of
collecting sediment by push technology and placing the sedi-
ment in a volatile organic analysis (VOA) vial with deionized
water to make a slurry. The slurry was aerated by bubbling to
collect the dissolved gas, which was passed through a colori-
metric indicator tube. The colorimetric response is a relative
response of total chlorinated VOC concentration.



Surface-Water and Storm-Drain Sampling

Water samples from surface water and storm drains
were collected by means of a peristaltic pump attached to
clean polyethylene tubing. The tubing was inserted through
the center of a piece of rigid PVC pipe and extended to the
sampling location. The tubing was then extended to beneath
the water surface, and a water sample was collected by means
of the peristaltic pump. Water samples were collected from the
storm sewers at or soon after low tide while storm-sewer water
was still moving toward Ballast Creek. An exception was on
June 25, 2007, when a sample was collected during high tide
from storm drain STS21 to measure pH, specific conductance,
and temperature of incoming water (fig. 6).

Well Sampling

Water samples from the temporary wells were collected
immediately after well installation by extending tubing to
the screened interval and removing water with a peristaltic
pump until the apparent turbidity diminished. Stabilization to
field properties was not done because the wells were sampled
immediately after opening the retractable well-screen cover,
and, therefore, no stagnant casing water should have been in
the borehole. The water samples were analyzed for VOCs.

Permanent wells at Site 45 were sampled by a variety
of methods. The sampling approaches included low-flow
methodology, diffusion-sampler methodology, and multiple
casing-volume purges prior to sampling.

Prior to September 2007, all of the pumped water
samples from wells were obtained by using low-flow meth-
odology (Barcelona and others, 1994; Shanklin and others,
1995). Low-flow sampling, however, proved difficult and
raised questions about sample quality because of tidal effects
and the presence of vertically stratified specific conductance.
The proximity of the well screens to specific-conductivity
stratification sometimes resulted in continuous changes in spe-
cific conductance during low-flow stabilization that were more
related to induced movement of low-conductivity or high-
conductivity water toward the well rather than to well purg-
ing. For example, in July 2006, well PAI-45-MW20-SL was
pumped by low-flow methodology for 2 hours and 17 minutes
in an attempt to stabilize field properties so that low-flow
samples could be collected. At that point, specific conduc-
tance was still slowly decreasing; however, the samples were
collected because of concern that continued pumping would
result in samples that no longer represented groundwater in the
immediate vicinity of the well screen. In addition, recent work
has shown that in-well convection cells can develop during the
winter, resulting in a mixing of water during low-flow sam-
pling that can substantially increase equilibration times, can
cause false stabilization of indicator properties, can give false
indications of the redox state, and can provide microbiologi-
cal data that are not representative of the aquifer conditions
(Vroblesky and others, 2007).
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To reconcile these low-flow sampling issues, all of the
wells except the deep well (PAI-45-MW-04D) were sampled
in September 2007 by first evacuating three casing volumes
of water from the top of the well casing and then lowering the
sampling tubing to the screened interval and collecting the
water samples. This was done to simplify the sampling process
and to produce samples thought to be more representative of
the immediate vicinity of the screened interval. The wells were
purged by peristaltic pump from the top of the water column,
and the intake tubing followed the water column down if
drawdowns occurred. After three casing volumes were purged,
the peristaltic tubing was lowered to the top of the screened
interval, and approximately 0.5 to 1 gallon was purged, fol-
lowed by field parameter measurement and sample collection.
Stabilization to field properties was not done because the
change in properties with continued pumping would reflect
movement of conductivity interfaces in the aquifer rather than
being related to the reliability of the well purge. In general,
water levels were not allowed to drop into the screened inter-
val during the three-casing-volume purge.

Low-flow sampling of wells continued to be used in
wells where the static water level was within the screened
interval of the well. In those cases, it was advisable to limit
the amount of drawdown during pumping so as to avoid
contaminant volatilization as water cascaded down the well
screen. During low-flow sampling, the wells were purged at
120-250 milliliters per minute (mL/min), until the tempera-
ture, pH, dissolved oxygen (DO), and specific conductuctiv-
ity stabilized and no additional water-level drawdowns were
observed. Stabilization of temperature, pH, dissolved oxygen,
and specific conductance was observed by passing the water
through a flow-through cell containing field-calibrated sensors.
The field properties were considered to be stabilized when the
observed changes over three 3-minute intervals were within
+3 percent for temperature and specific conductance, within
+0.1 unit for pH, and within £10 percent for dissolved oxygen.
VOCs and dissolved gases were collected with no headspace
in 40-mL vials preserved by hydrochloric acid, and were
analyzed by USEPA method 8260B at General Engineering
Lab in Charleston, SC. Samples for dissolved metals were
preserved with nitric acid, samples for dissolved total organic
carbon were preserved with sulfuric acid, and anions were
preserved by chilling. Molecular hydrogen samples were col-
lected by a bubble-strip method and analyzed by Microseeps,
Inc. Samples for molecular analysis were obtained by filtering
water and sending the filters to Microbial Insights for analysis.

A vertical profile of specific conductance was measured
in well PFM02, which is fully screened across the saturated
zone from about 4 to about 20 ft below land surface. The
profile was accomplished by using a YSI XLM conductivity
sonde on June 14, 2007. The sonde was lowered into the well
to a depth of about 2.7 ft. The readings of temperature, specific
conductance, dissolved oxygen, and pH were allowed to
stabilize, which generally took about 7 or 8 minutes. Readings
were recorded and the sonde was lowered to the next measure-
ment depth. Measurements were made at depth intervals of
3.28 ft, moving from the shallowest to the deepest depth.
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Compound-Specific Isotope Analysis

Selected water samples were collected for compound-
specific isotope analysis (CSIA) using carbon in the chlori-
nated solvents. CSIA can be used to examine biodegradation
of contaminants. The two stable isotopes of carbon are '*C
and 3C, of which '2C is the lighter, more abundant, and more
readily biodegraded. The ratio of '3C/'2C relative to a refer-
ence standard of the Vienna Pee Dee Belemnite (5'3C) usually
is reported in units of parts per thousand, or per mil (%o).
Because the lighter isotope is more readily biodegraded, the
resulting fractionation, or change in the §'°C , can indicate
biodegradation. As the reaction proceeds, the reactant that
remains becomes enriched in the heavier isotope, and the §'°C
value becomes progressively less negative (Hunkeler and
others, 1999). Carbon isotope fractionation is not significant
(for example, <0.5 %o) for non-degradative processes such as
sorption, but can be on the order of tens of %o for degradative
processes (Dempster and others, 1997; Harrington and others,
1999; Poulson and Drever, 1999; Slater and others, 1999,
2000). The use of isotope ratio measurements of carbon in
both parent and daughter compounds, therefore, can comple-
ment the conventional approach to monitoring of chlorinated-
solvent concentrations and site geochemistry (Hunkeler and
others, 1999; Sherwood Lollar and others, 1999, 2001; Song
and others, 2002; Vieth and others, 2003).

Investigation-Derived Waste

Investigation-dervived waste (IDW) generated during this
investigation included waste sediment cuttings from drilling
operations and wastewater from well development, purging,
and sampling. All IDW was containerized. The drilling con-
tractor removed all IDW associated with drilling operations. In
2007, removal of the IDW from the site was the responsibility
of the Navy. In 2008, removal of IDW from USGS operations
was the responsibility of the USGS. The USGS containerized
all surplus water from well sampling during 2008 in 55-gallon
drums, and Fenn Vac, Inc., removed the waste from the site on
September 29, 2008.

Site Description

MCRD, Parris Island, is a military training site sur-
rounded by the Broad River to the west, the Beaufort River to
the east, the confluence of those two rivers to the south, and
Archers Creek to the north (fig. 1). The island is interfingered
by several tidal creeks. Site 45 is relatively flat lying and is
approximately 6 to 9 ft above North American Vertical Datum
of 1988 (NAVD 88).

Movement of groundwater contamination at Site 45
is controlled by site hydrology. The site hydrology is influ-
enced by a complex mixture of hydrogeologic aspects and by
exchange of groundwater and surface water from leakage at
storm sewers.

Hydrogeology

The surficial aquifer at Site 45 consists of sand inter-
spersed with discontinuous beds of clay, silty clay, silty clayey
sand, and clayey silt and extends to a depth of about 18 ft
below land surface (BLS) (Tetra Tech NUS, Inc., 2004). Moni-
toring wells in this undifferentiated zone are referred to as SU
wells if they are screened predominantly shallower than about
11 ft BLS and are referred to as SL wells if they are screened
predominantly deeper than about 10 ft BLS.

A peat layer, which is a few feet thick, has been reported
at depths of about 17 to 27 ft BLS overlying a clay layer that
functions as a confining bed (Tetra Tech NUS, Inc., 2004).
The part of the aquifer below this clay is considered to be the
“D” horizon. Core samples collected during this investigation
showed the peat layer to be a complex mixture of sand, silt,
and clay with a substantial amount of black to brown organic
material. The layer was encountered at a depth of 17.8 ft BLS
in well PAI-45-MW28-D and 18.7 to 18.8 ft BLS at wells PAI-
45-MW29-D and PAI-45-MW30-D. Sediment that probably
was the top part of the layer was encountered at a depth of
15.2 ft BLS at well PAI-45-USGS-TW96.

The thickness of the clay at the base of the surficial
aquifer was about 5 to 8 ft in wells drilled during a previous
investigation (Tetra Tech NUS, Inc., 2004). During the present
investigation, descriptions on the clay layer are based partly
on split-spoon samples (top part of the clay) and partly on
cuttings from mud-rotary drilling (bottom part of the clay).
Thus, there is some uncertainty about the thickness of the clay.
The clay layer at well PAI-45-MW28-D appeared to be about
3.5 ft thick at well PAI-45-MW28-D and between 2 and 3 ft
thick at well PAI-45-MW30-D. At well PAI-45-MW29-D, an
organic rich silt was encountered at a depth of 18.8 ft BLS.
Mud-rotary cuttings below a depth of 19.6 ft BLS in well PAI-
45-MW19-D showed a thin layer of sand, possibly at a depth
of about 20-21 ft BLS, underlain by about 7.5 ft of clay.

The surficial aquifer at well PAI-45-MW28-D consists of
silty sand with a zone of fine-grained very loose sand between
about 6 and 11.4 ft BLS. The loose-sand zone probably con-
stitutes the most permeable part of the surficial aquifer at well
PAI-45-MW28-D. In the midpart of the plume at temporary
well PAI-45-USGS-TW96 (near wells PAI-45-MW31-SL and
PAI-45-MW31-SU), the sediment between depths of 4 and
16 ft BLS is sandiest between depths of 8 and 15.3 ft BLS,
with fine-grained, loose sand at a depth of 8—10 ft BLS. The
8- to 10-ft zone probably constitutes the most permeable part
of the surficial aquifer at well PAI-45-USGS-TW96. These
findings are consistent with a previous passive-flux study
showing a zone of relatively high Darcy flux between depths
of about 9.5 and 11 ft BLS near the midpart of the southern
plume at wells PFM-02 and PFM-03 (EnviroFlux, LLC,
2007). The lithologic and passive-flux data indicate that the
most permeable part of the surficial aquifer in the southern
plume beneath Kyushu Street probably is in the range of
6-11.4 ft BLS near the new dry-cleaning facility and about



8-10 ft BLS in the approximate midpart of the plume near
wells PAI-45-MW31-SL and PAI-45-MW31-SU.

In the downgradient part of the plume near well clusters
PAI-45-MWO04 and PAI-45-MW?20, passive-flux tests from
the previous investigation showed a higher Darcy flux in the
SU wells relative to the SL wells (EnviroFlux, LLC, 2007;
Hackett and others, 2008). These findings are consistent with
previously published slug-test data showing that the geometric
mean of hydraulic conductivity (K) calculated from upper sur-
ficial aquifer wells [8 feet per day (ft/d)] was slightly greater
than that calculated from the lower surficial aquifer wells
(2 ft/d) (Tetra Tech, NUS, Inc., 2004).

A broad range of groundwater flow rates can be calcu-
lated from previously reported well tests at Site 45. Typical
Darcy velocities estimated from passive-flux meter tests were
about 0.027 ft/d [0.82 centimeter per day (cm/d)] at well
MW 10SL and about 0.020 to 0.095 ft/d (0.6 to 2.9 cm/d) at
well PFM-01 (Enviroflux, LLC, 2007). At wells PFM-02 and
PFM-03, the Darcy velocities ranged from about 0.033 to
0.164 ft/d (1 to 5 cm/d) at depths below 10 ft. Using a geologi-
cally reasonable porosity of 0.3 to 0.45, the calculated seepage
velocity (Darcy velocity divided by porosity) ranges from
about 16 to 199.5 feet per year (ft/yr).

Slug tests in the lower surficial aquifer by Tetra Tech
NUS, Inc. (2004) showed a geometric mean K of about 2 ft/d.
The hydraulic gradients between wells PAI-45-MW25-SL
and PAI-45-MW31-SL and between wells PAI-45-MW31-SL
and PAI-45-MW20-SL are about 0.0052 to 0.0053, based on
the average of instantaneous gradients measured at 15-minute
intervals between September 10 and September 29, 2008,
during the present investigation. Using an assumed range of
porosity of about 0.3-0.45, the seepage velocity [(K x hydrau-
lic gradient)/porosity] can be calculated to be about 9-13 ft/yr.

Aquifer tests from a previous investigation gave an over-
all average K for the surficial aquifer of about 15.3 ft/d (Tetra
Tech NUS, Inc., 2004). Using a hydraulic gradient of about
0.0052—0.0053 and a range of porosity of about 0.3—0.45, the
calculated seepage velocity is about 65-97 ft/yr.

The variety of calculated seepage velocities in the previ-
ous discussion illustrates the uncertainty with calculations
of groundwater velocity. The actual groundwater velocity
almost certainly varies across the site with aquifer heteroge-
neity. Based strictly on aquifer tests (Tetra Tech NUS, Inc.,
2004), the mean groundwater velocity in the southern plume is
between the end values of about 9 and 97 ft/yr.

The surficial aquifer at Site 45 is unconfined. Depth to
water is about 2—6 ft. Groundwater is recharged primarily
from rainfall infiltration in non-paved areas. Some amount of
recharge also may take place during rainfall events through
partially collapsed storm sewers. For example, on June 4,
2008, repairs were done on partially collapsed storm sewer
STSO01 (fig. 6). Prior to the repairs, runoff from Kyushu Street
south of the new dry cleaner collected and flowed into the
asphalt cracks adjacent to the storm drain rather than into
the storm drain. Thus, rainfall-derived runoff flowed into a
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focused part of the aquifer rather than being diverted offsite
by the storm-sewer system. Because partially collapsed storm
sewers are not always obvious from a casual surface inspec-
tion, there is the possibility that such localized rainfall infiltra-
tion is or has been influential in other parts of the site.

A primary discharge path for groundwater at Site 45
appears to be to storm sewers. The inverts (bottoms) of some
sections of the storm-sewer system at Site 45 are below the
high-tide level and below the groundwater levels (figs. 8
and 9). At the downgradient part of the southern plume, the
bottoms of manholes STS05 and STS06 are at altitudes of 0.86
and 0.45 ft relative to NAVD 88 (about 5.5 and 5.4 ft BLS)
and about 1.2 and 2.4 ft below the water table, respectively
(fig. 8). At the downgradient part of the northern plume, the
bottoms of manholes STS13 and STS21 are at altitudes of 2.1
and 1.07 ft relative to NAVD 88 (about 4.3 to 4.6 ft BLS) and
about 0.3 to 1.3 ft below the water table, respectively (fig. 8).

Groundwater in both the SU and SL wells shows a
general movement from the northwest to the southeast (figs. 8
and 9). The groundwater contours in the SU wells show strong
curvature toward some of the storm sewers where the inverts
of the sewers are deeper than the water table (fig. 8). These
data indicate that groundwater discharges to the storm-sewer
system in those areas. Curvature of the groundwater contours
is less pronounced for the SL wells than for the SU wells,
possibly reflecting a diminished hydraulic influence from the
storm sewers on the deeper part of the surficial aquifer (fig. 9).

Infiltration of groundwater into sewers is not unusual
when the sewers are below the water table, and in some
municipal systems, infiltration of groundwater to sewer
systems can be widespread and overwhelming (Wolf and
others, 2003; Jamison, 2007). Discharge of groundwater
to storm sewers at Navy bases may be more common than
currently recognized considering the low altitude of many
Navy bases and a previous report of groundwater discharge to
storm sewers at U.S. Naval Air Station, Jacksonville, Florida
(Davis, 2003).

Because the storm-sewer system connects to tidally
influenced Ballast Creek, tidal water enters the storm drains
through an open drain approximately 1,400 ft south of Site 45
during incoming tides. Incoming tidal water moves inland
through the sewer system at least as far as to Site 45. A water-
level logger recorded tidally induced water-level increases of
more than 3 ft in the storm sewer at manhole STS06 (fig. 10).
Surficial aquifer groundwater levels in the vicinity of the
storm sewers also rise and fall in response to tidal cycles. In
general, where the invert of the storm sewer is below the water
table, groundwater levels tend to be higher than water levels in
the storm sewer at low tide and lower than in the storm sewer
about 1 to 2 hours preceding and following high tide. The
higher water levels in the storm sewers than in the ground-
water about 1 to 2 hours preceding and following high tide
indicate a short-term potential for movement of tidal water
from the storm sewers to the aquifer.
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Figure 8. Groundwater levels in the SU wells in the surficial aquifer, Marine Corps Recruit Depot, Parris Island, South Carolina,

June 27, 2008.
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Figure 10. Water levels in selected monitoring wells and storm-
sewer manhole STS06, Site 45, Marine Corps Recruit Depot,
Parris Island, South Carolina, June 11-13, 2007.

A groundwater map for the “D”-horizon wells is not
shown because groundwater levels across the site on June 27,
2008, differed by only 0.16 ft or less, with the exception of
well PAI-45-MW11-D. In general, the slight hydraulic gradi-
ent was from the northwest to the southeast. In contrast, the
groundwater level in well PAI-45-MW11-D typically showed
a marked dissimilarity from the other D-horizon wells. For
example, on June 27, 2008, the groundwater level in well PAI-
45-MW11-D was more than 1 ft lower than the groundwater
level in any other D-horizon well and appeared to be more
sensitive to tidal fluctuations than the remaining D-horizon
wells. Water levels in well PAI-45-MW11-D were more than
2 ft lower than in wells in the overlying SL horizon. Relevel-
ing of the well measuring point revealed no significant datum
error. The reason for the anomalous water levels in well PAI-
45-MW11-D was not investigated further.

Groundwater Chemistry

The surfical aquifer at Site 45 is anaerobic at most loca-
tions, with DO concentrations less than 0.3 milligram per liter
(mg/L) and sometimes less than 0.025 mg/L. Although aerobic
groundwater conditions in the shallow part of the surficial
aquifer were observed during two events at well PAI-45-MW-
20-SU (September 29, 2006, and September 10, 2007) and
during one event at well PAI-45-MW-05-SU (September 8,
2008), anaerobic conditions also prevailed in groundwater
from these wells on other sampling dates. Thus, the dominant
redox reactions in the contaminated aquifer are anaerobic.

The specific terminal electron accepting process (TEAP)
probably varies spatially in the study area. The patchy brown

coloring of the sand in some shallow parts of the surficial
aquifer (less than about 68 ft BLS) indicates that iron
reduction probably is an active electron accepting activity in
the shallowest sediment (lithologic logs from wells PAI-45-
MW28-D and PAI-45-USGS-TW96). The USEPA reported
an increase in acid-extractable iron from sediment cores with
depth from about 8.4 to 16 ft BLS in the upgradient part of the
southern plume (Scott Huling, U.S. Environmental Protection
Agency, written commun., 2009). These data may mean that
iron reduction continues to be a predominant TEAP to a depth
of at least 16 ft BLS; however, it also is possible that the acid-
extractable iron does not represent bioavailable ferric iron.
Data from the present investigation indicate that the dominant
TEAP in groundwater from some of the SL wells is more
reducing than iron reduction.

The sediment is predominantly gray at depths below
about 8 ft in parts of the southern plume, indicating less of a
potential for iron reduction at depth than in shallower sedi-
ment. When ferric iron is unavailable and sulfate is present
in an anaerobic aquifer, sulfate reduction is commonly the
predominant TEAP. Sulfate concentrations in groundwater
in the vicinity of the southern-plume source area are about
40 to 50 mg/L (well PAI-45-MW25-SL). In the downgradient
part of the southern plume at well PAI-45-MW20-SL, sulfate
concentrations in the groundwater are about 112 to 130 mg/L.
In anaerobic aquifers lacking more efficient electron acceptors,
such as ferric iron, these concentrations are sufficient to allow
sulfate reduction to outcompete methanogenesis (Vroblesky
and others, 1996). If the gray sediment at depths below 8§ ft
indicates that there is insufficient bioavailable ferric iron to
support iron reduction, then it is likely that sulfate reduc-
tion is the predominant TEAP in much of the contaminated



aquifer of the southern plume. Although sulfide typically was
not detected in the wells, 0.28 to 0.47 mg/L of sulfide was
detected in groundwater at well PAI-45-MW20-SU during
2008. In addition, molecular hydrogen (H,) measurements
ranged from 1.1 to 3.4 nanomoles per liter (nM) in six out of
the seven tested wells in the surficial aquifer. H, concentra-
tions in anaerobic systems can be classified as follows: less
than 0.1 nM, characteristic of denitrification; 0.2—0.8 nM,
characteristic of iron reduction; 1-4 nM, characteristic of
sulfate reduction; and greater than 5 nM, characteristic of
methanogenesis, with in-between ranges being not diagnostic
(Chapelle and others, 1997). Thus, most of the measured H,
concentrations were in the range of sulfate reduction. The H,
concentration in one out of the seven tested wells was in the
range characteristic of methanogenesis.

The methane concentrations in groundwater from the
source-area well of the southern plume (PAI-45-MW25-SL)
are relatively low [180—754 micrograms per liter (ug/L)];
however, methane concentrations in groundwater from a
number of other wells in the southern plume are greater than
1,000 pg/L. The elevated methane concentrations may partly
represent methane from probable methanogenic degrada-
tion in the organic-rich layer (peat zone) at the base of the
surficial aquifer, below the screened intervals of the moni-
toring wells. The presence of paved areas has the potential
to trap some methane otherwise released from groundwater
to the atmosphere, possibly explaining why methane con-
centrations are higher in the shallower SU wells than in the
deeper SL well beneath Kyushu Street at well clusters PAI-
45-MW10 and PAI-45-MW31. Low concentrations of acetic
acid (0.11-0.33 mg/L) are present in groundwater from a
number of wells in the southern plume, however, indicat-
ing that part of the methane probably represents localized
pockets of methanogenesis in the surficial aquifer at or near
the screened intervals of wells. Support of this hypothesis is
that the H, value of groundwater at well PAI-45-MW31-SL
was 31 nM on September 9, 2008, which is in the range of
methanogenic conditions.

Groundwater in the SL wells had a greater specific
conductance and greater chloride concentration than ground-
water in the SU wells. The contrast is most pronounced at
well cluster PAI-45-MW 17, where the specific conductance
of water was 622—-942 microsiemens per centimeter (LS/cm)
from the SU well and 4,264-5,917 puS/cm from the SL well.
Chloride concentrations ranged from about 68 to 162 mg/L
in groundwater at the SU screen and from about 1,160 to
1,750 mg/L in groundwater at the SL screen. Because this well
cluster is near a storm sewer that is more than 1 ft below the
water table, the conductivity contrast may represent density
stratification from leakage of saltwater from the storm sewer
at high tide. Although not as pronounced as at well cluster
PAI-45-MW 17, the elevated specific conductance, chloride,
and sodium concentrations in SL wells (compared with the SU
wells) at other tested well clusters indicates some degree of
vertical density stratification elsewhere in the surficial aquifer.
Additional evidence for conductivity stratification can be
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seen at well PFM-02 (fig. 3) in the central part of the southern
plume, where the specific conductance substantially increases
with depths greater than 15 ft BLS (fig. 11).

In the three D-horizon wells tested below the surfi-
cial aquifer in this investigation (wells PAI-45-MW28-D,
-MW29-D, and -MW30-D), the chloride and specific conduc-
tance were substantially greater than in the surficial aquifer.
Chloride concentrations ranged from 1,940 to 5,520 mg/L,
and specific conductance ranged from 7,050 to 17,714 uS/cm.
Salinity measured in well PAI-45-MW29-D [8.1 milligrams
per milliliter (mg/mL)] indicated that water in the D horizon
is brackish.

Low levels of non-chlorinated-solvent constituents are
present in groundwater in the surficial aquifer at concen-
trations exceeding USEPA maximum contaminant levels
(MCLs). In September 2008, six wells in the surficial aquifer
were sampled for dissolved arsenic. Of these six wells, two
were SU wells, and neither contained arsenic at a detection
limit of 0.005 mg/L. The four remaining wells were SL wells;
three out of the four of these wells contained dissolved arsenic
concentrations in the range of 0.13 to 0.22 mg/L, which is
greater than the USEPA MCL of 0.01 mg/L (U.S. Environ-
mental Protection Agency, 2002).

Finally, low concentrations of petroleum hydrocarbons
were present in well PAI-45-MW27-SL near the former tem-
porary lodging facility (table 1, fig. 3). The petroleum hydro-
carbons were detected at similar concentrations in the sample
and in a duplicate, and the anomalously low sulfate concen-
tration (2.63-2.94 mg/L) and high methane concentration
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Figure 11. Vertical profile of specific
conductance at well PFM-02, Marine Corps
Recruit Depot, Parris Island, South Carolina,
June 14, 2007.
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(7,310-7,630 pg/L) are consistent with a shift from sulfate
reduction to methanogenesis, as is common when petroleum
hydrocarbons are present in an aquifer. Low concentrations of
petroleum hydrocarbons also were detected in temporary wells
drilled near the former temporary lodging facility in June and
August 2007 (table 1, fig. 4). The source of the petroleum
hydrocarbons is not known. Some of the benzene detections
were slightly greater than the 5-ug/L MCL established by the
USEPA (U.S. Environmental Protection Agency, 2008).

Distribution of Chlorinated-Solvent
Groundwater Contamination

This investigation examined aspects related to areal and
vertical distribution of the groundwater contamination. Data
related to the areal distribution of groundwater contamination
were collected for the southern plume and the downgradient
part of the northern plume. Data related to the vertical distri-
bution of groundwater contamination were collected only for
the southern plume.

Areal Distribution of Groundwater
Contamination

Groundwater contamination by chlorinated solvents
at Site 45 is present in two lobes with some probable inter-
mingling in downgradient parts (figs. 12—15). The northern
plume extends southeastward from the northern part of the
former dry-cleaning facility. The southern plume extends

Table 1.
Depot, Parris Island, South Carolina, 2008.

from the southeastern corner of the new dry-cleaning facil-

ity to approximately the intersection of Samoa Street and the
entrance to the Building 293 driveway. Because the northern
plume has been studied extensively in previous investigations
(Tetra Tech NUS, Inc., 2004, 2005), the present investigation
concentrated on the southern plume and the downgradient
part of the northern plume. The distribution of groundwater
contamination shown in figures 12—15 represents data from
multiple sampling events during an approximate 2-year period.
In the southern plume, the data include groundwater samples
from temporary wells installed for this investigation on mul-
tiple dates, from temporary wells installed during a previous
investigation in 2006 (Mark Sladic, Tetra Tech NUS, Inc.,
written commun., 2006), and from permanent wells that were
sampled in 2008. Thus, the mapped configurations of individ-
ual constituents represent generalized distributions rather than
snapshots in time. The data from the northern plume represent
samples collected primarily during a single event (June 2007),
but include data from a monitoring well sampled in June 2008.

The downgradient part of the northern plume extends
southeastward to the storm drain connected to storm drain
STS21 (fig. 6). No detectable groundwater contamination
was found in temporary or permanent wells east of that storm
drain beneath the former temporary lodging parking lot
(figs. 12—15).

The main part of groundwater contamination in the
southern plume extends from the southeastern corner of the
new dry-cleaning facility southeastward toward well PAI-
45-MW20-SL (figs. 3 and 12). PCE concentrations in the
southern plume were greatest in the source area at the south-
eastern corner of the new dry-cleaning facility (62,400 nug/L)
and were greater than 10,000 pg/L in the middle part of the

Concentrations of total organic carbon in sediment cores, Site 45, Marine Corps Recruit

[J, estimated value; <, less than; MCL, maximum contaminant level for drinking water established by the U.S. Environ-
mental Protection Agency, accessed on June 18, 2009, at http://www.epa.gov/safewater/contaminants/index.html#mcls]

Concentration, in micrograms per liter

Well identifer pate Benzene Toluene Ethylbenzene X(z::::r)s Naphthalene
PAI-45-MW27-SL September 11,2007  6.01 1.55J 5.14 8.44 606
PAI-45-MW27-SL September 11, 2007  5.94 1.38J 4.94) 8.49 555

duplicate
PAI-45-USGS-TW21 June 25, 2007 0.952] <0.25 <0.25 <0.25 6.98
PAI-45-USGS-TW26 June 25, 2007 1.71 <0.25 <0.25 <0.25 <0.25
PAI-45-USGS-TW36 June 25,2007 4.17 <0.5 1.21J 1.97) 81.9
PAI-45-USGS-TW65 June 28, 2007 5.36 <1.25 3.81J 6.55 397
PAI-45-USGS-TW71 August 29, 2007 2.66 0.759] 0.759) 0.773J 119
MCL Not applicable 5 1,000 700 10,000 Not estab-

lished




Distribution of Chlorinated-Solvent Groundwater Contamination 19

|
P
anamastreet
New Dry-Cleaning
Facility J
,0%»
%%
C;;> e,
® O
P
Q
%
2
20% 3,480
<5.00,
‘0'25 <250
. <125
X ’ 15
; v O\ >
NI <05 £
< \Y )
\ P e ?}25 \ A 8
1,039 \ -4
ND ND! & =
X125 o >
A g2
A5 IS
<0.25 Sl \ 358 ws 345 o
A A &7 ~
NP [0)
212 =
A A 214 S
05 <125 & A\ <0.25 w
<025 495 ’ N A
A A,
-$-<0.25
7025  <0.25
Law offices é’z’
(Building 293) 4 0 25 50 100 Feet
o
I T T T IS Y T |
[ 5 I S e —
0 5 10 15 20 Meters
—10- - Line of equal tetrachloroethene

concentration, in micrograms per liter.
Interval variable as shown. Dashed where

uncertain.

Monitoring well sampled during June 2008

USGS Temporary well sampled during March 2008
USGS Temporary well sampled during August 2007
USGS Temporary well sampled during June 2007

Tetra Tech NUS, Inc., temporary well, 2006 (Mark Sladic, _
Tetra Tech NUS, Inc., written commun., 2007) —  Sanitary sewer
<25 Concentration of tetrachloroethene, in micrograms

per liter. [<, less than; J, estimated; H, analyzed out of

holding time; ND, not detected at unstated detection limit]

Storm sewer

e b qu P

Figure 12. Generalized distribution of tetrachloroethene in groundwater at Site 45, Marine Corps Recruit Depot, Parris Island,
South Carolina, 2006-2008.



20

Source, Transport, and Fate of Groundwater Contamination at Site 45, Marine Corps Recruit Depot, Parris Island, SC

]

New Dry-Cleaning
Facility P

€anin, )
0ved)g Facili

(Rem,

<0.2
3470 | M 0.358J ND
4,270~ 0
<0_25A4,020 rs
2

Former Dry-g

]
1,510
6,100 1,51

2,900 | ] 2,720

Law offices
(Building 293)

[]

|

Former Temporary Lodging
(Removed)

0 25 50 100 Feet
I T T I O Y A
[
0

T ] T I
5 10 15 20 Meters

Monitoring well sampled during June 2008, unless otherwise noted —10- -

USGS Temporary well sampled during March 2008
USGS Temporary well sampled during August 2007
USGS Temporary well sampled during June 2007

Tetra Tech NUS, Inc., temporary well, 2006 (Mark Sladic,
Tetra Tech NUS, Inc., written commun., 2007)

<025 Concentration of trichloroethene, in micrograms

per liter. [<, less than; J, estimated; H, analyzed out of
holding time; ND, not detected at unstated detection limit]

e b qu P

Line of equal trichloroethene
concentration, in micrograms per liter.
Interval variable as shown. Dashed where
uncertain.

Storm sewer

Sanitary sewer

Figure 13. Generalized distribution of trichloroethene in groundwater at Site 45, Marine Corps Recruit Depot, Parris Island,

South Carolina, 2006—2008.



Distribution of Chlorinated-Solvent Groundwater Contamination 21

|
Panama Street
New Dry-Cleaning
Facility
2
2
5
e
g5
oL
@
£
&
N
Law offices E
(el 255) 4 0 25 50 100 Feet
I I T Y N N N B
D g [ T | T [
0 5 10 15 20 Meters
o . —10- - Line of equal cis-1,2-dichloroethene
Monitoring well sampled during June 2008 19 concentrgtion in micrograms per liter.
USGS Temporary well sampled during March 2008 Interval variable as shown. Dashed where
uncertain.

USGS Temporary well sampled during August 2007
USGS Temporary well sampled during June 2007

Tetra Tech NUS, Inc., temporary well, 2006 (Mark Sladic, _
Tetra Tech NUS, Inc., written commun., 2007) _— Sanitary sewer

10 Concentration of cis-1,2-dichloroethene, in micrograms
per liter. [<, less than; J, estimated; H, analyzed out of
holding time; ND, not detected at unstated detection limit]

Storm sewer

s b qm P

Figure 14. Generalized distribution of cis-1,2-dichloroethene in groundwater at Site 45, Marine Corps Recruit Depot, Parris Island,
South Carolina, 2006—2008.



Source, Transport, and Fate of Groundwater Contamination at Site 45, Marine Corps Recruit Depot, Parris Island, SC

New Dry-Cleaning
Facility
<0.5
] <0.5
<25
B P SN
A <;s° 3 .27.3
KJ/US <05 !os 20 Wy,
hy Street B m Sl
<0.5 !0_5
<0.5A <0.5 <05
A La
*
4.75
\MJ
3.13
A 1
*
2
<0.5 D
2
— —
6 >0
\ s 2
o ©
\ a £
\ §¢
N ==
@
£
£
S
g

Law offices

g
(Building 293) &
8
&
(%]

50 100 Feet

I I N (RN N
1 T 1

5 10 15 20 Meters

0
L1
[

0

—10- -

Monitoring well sampled during June 2008

USGS Temporary well sampled during March 2008
USGS Temporary well sampled during August 2007
USGS Temporary well sampled during June 2007

Tetra Tech NUS, Inc., temporary well, 2006 (Mark Sladic,
Tetra Tech NUS, Inc., written commun., 2007)

10 Concentration of vinyl chloride, in micrograms

per liter. [<, less than; J, estimated; H, analyzed out of
holding time; ND, not detected at unstated detection limit]

s > qu P

Line of equal vinyl chloride
concentration, in micrograms per liter.
Interval variable as shown. Dashed where

uncertain.

Storm sewer

Sanitary sewer

Figure 15. Generalized distribution of vinyl chloride in groundwater at Site 45, Marine Corps Recruit Depot, Parris Island,

South Carolina, 2006—2008.



Distribution of Chlorinated-Solvent Groundwater Contamination 23

plume beneath Kyushu Street (fig. 12). Concentrations of TCE
were relatively uniform along the axis of the southern plume
(fig. 13). ¢cDCE was most concentrated (1,100-2,180 pg/L)
near the middle part of the plume between temporary wells
PAI-45-USGS-TW48 and PAI-45-USGS-TW53 (figs. 4

and 14). In general, VC also was most concentrated in the
central part of the plume (greater than 100 pg/L) (fig. 15).

An exception, however, is a temporary well (PAI-USGS-
TW44) near the new dry cleaner where a VC concentration of
201 pg/L was found in the groundwater (fig. 15).

Vertical Distribution of
Groundwater Contamination

A variety of lines of evidence contribute to the interpreta-
tion of the vertical distribution of groundwater contamination
at Site 45. The data include lithologic descriptions, ECD logs
from MIP investigations, sediment analysis from core samples,
and groundwater samples from temporary and permanent
wells (fig. 16).

Although well PAI-45-MW28-D is screened below the
surficial aquifer, lithologic data collected during the well
installation provide information on the nature of the surficial
aquifer at that well. Based only on lithologic considerations
from drilling cores at well PAI-45-MW28-D, the most perme-
able part of the surficial aquifer near the new dry-cleaning
facility probably is at a depth of about 6.5 to 11.4 ft BLS (alti-
tude of about —1 to —5.9 ft relative to NAVD 88). That horizon
consisted of loose, wet sand (fig. 174). The zone beneath the
sand was siltier and, therefore, less permeable, indicating that
a depth of about 11.4 ft probably is the base of the zone trans-
mitting most of the groundwater in the surficial aquifer at well
PAI-45-MW28-D. This horizon probably is a few feet deeper
at the southeastern corner of the new dry-cleaning facility
because of the slight rise in altitude relative to Kyushu Street.

The ECD log indicates that at MIP7, near the new
dry-cleaning facility, the VOC contamination begins at a
depth of about 8 ft BLS (altitude of about —2.7 ft relative to
NAVD 88), with a greater VOC concentration beginning at
a depth of about 10-11 ft (altitude of —4.7 to 5.7 ft) below
Kyushu Street (fig. 17B). At MIP2, also near the new dry-
cleaning facility, but at a slightly higher altitude, a spike in the
ECD log indicates a sharp increase in VOC contamination at
a depth of about 12 ft BLS (altitude of about —5.3 ft relative
to NAVD 88). The sharp increase in VOC contamination of
MIP2 corresponds to the zone of increased VOC contamina-
tion at MIP7. The top of the zone of increased VOC contami-
nation in MIP2 and MIP7 corresponds to the lowermost foot
or so of loose sand at the probable base of the predominant
flow regime in the surficial aquifer.

Temporary wells sampled near the new dry-cleaning
facility at depths of 7—11 ft BLS had lower concentrations of
VOCs than at 11-15-ft BLS (fig. 17C, table 2). Thus, VOC
concentrations are greater near the base of the loose sand than
near the top. Because the 11-15-ft temporary wells appear

to be partly screened in the loose sand and partly screened

in the underlying less permeable material, most of the water
sampled from the 11-15-ft temporary wells likely was derived
from the loose sand in the top part of the screened interval
rather than from the underlying less permeable material. This
interpretation is consistent with the soil-core data indicating a
sharp decrease in contaminant concentrations at depths greater
than 12 ft BLS relative to shallower depths (fig. 17D) (Scott
Huling, U.S. Environmental Protection Agency, written com-
mun, 2009). Thus, it is likely that contamination near the new
dry-cleaning facility is present from a few feet depth to about
11.5 ft BLS, most of the contamination is at a depth of about

8 to 11.5 ft. BLS, and the greatest concentrations are at the
base of the 8—11.5 ft interval.

Further support for this hypothesis is that while tempo-
rary wells PAI-45-USGS-TW39 (upgradient part of the south-
ern plume) and PAI-45-USGS-TW48 (midpart of the southern
plume) were screened at depths of 10-14 and 10.5-14.5 ft
BLS, respectively, and contained about 5,000 to 10,000 pg/L
of PCE, several temporary wells between these two wells were
screened at depths of 11—-15 ft BLS and contained relatively
little contamination (less than 250 pg/L and in most cases less
than 50 pg/L of PCE). These wells included PAI-45-USGS-
TW73, -TW74, -TW83, -TW87, -TW88, -TW90, -TWI1,
-TW92, and -TW93 (fig. 4). The data are consistent with the
interpretation that 11- to 15-ft-deep wells with comparatively
little contamination were screened below the major contami-
nation depth; therefore,wells PAI-45-USGS-TW73, -TW74,
-TW83, -TW87, -TWSS, -TW90, -TWI1, -TW92, and -TW93
are not included in figures 12—15. The depths of these wells
were selected based on the MIP-log response showing rela-
tively high ECD indications at depths from about 10 or 12 ft
to about 15 ft (fig. 17B). It is likely, however, that as the MIP
probe progressed downward, the most reliable reading was at
the first encounters with contamination and the deeper ECD
responses reflect some level of carry-over. Thus, in the area
between temporary wells PAI-45-USGS-TW39 and PAI-45-
USGS-TW48, there appears to be comparatively little con-
tamination at depths greater than 11 ft BLS.

In the midpart of the southern plume at temporary well
PAI-45-USGS-TW96, the most permeable zone appears to
be a loose sand layer from about 8 to 10 ft BLS (figs. 16
and 184). The shallowest sharp increase in ECD-log response
was just above the base of this layer (fig. 18B), and great-
est concentrations of VOCs detected in field measurements
from this well were in the same layer (figs. 18C and 18F).
Relatively high VOC concentrations also were detected at
depths below 11 ft (figs. 18C and 18D). The VOC concentra-
tions at temporary well PAI-45-USGS-TW96 decreased with
depth below about 13 ft BLS (figs. 18C and 18E) and were
not detectable (less than 0.2 parts per million) at depths of
14-14.8 ft directly above the organic-rich silt layer and at
15.2-16 ft in the organic-rich silt layer (fig. 18C). The less
porous nature of the organic-rich layer relative to the overly-
ing sand and the downward decrease in VOC concentrations
in sediment immediately above the organic-rich layer indicates
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EXPLANATION

Monitoring well and identifier
Membrane interface probe (MIP) location and identifier
Temporary well installed and sampled March 2008, and identifier

Temporary well cored April 2008, and identifier
Temporary well installed and sampled June 2007, and identifier
Temporary well cored by the U.S. Environmental Protection Agency, 2008, and identifier

Locations of sampling points shown in figures 17 and 18, Site 45, Marine Corps Recruit Depot, Parris Island,
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Table 2. Concentrations of chlorinated volatile organic compounds in shallow and deeper
temporary-well groundwater samples near the new dry cleaning facility, March 5, 2008.

[ft NAVD 88, feet relative to the North American Vertical Datum of 1988; ft BLS, feet below land surface; PCE, tetra-
chloroethene; TCE, trichloroethene; cDCE, cis-1,2-dichloroethene; VC, vinyl chloride; <, less than; J, estimated value;

B, target analyte was detected in the associated blank]

Ground-

surface Screen Screen
Well identifier altitude interval interval PCE TCE c¢DCE \'[#
(ft NAVD 88) (ft NAVD 88) (ft BLS)
PAI-45-USGS-TW77 7.33 0.33 7-11 0.351J 20.5 479 <0.3
-3.67 11-15 454 3,470 365 <15
PAI-45-USGS-TW78 7.34 0.34 7-11 10.1 45.5 117 <0.3
-3.66 11-15 <12.5 3,200 761 <15
PAI-45-USGS-TW80 5.54 —1.46 7-11 366 732 82.6 <3
546 11-15 6,170 2,160 112 <30
PAI-45-USGS-TW81 7.67 0.67 7-11 <0.25 19.9 107 <0.3
-3.33  11-15 14.0J 1,510 573 <7.5
PAI-45-USGS-TW9%4 6.6 0.67 7-11 331 863 213 <0.3
-3.33  11-15 754B 5,020 323 2.07

that the organic-rich layer is not a major contaminant-transport
pathway at well PAI-45-USGS-TW96. These data indicate
that the probable depth of contamination in the midpart of the
southern plume at well cluster PAI-45-MW31 is about 6—14 ft
BLS, with most of the contamination between about 8 and
11 or 12 ft BLS and the largest potential for lateral transport
between about 8 and 10 ft BLS.

Wells PAI-45-MW28-D, PAI-45-MW29-D, and PAI-
45-MW30-D (fig. 3) were installed below the clay layer at
the base of the surficial aquifer to gain further information on
water levels and water quality below the surficial aquifer. It
cannot be stated with certainty that no VOC contamination is
in the D horizon underlying the clay that defines the base of
the surficial unit because the wells in the D horizon near the
new dry-cleaning facility were installed slightly offset from
the main body of contamination in the surfical aquifer to avoid
the risk of inadvertent downward transport of possible free
product from the surficial to the deeper aquifer during drilling.
Groundwater levels in the D-horizon wells are lower than lev-
els in the surficial aquifer wells, indicating that if there were a
discontinuity in the clay layer, it is likely that there would be
downward flow from the surficial to the deeper aquifers. Con-
tamination, however, is unlikely to be present in the brackish
D-horizon aquifer for several reasons. No evidence of ground-
water contamination by VOCs was found in groundwater
samples collected from D-horizon wells PAI-45-MW28-D,
-29-D, and -30-D on June 7, 2008, and well PAI-45-MW28-
D was near the main body of contamination. Water samples
from the wells contained less than 0.25 pg/L of PCE and TCE,
less than 0.3 pg/L of ¢cDCE, and less than 0.5 pg/L of VC. By
virtue of its nearness to the main body of contamination in the
southern plume and the probable slight hydraulic gradient to
the southeast, it is likely that contamination would have been

detected at well PAI-45-MW28-D if substantial contamina-
tion were present in the aquifer beneath the surficial aquifer.

In addition, there are substantially lower VOC concentrations
near the base of the surficial aquifer than in the vertical midpart
of the surficial aquifer, indicating a low potential for downward
transport through the base of the surficial aquifer. Finally, the
organic-rich peat at the base of the surficial aquifer provides a
substantial sorptive buffer for VOCs.

Source of Chlorinated-Solvent
Groundwater Contamination
in the Southern Plume

Although the southern plume spatially originates from
the new dry-cleaning facility, it is unlikely that the new dry-
cleaning facility is the source of the contamination. From the
beginning of its operation, the new dry-cleaning facility used
ExxonMobil DF-2000 fluid as the cleaning solvent; this is a
petroleum-based solvent and would not be a viable source of
chlorinated-solvent contamination in the aquifer.

Several lines of evidence indicate that the contaminant
source in the southern plume was a leak from a sanitary sewer
in the vicinity of the new dry-cleaning facility. In the initial
stages of the present investigation, the USGS uncovered
manhole SASO1 and determined it to be an abandoned sanitary
sewer system shallower than the water table. When water
was poured into the manhole, the water exited the manhole in
the direction leading to the new dry-cleaning facility (fig. 6).
Examination of engineering blueprints of historic and existing
structures at Site 45 showed that the system was the sanitary
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sewer for the former dry-cleaning facility. The original sani-
tary sewer line, in place since the mid-1950s, appears to have
extended to beneath what is now the southeastern corner of
the new dry-cleaning facility and then turned about 90 degrees
southward. The corner of the former sanitary sewer line that
extended beneath the new dry-cleaning facility was replaced
by a diagonal section of pipe extending from manhole SAS02
to SAS03 sometime in the mid- to late-1990s.

The sanitary sewer line was constructed of vitrified clay.
A sewer-inspection camera was used to examine the integrity
of the sewer line in 2007. The camera revealed that although
the existing pipe between the former and new dry-cleaning
facilities contained no collapsed sections, it contained many
cracks, and grass roots extended into the pipe. Thus, it is
highly probable that the abandoned sanitary sewer is leaky.

The aquifer at the southeastern corner of the new dry-
cleaning facility, where the section of the sanitary sewer was
removed, contained the greatest PCE concentrations, the
greatest PCE/daughter-product ratios, and the lightest PCE
CSIA values in the southern plume. The direction of ground-
water flow is to the southeast and the chemical data indicate
that the area where the sanitary sewer was removed contains
the most concentrated and least degraded parent compound in
the southern plume. The southeastern corner of the new dry
cleaning facility is, therefore, the likely source area for the
southern plume.

The coincidence of the southern plume source area
with a removed section of sanitary sewer that was part of a
cracked sanitary sewer system, the existence of documented
and potentially undocumented PCE spills in the former dry-
cleaning facility connected to that sanitary sewer, and the lack
of a viable source for the PCE spill at the new dry-cleaning
facility indicate that the probable source of the contamination
at that location was leakage from the sanitary sewer system.
In general, sewer leaks (exfiltration) have been recognized
as potential contamination sources for many years (Amick
and Burgess, 2000; Wakida and Lerner, 2004; Wolf and oth-
ers, 2004; Rutsch and others, 2005; Held and others, 2006;
Reynolds and Barrett, 2007). Leaking sewer lines have pro-
duced groundwater VOC contamination elsewhere (Squillace
and others, 2004), including PCE contamination from dry-
cleaning operations (State of Wisconsin, 1996).

An additional underground pipe was encountered during
this investigation in a boring near well PAI-45-MW31-SU.
This unmarked and unused pipe was not found on site blue-
prints. Therefore, other unidentified subsurface utilities may
influence groundwater or contaminant transport.

Transport and Fate of
Chlorinated Solvents

Groundwater contamination at Site 45 is subject to a
variety of influences. One of the most important influences is
site hydraulics, which are affected by the storm sewers. Other
important influences include biodegradation and sorption.

Storm-Sewer Influences on Transport

Data indicate that groundwater contamination in the
northern plume discharges to the storm sewer containing storm
grate STS21 and possibly to the section of storm sewer near
manholes STS13 and STS14. These sections of storm drains
are below the water table, and VOCs have been detected in the
storm sewer at STS13, STS14, and STS21 (fig. 6 and table 3).
In addition, the curvature of water-table contours around the
storm sewer downgradient from storm grate STS21 indicates
movement of groundwater to the storm drain from both sides
(figs. 8 and 9).

Data from temporary wells sampled during this investiga-
tion at the downgradient edge of the northern plume provide
further evidence indicating an influence from the storm-
sewer system on the groundwater-contamination distribution.
Groundwater from temporary wells PAI-45-USGS-TW4,
-TW6, -TWS8, and -TW10 immediately west of the storm
sewer containing storm grate STS21 had more than 1,000 ng/L
of ¢DCE at the 7-11 or 7.5—-11.5 ft BLS (figs. 4, 6, and 14).

In contrast, wells PAI-45-USGS-TW?7 (screened at 711 ft
BLS) and adjacent wells PAI-45-USGS-TW9 and PAI-45-
USGS-TW18 (screened at 7.5-11.5 ft BLS and 12—14.5 ft
BLS, respectively) on the eastern side of the storm drain did
not contain detectable VOCs (figs. 4, 6, and 12—15). The depth
to water in that area was 3.24 to 3.75 ft (based on wells PAI-
45-MW14-SU and PAI-45-MW23-SU, respectively), and the
depth of the storm drain containing manhole STS21 is about
4.6 ft or greater. Thus, it is unlikely that the wells east of the
storm sewer vertically missed the contamination beneath the
former temporary lodging parking lot. The hydraulic gradients
and lack of detectable VOCs east of the storm drain indicate
that the storm-sewer system probably is a main discharge zone
for the northern plume and effectively limits further expansion
of the main axis of contamination in the northern plume.

In the downgradient part of the northern plume near
the entrance to the former temporary lodging parking lot,
the storm sewer containing manholes STS13 and STS14 is
shallower than the storm drain containing storm grate STS21
(fig. 8). Thus, much of the groundwater contamination in the
northern plume appears to underflow the western storm drain
(containing STS14) and move toward the deeper storm drain
farther east (containing STS21) (figs. 12—15). It is clear that
some groundwater contamination discharges to the western
storm sewer because TCE and ¢cDCE were found in water
at manhole STS14 on most of the sampling dates (table 3).
During three out of the four sampling events at manhole
STS14, groundwater levels were relatively low, compared
with measurements in nearby well PAI-45-MW23-SU (2.54
to 2.66 ft relative to NAVD 88). On those dates, TCE concen-
trations in water from manhole STS14 ranged from less than
0.25 to 3.86 pg/L, and ¢cDCE concentrations ranged from an
estimated value of 0.937 to 4.78 pg/L. On September 8, 2007,
however, the measured water level in well PAI-45-MW23-SU
was 3.54, about a foot higher than on the previous sampling
dates. The following day (September 9, 2008) a water sample
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from manhole STS14 contained substantially greater VOC
concentrations than on previous dates (183 pg/L of TCE and
387 ng/L of ¢cDCE). Most importantly, water from manhole
STS14 contained 20.1 pg/L of VC. The western storm drain
containing STS14 is a receptor of groundwater contamination
from the northern plume and is more important as a recep-
tor during periods of high groundwater levels than during
periods of low groundwater levels. This is important because
temporary well PAI-45-USGS-TW15 (fig. 4) had ground-
water contamination containing 2,290 pg/L of VC (June 25,
2007) and is immediately adjacent to that storm sewer (figs. 4
and 15). Thus, at high groundwater levels, there is the poten-
tial for increased amounts of VC to enter the storm sewer. If
such an event occurs at a time when tidal flushing is low, then
increased concentrations of VC could discharge at the storm-
sewer outfall. The MCL for VC in drinking water established
by the USEPA is 2 pg/L, and VC has been associated with
potential increased risk of cancer in adults (U.S. Environmen-
tal Protection Agency, 2008).

During times of low groundwater levels, relatively
low concentrations of VOCs in the southernmost part of the
northern plume may move southeastward beneath storm drain
STS14. Based on this consideration and on groundwater flow
directions (figs. 8 and 9), such movement may account for
some of the low concentrations of TCE and ¢DCE detected in
groundwater immediately west of the former temporary lodg-
ing (figs. 13 and 14).

Data indicate that storm sewers also intercept con-
tamination in the southern plume. Chlorinated solvents were
detected in water from STS05 (30 pg/L of PCE, 100 ng/L of
trichloroethene [TCE], 70 pg/L of ¢DCE, and 7 pg/L of VC in
June 2007) (table 3, fig. 6). Well PAI-45-MW20-SL, a few feet
north of the storm drain containing manhole STS05, contained
more than 1,000 pg/L of TCE, while TCE in most of the
temporary wells on the opposite of the storm drain contained
less than 5 pg/L of TCE (fig. 13). Thus, it appears that the
storm drain below the water table near well PAI-45-MW20-SL
is a discharge zone for groundwater contamination. Manholes
STSO05 and STS06 are near each other and are about the same
depth (fig. 8); therefore, the hydrology of the two manholes
probably is similar. Because the groundwater levels in SL
wells near these manholes is usually more than 2 ft higher
than the water levels in the manholes (fig. 10), there probably
is movement of contaminated water from parts of the aquifer
deeper than the manholes upward toward the manholes, storm
sewer, and the granular base material below the storm sewer.

The presence of VOCs in water from manhole STS05
and the sharp decline in contaminant concentrations from
one side of the storm sewer to the other side indicate that a
substantial part of the southern plume is captured by the storm
sewer. The presence of VOCs in some temporary wells on
the downgradient side of the storm sewers, however, indi-
cates that some of the contamination in the southern plume
bypasses the storm sewers. For example, 110-339 pg/L of
¢DCE was detected in groundwater on the downgradient side
of the storm drain at temporary wells PAI-45-USGS-TW27,

PAI-45-USGS-TW28, and PAI-45-USGS-TW64, and 155
ng/L of TCE was detected in groundwater at well PAI-45-
USGS-TW?27 (figs. 4, 13, and 14).

Relatively low concentrations of groundwater contami-
nation bypass the storm sewers at Site 45, as evidenced by
concentrations of ¢cDCE of about 5—7 pg/L in temporary wells
between the storm sewer and the former temporary lodging
(fig. 14). Based on site hydrology and the relatively leaky
nature of the storm sewers, the groundwater contaminants
probably are captured eventually by discharge to a deep storm
sewer. Potential receptors include the storm sewers near man-
holes STS06, STS07, and STS22 (fig. 6).

Once in the storm-sewer system, VOCs are subject
to a variety of contaminant-reduction influences. The larg-
est influence is tidal action. The storm sewers at Site 45
range in diameter from 12 to 36 inches; thus, a tidal change
of greater than 3 ft in some of the storm sewers at Site 45
represents a substantial amount of marsh water entering and
exiting the pipes relative to the comparatively small amount
of groundwater leaking into them. The tidal exchange dilutes
the VOC concentrations in the storm sewers. Volatilization
probably also removes some of the VOC contamination in the
storm sewers.

During outgoing tides, the diluted contamination in the
storm sewer is transported southward and discharges to Bal-
last Creek. Based on a dye test, the contaminant-transport
time through approximately 1,400 ft of storm sewer from
Site 45 to Ballast Creek during outgoing tides is a little more
than 1 hour (fig. 19). A sample from manhole STS26 in the
storm sewer approximately 320 ft from the Ballast Creek
discharge contained PCE, TCE, and ¢DCE concentrations of
0.69 (estimated), 4.26, and 2.53 ng/L, respectively, at low tide
and concentrations of 1.06, 5.63, and 3.48 ug/L, respectively,
1 hour after low tide. At 1 hour after low tide, water at man-
hole STS26 was moving in the storm sewer toward the creek.
Because no additional storm-sewer pipes appear to enter the
main storm sewer between STS26 and Ballast Creek, there is
no additional dilution between STS26 and Ballast Creek, and
the detected contaminant concentrations at STS26 represent
VOC concentrations from Site 45 being discharged to Bal-
last Creek. Maximum detected VOC concentrations detected
in storm-sewer water at STS26 during three sampling events
(on two different dates) were 1.06 pg/L of PCE, 5.63 pg/L
of TCE, 3.48 pg/L of ¢DCE, and less than 0.5 ng/L of VC
(September 10, 2007, 1 hour after low tide) (table 3).

The above data indicate that the storm sewers function
as discharge points for the major parts of both the northern
and southern plumes. Part of the groundwater contamination
may bypass some of the storm sewers below the water table;
however, the bypassing concentrations are relatively low.
Although substantial concentrations of VOCs are present in
the groundwater near the storm sewers (more than 1,000 pug/L
of TCE in the southern plume and more than 1,000 pg/L of
¢DCE in the northern plume), the groundwater that leaks into
the storm sewers is subjected to dilution and volatilization
effects that result in low concentrations of VOCs in water



from the sampled manholes (maximum detection of 387 pg/L
of ¢DCE and 183 ng/L of TCE; table 3) and at the discharge
point. Thus, the storm sewers appear to be preventing substan-
tial additional expansion of the plumes and usually discharg-
ing relatively low concentrations of VOCs (less than about

10 pg/L of total VOCs to Ballast Creek).

Finally, in an interview during this investigation, the
Parris Island environmental officer who investigated the 1994
solvent spill at the above-ground storage tanks stated that there
was evidence that PCE may have entered the storm drains
during this event (James Clark, Environmental Officer, Parris
Island, oral commun., 2008). Because a substantial amount of
PCE was released to the environment, PCE entering the storm
drain would have been transported through the storm-sewer
system. The most probable receptors would have been storm
drains STSO1 or STS16 (fig. 6). Both of these storm drains
connect to the same storm sewer and ultimately discharge to
the Ballast Creek tributary at STS27 (fig. 19). Few data are
available on the nature of a historic storm sewer extending
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sewer-outfall point STS27 are now connected at manhole
STS25. The connection at STS25 probably was made to facili-
tate drainage of the storm sewer that extended from approxi-
mately beneath the former temporary lodging parking lot to a
tributary to Ballast Creek after the collapse features occluded
the pipe near the outfall point. Evidence that the occlusions
limit or prevent direct discharge from the eastern storm sewer
to Ballast Creek can be seen in the directions of water flow in
the sewers. During an outgoing tide, water drains into manhole
STS25 (fig. 19) from both the northern and southern sections
of the eastern storm sewer. Water then flows laterally to the
western storm sewer and then moves southward toward Bal-
last Creek. The flow directions reverse during an incoming
tide, with water moving from the western storm sewer through
manhole STS25 and into both the northern and southern sec-
tions of the eastern storm sewer. Thus, it appears that there is
no significant exit or entrance for the eastern storm sewer at
Ballast Creek.

from beneath the former above-ground storage-tank area
southeastward to storm grate STSOS (fig. 6) except that
video imaging of that section of the sewer during this inves-
tigation showed it to be presently occluded by a concrete
plug approximately 94 ft northeast of STS08. If the historic
sewer line had been a receptor, then it would have connected
to the same storm sewer that drains STSO1 and STS16.

The potential historical presence of free-phase PCE in
the storm sewer is important for several reasons. The previ-
ously discussed leaky nature of parts of the storm sewer
means that the dense nonaqueous phase liquid (DNAPL)
could have leaked from various parts of the storm sewer
in route to the Ballast Creek discharge. If DNAPL was
transported all the way to the Ballast Creek discharge point
at STS27, then it likely would have sorbed to and sunk
into the sediments not far from STS27. A reconnaissance
survey of shallow sediment collected near the STS27 outfall
during this investigation showed no detectable chlorinated-
solvent contamination at depths of 0.5 and 1 ft below the
sediment surface (fig. 7); however, due to a laboratory
error, the sediment sample from 1-ft depth at the outfall
(PAI-SWSEDI, June 17, 2008) had unusually high detec-
tion limits [32 to 81 milligrams per kilogram (mg/kg)]. Low
concentrations of toluene were detected in sediment from
PAI-SWSEDI, 0.5 ft depth (estimated 0.67 mg/kg), and
at PAI-SWSED3, 1.0 ft depth (3.96 mg/kg). The lack of
detectable chlorinated-solvent contamination in the sedi-
ment does not eliminate the possibility of deeper contamina-
tion because reworking of the shallow sediment could have
destroyed the shallow signature. Examination of deeper
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sediment and a search for potential PCE leaks from the
storm sewer outside of Site 45 were beyond the scope of the
present investigation.

Historical contamination could have exited the storm
sewer east of STS26 through the eastern storm sewer
that now contains numerous collapse features (fig. 19).
This eastern storm sewer and the storm sewer containing

Figure 19.
sewer from Site 45 to the Ballast Creek tributary, Marine Corps Recruit
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If the spill occurred during a period when the eastern
and western storm drains were connected, then some level
of contaminant could have been transported in the eastern
storm drain. Such transport, however, seems less likely than
transport in the storm sewer containing discharge point STS27
because the storm sewer containing STS27 is more directly
connected to the probable receptor drains for the spill and
because of predominance of flow at the STS27 discharge point
relative to the occluded sewers.

It is unlikely that substantial DNAPL from the original
spill is still present in the storm sewers because of substantial
flushing by daily tides and by rainfall events, including hur-
ricanes. It also is unlikely that the VOCs detected during this
investigation in the storm sewers are simply a measurement of
remnant DNAPL because the presence of TCE, ¢DCE, and VC
in the storm sewer indicates that the PCE has been degraded
by reductive dechlorination (table 3), a process unlikely to
occur in an aerobic storm sewer. In addition, the 8'3C of
PCE in water from manhole STS05 (—20.51 %o) reflected a
substantial amount of degradation relative to manufactured
PCE (-27.0 to —37.2 %o: van Warmerdam and others, 1995;
Jendrejewski and others, 2001), but was similar to the §'°C
of PCE in groundwater from nearby well PAI-45-MW20-SL

(—20.8 %o) (table 4). Thus, the chlorinated solvents presently in
the storm-sewer water are from groundwater.

Biodegradation

Several lines of evidence indicate the presence of VOC
biodegradation in the aquifer at the southern plume. These data
include microbial considerations, chlorinated-solvent parent/
daughter—product ratios, and stable carbon isotopes. Despite a
substantial decrease in the total mass of chlorinated solvents
from the upgradient source area near the new dry-cleaning
facility to downgradient well PAI-45-MW20-SL, however,

a substantial concentration of TCE (3,500-5,840 pg/L) is
still present in the aquifer at well PAI-45-MW20-SL near a
storm drain (STS05) known to be a recipient of groundwater
contamination. Thus, biodegradation alone is not sufficient to
decrease TCE concentrations to values less than milligram-
per-liter levels prior to discharge to the storm sewers.

Molecular analysis as part of this investigation indi-
cated the presence of Dehalococcoides sp. and Dehalobacter
sp., which are microbes known to degrade chlorinated
solvents (table 5). A variety of microorganisms are capable

Table 4. Concentrations of compound-specific stable carbon isotope analysis on water from wells and a storm sewer, Site 45,

Marine Corps Recruit Depot, Parris Island, South Carolina, 2007-2008.

[1,1-DCE, 1,1-dichloroethylene; PCE, tetrachloroethylene; TCE, trichloroethylene; ¢cDCE, cis-1,2-dichloroethylene; tDCE, trans-1,2-dichloroethylene;
VC, vinyl chloride; DIC, dissolved inorganic carbon as carbon dioxide; R, laboratory rerun of a sample at a later date than the original analysis; D, duplicate
sample; —, not analyzed or not reliable due to low concentrations; all concentrations are per mil units of the *C/"?C ratio from a reference standard of the

Vienna Pee Dee Belemnite]

Site identifier (mf):'t‘l‘]‘/’('l‘;:/‘;‘:ar) 1,1-DCE PCE TCE cDCE {DCE ve DIC
PAI-45-MWO04-SL 8/25/2005 3660 2510 2920  -3030 — — 120
PAI-45-MW20-SL 8/25/2005 3880 2080 2920  -3030 _ 9
PAI-45-USGS-TW44 6/27/2007 -22.10 -26.01 -31.03 -30.76 -41.53 -22.57 —
PAI-45-USGS-TW39 6/27/2007 2949 3019 3161 2005 _
PAI-45-USGS-TW48 6/27/2007 3306 2722 3024 2979 3954 1921 _
PAI-45-USGS-TW48 R 6/27/2007 _ _ 971 3970 1876 _
PAI-45-USGS-TWS3 6/27/2007 3270 2616 3043 3056 3856  —18.22 _
PAI-45-USGS-TW53 D 6/27/2007 s 3042 3739 1791 _
PAI-45-USGS-TW63 6/28/2007 3588 2607 2661 3382 -5092 617 _
PAI-45-USGS-TW63 R 6/28/2007 -35.22 — —-26.52 -33.60 —50.65 —-4.98 —
STSO0S (storm sewer) 6/27/2007 2051 2799 3103 2025 _
PAI-45-USGS-TW3 6/25/2007 _ _ 564 2781 — 196 _
PAI-45-USGS-TW12 6/25/2007 1539 2169 2750 337 _
PAI-45-USGS-TW12 R 6/25/2007 L1498 2126 2725 2409 _
PAL-45-USGS-TW43 6/27/2007 _ 378 2860 307 _
PAI-45-MW25-SL 6/19/2008 2906 3093 3271 _ s _
PAT-45-MW31-SL 6/18/2008 2551 2976 -3035 — a4 _
PAI-45-MW31-SU 6/18/2008 _ 2555 293 2976 — s _
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of dechlorinating PCE and TCE; however, only microorgan-
isms associated with the genus Dehalococcoides are known

to dehalorespire cDCE and VC to ethylene (Hendrickson and
others, 2002; Cupples and others, 2003; He and others, 2003a,
2003b; Schmidt and de Vos, 2004). The species Dehalococcoi-
des etheneogenes is capable of complete sequential dechlori-
nation of PCE to ethylene (Maymo-Gatell and others, 1999).
Dehalobacter sp. also has been identified as bacteria associ-
ated with dechlorination of chloroethenes (Holliger and others,
1998; Maymo-Gatell and others, 1997). In nature, anaerobic
dechlorination typically is carried out by mixed cultures of
dechlorinators (Bradley, 2003), and complete dechlorination
of PCE to ethylene has been observed in a mixed culture that
did not contain the Dehalococcoides sp. (Flynn and others,
2000). Thus, the absence of Dehalococcoides sp. and Deha-
lobacter sp. does not necessarily preclude complete dechlo-
rination. Their presence in groundwater at Site 45, however,
indicates a strong probability of microbial dechlorination of
the contamination.

In areas where the dominant driver of biodegradation is
Dehalococcoides sp., the rate of biodegradation appears to be
related to the cell density. Dennis (2005) detected ethylene
production from dechlorination in 78 percent of the ground-
water samples where the density of Dehalococcoides sp. was
between 1 x 10* and 9.9 x 10° cells per liter and in 83 percent
of the samples where the density was between 1 x 10° and
9.9 x 107 cells per liter. In general, a density of 1 x 107 cells
per liter is considered to be necessary to produce a useful rate
of natural attenuation (Lu and others, 2006; Dennis, 2009). At
Site 45, multiple groundwater samples contained Dehalococ-
coides sp. at greater than 10* cells per milliliter (107 cells per
liter), indicating that sufficient quantities of Dehalococcoides
sp. are present to produce robust biodegradation of chlorinated
solvents to ethylene.

An additional way to examine microbial activity in
groundwater is to examine enzymes. The enzymes responsible
for reductive dehalogenation in Dehalococcoides are reduc-
tive dehalogenases, or reductases (Krajmalnik-Brown and
others, 2004). Microbial analysis of enzymes in groundwater
from the southern plume showed the presence of BVC, which
is the functional gene of vinyl chloride reductase associated
with Dehalococcoides sp. strain BAV1 (table 5). The reductase
gene (bvcA) in Dehalococcoides strain BAV1 grows using all
dichloroethene (DCE) isomers and VC as electron acceptors
and cometabolizes PCE and TCE, efficiently converting these
compounds to ethylene and inorganic chloride (He and others
2003b; Krajmalnik-Brown and others, 2004).

The reductase associated with VC degradation in Dehalo-
coccoides strain VS and other strains is VcrA (Magnuson and
others, 2000; Muller and others, 2004). VcrA was detected in
groundwater from wells PAI-45-MW4-SL and PAI-45-MW20-
SU in the southern plume during some sampling events
(table 5). The reductase responsible for trichloroethene reduc-
tion is TceA in Dehalococcoides strain 195 and other strains.
TceA was detected in DNA in groundwater in the southern
plume at well PAI-45-MW20-SU during one sampling event.

The presence of these enzymes supports the finding that
microbial degradation of the chlorinated solvents is occurring
in the southern plume.

The pH of water in the surficial aquifer containing greater
than 1 micromole per liter of chlorinated solvents averaged
5.77 pH units (standard deviation of 0.32) in monitoring wells
and 6.03 pH units (standard deviation of 0.25) in temporary
wells. In general, maximum microbial reductive dechlorina-
tion has been observed between pH values of about 6.8 to 7.6
with diminished reduction at lower pH values (Hollinger and
others, 1993; Zhuang and Pavlostathis, 1995; Wiedemeier
and others, 1996; Cirpka and others, 1999; Fennell and Gos-
sett, 2003). Although the pH in contaminated groundwater at
Site 45 is slightly below the optimum level, the presence of
chlorinated-solvent reductive dechlorination daughter products
indicates that the pH is not low enough to prohibit reductive
dechlorination. Reductive dechlorination of chlorinated sol-
vents in a low-pH environment (2—4 range) has been reported
elsewhere in a Fenton’s reagent treatment area (Bradley and
others, 2007).

Contaminant Concentration Changes in the
Direction of Transport

Total chlorinated-solvent concentrations decrease in the
southern plume along the transport path from the source area
to well PAI-45-MWO04-SL (fig. 204). A variety of lines of evi-
dence in addition to the previously discussed microbial consid-
eration indicate that the decrease is partly due to contaminant
biodegradation.

PCE is degrading to TCE in the southern plume. The
PCE concentrations substantially decrease from upgradient to
downgradient areas (fig. 208). The PCE/TCE ratio decreases
from PAI-45-MW25-SL to PAI-45-MW31-SL to PAI-45-
MWO04-SL, indicating a decrease of PCE relative to TCE
(fig. 20C). In general, the upgradient parts of the southern
plume tend to be dominated by PCE, while more downgradi-
ent parts of the plume tend to be dominated by TCE or ¢cDCE
reflecting dechlorination activity (fig. 21). In addition, the 5'°C
of PCE in groundwater indicates a shift from isotopically light
(negative) to isotopically heavier (more positive) from the
source area to well PAI-45-MW20-SL (fig. 20D), indicating
a depletion in the PCE mass of the more readily degradable,
lighter isotopes.

Although PCE is the dominant VOC in the source area
at the southeastern corner of the new dry-cleaning facility, the
presence of TCE indicates some degree of near-source-area
PCE degradation. Additional evidence indicating PCE degra-
dation near the source area can be seen in the §'°C data. The
313C of manufactured PCE can vary depending on the manu-
facturer and the timeframe of production, with values ranging
from —27.0 to —37.2 %o (Jendrejewski and others, 2001; van
Warmerdam and others, 1995). These values are consistent
with the 8'*C of PCE in the source area at well PAI-45-MW-
5-SL (=29.16 %0) and in temporary well PAI-45-USGS-TW39
(—29.49 %), approximately 30 ft downgradient from the
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source area (table 4), possibly indicating little degradation or
proximity to free product (Morrill and others, 2003). In tempo-
rary well PAI-45-USGS-TW44, which is nearer to the source
area than PAI-45-USGS-TW30, the 8'*C of PCE in ground-
water was substantially enriched (—26.01 %o), indicating
dechlorination of the PCE. This temporary well also contained
a substantially higher VC concentration (201 pg/L; figs. 4

and 15) than in nearby wells, further attesting to dechlorina-
tion activity. Thus, there is sufficient dechlorination activity

to produce VC in parts of the surficial aquifer near the source
area at the southeastern corner of the new dry-cleaning facility.

There also is evidence that TCE is dechlorinating to
¢DCE in groundwater in the southern plume. The most com-
pelling evidence is the sharp decrease in the TCE/cDCE ratio
between the source area and mid-plume well PAI-45-MW31-
SL (fig. 20C), despite the observation that the TCE concentra-
tion increased over that interval. The change in ratio indicates
a gain of ¢DCE relative to TCE.

Direct evidence indicating TCE biodegradation between
the midpart of the southern plume at well PAI-45-MW31-

SL and the downgradient axis of the plume at well PAI-45-
MW?20-SL is limited because there is almost no change in

the TCE/cDCE ratio or in the 3'3C of TCE in this part of the
plume (figs. 20C and 20D), despite a slight decrease in TCE
concentration (about 25-35 percent). TCE biodegradation,
however, can occur under all anaerobic conditions; it occurs
most efficiently under sulfate-reducing and methanogenic con-
ditions (Yang and McCarty, 1998; Bradley, 2003). Because the
aquifer is anaerobic and the most contaminated part probably
is dominated by sulfate-reducing conditions with probable
pockets of methanogenesis, the TEAP conditions are condu-
cive to TCE degradation.

Because H, appears to be the most important donor for
anaerobic dechlorination of chlorinated VOCs (Fennell and
Gossett, 1998), the competition between sulfate-reducing
bacteria (SRB) and chlorinated-VOC-degrading bacteria has
the potential to limit dechlorination activity; however, in one
laboratory study of microcosms containing Dehalococcoides
sp., high sulfate concentrations (400 to 1,100 mg/L) under
limiting electron donor conditions significantly inhibited TCE
reduction, but had a negligible effect at 30 mg/L compared
to the zero-sulfate case (Panagiotakis and others, 2008). At
the comparatively low sulfate concentrations in the south-
ern plume (about 23 to 143 mg/L), sulfate is not expected to
inhibit dechlorination activity.

Thus, it is likely that TCE dechlorination to ¢DCE is tak-
ing place in the downgradient part of the southern plume. The
relative lack of degradation signature in the TCE/cDCE ratio
or in the 3'3C of TCE may be due to a combination of simul-
taneous production and degradation of TCE, the relatively
small §'°C fractionation factor associated with TCE to cDCE
degradation (Song and others, 2002), and slow degradation
rates associated with natural attenuation.

It is clear that some level of ¢cDCE dechlorination takes
place in the aquifer simply because of the presence of VC, a
daughter product of ¢DCE reduction. VC is more concentrated
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in the central part of the southern plume near well PAI-45-
MW31-SL (about 120 to 420 pg/L) than in most wells near
the source area (about 5 to 50 pg/L) (figs. 15 and 20B). This
indicates that production of VC by dechlorination of cDCE
takes place as the contamination is transported, at least in
the upgradient half of the plume. An exception is temporary
well PAI-45-USGS-TW44 near the new dry cleaner that had
201 pg/L of VC in groundwater, indicating that substantial
dechlorination has taken place in at least some parts of the
aquifer in or near the source area.

Reduction of VOCs under the iron- and sulfate-reducing
conditions that appear to prevail in the aquifer at Site 45 is
substantially less favorable for VC than for PCE and TCE. VC
dechlorination can take place under these conditions, how-
ever, and has taken place at Site 45, as evidenced by elevated
ethylene concentrations (13—150 pg/L) in groundwater along
the axis of the southern plume relative to groundwater in wells
outside of the main axis of the plume (less than 10 pg/L at
most wells). Oxidation of VC under iron- and sulfate-reducing
conditions is more favorable than reduction and probably is
taking place in the aquifer at Site 45. The increases in 8'*C for
VC from —22.57 %o at temporary well PAI-45-USGS-TW44
to —18.76 to —19.21 %o at PAI-45-USGS-TW48 and —17.91 to
—18.22 %o at PAI-45-USGS-TW53 indicate biodegradation of
VC as it is transported along the flowpath (table 4). Further
evidence for VC biodegradation can be seen at temporary well
PAI-45-USGS-TW63, where only a small amount of VC was
present (estimated 30 pg/L) and the 3'3C was enriched (—4.98
to —6.17 %o). The isotopic fractionation of VC during bio-
degradation can be larger than the fractionation of its parent
compounds because the fractionation factor for VC is larger
than for the parent compounds (Hunkeler and others, 1999;
Bloom and others, 2000; Slater and others, 2001) and because
while TCE and ¢DCE are being biodegraded, they also may be
produced by reductive dehalogenation of parent compounds.

Supporting evidence for VC degradation can be seen in
the fact that cDCE/VC ratios substantially increase along the
transport pathway in the southern plume (fig. 20D). Based
on the isotopic evidence for VC degradation, the increase in
¢DCE/VC ratios probably reflects VC degradation.

Although this investigation mostly focused on the
southern plume, part of the northern plume approximately
100 to 160 ft downgradient from the tank-spill area also was
investigated using temporary wells. In some of those wells,
VC constituted a larger percentage of the VOC contamination
than in the southern plume, indicating a more advanced state
of degradation. The difference between the chemistry in the
northern and southern plumes may be partly because the north-
ern plume has been the focus of a variety of treatment pilot
studies. An air-sparging pilot study took place in the northern
plume in December 1996 (Bechtel Environmental, Inc., 1997).
A groundwater pump-and-treat system was in operation from
1998 to 2000, removing an estimated 1,056,410 gallons of
water from the northern plume (Tetra Tech NUS, Inc., 2004).
Emulsified zero-valent iron was injected into the aquifer as a
treatment in the vicinity of the former above-ground storage
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tanks in late 2006 (Suzanne O’Hara, Geosyntec Consultants,
written commun., 2008). In contrast, the southern plume has
not yet been subjected to engineered remediation. The larger
amount of VC in the northern plume than in the southern
plume also may be a consequence of probable historic releases
of petroleum-based solvents at the former dry cleaning facility
(S&ME, Inc., 1994), which could have produced highly reduc-
ing conditions conducive to enhanced VC production in parts
of what is now the northern plume.

Other Influences

Some degree of sorption of the VOCs is expected to take
place in the aquifer. In temporary well PAI-45-USGS-TW96,
the total organic carbon (TOC) concentration in a composite
sediment sample was 440 mg/kg (0.044 fraction organic car-
bon [f_ ] as percent) at a depth of 810 ft and was 2,120 mg/kg
(0.212 £ ) at a depth of 12-13 ft (table 6). These values are
consistent with TOC analyses of sediment from the southern
plume collected by the USEPA for a separate investigation
(Scott Huling, U.S. Environmental Protection Agency, written
commun., 2009).

The distribution coefficient between water and sediment
(K,) can be calculated from the equation K, =K_ * f , where
K . is the organic carbon sorption coefficient. For PCE, which
has a log K of about 2.42 (Solutions IES, Inc., and others,
2007), these values produce distribution coefficient between
water and sediment (K ) of about 0.11-0.56. For TCE (log
K, of about 2.03, Solutions IES, Inc., and others, 2007), the
calculated K is 0.04-0.23. For ¢cDCE (log K __ of about 1.65,
Solutions IES, Inc., and others, 2007), the calculated K, is
about 0.02-0.06. For VC (log K _ of about 1.23, Solutions IES,
Inc., and others, 2007), the calculated K is about 0.007-0.036.

The K, values can be used to calculate a retardation
coefficient {1+ [(bulk density)(K )]/porosity} for a range of
porosities from 0.25 to 0.45 (Freeze and Cherry, 1979). Using
an estimated bulk density of 1.65 grams per cubic centimeter
(Mercer and others, 1982), the calculated retardation fac-
tors are about 1.4-4.7 for PCE, 1.2-2.5 for TCE, 1.1-1.6 for
¢DCE, and 1.0-1.2 for VC. Thus, PCE has the potential to
travel 1.4—4.7 times more slowly than water in the aquifer due
to sorption, whereas VC is subject to little or no sorption.

Dispersion is an additional factor affecting contaminant
concentrations. Dispersion of contamination in the southern
plume may be somewhat enhanced by tidal fluctuations and
diversion of flow paths toward multiple leaking storm drains.

Summary and Conclusions

Site 45 is a former dry-cleaning facility and the surround-
ing area near the intersections of Panama Street, Samoa Street,
and Kyushu Street. The area includes a new dry-cleaning
facility. Groundwater contamination is present at the site, con-
sisting primarily of PCE, TCE, ¢DCE, and VC. Two plumes of
groundwater contamination are present, probably with some
degree of intermingling in downgradient areas. The northern
plume consists of groundwater contamination in the vicinity of
and downgradient (southeast) from an area of former above-
ground storage tanks north of the former dry-cleaning facility.
The southern plume consists of groundwater contamination
extending southeastward from the southeastern corner of the
new dry-cleaning facility to about the intersection of Samoa
Street and the driveway into the parking lot for Building 293.
The USGS, in cooperation with the Naval Facilities Engi-
neering Command Southeast, began investigations at the site
to (1) examine the role that sewer lines play in contaminant
source, distribution, attenuation, and transport in both the
northern and southern plumes; (2) further delineate contami-
nation in the southern plume; and (3) examine natural attenu-
ation aspects of groundwater contamination in the southern
plume. The investigation involved examination of historical
records and engineering drawings of buildings, video imaging
of storm sewers, water-level monitoring by synoptic measure-
ments in wells and by use of continuous data loggers, instal-
lation and sampling of temporary wells, sampling of wells,
storm sewers, surface water, and sediment, and the use of
an MIP.

The northern plume appears to have originated from
releases of PCE from the former dry-cleaning facility opera-
tion, including a documented spill on March 11, 1994. This
spill also resulted in discharge of free-phase PCE into the
storm-sewer system. Once in the storm-sewer system, the
free-phase PCE probably was transported to a discharge point

Table 6. Concentrations of total organic carbon in soil borings, Site 45, Marine Corps Recruit Depot,

Parris Island, South Carolina, 2008.

[ft BLS, feet below land surface; mg/kg, milligrams per kilogram]

Total organic

Site identifier (montr:;:;ey P (2‘2):2) ((:;7;;) Lithology
PAI-45-MW26-SL 6/27/2008 10-15 128  Sand, fine-grained
PAI-45-MW28-D 8/26/2008 18 155,000  Clay, organic-rich
PAI-45-USGS-TW96 4/30/2008 8-10 440  Sand, grayish-tan, fine-grained, loose
PAI-45-USGS-TW96 4/30/2008 12-13 2,120  Sand, black fine-grained




near Ballast Creek. Some PCE also may have leaked from the
storm sewer along the way.

In late 1997, the dry-cleaning operations were moved
to a nearby new facility, and the new operation used a
hydrocarbon-based cleaner that did not contain chlorinated
solvents. Nevertheless, investigations identified a southern
plume, which appeared to originate in the vicinity of the new
dry-cleaning facility. The present investigation, however, indi-
cates that the southern plume was associated with activities at
the former dry-cleaning facility.

The unconfined surficial aquifer at Site 45 consists of
sand interspersed with discontinuous beds of clay, silty clay,
silty clayey sand, and clayey silt and extends to a depth of
about 18 ft BLS. Monitoring wells in this undifferentiated
zone are referred to as SU wells if they are screened predomi-
nantly shallower than about 11 ft BLS and are referred to
as SL wells if they are screened predominantly deeper than
about 10 ft BLS. A peat layer, which is a few feet thick, has
been reported at depths of about 17 to 27 ft BLS overlying a
clay layer of variable thickness (possibly about 2 to 8 ft) that
functions as a confining bed. The part of the aquifer below this
clay is considered to be the D horizon.

Groundwater in the surficial aquifer moves in a gener-
ally southeastward direction with strong curvature of flow
lines toward some of the storm sewers that are deeper than
the water table. The groundwater surface in the D-horizon
wells was comparatively flat-lying, with an overall trend
toward the southeast. The most permeable part of the surficial
aquifer near the new dry-cleaning facility and the midpart of
the southern plume probably is the loose sand unit, which is
at a depth of about 6-11.4 ft BLS at well PAI-45-MW28-D
and at a depth of about 8—10 ft BLS at temporary well
PAI-45-USGS-TW96.

The surfical aquifer at Site 45 is anaerobic at most loca-
tions, with the predominant TEAP being iron reduction in the
shallowest sediment. In deeper sediment containing the main
body of contamination, the predominant TEAP appears to be
sulfate or iron reduction; however, the presence of methane,
the high degree of contaminant dechlorination, and an H,
value (31 nM) in the range of methanogenesis at one well
indicates that methanogenic zones probably also are present.
In the deepest part of the surficial aquifer, near the peat layer,
the predominant TEAP probably is methanogenesis, by virtue
of the abundant available natural organic matter.

Storm sewers that are below the water table appear to
have an important influence on groundwater and contaminant
movement. The curvature of groundwater flow lines toward
the storm sewers and the presence of chlorinated solvents in
water from the storm sewers indicate some level of leakage
from the contaminated aquifer into the storm sewers. Although
there is some contaminant underflow past the storm sewers in
the southern plume and possibly in the southernmost part of
the northern plume, leakage into the storm sewers appears to
intercept and contain the main body of groundwater contami-
nation in both plumes. Thus, the storm sewers are collection
points for the dissolved groundwater contamination.
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Most of the groundwater contamination near the new
dry-cleaning facility is present from a few feet BLS to about
11.5 ft BLS. Within that interval, most of the contamina-
tion is at a depth of about 8 to 11.5 ft BLS, with the greatest
concentrations near the bottom of that interval. In the middle
part of the southern plume at temporary well PAI-45-USGS-
TWO96, the most contaminated zone appears to be in a loose
sand layer about 8§ to 11 ft BLS, although relatively high
VOC concentrations also were found to a depth of about 14 ft
BLS. The VOC concentrations at temporary well PAI-45-
USGS-TW96 decreased with depth below about 13 ft BLS
and were not detectable (less than 0.2 parts per million) at
depths of 14-14.8 ft directly above the organic-rich layer and
at 15.2-16 ft in the organic-rich layer. The less porous nature
of the organic-rich silt layer relative to the overlying sand and
the downward decrease in VOC concentrations in sediment
immediately above the organic-rich silt layer indicates that
the organic-rich layer is not a major contaminant-transport
pathway at well PAI-45-USGS-TW96.

Although it cannot be stated with certainty that no VOC
contamination is in the brackish-water D horizon underly-
ing the clay that defines the base of the surficial unit, such
contamination is unlikely for several reasons. The uncertainty
arises because the wells in the D horizon were installed
slightly offset from the main body of contamination in the
surfical aquifer so as to avoid the risk of inadvertent trans-
port of possible free product from the surficial to the deeper
aquifer during drilling and because groundwater levels in the
D-horizon wells are lower than the levels in the surficial aqui-
fer. Thus, if there were a discontinuity in the clay layer, it is
likely that there would be downward flow from the surficial to
the deeper aquifers. It seems unlikely that there is contamina-
tion in the D-horizon aquifer also because (1) no VOCs were
detected in any of the D wells despite the fact that at least well
PAI-45-MW28-D was near the main body of contamination;
(2) substantially lower VOC concentrations were detected near
the base of the surficial aquifer than in the vertical midpart of
the surficial aquifer, indicating a low potential for downward
transport through the base of the surficial aquifer; and (3) the
organic-rich peat at the base of the surficial aquifer provides a
substantial sorptive buffer for VOCs.

Although the southern plume spatially originates from the
new dry-cleaning facility, the new dry-cleaning facility is not
likely the source of the contamination. Engineering blueprints,
flow testing, and video imaging of sanitary sewers at the site,
as well as the lack of a viable contaminant source at the new
dry-cleaning facility, indicate that the contaminant source in
the southern plume was a leak from a sanitary sewer in the
vicinity of the new dry-cleaning facility.

Once in the aquifer, contamination in both the northern
and southern plumes is transported southeastward, where
most of the dissolved contamination is intercepted by leaky
storm sewers. Because the storm sewers at Site 45 range in
diameter from 12 to 36 inches and a tidal change of greater
than 3 ft takes place in some of the storm sewers at Site 45, the
VOC:s entering the storm sewers are substantially diluted upon
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entry. Volatilization probably also removes some of the VOC
contamination in the storm sewers. During outgoing tides,

the diluted contamination in the storm sewer is transported
southward and discharges to Ballast Creek. A sample from

a manhole STS26 in the storm sewer approximately 320 ft
from the Ballast Creek discharge contained PCE, TCE, and
¢DCE concentrations of 0.69 (estimated), 4.26, and 2.53 ug/L,
respectively, at low tide and concentrations of 1.06, 5.63, and
3.48 pg/L, respectively, 1 hour after low tide. No chlorinated-
solvent contamination was detected in shallow sediment
samples in the vicinity of the outfall to Ballast Creek; how-
ever, due to a laboratory error, the sediment sample from 1-ft
depth at the outfall (PAI-SWSEDI, June 17, 2008) had unusu-
ally high detection limits (32 to 81 mg/kg).

Despite the low VOC concentrations discharging to
Ballast Creek, increases in VOC concentrations potentially
are possible in the storm sewers during a time of relatively
high groundwater levels and low amounts of tidal flushing.
Water from manhole STS14 contained 20 pg/L of VC at a time
of relatively high groundwater levels (September 9, 2008).
Because manhole STS14 is downstream from the contami-
nant source along a storm-sewer line that is adjacent to part
of the aquifer where 2,290 ng/L of VC was detected (June 25,
2007), there is a potential for substantially increased concen-
trations of VC to discharge at the storm-sewer outfall under
conditions of high groundwater levels and low tidal flushing.
In addition, the observation that free-phase PCE may have
entered the storm-sewer system during the 1994 overflow
means that DNAPL PCE could have leaked from various parts
of the storm sewer in route to the Ballast Creek discharge. If
the DNAPL was transported all the way to the Ballast Creek
discharge point at STS27, then it likely would have sorbed to
and sunk into the sediments not far from STS27.

Contaminant concentrations in the aquifer are subject to
several influences. Microbes known to degrade chlorinated
solvents and enzymes associated with dechlorination are
present in the aquifer. The total mass of chlorinated solvents
decreases from upgradient to downgradient parts of the
southern plume. Parent/daughter—product ratios, stable carbon
isotopes, the presence of VC, and higher ethylene concentra-
tions in groundwater along the axis of the southern plume
relative to nearby wells indicate extensive dechlorination
activity. Oxidation of VC likely is taking place in the aquifer
along the southern plume, based on the probable presence of
sulfate reduction. Some degree of sorption of the VOCs is
expected to take place in the aquifer, with the largest influence
being on PCE. Dispersion also may decrease concentrations
along the transport pathway. Although biodegradation and
other attenuation processes are active in the southern plume,
the processes are not sufficient to lower TCE concentrations
to less than milligram-per-liter levels prior to intercepting the
storm-sewer system.
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Appendix 1. Monitoring-well information, Site 45, Marine Corps Recruit Depot, Parris Island, South Carolina.
[NAVD 88, North American Vertical Datum of 1988]
Depth to Depth to Top of riser
top of bottom of datum
Surveyor and date
Well screen screen NAVD 88 (month/day/year)
Site identifier diameter (feet (feet Northing Easting (Surveyed by viy
. of survey for
(inches) below below Andrews and . .
Northing and Easting
land land Burgess, Inc.,
surface) surface) in 2008)
PAI-45-MWO01-D 2 30 40 187465.456  2099311.961 6.60 Andrews & Burgess, Inc. 6/11/08
PAI-45-MWO01-SL 2 11.6 14 187466.139  2099316.097 6.52 Doolan, Inc., 2005 (month and day
unvailable)
PAI-45-MW01-SU 2 3 7 187467.026  2099306.621 6.54 Doolan, Inc., 2005 (month and day
unvailable)
PAI-45-MWO02-SL 2 9 14 187351.015 2099211.018 6.22 Andrews & Burgess, Inc. 4/2/08
PAI-45-MW02-SU 2 3 7 187354.829  2099212.934 6.12 Andrews & Burgess, Inc. 4/2/08
PAI-45-MWO03-SL 2 9 14 187268.683  2099249.515 6.54 Andrews & Burgess, Inc. 4/2/08
PAI-45-MWO03-SU 2 3 7 187267.674  2099253.593 6.59 Andrews & Burgess, Inc. 4/2/08
PAI-45-MWO04-D 2 31 41 187166.810  2099265.215 5.78 Andrews & Burgess, Inc. 6/11/08
PAI-45-MW04-SL 2 9 14 187159.374  2099262.953 5.91 Andrews & Burgess, Inc. 4/2/08
PAI-45-MW04-SU 2 3 7 187160.950 2099259.013 5.93 Andrews & Burgess, Inc. 4/2/08
PAI-45-MWO05-D 2 34 44 187197.820 2099386.421 7.63 Andrews & Burgess, Inc. 6/11/08
PAI-45-MWO05-SL 2 9 14 187202.721  2099386.456 7.24 Andrews & Burgess, Inc. 4/2/08
PAI-45-MWO05-SU 2 3 7 187197.962  2099386.971 7.59 Andrews & Burgess, Inc. 4/2/08
PAI-45-MW06-D 2 30 40 187282.019  2099309.350 6.44 Andrews & Burgess, Inc. 6/11/08
PAI-45-MWO06-SL 2 9 14 187287.357 2099305.627 6.48 Andrews & Burgess, Inc. 4/2/08
PAI-45-MW06-SU 2 3 7 187283.229  2099304.531 6.52 Andrews & Burgess, Inc. 4/2/08
PAI-45-MWO07-D 2 30 40 187339.823  2099306.986 6.63 Andrews & Burgess, Inc. 6/11/08
PAI-45-MW07-SL 2 9 14 187338.979  2099302.924 6.68 Andrews & Burgess, Inc. 4/2/08
PAI-45-MW07-SU 2 3 7 187336.809  2099304.945 6.63 Andrews & Burgess, Inc. 4/2/08
PAI-45-MWO08-SL 2 9 14 187401.386  2099328.184 6.50 Andrews & Burgess, Inc. 4/2/08
PAI-45-MW08-SU 2 3 7 187397.064 2099327.899 6.57 Andrews & Burgess, Inc. 4/2/08
PAI-45-MW09-D 2 31 41 187100.747  2099353.889 6.24 Andrews & Burgess, Inc. 6/11/08
PAI-45-MW10-D 2 31 41 187415.892 2099229.520 6.25 Data from Mark Sladic, Tetra Tech
NUS, Inc., written commun., 2008
PAI-45-MW10-SL 2 11 16 187227.568  2099257.425 5.85 Andrews & Burgess, Inc. 3/26/08
PAI-45-MW10-SU 2 3 8 187226.768  2099261.530 5.90 Andrews & Burgess, Inc. 4/2/08
PAI-45-MW11-D 2 31 41 187188.732  2099166.370 543 Andrews & Burgess, Inc. 6/16/08
PAI-45-MW13-SL 2 11 16 187190.163  2099307.653 6.39 Andrews & Burgess, Inc. 4/2/08
PAI-45-MW13-SU 2 4 9 187184.776  2099306.465 6.48 Andrews & Burgess, Inc. 4/2/08
PAI-45-MW14-SL 2 10 15 187334.096  2099445.045 5.76 Andrews & Burgess, Inc. 4/2/08
PAI-45-MW14-SU 2 4 9 187338.682  2099445.653 5.84 Andrews & Burgess, Inc. 4/2/08
PAI-45-MW15-SL 2 13 18 187265.544  2099457.147 8.13 Andrews & Burgess, Inc. 4/2/08
PAI-45-MW15-SU 2 4 9 187266.012  2099452.700 8.32 Andrews & Burgess, Inc. 4/2/08
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Appendix 1. Monitoring-well information, Site 45, Marine Corps Recruit Depot, Parris Island, South Carolina.—Continued
[NAVD 88, North American Vertical Datum of 1988]
Depth to Depth to Top of riser
top of bottom of datum Surveyor and date
o . _WeII screen screen _ _ NAVD 88 (month/day/year)
Site identifier d_lameter (feet (feet Northing Easting (Surveyed by I
(inches)  below below Andrews and it o e T
land land Burgess, Inc.,
surface) surface) in 2008)
PAI-45-MW16-SL 2 13 18 187234.892  2099433.936 9.17 Andrews & Burgess, Inc. 4/2/08
PAI-45-MW16-SU 2 4 9 187234.935  2099429.243 9.14 Andrews & Burgess, Inc. 4/2/08
PAI-45-MW17-SL 2 10 15 187067.734  2099344.179 5.96 Andrews & Burgess, Inc. 4/2/08
PAI-45-MW17-SU 2 4 9 187075.099  2099346.330 6.17 Andrews & Burgess, Inc. 4/2/08
PAI-45-MW18-SL 2 11 16 187107.267  2099205.285 6.98 Andrews & Burgess, Inc. 4/2/08
PAI-45-MW18-SU 2 4 9 187105.786  2099210.709 6.99 Andrews & Burgess, Inc. 4/2/08
PAI-45-MW19-SL 2 11 16 187178.241 2099196.676 5.64 Andrews & Burgess, Inc. 4/2/08
PAI-45-MW19-SU 2 3 8 187176.220  2099201.993 5.64 Andrews & Burgess, Inc. 4/2/08
PAI-45-MW20-SL 2 11 16 187129.003  2099270.471 6.67 Andrews & Burgess, Inc. 3/26/08
PAI-45-MW20-SU 2 4 9 187129.327  2099264.864 6.72 Andrews & Burgess, Inc. 4/2/08
PAI-45-MW21-SL 2 10 15 187345.345 2099245.914 6.27 Andrews & Burgess, Inc. 4/2/08
PAI-45-MW21-SU 2 3 8 187339.024  2099245.269 6.37 Andrews & Burgess, Inc. 4/2/08
PAI-45-MW21-D 2 27 37 187340.975  2099246.902 6.27 Andrews & Burgess, Inc. 9/16/08
PAI-45-MW22-SL 2 10 15 187397.664  2099263.094 6.43 Andrews & Burgess, Inc. 4/2/08
PAI-45-MW22-SU 2 3 8 187392.941 2099266.426 6.51 Andrews & Burgess, Inc. 4/2/08
PAI-45-MW23-SL 2 10 15 187278.133  2099390.679 6.28 Andrews & Burgess, Inc. 4/2/08
PAI-45-MW23-SU 2 3 10 187283.155 2099392.057 6.37 Andrews & Burgess, Inc. 4/2/08
PAI-45-MW24-SU 2 3 8 187373.509  2099284.908 6.62 Andrews & Burgess, Inc. 4/2/08
PAI-45-MW25-SL 2 10 15 187302.168 2099111.404 6.64 Andrews & Burgess, Inc. 3/26/08
PAI-45-MW26-SL 1 10 15 187087.084  2099286.783 5.61 Andrews & Burgess, Inc. 9/16/08
PAI-45-MW27-SL 1 10 15 187088.779  2099392.332 6.58 Andrews & Burgess, Inc. 9/16/08
PAI-45-MW28-D 2 23.7 33.7 187263.583  2099121.183 5.48 Andrews & Burgess, Inc. 6/17/08
PAI-45-MW29-D 2 23.1 33.1 187284.392  2099087.798 5.18 Andrews & Burgess, Inc. 6/11/08
PAI-45-MW30-D 2 25 35 187323.614 2099133.512 8.05 Andrews & Burgess, Inc. 6/11/08
PAI-45-MW31-SL 2 10 15 187230.214 2099198.181 5.49 Andrews & Burgess, Inc. 6/11/08
PAI-45-MW31-SU 2 5 10 187232.003  2099195.065 5.57 Andrews & Burgess, Inc. 6/11/08
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Appendix 2. Temporary-well information, Site 45, Marine Corps Recruit Depot, Parris Island, South Carolina.

[NAVD 88, North American Vertical Datum of 1988; —, data not available]

Installation date Sample depth Land surface datum NAVD 88
Well name (month/day/ (feet below land Northing Easting (Surveyed by Andrews and
year) surface) Burgess, Inc., in 2008)

PAI-45-USGS-TW1 6/25/2007 8-11 187360.27 2099409.50 6.59
PAI-45-USGS-TW2 6/25/2007 7-11 187343.36 2099429.00 6.13
PAI-45-USGS-TW3 6/25/2007 7-11 187326.55 2099422.00 6.03
PAI-45-USGS-TW4 6/25/2007 7-11 187323.50 2099404.50 6.54
PAI-45-USGS-TW5 6/25/2007 6-10.5 187314.65 2099435.85 5.88
PAI-45-USGS-TW6 6/25/2007 7-11 187301.52 2099408.25 6.33
PAI-45-USGS-TW7 6/25/2007 7-11 187279.92 2099428.61 6.35
PAI-45-USGS-TWS 6/25/2007 7.5-11.5 187266.28 2099410.01 6.85
PAI-45-USGS-TW9 6/25/2007 7.5-11.5 187257.22 2099423.55 7.55
PAI-45-USGS-TW10 6/25/2007 0-10 187254.39 2099401.62 7.18
PAI-45-USGS-TW11 6/25/2007 7.75-11.75 187366.61 2099389.75 6.77
PAI-45-USGS-TW12 6/25/2007 7.5-10.5 187348.06 2099387.50 6.93
PAI-45-USGS-TW13 6/25/2007 6-10 187331.98 2099384.50 6.84
PAI-45-USGS-TW14 6/25/2007 6-10 187308.06 2099378.75 6.94
PAI-45-USGS-TW15 6/25/2007 6—-10 187282.89 2099371.50 6.93
PAI-45-USGS-TW16 6/25/2007 6-10 187245.86 2099364.08 6.15
PAI-45-USGS-TW17 6/25/2007 6.5-10.5 187232.94 2099363.75 6.54
PAI-45-USGS-TW18 6/25/2007 12-14.5 187258.84 2099423.52 7.43
PAI-45-USGS-TW19 6/25/2007 8-12 187189.27 2099397.75 7.83
PAI-45-USGS-TW20 6/25/2007 8-12 187183.31 2099411.00 8.39
PAI-45-USGS-TW21 6/25/2007 11-15 187185.06 2099411.75 8.49
PAI-45-USGS-TW22 6/25/2007 6-10 187201.98 2099356.50 6.9

PAI-45-USGS-TW23 6/25/2007 6-10 187176.92 2099350.50 6.69
PAI-45-USGS-TW24 6/25/2007 11.5-15.5 187122.83 2099374.50 6.95
PAI-45-USGS-TW25 6/25/2007 11.5-15.5 187139.01 2099328.13 6.14
PAI-45-USGS-TW26 6/25/2007 11.5-15.5 187072.66 2099372.77 5.96
PAI-45-USGS-TW27 6/25/2007 11.5-15.5 187110.40 2099310.81 6.33
PAI-45-USGS-TW28 6/25/2007 11.5-15.5 187113.94 2099298.75 5.94
PAI-45-USGS-TW29 6/27/2007 11.5-15.5 187094.61 2099274.29 6.32
PAI-45-USGS-TW30 6/25/2007 11.5-15.5 187102.36 2099356.75 6.76
PAI-45-USGS-TW31 6/27/2007 11.5-15.5 187127.72 2099232.59 6.95
PAI-45-USGS-TW32 6/27/2007 11.5-15.5 187142.73 2099217.73 6.98
PAI-45-USGS-TW33 6/25/2007 11.5-15.5 187107.59 2099330.16 5.83

PAI-45-USGS-TW34 6/25/2007 11.5-15.5 187093.87 2099328.33 5.78



Appendix 2

Appendix 2. Temporary-well information, Site 45, Marine Corps Recruit Depot, Parris Island, South Carolina.—Continued

[NAVD 88, North American Vertical Datum of 1988; —, data not available]

Installation date

Sample depth

Land surface datum NAVD 88

Well name (month/day/ (feet below land Northing Easting (Surveyed by Andrews and
year) surface) Burgess, Inc., in 2008)

PAI-45-USGS-TW35 6/25/2007 11.5-15.5 187070.40 2099318.86 5.77
PAI-45-USGS-TW36 6/25/2007 11.5-15.5 187096.98 2099397.75 7.22
PAI-45-USGS-TW37 6/27/2007 11.5-15.5 187167.73 2099175.75 6.47
PAI-45-USGS-TW38 6/27/2007 10-14 187251.48 2099137.50 5.34
PAI-45-USGS-TW39 6/27/2007 10-14 187283.45 2099131.22 5.83
PAI-45-USGS-TW40 6/27/2007 10-14 187234.53 2099123.25 5.29
PAI-45-USGS-TW41 6/27/2007 10-14 187316.97 2099133.25 7.95
PAI-45-USGS-TW42 6/27/2007 10-14 187272.82 2099106.84 5.57
PAI-45-USGS-TW43 6/27/2007 10-14 187202.56 2099108.50 —
PAI-45-USGS-TW44 6/27/2007 10-14 187296.06 2099126.50 7.16
PAI-45-USGS-TW45 6/27/2007 10.5-14.5 187171.89 2099107.00 6.76
PAI-45-USGS-TW46 6/27/2007 10.5-14.5 187218.25 2099078.75 5.86
PAI-45-USGS-TW47 6/27/2007 10.5-14.5 187301.52 2099109.50 7.25
PAI-45-USGS-TW48 6/27/2007 10.5-14.5 187234.42 2099192.59 5.64
PAI-45-USGS-TW49 6/27/2007 10-14 187298.99 2099087.18 6.3
PAI-45-USGS-TW50 6/27/2007 11-15 187276.06 2099198.35 6.47
PAI-45-USGS-TWS51 6/27/2007 10.5-14.5 187286.09 2099176.36 6.61
PAI-45-USGS-TW52 6/27/2007 11-15 187210.67 2099246.72 6
PAI-45-USGS-TW53 6/27/2007 11-15 187188.90 2099234.92 6.06
PAI-45-USGS-TW54 6/27/2007 11-15 187169.28 2099226.16 5.97
PAI-45-USGS-TW55 6/28/2007 11-15 18729291 2099206.75 6.63
PAI-45-USGS-TW56 6/28/2007 11-15 187254.19 2099207.20 5.75
PAI-45-USGS-TW57 6/28/2007 11-15 187206.84 2099183.50 5.97
PAI-45-USGS-TW58 6/28/2007 11-15 187130.32 2099144.04 6.92
PAI-45-USGS-TW59 6/28/2007 11-15 187096.29 2099247.02 6.92
PAI-45-USGS-TW60 6/28/2007 10-14 187283.61 2099230.42 6.82
PAI-45-USGS-TW61 6/28/2007 11-15 187244.46 2099262.61 6.21
PAI-45-USGS-TW62 6/28/2007 11.5-15.5 187224.64 2099306.74 6.26
PAI-45-USGS-TW63 6/28/2007 11.5-15.5 187149.34 2099277.79 6.57
PAI-45-USGS-TW64 6/28/2007 11.5-15.5 187114.10 2099279.61 5.97
PAI-45-USGS-TW65 6/28/2007 11.5-15.5 187135.36 2099411.25 6.53
PAI-45-USGS-TW66 6/28/2007 11.5-15.5 187258.48 2099242.97 —
PAI-45-USGS-TW67 6/28/2007 11-15 187277.23 2099251.25 7
PAI-45-USGS-TW68 6/28/2007 11-15 187287.06 2099253.50 6.94
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Appendix 2. Temporary-well information, Site 45, Marine Corps Recruit Depot, Parris Island, South Carolina.—Continued

[NAVD 88, North American Vertical Datum of 1988; —, data not available]

Installation date Sample depth Land surface datum NAVD 88
Well name (month/day/ (feet below land Northing Easting (Surveyed by Andrews and
year) surface) Burgess, Inc., in 2008)

PAI-45-USGS-TW69 6/28/2007 11-15 187258.16 2099079.12 5.21
PAI-45-USGS-TW70 6/28/2007 11-15 187254.18 2099103.20 52

PAI-45-USGS-TW71 8/29/2007 8-12 187211.46 2099416.85 10.04
PAI-45-USGS-TW72 8/29/2007 11-15 187284.76 2099119.48 5.04
PAI-45-USGS-TW73 8/29/2007 11-15 187266.94 2099152.55 5.6

PAI-45-USGS-TW74 8/29/2007 11-15 187249.54 2099172.17 5.56
PAI-45-USGS-TW75 8/29/2007 1-14 187191.45 2099277.80 6.09
PAI-45-USGS-TW76 8/29/2007 11-15 187127.76 2099283.83 6.88
PAI-45-USGS-TW77 3/5/2008 7-11 and 11-15 187311.01 2099116.30 7.33
PAI-45-USGS-TW78 3/5/2008 7-11 and 11-15 187306.62 2099122.83 7.34
PAI-45-USGS-TW79 3/5/2008 11-15 187294.99 2099121.60 6.31
PAI-45-USGS-TW80 3/5/2008 7-11 and 11-15 187291.03 2099106.77 5.54
PAI-45-USGS-TW81 3/5/2008 7-11 and 11-15 187304.55 209913291 7.67
PAI-45-USGS-TW82 3/4/2008 11-15 187291.12 2099140.97 6.72
PAI-45-USGS-TW83 3/5/2008 11-15 187273.63 2099135.31 5.38
PAI-45-USGS-TW84 3/5/2008 11-15 187269.15 2099123.28 5.58
PAI-45-USGS-TW85 3/5/2008 11-15 187281.50 2099096.44 5.35
PAI-45-USGS-TW86 3/5/2008 11-15 187279.37 2099108.35 5.32
PAI-45-USGS-TW87 3/4/2008 11-15 187266.53 2099154.00 5.54
PAI-45-USGS-TWS88 3/4/2008 11-15 187260.98 2099146.37 5.58
PAI-45-USGS-TW89 3/4/2008 11-15 187263.54 2099179.96 5.6

PAI-45-USGS-TW90 3/4/2008 11-15 187255.87 2099167.90 5.66
PAI-45-USGS-TW91 3/5/2008 11-15 187248.20 2099157.66 5.51
PAI-45-USGS-TW92 3/4/2008 11-15 187247.59 2099194.75 5.72
PAI-45-USGS-TW93 3/4/2008 7-11 and 11-15 187238.34 2099187.03 5.6

PAI-45-USGS-TW9%4 3/5/2008 7-11 and 11-15 187293.68 2099135.13 6.6

PAI-45-USGS-TW95 3/5/2008 11-15 187320.82 2099118.61 7.52

PAI-45-USGS-TW96 4/30/2008 Core 4-16 187232.55 2099193.41 5.67
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Appendix 5 59

Appendix 5. Concentrations of field-measured constituents in groundwater from monitoring wells, Site 45, Marine Corps Recruit
Depot, Parris Island, South Carolina, 2005-2008.

[Alk, total alkalinity as calcium carbonate; CO,, carbon dioxide; DO, dissolved oxygen; Fe, ferrous iron; SC, specific conductance; Temp., temperature; <, less
than; —, not analyzed; mg/L, milligrams per liter; S.U., standard units; pS/cm at 25 °C, microsiemens per centimeter at 25 degrees Celsius; °C, degrees Celsius;
>, greater than]

o D Alk co DO Fe H 5 Sulfide Temp.

Site identifier ‘“‘°;;';’r‘)'a‘” mgl)  (mgl)  (mgl)  (mgl)  (SU) oo™ (mgl) c
PAI-45-MW03-SL  7/23/2007 — — — — 601 1,030 — 23.92
PAI-45-MWO3-SL  9/10/2007 55 50 <0.03 — 581 985 - 25.00
PAIL-45-MW04-D 9/10/2007 200 50 0.05 - 635 12,700 <0.05 24.67
PAI-45-MW04-D 9/10/2007 200 50 0.05 — 635 12,700 <0.05 _
PAI-45-MWO04-SL /252005 35 150 <0.03 17.5 571 1,040 <0.05 25.35
PAI-45-MWO04-SL  3/7/2006 — — — — 560 710 — 17.76
PAI-45-MWO04-SL  9/26/2006 25 180 <0.03 5.55 555 784 <0.05 25.15
PAI-45-MW04-SL 7/24/2007 60 175 0.1 5.17 5.58 745 <0.05 24.18
PAI-45-MWO04-SL  9/10/2007 35 100 0.05 — 583 632 — 25.40
PAI-45-MWO04-SL  6/18/2008 20 170 0.15 5.32 558 773 <02 2121
PAI-45-MWO04-SL  9/9/2008 35 190 <0.03 5.36 563 785 <02 25.26
PAL-45-MWO04-SU 7242007 <10 100 0.1 1.55 499 191 <0.05 25.93
PAI-45-MW04-SU  9/10/2007 10 125 0.02 — 516 211 <0.05 26.81
PAI-45-MWO5-SL  7/23/2007 — — — — 581 1449 — 26.53
PALI-45-MWO05-SL  9/11/2007  >1,000 50 <0.025 — 558 1,740 0.1 27.22
PAI-45-MWO05-SL  6/19/2008 2 180 03 18.2 55 1,737 <02 25.02
PAI-45-MWO05-SL  9/8/2008 45 30 0.1 27 576 1464 0.18 27.57
PAI-45-MWO05-SU  7/23/2007 100 70 0.7 2.8 631 568 <0.05 27.74
PAI-45-MWO05-SU  6/19/2008 120 65 0.6 <02 641 480 <02 26.19
PAI-45-MWO05-SU  9/8/2008 70 17 2 1.18 - 509 0.08 29.38
PAI-45-MWI10-SL  7/23/2007 — — — — 597 1,390 - 27.51
PAI-45-MW10-SL  9/10/2007 55 80 0.1 — 561 1,190 — 29.55
PAI-45-MW10-SL 6/18/2008 60 40 0.1 9.59 5.73 1,230 <0.2 25.54
PAI-45-MW10-SL  9/9/2008 70 45 <0.03 9.73 567 1,260 <02 30.08
PAI-45-MW10-SU  7/23/2007 _ _ _ _ 6.3 975 _ 29.52
PAI-45-MW10-SU  9/10/2007 150 70 <0.03 - 58 981 <0.05 30.80
PAL-45-MW10-SU  6/18/2008 170 35 0.05 13.7 623 960 <02 27.71
PAI-45-MW10-SU  9/9/2008 25 40 0.05 16.4 618 978 <02 30.76
PAI-45-MWI3-SL  7/23/2007 — — — — 6.08 1,030 — 28.43
PAI-45-MW13-SL  9/11/2007 110 40 0.05 — — 1,000 <0.05 29.55
PAI-45-MWI3-SL  6/17/2008 125 200 0.25 4.66 594 992 <02 25.11
PAI-45-MWI3-SL  9/9/2008 100 200 0.05 497 596 1,010 <02 29.28
PAT-45-MWI6-SL  7/24/2007 _ _ _ _ a2 313 — 25.81
PAI-45-MW16-SU  7/24/2007 — — — _ 560 103 — 28.54
PAI-45-MW17-SL 7/24/2007 — — — — 5.77 4,960 — 26.84
PAI-45-MW17-SL  9/11/2007 65 50 0.05 - 561 5310 <05 27.96
PAI-45-MWI17-SL  6/17/2008 75 60 0.05 28.8 583 5,920 0.2 24.66
PAI-45-MW17-SL  9/8/2008 40 105 0.05 143 555 4260 <02 27.82
PAL-45-MW17-SU  7/24/2007 — — — — 663 942 28.15

PAI-45-MW17-SU 9/11/2007 150 35 0.05 — 6.43 874 <0.05 29.29
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Appendix 5. Concentrations of field-measured constituents in groundwater from monitoring wells, Site 45, Marine Corps Recruit
Depot, Parris Island, South Carolina, 2005-2008.—Continued

[Alk, total alkalinity as calcium carbonate; CO,, carbon dioxide; DO, dissolved oxygen; Fe, ferrous iron; SC, specific conductance; Temp., temperature; <, less
than; —, not analyzed; mg/L, milligrams per liter; S.U., standard units; pS/cm at 25 °C, microsiemens per centimeter at 25 degrees Celsius; °C, degrees Celsius;
>, greater than]

o D Alk co DO Fe H 5 Sulfide Temp.

Stotdentifor— moWWYmg1)  mgl)  (mgl) (g (SU) oo™ (mgl) c
PAI-45-MW17-SU  6/17/2008 140 25 <0.03 12.8 662 622 <02 26.81
PAI-45-MWI17-SU  9/8/2008 110 80 <0.03 14.2 642 631 <02 28.51
PAI-45-MW18-SL 9/9/2008 180 25 0.1 2.27 6.67 3,030 <0.2 25.92
PAI-45-MWI8-SU  9/9/2008 175 60 0.075 7.47 673 437 <02 28.01
PAI-45-MWI9-SL  7/24/2007 — — — — 572 1,560 — 23.02
PAI-45-MW19-SL 9/11/2007 65 45 0.05 — 5.75 1,350 <0.05 25.08
PAI-45-MWI19-SL  6/19/2008 65 160 0.07 9.45 593 1,360 <02 20.87
PAI-45-MW19-SL  9/10/2008 60 170 <0.03 9.21 — — <02 —
PAI-45-MW20-SL 8/25/2005 50 70 0.15 12.5 5.92 — <0.05 —
PAI-45-MW20-SL  3/7/2006 — — - 25 607 3,990 - 19.55
PAI-45-MW20-SL  9/26/2006 70 170 0.05 3.95 587 4270 <0.05 25.90
PAI-45-MW20-SL 9/29/2006 — — — — — — — —
PAI-45-MW20-SL  7/24/2007 90 165 0.1 6.01 58 2250 <0.05 25.38
PAI-45-MW20-SL  9/10/2007 55 50 0.05 — 583 1,640 — 26.01
PAI-45-MW20-SL 6/19/2008 50 28 0.1 5.15 6.01 1,950 <0.2 23.10
PAI-45-MW20-SL  9/8/2008 45 155 <0.03 6.9 585 2,590 <02 26.12
PAI-45-MW20-SU  9/26/2006 37 180 0.1 3 55 579 <0.05 26.94
PAI-45-MW20-SU 9/29/2006 50 40 >1 — 6.44 1,540 <0.05 27.49
PAI-45-MW20-SU  7/24/2007 50 160 0.15 2.1 559 448 <0.05 27.54
PAI-45-MW20-SU  9/10/2007 50 40 >1 — 6.44 1,540 <0.05 27.49
PAI-45-MW20-SU 9/8/2008 40 160 0.25 2.72 — — 0.28 —
PAI-45-MW20-SU  6/18/2008 35 50 0.6 443 558 591 0.47 26.20
PAI-45-MW23-SL  7/23/2007 250 105 <0.025 1412 675 1,070 <0.05 28.23
PAI-45-MW23-SL  9/11/2007 100 40 0.1 — 648 1,040 - 28.66
PAI-45-MW25-SL  9/11/2007 35 25 0.2 — 558 427 — —
PAI-45-MW25-SL 6/19/2008 30 30 0.05 — 5.6 751 <02 26.24
PAI-45-MW25-SL 9/9/2008 18 180 0.1 3.75 5.51 436 <0.2 29.18
PAI-45-MW26-SL  9/11/2007 200 40 0.1 - 635 1,770 - 28.97
PAI-45-MW26-SL  6/19/2008 200 35 0.2 10 6.56 2,010 <02 2434
PAI-45-MW26-SL 9/9/2008 250 120 <0.025 12 6.54 2,790 <0.2 28.23
PAI-45-MW27-SL  9/11/2007 <10 45 0.05 — 568 613 — 27.96
PAI-45-MW27-SL 6/19/2008 40 135 <0.025 5.97 571 575 <02 25.40
PAI-45-MW27-SL 9/9/2008 40 145 <0.025 522 5.69 547 <0.2 27.49
PAT-45-MW28-D 6/17/2008 225 250 <0.025 922 621 17,700 <02 26.29
PAI-45-MW29-D 6/17/2008 240 35 0.1 0.94 7 13,900 0.14 26.72
PAI-45-MW30-D 6/17/2008 250 80 0.05 241 6.75 7,050 <0.2 25.07
PAI-45-MW31-SL  6/18/2008 18 140 0.075 5.52 566 1,000 <02 25.89
PAI-45-MW31-SL  9/9/2008 40 45 <0.025 118 573 1,110 <02 30.26
PAI-45-MW31-SU 6/18/2008 <10 200 0.075 4.14 5.1 708 <0.2 28.98

PAI-45-MW31-SU 9/9/2008 <10 70 0.1 5.77 5.27 679 <0.2 31.47
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Appendix 9 67
Appendix 8. Concentrations of total organic carbon in soil borings, Marine Corps Recruit
Depot, Parris Island, South Carolina, 2008.
[ft BLS, feet below land surface; mg/kg, milligrams per kilogram]
Date Deoth Total organic
Site identifier (month/day/ p carbon Lithology
(ft BLS)
year) (mg/kg)
PAI-45-MW26-SL 6/27/2008 10-15 128 Fine-grained sand
PAI-45-MW28-D 8/26/2008 18 155,000 Organic-rich clay
PAI-45-USGS-TW96  4/30/2008 8-10 440 Grayish-tan, fine-grained
heaving sand
PAI-45-USGS-TW96  4/30/2008 12-13 2,120 Black fine-grained sand
Appendix 9. Concentrations of selected volatile organic compounds in surface water near the outfall to Ballast Creek, Site 45,
Marine Corps Recruit Depot, Parris Island, South Carolina, June 17, 2008.
[1,1-DCE, 1,1-dichloroethene; 1,2-DCE, total 1,2-dichloroethene; CB, chlorobenzene; cDCE, cis-1,2-dichloroethene; EB, ethylbenzene; Napht, naphthalene;
PCE, tetrachloroethene; TCE, trichloroethene; Tol, toluene; tDCE, trans-1,2-dichloroethene; VC, vinyl chloride; Xyl, total xylenes; <, less than; R, duplicate
sample; J, estimated concentration; pg/L, micrograms per liter]
Date LD
Site (month/ (minutes 1,1-DCE 1,2-DCE Benzene CB ¢DCE EB Napht PCE  TCE Tol CE VC Xyl
identifier daylyear) before (pg/L) (pg/L)  (pg/L) (pg/L) (pg/L) (pg/L) (pg/L) (pg/L) (pg/L) (pg/L) (pg/L) (pg/L) (pg/L)
low tide)
PAI-SWI1  6/16/2008 30 <0.3 1.6 <0.3 <025 1.6 <0.25 0.33] 0.44) 1.29 <0.25 <03 <05 <0.25
PAI-SWI1-R 6/16/2008 30 <0.3 1.7 <03 <025 1.7 <0.25 <0.25 048] 134 <025 <03 <05 <0.25
PAI-SW2  6/16/2008 5 <0.3 <0.3 <0.3 <0.25 <0.3 <0.25 <0.25 <0.25 <0.25 <025 <03 <05 <0.25
PAI-SW3  6/16/2008 6 <0.3 0.7 <03 <0.25 0.73] <0.25 <0.25 <0.25 0.6J <025 <03 <05 <0.25
PAI-SW4  6/16/2008 22 <0.3 <0.3 <0.3 <0.25 <0.3 <0.25 <0.25 <0.25 <0.25 <025 <03 <05 <0.25
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Appendix 10. Concentrations of selected volatile organic compounds in sediment near the outfall to Ballast Creek,
Site 45, Marine Corps Recruit Depot, Parris Island, South Carolina, June 17, 2008.

[1,1-DCE, 1,1-dichloroethene; 1,2-DCE, total 1,2-dichloroethene; CB, chlorobenzene; cDCE, cis-1,2-dichloroethene; EB, ethylbenzene; Napht, naphthalene;
PCE, tetrachloroethene; TCE, trichloroethene; Tol, toluene; tDCE, trans-1,2-dichloroethene; VC, vinyl chloride; Xyl, total xylenes; mg/kg, milligrams per
kilogram; <, less than; J, estimated concentration; all data are reported as dry-weight corrected]

Depth
Date below
SRy (il sediment/ Moisture 1,1-DCE Benzene CB c¢DCE EB PCE TCE Tol tDCE \'[s Xyl
day/year) . Water (percent) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg)
vy interface
(feet)
PAI-SWSEDI1 6/17/2008 0.5 68.5 <0.68 <0.75 <045 <0.68 <0.45 <045 <0.57 0.67] <0.68 <1.13 <045
PAI-SWSEDI1 6/17/2008 1 57.2 <49 <54 <32 <49 <32 <32 <41 <47 <49 <81 <32
PAI-SWSED2 6/17/2008 0.5 57.7 <0.57 <0.63 <038 <0.57 <0.38 <038 <048 <0.55 <0.57 <095 <0.38
PAI-SWSED2 6/17/2008 1 58 <0.45 <0.5 <0.30 <045 <0.3 <0.30 <0.38 <044 <045 <0.75 <0.3
PA-ISWSED3 6/17/2008 0.5 73.3 <0.86 <095 <0.58 <0.86 <0.58 <0.58 <0.72 <0.83 <0.86 <1.44 <0.58
PAI-SWSED3 6/17/2008 1 71 <0.59 <0.65 <04 <0.59 0.75] <04 <049 396 <0.59 <099 <04
PAI-SWSED4 6/17/2008 0.5 60.2 <0.74 <0.81 <049 <0.74 <049 <049 <0.62 <0.71 <0.74 <123 <049
PAI-SWSED4 6/17/2008 1 61.6 <0.54 <0.6 <0.36 <0.54 <0.36 <0.36 <0.45 <0.52 <0.54 <0.9 <0.36
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Appendix 11.  Synoptic water-level measurements at approximately low tide in monitoring wells, Site 45, Marine Corps Recruit Depot,
Parris Island, South Carolina, 2007-2008.

[MP, measuring point altitude in feet relative to North American Vertical Datum of 1988; —, data not collected; all top-of-casing altitudes were determined by
Andrews and Burgess, Inc., in 2008; *, Datum was changed on these wells. Prior to July 3, 2008, the datum was 5.33 feet for well PAI-45-MW26-SL and 6.405
feet for well PAI-45-MW27-SL]

Water-level altitude, in feet relative to North American Vertical Datum of 1988

Well identifier MP
April 30,2007 August7,2007 August29,2007 June 16,2008  June 27,2008  July 25, 2008
PAI-45-MWO01-D 6.60 1.72 — 2.03 1.31 1.20 1.83
PAI-45-MWO01-SL 6.52 3.15 — 3.54 3.60 3.46 —
PAI-45-MW01-SU 6.54 3.12 — 3.57 3.57 3.45 —
PAI-45-MW02-SL 6.22 2.96 4.34 3.39 3.17 3.01 —
PAI-45-MW02-SU 6.12 2.67 431 3.12 2.66 2.73 —
PAI-45-MWO03-SL 6.54 2.75 3.97 3.12 2.87 2.70 —
PAI-45-MWO03-SU 6.59 2.52 4.39 3.12 2.57 2.58 —
PAI-45-MW04-D 5.78 1.59 — 1.92 1.21 1.09 1.71
PAI-45-MW04-SL 5.91 2.45 3.57 2.73 2.45 2.32 —
PAI-45-MW04-SU 5.93 2.45 3.59 2.74 2.47 2.34 —
PAI-45-MWO05-D 7.63 1.61 — 1.93 1.19 1.07 1.69
PAI-45-MWO05-SL 7.24 2.45 3.36 2.84 2.45 2.32 —
PAI-45-MW05-SU 7.59 2.42 3.33 2.71 2.42 2.29 —
PAI-45-MW06-D 6.44 1.64 — 1.96 1.23 1.09 1.74
PAI-45-MW06-SL 6.48 2.73 3.91 3.11 2.87 2.70 —
PAI-45-MW06-SU 6.52 2.87 3.44 3.12 2.90 2.85 —
PAI-45-MW07-D 6.63 1.66 — 1.97 1.25 1.12 1.75
PAI-45-MW07-SL 6.68 2.80 4.04 3.17 2.97 2.82 —
PAI-45-MW07-SU 6.63 2.79 4.04 3.15 2.95 2.80 —
PAI-45-MWO08-SL 6.50 2.90 4.16 3.30 4.19 3.05 —
PAI-45-MW08-SU 6.57 2.81 4.15 3.29 3.17 3.02 —
PAI-45-MW09-D 6.24 1.60 — 1.89 1.15 1.04 1.67
PAI-45-MW10-D 6.25 — — — — 1.18 1.81
PAI-45-MW10-SL 5.85 2.69 3.98 3.03 2.76 2.62 —
PAI-45-MW10-SU 5.90 2.67 3.86 3.02 2.78 2.61 —
PAI-45-MW11-D 543 1.36 — 1.37 1.67 -0.13 0.77
PAI-45-MW13-SL 6.39 2.57 3.68 2.87 2.61 2.46 —
PAI-45-MW13-SU 6.48 2.53 4.01 2.87 2.62 2.43 —
PAI-45-MW14-SL 5.76 2.73 3.67 3.08 2.84 2.71 —

PAI-45-MW14-SU 5.84 2.59 3.41 2.83 2.60 2.50 —
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Appendix 11.  Synoptic water-level measurements at approximately low tide in monitoring wells, Site 45, Marine Corps Recruit Depot,
Parris Island, South Carolina, 2007-2008.—Continued

[MP, measuring point altitude in feet relative to North American Vertical Datum of 1988; —, data not collected; all top-of-casing altitudes were determined by
Andrews and Burgess, Inc., in 2008; *, Datum was changed on these wells. Prior to July 3, 2008, the datum was 5.33 feet for well PAI-45-MW26-SL and 6.405
feet for well PAI-45-MW27-SL]

Water-level altitude, in feet relative to North American Vertical Datum of 1988

Well identifier MP
April 30,2007 August7,2007 August29,2007 June 16,2008  June 27,2008  July 25, 2008
PAI-45-MW15-SL 8.13 2.72 3.72 3.03 2.68 2.56 —
PAI-45-MW15-SU 8.32 2.71 3.70 2.99 2.66 2.53 —
PAI-45-MW16-SL 9.17 2.44 3.35 2.75 2.38 2.29 —
PAI-45-MW16-SU 9.14 2.35 3.28 2.64 2.29 2.18 —
PAI-45-MW17-SL 5.96 2.68 3.11 2.32 2.10 1.97 —
PAI-45-MW17-SU 6.17 2.25 3.12 2.35 2.12 1.98 —
PAI-45-MW18-SL 6.98 2.53 3.53 2.71 243 2.30 —
PAI-45-MW18-SU 6.99 3.01 3.77 3.06 2.84 2.72 —
PAI-45-MW19-SL 5.64 2.68 3.82 2.98 2.71 2.55 —
PAI-45-MW19-SU 5.64 2.60 3.77 291 2.62 248 —
PAI-45-MW20-SL 6.67 2.23 3.29 2.49 2.21 2.11 —
PAI-45-MW20-SU 6.72 2.25 3.29 2.46 2.22 2.11 —
PAI-45-MW21-D 6.27 1.67 — 1.98 1.24 1.15 1.77
PAI-45-MW21-SL 6.27 2.88 — 3.28 3.06 2.93 —
PAI-45-MW21-SU 6.37 2.86 4.30 3.28 3.05 2.90 —
PAI-45-MW22-SL 6.43 2.99 4.37 342 3.30 3.17 —
PAI-45-MW22-SU 6.51 3.65 4.28 3.37 3.23 3.09 —
PAI-45-MW23-SL 6.28 2.64 3.43 3.05 2.64 2.67 —
PAI-45-MW23-SU 6.37 2.65 3.59 2.98 2.72 2.62 —
PAI-45-MW24-SU 6.62 2.93 3.91 3.30 3.11 2.97 —
PAI-45-MW25-SL 6.64 — — — 3.40 3.22 —
PAI-45-MW26-SL* 5.61 — — — 2.14 2.05 —
PAI-45-MW27-SL* 6.58 — — — 2.24 2.10 —
PAI-45-MW28-D 5.48 — — — 1.24 1.14 1.78
PAI-45-MW29-D 5.18 — — — 1.22 1.14 1.81
PAI-45-MW30-D 8.05 — — — 1.23 1.14 1.77
PAI-45-MW31-SL 5.49 — — — 2.91 2.74 —

PAI-45-MW31-SU 5.57 — — — 2.93 2.76 —
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Appendix 12. Lithologic logs for permanent wells at site 45, Marine Corps Recruit Depot, Parris Island, South Carolina, 2008.

[ft, feet; BLS, below land surface; USGS, U.S. Geological Survey]

Permanent well PAI-45-MW28-D

Date: June 2—4, 2008

Method: Hollow-stem auger to 19 ft BLS, Mud-rotary below 19 ft.
Driller: EarthCon
Core Description: Don Vroblesky, USGS

Split spoons
June 2, 2008
Core interval (ft BLS)  Recovery (ft}  Depth (ft BLS) Description
2-4 2 2.0-2.6 Silty clay, black
2.6-4.0 Sand, fine-grained, brown
4-6 2 4.0-5.3 Silty sand, fine-grained, gray with patches of brown silty sand,
possibly burrow fills

5.3-6.0 Silty sand, fine-grained, fewer brown patches than above

6-8 1.5 6.0-6.5 Sand, fine-grained, gray with patches of brown fine-grained sand
6.5-7.5 Sand, fine-grained, gray, loose
7.5-8.0 Missing

8-10 2 8.0-10.0 Sand, fine-grained, very loose, very wet, grayish-tan
10-12 2 10.0-11.4  Sand, fine-grained, very loose, very wet, grayish-tan
11.4-12.0  Silty sand, fine-grained, dark gray
12-14 2 12.0-14.0  Silty sand, fine-grained, dark gray
16-18 2 16.0-17.8  Silty sand, fine-grained, dark gray
17.8-18.0  Clay, organic-rich, dark gray
18-19 1 18.0-18.8  Clay, organic-rich, dark gray

18.8-19.0  Sandy clay, dark gray
Stopped at 19 ft to set outer casing. Grouted from 18.6 ft BLS to land surface

General description from mud-rotary cuttings

June 4, 2008
Interval (ft BLS) Description
19-21.5 Clay
21.5-32 Sand, fine-grained
32-33.5 Shelly material in fine-grained sand
33.5-34 Hard drilling, still looks like shelly material

Set screen 23.7 to 33.7 ft BLS. Grouted from 18.5 ft BLS to land surface.

Permanent well PAI-45-MW29-D

Date: June 3, 2008

Method: Hollow-stem auger to 19 ft BLS, Mud-rotary below 19 ft.
Driller: EarthCon

Core Description: Don Vroblesky, USGS
Split spoons

June 2, 2008
Core interval (ft BLS)  Recovery (ft)  Depth (ft BLS) Description
15-17 2 15-17 Sand, very loose, fine-grained, gray, wet
17-18.8 1.8 17-18.8 Same as above
18.8-19 0.2 18.8-19 Silt, organic rich

Stopped at 19 ft BLS to set outer casing. Final casing set at 19.6 ft BLS. Grouted 19.6 ft to land surface.

n
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Appendix 12. Lithologic logs for permanent wells at site 45, Marine Corps Recruit Depot, Parris Island, South Carolina, 2008.—Continued

[ft, feet; BLS, below land surface; USGS, U.S. Geological Survey]

Permanent well PAI-45-MW29-D—Continued
General description from mud-rotary cuttings

June 4, 2008
Interval (ft BLS) Description
20(7)-21 Sand, fine-grained, gray
21-28.5 Clay
28.5-29 Shelly material in fine-grained to silty sand
30-33 Sand, fine-grained to silty, with shells

Set screen 23.1 to 33.1 ft BLS. Grouted from 17 ft BLS to land surface.

Permanent well PAI-45-MW30-D

Date: June 4-5, 2008

Method: Hollow-stem auger to 20 ft BLS, Mud-rotary below 20 ft.
Driller: EarthCon

Core Description: Don Vroblesky, USGS

Split spoons

June 4, 2008
Core interval (ft BLS)  Recovery (ft}  Depth (ft BLS) Description
0-15 No split spoons
15-17 2 15.0-17.0  Silty sand, fine-grained
17-19 2 17.0-17.8  Silty sand, fine-grained

17.8-18.7  Clay, loose, with thin (0.05 inch) of fine-grained gray sand
18.7-18.9  Clay, gray with abundant shell fragments
18.9-19.0  Organic-rich clay, sharp upper contact
19-20 1 19.0-19.9  Organic-rich clay
19.9-20.0  Organic-rich clay, very tight
Stopped at 20 ft BLS to set outer casing. Grouted from 20 ft BLS to land surface.

General description from mud-rotary cuttings

June 5, 2008
Interval (ft BLS) Description

20.5-22 Sand

22-23 Hard drilling

23-23.5 Silty sand, wood that does not appear to be from the auger plug

23.5-27 Sand, fine-grained

27-30 Silty sand
30-34 Clay
34-35 Hard drilling, shelly material in silty sand

Set screen 25-35 ft BLS. Grouted from 20 ft BLS to land surface.
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Appendix 13. Lithologic log for temporary well PAI-45-USGS-TW96, Site 45, Marine Corps Recruit Depot,

Parris Island, South Carolina, April 30, 2008.

[ft, feet; BLS, below land surface; USGS, U.S. Geological Survey; ppm, parts per million; <, less than; >, greater than]

Date: April 30, 2008

Method: Geoprobe

Driller: James Landmeyer, USGS
Core Description: Don Vroblesky, USGS

Reading on
Core interval Recovery Depth Description C:Lo;:‘:ak
(ft BLS) (ft) (ft BLS) analyzer
(ppm)
4-5 0.85 4.0-4.8  Silty sand, fine-grained, gray. Exact depth uncertain. <0.2
6-8 1.8 6.0-6.9 Sandy clay, gray 2
6.9-7.2 Clayey sand, gray
7.2-7.8 Silty sand, fine-grained, brown
7.8-8.0 Silty sand, fine-grained, gray >4
8-10 1.2 8.0-10.0  Sand, fine-grained, heaving, grayish tan >25
10-12 1.6 10.4-10.8  Sand, fine-grained, grayish tan
10.8-12 Sand, fine-grained, black 30
12-14 1.7 12.3-12.8  Sand, fine-grained, black 40
12.8-14.0  Sand, fine- to very fine-grained, grayish-brown 10
14-16 2 14.0-14.8  Sand, fine-grained, gray <0.2
14.8-15.2 Sand, medium-grained, gray
15.2-16.0  Silt, with brownish material that appears to be plant matter ~ <0.2

3
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Appendix 14-1. Membrane Interface Probe (MIP) logs for boring MIP1, Site 45, Marine Corps Recruit Depot, Parris Island,
South Carolina, June 22, 2008.
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Appendix 14-2. Membrane Interface Probe (MIP) logs for boring MIP2, Site 45, Marine Corps Recruit Depot, Parris Island,
South Carolina, June 22, 2008.
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Appendix 14-3. Membrane Interface Probe (MIP) logs for boring MIP3, Site 45, Marine Corps Recruit Depot, Parris Island,
South Carolina, June 22, 2008.
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Appendix 14-4. Membrane Interface Probe (MIP) logs for boring MIP4, Site 45, Marine Corps Recruit Depot, Parris Island,
South Carolina, June 22, 2008.
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Appendix 14-5. Membrane Interface Probe (MIP) logs for boring MIP5, Site 45, Marine Corps Recruit Depot, Parris Island,
South Carolina, June 22, 2008.
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Appendix 14-6. Membrane Interface Probe (MIP) logs for boring MIPS, Site 45, Marine Corps Recruit Depot, Parris Island,
South Carolina, June 22, 2008.
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Appendix 14-7. Membrane Interface Probe (MIP) logs for boring MIP7, Site 45, Marine Corps Recruit Depot, Parris Island,
South Carolina, June 22, 2008.
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