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acre 4,047 square meter (m2)
acre 0.004047 square kilometer (km2)
square foot (ft2) 0.09290 square meter (m2)
square mile (mi2) 2.590 square kilometer (km2)

Volume

quart (qt) 0.9464 liter (L)
gallon (gal) 3.785 liter (L)
gallon (gal) 0.003785 cubic meter (m3)

Flow rate

gallon per minute (gal/min) 0.06309 liter per second (L/s)
Mass

ounce, avoirdupois (oz) 28.35 gram (g)

International System of Units to U.S. customary units

Multiply By To obtain

Length

centimeter (cm) 0.3937 inch (in.)
meter (m) 3.281 foot (ft)
kilometer (km) 0.6214 mile (mi)

Area

square meter (m2) 0.0002471 acre
square kilometer (km2) 247.1 acre
square meter (m2) 10.76 square foot (ft2)
square kilometer (km2) 0.3861 square mile (mi2)
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Multiply By To obtain

Volume

liter (L) 33.81402 ounce, fluid (fl. oz)
liter (L) 1.057 quart (qt)
liter (L) 0.2642 gallon (gal)
cubic meter (m3) 264.2 gallon (gal)
liter (L) 61.02 cubic inch (in3)
cubic meter (m3) 35.31 cubic foot (ft3)

Flow rate

liter per second (L/s) 15.85 gallon per minute (gal/min)
Mass

gram (g) 0.03527 ounce, avoirdupois (oz)
kilogram (kg) 2.205 pound avoirdupois (lb.)

Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as follows:  
   				         °F = (1.8 × °C) + 32.

Temperature in degrees Fahrenheit (°F) may be converted to degrees Celsius (°C) as follows:  
   				         °C = (°F – 32) / 1.8.

Datum
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.

Supplemental Information
Specific conductance is given in microsiemens per centimeter at 25 degrees Celsius  
(µS/cm at 25 °C).

Concentrations of chemical constituents in water are given in either milligrams per liter (mg/L), 
micrograms per liter (µg/L), or nanograms per liter (ng/L).
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Distribution of Chlorinated Volatile Organic Compounds 
and Per- and Polyfluoroalkyl Substances in Monitoring 
Wells at the Former Naval Air Warfare Center, West 
Trenton, New Jersey, 2014–17

By Thomas E. Imbrigiotta and Alex R. Fiore

Abstract
A study was conducted by the U.S. Geological Survey 

in cooperation with the U.S. Navy (the Navy) to determine 
the status of volatile organic compounds (VOCs) and per- and 
polyfluoroalkyl substances (PFASs) in groundwater at the for-
mer Naval Air Warfare Center (NAWC) in West Trenton, New 
Jersey. Wells contaminated with VOCs were sampled in 2014, 
2015, 2016, and 2017 as part of the Navy’s long-term moni-
toring program. The results for trichloroethene (TCE), cis-
1,2-dichloroethene (cisDCE), and vinyl chloride (VC) were 
plotted in map view to determine whether the areal extent of 
the contamination had changed over the 4-year period. TCE, 
cisDCE, and VC concentrations were plotted along nine 
lines of section across the former NAWC site to determine 
whether the vertical distribution of VOCs had changed during 
2014–17. TCE, cisDCE, and VC concentrations over time 
were plotted on graphs for each well to determine long-term 
trends and changes in VOC concentrations. Data from 1990 to 
2017 were used, if available, to make these graphs.

Results show that the areas of VOC concentrations 
greater than or equal to 1 microgram per liter decreased 
slightly on the northwestern side and the northeastern side 
of the NAWC site from 2014 to 2017 under the influence of 
a pump-and-treat system, natural attenuation processes, and 
engineered bioaugmentation experiments ongoing at the site. 
The pump-and-treat system continued to hydraulically contain 
the VOC contamination and kept it from moving offsite to the 
south and west of NAWC. One well northeast of the NAWC 
site, 50BR, was found to have detectable TCE and cisDCE 
concentrations. These detections indicated that VOC contami-
nation had migrated offsite and that the pump-and-treat system 
was not containing the VOC contamination on the eastern side 
of the facility. Detectable VOC concentrations were present in 
wells as deep as 200 and 221 feet on the eastern and western 
sides of the NAWC site. TCE concentrations in most wells 
were found to be stable or to have slowly decreased since the 
facility closed in 1999. Only 7 wells, including 3 pump-and-
treat extraction wells, showed substantial increases in TCE 

concentration from 2014 to 2017. Continuing sources of TCE 
to the system are desorption of TCE from organic materials 
in the aquifer, back diffusion of TCE from the contaminated 
bedrock matrix, and dissolution of remaining dense nonaque-
ous phase TCE in the aquifer.

Wells at the former NAWC site were sampled for PFASs 
in 2015, 2016, and 2017. Perfluorooctane sulfonate (PFOS), 
perfluorooctanoic acid (PFOA), and perfluorononanoic acid 
(PFNA) results were plotted in map and cross-section views 
to determine the areal and vertical extent of the PFAS con-
tamination at the site. PFOS, PFOA, and PFNA concentra-
tions greater than their established maximum contaminant 
levels were detected in 25, 24, and 21 of the 26 wells sampled, 
respectively, on the eastern side of NAWC in 2017. Vertically, 
the highest PFAS concentrations were present in shallow wells 
along the fence near the firehouse and along the railroad tracks 
where the aqueous film-forming foam discharge reportedly 
occurred back in 1990. PFAS concentrations were detected in 
one well (54BR) as deep as 200 feet on the eastern side of the 
NAWC site. PFASs were present in wells east of the railroad 
tracks, indicating that PFAS-contaminated groundwater had 
moved offsite. In a limited test of five wells, samples collected 
with regenerated cellulose dialysis membrane (RCDM) pas-
sive samplers contained PFAS concentrations equal to those in 
samples from low-flow purging.

Introduction
The former Naval Air Warfare Center (NAWC) in West 

Trenton, New Jersey, was a jet engine test facility for naval 
aircraft from the mid-1950s to the late 1990s (fig. 1). Activities 
at the 65-acre site involved testing the performance of jet 
engines under different temperatures and pressures. A heating/
cooling system for adjusting the temperature of the air piped 
into the engine test cells contained 25,000 gallons of trichlo-
roethene (TCE) as the refrigerant (International Technology 
Corporation, 1994). Over the course of 40 years of testing, 
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Figure 1.  Well locations and source areas of volatile organic compounds and per- and polyfluoroalkyl substances at the former Naval 
Air Warfare Center, West Trenton, New Jersey. (VOC, volatile organic compound; PFAS, per- and polyfluoroalkyl substance)
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substantial volumes of TCE were spilled or leaked from the 
system onto the ground, contaminating the fractured rock 
aquifer beneath the NAWC site.

To prepare for the possibility of having to extinguish 
aircraft engine fires during testing, personnel at the base 
fire house were trained in the use of aqueous film-forming 
foam (AFFF). AFFFs produced in the 1960s to early 1990s 
contained high concentrations of per- and polyfluoroalkyl 
substances (PFASs). PFAS contamination was identified 
in well 48BR in 2015 and in the storm sewers draining the 
eastern side of the NAWC site in 2016 (P.J. Lacombe, T.E. 
Imbrigiotta, and Alex Fiore, U.S. Geological Survey, written 
communication, 2016).

The volatile organic compound (VOC) groundwater con-
tamination at this site has been monitored extensively over the 
past 25 years by the U.S. Navy (the Navy), its contractors, and 
the U.S. Geological Survey (USGS). The Navy and the New 
Jersey Department of Environmental Protection (NJDEP) use 
these monitoring data to determine whether the contamination 
is being hydraulically contained and how fast the concentra-
tions are decreasing over time. The PFAS contamination has 
been monitored in the groundwater only since 2015. The Navy 
and NJDEP will evaluate the PFAS data to determine the next 
steps in addressing this contamination.

The USGS, in cooperation with the Navy, has evaluated 
the results of monitoring efforts at the NAWC site by interpret-
ing the observed changes in chemical contamination areally, 
vertically, and temporally on a periodic basis. The primary 
objectives of this report were to (1) determine whether there 
had been significant changes in the areal extent of the VOC 
contamination at the NAWC site from 2014 to 2017, (2) deter-
mine whether there had been significant changes in the vertical 
extent of VOC contamination along nine lines of section at the 
NAWC site from 2014 to 2017, (3) determine whether there 
had been significant changes in VOC concentrations over time 
in the wells at NAWC, (4) determine the areal extent of PFAS 
contamination in the groundwater at the NAWC site, (5) deter-
mine the vertical extent of PFAS contamination at the NAWC 
site, (6) compare the PFAS concentrations in samples collected 
using two different sampling methods, and (7) determine the 
areal extent of 1,4-dioxane contamination at the NAWC site. 
To accomplish these objectives, TCE, cis-1,2-dichloroethene 
(cisDCE), and vinyl chloride (VC) concentrations in ground-
water samples from wells on or near the former NAWC site 
collected in 2015, 2016, and 2017 were compared to concen-
trations measured in 2014, which was the last major sampling 
of wells at NAWC. This report presents areal distributions 
of VOCs on maps, vertical distributions on cross sections, 
and temporal variations on graphs showing concentrations 
over time. For the PFASs, the areal and vertical distribution 
of perfluorooctane sulfonate (PFOS), perfluorooctanoic acid 
(PFOA), and perfluorononanoic acid (PFNA) from 2015 to 
2017 are presented on maps and cross sections. The areal 
extent of 1,4-dioxane concentrations for 2017 is presented on 
a map of the NAWC site.

Background

Geology and Groundwater Hydrology

A consolidated fractured sedimentary bedrock aquifer 
is present below the NAWC site and is composed primar-
ily of mudstones and siltstones of the Lockatong Formation 
and sandstones of the Stockton Formation (Lacombe, 2000; 
Lacombe, 2002) (fig. 2). The upper 7–10 feet (ft) of surfi-
cial sediments at NAWC are composed primarily of soil and 
fill material brought in to level the site. Because of bedrock 
weathering, a layer of unconsolidated saprolite is present 
down to depths of 25–40 feet below land surface (Lacombe, 
2000; Lacombe, 2002). Below this weathered layer, rock 
cores, drillers logs, and geophysical logs were collected from 
boreholes drilled on site. Based on the cores and logs, both 
formations are composed of a series of sloping beds that dip to 
the northwest and strike northeast-southwest (fig. 3). Logs also 
indicate that the Lockatong Formation underlies most of the 
contaminated area at NAWC.

The Stockton and Lockatong Formations are separated 
by a fault that strikes about N 65° E and dips 70° SW or more 
(Lacombe and Burton, 2010) (fig. 2). A fault zone abuts the 
fault and consists of a heterogeneous suite of discontinuous 
beds from the Lockatong and Stockton Formations that dip 
in many directions and whose attitudes range from flat lying 
to overturned (fig. 3). Most beds in the fault zone are heavily 
brecciated and weathered to clay, creating a low permeability 
barrier that limits groundwater flow between the Lockatong 
and Stockton Formations.

Most groundwater flow at NAWC occurs through frac-
tures parallel to the bedding plane along the strike and through 
dip-aligned fractures between the sloping beds (Lacombe, 
2000). In the Lockatong Formation, the most transmissive 
water-bearing units are six highly fractured fissile black 
mudstone units identified by Lacombe and Burton (2010) as 
BlkFis-159, BlkFis-172, BlkFis-190, BlkFis-233, BlkFis-246, 
and BlkFis 262, which underly most of NAWC including the 
contaminated areas. The Stockton Formation at NAWC is less 
well defined compared to the Lockatong Formation. Lacombe 
(2000) utilized lower-resolution gamma log correlations to 
divide the Stockton into 5 units (S11, S12, S13, S14, and S15). 
All these layers are shown on figure 3 and in all subsequent 
cross sections.

The shallow natural groundwater flow gradients 
unstressed by the pump-and-treat well pumping are toward 
the Gold Run Spring west of NAWC and toward the ances-
tral west branch of Gold Run, which is currently (2020) 
culverted beneath Parkway Avenue south of NAWC (fig. 2) 
and discharges into the Delaware River (Lacombe, 2000). 
Most of the bedrock below about 250 ft is unfractured and 
yields little water (Lacombe and Burton, 2010). Pumping 
from the extraction wells that are part of the pump-and-treat 
system dominates the stressed groundwater gradients and 
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local groundwater flow at NAWC (fig. 2). The pump-and-treat 
system is designed to hydraulically contain the contaminated 
groundwater on site and prevent its migration to offsite areas.

VOC Contamination

TCE was first detected in groundwater at NAWC in the 
late 1980s (International Technology Corporation, 1994). A 
network of monitoring wells was installed during the next 
20 years to further define the extent of VOC groundwater 
contamination (Appendix 1; fig. 1). Subsequent investiga-
tions determined that the bulk of the TCE contamination in the 
groundwater was in two main areas, (1) the Site 1 area west 

of the main entrance and (2) the Site 3 area east of the main 
entrance (fig. 1). The Site 1 area on the western side of NAWC 
includes the main TCE source area between Building 40 that 
contained the heating/cooling system and Building 41 that 
contained the jet engine test cells (fig.1). The Site 3 area on 
the eastern side of NAWC includes the secondary TCE source 
areas of a former wastewater lagoon and a sludge drying and 
disposal area near the railroad tracks that make up the current 
eastern boundary of the site (fig. 1). The Site 1 area was found 
to be more highly contaminated (maximum TCE concentra-
tions 750,000 micrograms per liter (μg/L) than the Site 3 area 
(maximum TCE concentrations 1,300 μg/L)) (Appendix 2). 
Biodegradation breakdown products of TCE, specifically 
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cisDCE and VC, were also detected at concentrations that far 
exceeded their NJDEP drinking water maximum contaminant 
limits (MCLs). NJDEP MCLs for TCE, cisDCE, and VC are 1 
μg/L, 70 μg/L, and 1 μg/L, respectively (NJDEP, 2018c).

The Navy and its contractors established a long-term 
groundwater quality monitoring program in the late 1990s 
(EA Engineering, Science, and Technology, Inc., 2000; ECOR 
Solutions, Inc., 2005). Groundwater samples have been col-
lected from wells at the NAWC site every year since then. The 
results from samples collected from years 2014 through 2017 
are discussed in this report.

Fate and Transport of VOCs

The VOC groundwater contamination at NAWC evolved 
over the life of the facility in a manner similar to other sites 
overlying fractured rock aquifers. Typically, TCE was used at 
a site in its dense non-aqueous phase liquid (DNAPL) form. 
Because DNAPL TCE is denser than water, when it is spilled 
onto the ground, it seeps into the subsurface and sinks in the 
aquifer under the influence of gravity and groundwater flow 
gradients (Cohen and others, 1993). DNAPL TCE physically 
travels downward along sloping bedding partings and verti-
cal fractures until it becomes trapped in dead-end fractures or 
is blocked by a lower permeability layer (Cohen and others, 
1993). Once in the aquifer, the DNAPL TCE dissolves into the 
groundwater flowing through the fractures because it is some-
what soluble (1,100 milligrams per liter (mg/L)) (National 
Institute for Occupational Safety and Health [NIOSH], 2007). 
There were many reports of DNAPL TCE spills and leaks 
over the history of the facility (EA Engineering, Science, and 
Technology, Inc., 2000), so the above scenario likely occurred 
at NAWC, with the TCE used as the refrigerant in the cooling 
system being the original source.

Once dissolved-phase TCE is in a fractured rock aqui-
fer, it can then be transported and transformed by many other 
natural processes and human activities (Mackay and oth-
ers, 1985; Vogel and others, 1987; Wiedemeier and others, 
1998). TCE may be advectively transported downgradient to 
discharge to streams, storm sewers, or extraction wells for 
treatment systems. TCE may diffuse into the primary porosity 
of the rock matrix or sorb onto the organic materials present in 
the geologic formation. Because TCE has a high vapor pres-
sure (NIOSH, 2007), it may volatilize from the groundwater 
into the soil gas at the interface with the unsaturated zone. In 
addition, TCE may be biodegraded by natural bacteria in the 
aquifer or by bacteria that have been injected into the aquifer 
to form breakdown products, such as cisDCE, VC, and ethene 
(Wilson and Wilson, 1985; Barrio-Lage and others, 1986; 
Wilson and others, 1995; Lorah and Olsen, 1999). Researchers 
working at NAWC have observed evidence that all these 
processes have occurred at the site (Lacombe, 2011; Bradley 
and others, 2009; Révész and others, 2014; Goode and others, 
2014; Tiedeman and others, 2018; Shapiro and others, 2018).

Because the inputs of TCE from the jet engine test facil-
ity were stopped when the NAWC site closed in 1999, the only 
continuing sources of TCE to the fractured rock aquifer are 
desorption of TCE from organic materials in the aquifer, back 
diffusion of TCE from the primary porosity of the rock matrix, 
and the dissolution of any DNAPL TCE remaining in dead-
end pore spaces. Because TCE was the original VOC spilled at 
the site, the presence of cisDCE and VC indicates that anaero-
bic biodegradation has occurred and is continuing to occur in 
the aquifer at NAWC.

Several research projects have investigated the potential 
remediation of the TCE contamination in the bedrock aquifers 
underlying NAWC over the past 20 years. Two biodegrada-
tion studies have been conducted in the Site 1 area of NAWC 
(fig. 2) where TCE-degrading bacteria and emulsified soybean 
oil (ESO) have been injected into a few wells (Geosyntec 
Consultants, 2010; Shapiro and others, 2018). These studies 
monitored concentrations of TCE and its breakdown products 
in the injection wells and other nearby wells to determine 
whether biodegradation was increased by these injections 
over time.

PFAS Contamination

The AFFF formulations produced from the 1960s to the 
1980s and presumably used in the early 1990s on the eastern 
side of the former NAWC site contained substantial concen-
trations of PFOS and PFOA, with smaller concentrations of 
PFNA (Interstate Technology and Regulatory Council [ITRC], 
2018c). PFOS, PFOA, and PFNA are somewhat soluble in 
groundwater, have very low vapor pressures that prevent 
these compounds from readily volatilizing to the unsaturated 
zone, and have high soil organic carbon–water partition coef-
ficients that cause these compounds to be adsorbed to organic 
materials in the geologic formation (ITRC, 2018a). PFOS, 
PFOA, and PFNA are not known to undergo biodegradation 
by microbes in the natural environment (ITRC, 2018b). These 
properties make these compounds environmentally stable, 
mobile, and persistent.

Once an aquifer has been contaminated with PFASs, it is 
very difficult to clean it up to NJDEP or U.S. Environmental 
Protection Agency (EPA) groundwater quality standards. 
NJDEP has adopted MCLs for PFNA, PFOS, and PFOA of 13 
nanograms per liter (ng/L), 13 ng/L, and 14 ng/L, respectively 
(NJDEP, 2018c; 2018a; 2018b). The EPA currently does not 
have MCLs for any PFASs but does have health advisory lim-
its (HALs) for PFOS and PFOA of 70 ng/L individually and as 
a combined sum (EPA, 2016).

The source of the PFAS contamination in the Site 3 area 
of the NAWC site, according to the former fire chief at NAWC 
from 1985 to 1995, was the test use of one 5-gallon drum of 
AFFF around 1990. The AFFF was expanded with the addition 
of the recommended volume of water and then disposed of by 
spraying it along the fence line east of the firehouse, north of 
the tank farm, and along the western side of the railroad tracks 
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north of the tank farm (George Drew, former NAWC fire 
chief, oral communication, 2016) (fig. 1). AFFF was report-
edly never used in live fire training exercises or to put out any 
actual fires in the jet engine test cells at the NAWC site.

Methods
Groundwater quality data were collected from the exist-

ing NAWC well network. Field sampling protocols used at 
this site included purging techniques and passive diffusion 
sampling methods. Standard laboratory analytical methods 
were used to analyze the samples.

Well Network

The entire NAWC well network consists of 137 wells 
or well zones that are on and around the former NAWC site. 
The locations and identifiers of these wells are shown in figure 
1. The depths and construction details of all network wells 
at or near the NAWC site are given in Appendix 1. Most of 
these wells are monitoring wells; however, 10 of the wells are 
extraction wells for the pump-and-treat system operating at 
the site. Wells 36BR, 71BR, 73BR, and 80BR contain multiple 
depth intervals isolated by pneumatic packers. Only the shal-
low intervals in these four wells are sampled and discussed in 
this report.

Sampling Frequency

In 2009, at the request of the Navy, the USGS completed 
a reassessment of the all wells in the long-term monitoring 
network at NAWC. Wells were evaluated for importance, 
based on the concentrations of contaminants present in the 
well, well location at the site, and well use. As a result of this 
reassessment and its approval by the NJDEP, the frequency of 
sampling was adjusted in many wells from annual to bien-
nial or quadrennial, and the constituents monitored were 
changed. Beginning in 2010, comprehensive sampling of 
wells has occurred every 4 years; it is based on the Sampling 
and Analysis Plan developed by the Navy, its contractors, and 
the USGS and approved by the NJDEP (Tetra Tech, 2010; 
Watermark Environmental, 2014, 2015a, 2016a; Tetra Tech, 
2017). During the comprehensive sampling events (2010 and 
2014), most wells in the network were sampled for field physi-
cal and chemical characteristics, inorganic constituents, and 
organic compounds (primarily VOCs). During the sampling 
events that occurred between these comprehensive sampling 
events, usually only field physical and chemical characteristics 
and VOC concentrations were measured, and fewer wells were 
included. Therefore, the subset of wells sampled differs from 
year to year.

During 2014, 2015, 2016, and 2017, 94 wells or well 
zones were sampled for some combination of VOCs, PFASs, 
and 1,4-dioxane. These wells, their sampling frequency, and 

the organic compounds sampled during each sampling event 
are listed in table 1. Inorganic constituents were sampled in 
2014 but were not sampled during 2015–17, so no compari-
sons of inorganic data are made or are discussed in this report.

Sample Collection and Analysis

Field Sampling Procedures for VOCs and 
1,4-dioxane

Field sampling procedures varied by well according 
to the protocols laid out in the Sampling and Analysis Plan 
established each year by the consulting firm in charge of well 
sampling. Some wells were purged using a “hybrid” purging 
technique that involves using a variable-speed stainless-steel 
submersible pump to purge 1.5 casing volumes of water from 
the well from just above the open interval, then lowering the 
purge rate to less than 1 liter per minute (L/min) and monitor-
ing field physical and chemical characteristics (temperature, 
pH, specific conductance, dissolved oxygen, and turbidity) to 
stability using a multi-parameter sonde in a flow cell prior to 
sample collection. Some wells were purged using a low-flow 
purging technique that involves lowering the pump into the 
open interval of the well, purging at a flow rate of less than 1 
L/min from the start, and monitoring field physical and chemi-
cal characteristics to stability using a multi-parameter sonde 
in a flow cell prior to sample collection. In all sampling with 
a submersible pump, dedicated Teflon-lined polyethylene dis-
charge tubing was used while purging and sampling the wells. 
Other wells were sampled with polyethylene diffusion bag 
samplers or regenerated cellulose dialysis membrane (RCDM) 
diffusion samplers. These passive samplers were constructed 
and deployed using the procedures detailed in Imbrigiotta 
and others (2008) and Imbrigiotta and Harte (2020). Passive 
samplers were equilibrated in each well for approximately 
2 weeks prior to retrieval and sample collection. Extraction 
wells were purged using the installed submersible pumps and 
were sampled from a tap at the well head after field physical 
and chemical characteristics were monitored to stability using 
a multi-parameter sonde in a flow cell.

Field Sampling Procedures for PFASs
To collect samples for PFASs, wells were purged from 

the screen or open interval using a low-flow purging tech-
nique, which involved pumping with a peristaltic pump and 
using clean high-density polyethylene discharge tubing at a 
flow rate of less than 1 L/min. Field physical and chemical 
characteristics were monitored to stability using a multi-
parameter sonde in a flow cell. Once field physical and chemi-
cal characteristic stability was reached, PFAS samples were 
collected in high density polyethylene bottles. PFAS sampling 
was done at a different time from the VOC sampling to avoid 
any cross contamination.
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Table 1.  Sampling frequency for volatile organic compounds and per- and polyfluoroalkyl substances in selected wells at the former Naval Air Warfare Center, West Trenton, 
New Jersey, 2014–17.

[bls, below land surface; VOCs, volatile organic compounds; PFASs, per- and polyfluoroalkyl substances; BR, bedrock; MW, monitoring well; S, shallow; X, indicates well was sampled]

Local 
Identifier

Depth to 
top of open 

interval, 
in feet bls

Depth to 
bottom 
of open 

interval, in 
feet bls

Sampling  
frequency,  

VOCs

VOCs 
sam-
pled 

spring 
2014

VOCs 
sam-
pled 
fall 
2014

VOCs 
sam-
pled 

spring 
2015

VOCs 
sam-
pled 
fall 
2015

VOCs 
sam-
pled 

spring 
2016

VOCs 
sam-
pled 
fall 
2016

VOCs 
sam-
pled 

spring 
2017

VOCs 
sam-
pled 
fall 
2017

PFASs 
sam-
pled 

spring 
2015

PFASs 
sam-
pled 
fall 
2016

PFASs 
sam-
pled 

spring 
2017

PFASs 
sam-
pled 
fall 
2017

1,4-dioxane 
sampled 

spring 2017

02BR 40 60 Biennial X X X X
03BR 35 45 Quadrennial X
04BR 24 39 Annual X X X X X
05BR 69 84 Biennial X X
06BR 52 77 Biennial X X X X
07BR 38 53 Annual X X X X
08BR 32 57 Semiannual X X X X X X X X X X
09BR 19 44 Biennial X X
10BR 63 88 Unscheduled X
11BR 55 75 Biennial X X X X
11MW1 8 22 Biennial X X X
11S 8 23 Quadrennial X X
12BR 56.5 71.5 Biennial X X X
12S 10.5 20.5 Biennial X X X
13S 10 20 Quadrennial X X X
14BR 42 67 Quadrennial X X X
14S 14.5 24.5 Quadrennial X X X
15BR 26 41 Semiannual X X X X X X X X X X
16BR 40 65 Biennial X X
16S 2 12 Biennial X X X
17BR 19 44 Annual X X X X
18BR 27 52 Unscheduled X
19BR 43 58 Biennial X X X X
20BR 28 43 Semiannual X X X X X X X X X X
21BR 50 65 Biennial X X
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Table 1.  Sampling frequency for volatile organic compounds and per- and polyfluoroalkyl substances in selected wells at the former Naval Air Warfare Center, West Trenton, 
New Jersey, 2014–17.—Continued

[bls, below land surface; VOCs, volatile organic compounds; PFASs, per- and polyfluoroalkyl substances; BR, bedrock; MW, monitoring well; S, shallow; X, indicates well was sampled]

Local 
Identifier

Depth to 
top of open 

interval, 
in feet bls

Depth to 
bottom 
of open 

interval, in 
feet bls

Sampling  
frequency,  

VOCs

VOCs 
sam-
pled 

spring 
2014

VOCs 
sam-
pled 
fall 
2014

VOCs 
sam-
pled 

spring 
2015

VOCs 
sam-
pled 
fall 
2015

VOCs 
sam-
pled 

spring 
2016

VOCs 
sam-
pled 
fall 
2016

VOCs 
sam-
pled 

spring 
2017

VOCs 
sam-
pled 
fall 
2017

PFASs 
sam-
pled 

spring 
2015

PFASs 
sam-
pled 
fall 
2016

PFASs 
sam-
pled 

spring 
2017

PFASs 
sam-
pled 
fall 
2017

1,4-dioxane 
sampled 

spring 2017

22BR 24 49 Semiannual X X X X X X X X X X
23BR 65 90 Biennial X X
24BR 80 95 Annual X X X X
25BR 75 100 Annual X X X X
27BR 65 80 Biennial X X
27S 11.2 21.2 Unscheduled X
28BR 76 91 Biennial X X
28S 10 25 Quadrennial X X
29BR 85 100 Semiannual X X X X X X X X X X
29S 10 20 Quadrennial X X
30BR 85 110 Biennial X X
30S 7.5 17.5 Quadrennial X X
31BR 35 45 Biennial X X X
31S 10 20 Biennial X X X
32BR 40 55 Quadrennial X X
32S 5 15 Quadrennial X
33BR 30 45 Biennial X X
33S 6 16 Unscheduled X
34BR 35 48 Quadrennial X
34S 8 18 Biennial X X X X
35BR 31 47 Quadrennial X
35MW1 7 25 Biennial X X
35MW2 6.5 22.5 Biennial X X
35S 5 15 Quadrennial X X
36BR 100.7 111.9 Annual X X X X
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Table 1.  Sampling frequency for volatile organic compounds and per- and polyfluoroalkyl substances in selected wells at the former Naval Air Warfare Center, West Trenton, 
New Jersey, 2014–17.—Continued

[bls, below land surface; VOCs, volatile organic compounds; PFASs, per- and polyfluoroalkyl substances; BR, bedrock; MW, monitoring well; S, shallow; X, indicates well was sampled]

Local 
Identifier

Depth to 
top of open 

interval, 
in feet bls

Depth to 
bottom 
of open 

interval, in 
feet bls

Sampling  
frequency,  

VOCs

VOCs 
sam-
pled 

spring 
2014

VOCs 
sam-
pled 
fall 
2014

VOCs 
sam-
pled 

spring 
2015

VOCs 
sam-
pled 
fall 
2015

VOCs 
sam-
pled 

spring 
2016

VOCs 
sam-
pled 
fall 
2016

VOCs 
sam-
pled 

spring 
2017

VOCs 
sam-
pled 
fall 
2017

PFASs 
sam-
pled 

spring 
2015

PFASs 
sam-
pled 
fall 
2016

PFASs 
sam-
pled 

spring 
2017

PFASs 
sam-
pled 
fall 
2017

1,4-dioxane 
sampled 

spring 2017

37BR 60 75 Quadrennial X X X
37S 6 16 Biennial X X X
38BR 100 115 Biennial X X
39BR 68 88 Biennial X X
40BR 95 120 Annual X X X X
40S 3 13 Annual X X X X
41BR 85 110 Biennial X X
42BR 120 140 Biennial X X
42S 3.6 13.6 Quadrennial X X
43BR 385 410 Quadrennial X
44BR 305 330 Quadrennial X
45BR 185 210 Semiannual X X X X X X X X X X
46BR 196 221 Annual X X X X
47BR 3 18 Annual X X X X
48BR 82 100 Semiannual X X X X X X X X X X X
49BR 42 60 Biennial X X
50BR 60 80 Biennial X X X
51BR 86 96 Biennial X X X
52BR 155 180 Biennial X X
53BR 95 120 Biennial X X
54BR 175 200 Annual X X X X X X
55BR 135 160 Biennial X X
56BR 140 165 Semiannual X X X X X X X X X
57BR 12 27 Quadrennial X
58BR 85 110 Quadrennial X
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Table 1.  Sampling frequency for volatile organic compounds and per- and polyfluoroalkyl substances in selected wells at the former Naval Air Warfare Center, West Trenton, 
New Jersey, 2014–17.—Continued

[bls, below land surface; VOCs, volatile organic compounds; PFASs, per- and polyfluoroalkyl substances; BR, bedrock; MW, monitoring well; S, shallow; X, indicates well was sampled]

Local 
Identifier

Depth to 
top of open 

interval, 
in feet bls

Depth to 
bottom 
of open 

interval, in 
feet bls

Sampling  
frequency,  

VOCs

VOCs 
sam-
pled 

spring 
2014

VOCs 
sam-
pled 
fall 
2014

VOCs 
sam-
pled 

spring 
2015

VOCs 
sam-
pled 
fall 
2015

VOCs 
sam-
pled 

spring 
2016

VOCs 
sam-
pled 
fall 
2016

VOCs 
sam-
pled 

spring 
2017

VOCs 
sam-
pled 
fall 
2017

PFASs 
sam-
pled 

spring 
2015

PFASs 
sam-
pled 
fall 
2016

PFASs 
sam-
pled 

spring 
2017

PFASs 
sam-
pled 
fall 
2017

1,4-dioxane 
sampled 

spring 2017

59BR 56 80 Quadrennial X X
60BR 70 85 Annual X X X X X
61BR 70 100 Annual X X X
62BR 142 167 Quadrennial X
63BR 15 40 Biennial X X
64BR 15 40 Biennial X X
65BR 15 40 Annual X X X X
66BR 70 100 Quadrennial X
70BR-10 6 16 Quadrennial X X
70BR-72 68.5 73.5 Unscheduled X
71BR-A 25 50.2 Quadrennial X X
73BR-A 25 34.6 Quadrennial X X
74BR 52 77 Quadrennial X
80BR-A 67.3 78.5 Unscheduled X
91BR 7 17 Semiannual X X X X X X X X X
BRP01 20 60 Biennial X X
BRP02 25 45 Semiannual X X X X X X X X X
BRP03 25 45 Biennial X X
WDW 10.3 10.3 Semiannual X X X
Totals 88 7 27 10 64 10 24 10 1 18 26 0 19
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Samples were also collected on a test basis from five 
wells for PFAS compounds using RCDM passive samplers. 
RCDM passive samplers were constructed, deployed, and 
sampled using the procedures detailed in Imbrigiotta and 
others (2008) and Imbrigiotta and Harte (2020). The RCDM 
samplers were equilibrated in the wells for 3 weeks prior to 
retrieval and sampling. Immediately after the passive sam-
plers were retrieved, the intake line for the peristaltic pump 
was lowered to the same depth where the RCDM sampler had 
been deployed. The well was low-flow purged, field physical 
and chemical characteristics were monitored to stability, and 
samples were collected and sent to the same laboratory for 
analysis of PFASs. An equipment blank from the low-flow 
purge pump and an equipment blank from an RCDM sampler 
that was stored for 3 weeks in the same water used to fill the 
RCDM samplers were also collected and sent to the same 
laboratory for analysis of PFASs.

Analytical Methods
All VOC, PFAS, and 1,4-dioxane samples collected by 

the Navy’s contractors were sent to a Navy and NJDEP certi-
fied laboratory for analysis. VOC analyses were run using EPA 
Method 8260 (EPA, 2018a). PFAS analyses were run using a 
modification of EPA Method 537 (EPA, 2018b). 1,4-dioxane 
analyses were run using EPA Method 8270E (EPA, 2018c). 
Analytical results were sent to the contractors for quality 
assurance/quality control review. The approved data were 
forwarded, with permission from the Navy, to the USGS.

Results and Discussion
The water-quality data collected during 2015, 2016, and 

2017 were primarily for VOCs (Watermark Environmental, 
2016b; 2017; Tetra Tech, 2018a). To evaluate changes in VOC 
concentrations over the 2015–17 period, results from these 
years were compared to the results from the 2014 comprehen-
sive sampling (Watermark, 2015b). All VOC data discussed 
in this report are included in Appendix 2 and a USGS data 
release (Fiore and Imbrigiotta, 2020).

The areal and vertical extents of the TCE, cisDCE, and 
VC contamination were plotted on maps and cross sections 
using color-coded dots to indicate the degree of contamination. 
A green dot over a well or open interval indicates that the con-
centration of the VOC was less than (<) 1 μg/L. A yellow dot 
over a well or open interval indicates that the concentration 
of the VOC was 1 to <100 μg/L. An orange dot over a well 
or open interval indicates that the concentration of the VOC 
was 100 to <1,000 μg/L. A red dot over a well or open interval 
indicates that the concentration of the VOC was greater than 
or equal to (≥) 1,000 μg/L. If a well was not sampled during a 
year, the well is represented as a small black dot on the map or 
an uncovered open interval on the cross section. The data used 
to define the dots plotted on these maps and cross sections 

are listed in Appendix 2. Areas of VOC contamination on the 
maps and cross sections where the wells have concentrations 
of VOCs ≥1 μg/L are approximated and enclosed by a dashed 
line. In years when a larger number of samples were collected 
(2014 and 2016), these VOC contamination areas are shaded 
in pink. The maps do not differentiate between contamination 
at different depths in the aquifer. The cross sections show the 
variation in contamination with depth. VOC data with “less 
than” values were plotted at one-half that value on the maps 
and cross sections. The variation in concentrations of TCE, 
cisDCE, and VC over time was plotted on graphs. Historical 
data prior to 2014 were included on these graphs, if the data 
were available.

PFAS data were collected only during 2015, 2016, and 
2017 (Watermark Environmental, 2016b; 2017; Tetra Tech, 
2018b). All PFAS data discussed in this report are included in 
Appendix 2.

The areal and vertical extents of the PFOS, PFOA, and 
PFNA contamination also were plotted on maps and cross 
sections using color-coded dots to indicate the degree of con-
tamination. A green dot over a well or open interval indicates 
that the concentrations of PFOS and PFNA were <13 ng/L and 
the concentration of PFOA was <14 ng/L. A yellow dot over a 
well or open interval indicates that the concentrations of PFOS 
and PFOA were from 13 or 14 to <70 ng/L, and the concentra-
tion of PFNA was from 13 to<100 ng/L. An orange dot over a 
well or open interval indicates that the concentrations of PFOS 
and PFOA were from 70 to <1000 ng/L and the concentra-
tions of PFNA were from 100 to <1,000 ng/L. A red dot over 
a well or open interval indicates that the concentrations of 
PFOS, PFOA, and PFNA were ≥1,000 ng/L. If a well was not 
sampled during a year, the well is represented as a small black 
dot on the map or an uncovered open interval on the cross 
section. The data used to define the dots plotted on these maps 
and cross sections are listed in Appendix 2. Areas of PFAS 
contamination on the maps and cross sections where the wells 
have concentrations of PFOS and PFNA >13 ng/L or PFOA 
>14 ng/L are defined by the distribution of yellow, orange, and 
red dots.. The maps do not differentiate between contamina-
tion at different depths in the aquifer. The cross sections show 
the variation in PFAS concentrations with depth. Data with 
“less than” values were plotted at one-half that value on the 
maps and cross sections.

Areal Extent of VOC Contamination at NAWC 
During 2014–17

Data for TCE, cisDCE, and VC are presented in sets of 
4 maps, 1 for each year from 2014 through 2017. All maps 
generally show two areas of VOC concentrations ≥1 μg/L. 
The larger area of contamination was always at the Site 1 area 
on the western side of the former NAWC property, which 
included the main source of TCE contamination between 
Buildings 40 and 41 (fig. 1). The smaller area of contamina-
tion was always at the Site 3 area on the eastern side of the 



Results and Discussion    13

former NAWC property, which included the TCE source 
areas of a former wastewater lagoon and a sludge drying and 
disposal area (fig. 1).

Areal Extent of TCE Contamination During 
2014–17

Of the 91 wells sampled for TCE at NAWC from 2014 
to 2017, 53 wells had concentrations of TCE <1 μg/L, and 38 
wells had concentrations of TCE ≥1 μg/L in their most recent 
sampling. Between 2014 and their most recent sampling, 70 
wells had either decreased or unchanged TCE concentrations. 
Of the 21 wells that had an increase in TCE concentration over 
this time, 14 had increases of <10 μg/L or less than 30 percent 
and could be considered essentially unchanged. The other 
seven wells had substantial increases in TCE concentration of 
more than 700 μg/L or more than 30 percent. These wells are 
discussed below.

TCE concentrations were plotted areally for each year 
on figures 4–7. In the Site 1 area on the western side of 
NAWC, in 2014, the TCE contamination covered an area 
approximately bounded by the former Administration Building 
(Building 21) on the east, Parkway Avenue on the south, Jack 
Stephan Way on the west, and the airport property boundary 
on the north (fig. 4). The shaded area was slightly smaller 
in 2016 (fig. 6) because TCE concentrations in two wells 
(35MW2 and 21BR) in the northwestern corner of the site 
decreased from slightly >1 μg/L to slightly <1 μg/L. The areal 
extents of TCE contamination in 2015 (fig. 5) and 2017 (fig. 7) 
were estimated based on the smaller number of wells sampled 
during these two years and data from the years before and 
after. Therefore, any decreases in the size of contamination 
areas in 2015 and 2017 were not because of any natural or 
engineered remediation.

From 2014 to 2017, a set of nine wells consistently had 
TCE concentrations ≥1,000 μg/L (red dots) in the Site 1 area. 
Most of these wells were in the central part of the western 
shaded area of figures 4–7. Wells 24BR (20,000–29,000 μg/L) 
and 56BR (2,600–14,000 μg/L) were the wells with the high-
est TCE concentrations during this time. For the most part, 
the wells that were highly contaminated with TCE were in the 
areas where most of the TCE was spilled, between Buildings 
40 and 41 or downdip from these areas. It is worthwhile to 
note that almost all the highly contaminated wells (red dots) 
remained so over this 4-year period, indicating that TCE 
concentrations were not declining very quickly over time. 
This will be further illustrated later in the “Variation in VOC 
Contamination over Time” section where the graphs of con-
centration in relation to time are presented.

All seven wells that showed substantial increases in 
TCE concentration from 2014 to 2017 were in the Site 1 area. 
Wells 24BR, 29BR, 45BR, 70BR-10, 71BR-A, 73BR-A, and 
BRP02 all increased by ≥700 μg/L over this period. Wells 
29BR, 45BR, and BRP02 are all extraction wells for the 
pump-and-treat plant, so the increase in TCE concentrations 

in these wells may be due to drawing in more highly contami-
nated groundwater. The increases in wells 24BR, 70BR-10, 
71BR-A, 73BR-A may be due to continued downward move-
ment of dissolving DNAPL TCE contamination in the Site 1 
area under the influence of recharge and the pumping of the 
extraction well system.

There were no offsite wells to the west or south of the 
NAWC site that contained TCE concentrations ≥1 μg/L, even 
though the unstressed groundwater flow direction was gener-
ally toward the southwest. This was a good indication that the 
TCE contamination was being hydraulically contained by the 
pump-and-treat system in the western Site 1 area.

The TCE contamination in the Site 3 area on the eastern 
side of the NAWC site was less extensive than the area of 
TCE contamination in the Site 1 area on the western side of 
the NAWC site over the 2014–17 period. The TCE concen-
trations in wells in Site 3 area were generally 1–2 orders of 
magnitude lower than most of the TCE concentrations in wells 
in the Site 1 area. In 2014, the Site 3 area of TCE contamina-
tion appeared to originate near the former wastewater lagoon 
and sludge drying beds (fig. 4). In 2016 the Site 3 contamina-
tion area was smaller because concentrations of TCE in wells 
11BR and 51BR decreased from slightly >1 μg/L to slightly 
<1 μg/L (fig. 6). In 2015 and 2017 the likely areas of TCE 
contamination were estimated based on the smaller number of 
wells sampled during these two years and data from the years 
before and after (figs. 5 and 7). Well 48BR, a pump-and-treat 
extraction well, continued to be the most contaminated well in 
the Site 3 area ranging in TCE concentration from 490 to 570 
μg/L from 2014 to 2017. This increase in TCE concentration 
may be due to the well drawing in more highly contaminated 
groundwater over time. Well 50BR, a monitoring well east of 
the railroad tracks (the current eastern boundary of the NAWC 
site), had TCE concentrations of 3.3–3.7 μg/L during this time, 
indicating that there was some low-level TCE-contaminated 
groundwater flowing off the site to the northeast. There were 
also two wells south of the fault (31BR and 54BR) in the east-
ern part of the NAWC site that were contaminated with TCE, 
indicating that the fault and the pump-and-treat system were 
not completely preventing southward or eastward groundwater 
flow in the bedrock.

Areal Extent of cisDCE Contamination 
During 2014–17

Of the 91 wells sampled for cisDCE at NAWC from 
2014 to 2017, 46 wells had concentrations of cisDCE <1 
μg/L, and 45 wells had concentrations of cisDCE ≥1 μg/L 
in their most recent sampling. Between 2014 and their most 
recent samplings, 74 wells had either decreased or unchanged 
cisDCE concentrations. Of the 17 wells that had increases in 
cisDCE concentration over this period, 6 increased <10 μg/L 
or less than 30 percent and could be considered essentially 
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unchanged. The other 11 wells increased in cisDCE concen-
tration by more than 58 μg/L or more than 30 percent and are 
discussed below.

The cisDCE concentrations are plotted in figures 8–11. 
In 2014 in the western Site 1 area (fig. 8), the shaded area of 
cisDCE contamination was approximately the same size as 
the TCE-contaminated area (fig. 4). In most cases, cisDCE 
concentrations were detected only in wells where TCE con-
centrations were detected. This is consistent with TCE being 
the contaminant spilled and cisDCE being its primary anaero-
bic biodegradation product. The Site 1 shaded area of cisDCE 
contamination was essentially identical in 2014 and 2016 (figs. 
8 and 10). The likely areal extents of cisDCE contamination 
in 2015 (fig. 9) and 2017 (fig. 11) were estimated based on 
the smaller number of wells sampled during these two years 
and data from years before and after. Therefore, any decreases 
in the size of contamination areas in 2015 and 2017 were not 
because of any natural or engineered remediation.

From 2014 to 2017, a set of 14 wells had cisDCE concen-
trations ≥1,000 μg/L (red dots) in the Site 1 area. Most of these 
wells were in the center of the shaded area (figs. 8–11). Wells 
36BR (11,000 μg/L–56,000 μg/L), BRP02 (73,000–12,000 
μg/L), and 07BR (7,300–10,000 μg/L) had the highest cisDCE 
concentrations during the period. The cisDCE concentrations 
were high in 36BR because it was the injection well for the 
2008 bioaugmentation study that received a bacterial consor-
tia and ESO (Shapiro and others, 2018) (fig. 2). The cisDCE 
concentrations were high in BRP02 because this well is in the 
area where jet fuel was stored and spilled, which provided a 
food source that stimulated degradation of TCE by the indig-
enous bacteria in the bedrock aquifer (fig. 2). Like the TCE 
areal distribution, almost all the highly contaminated wells 
(red dots) remained so over the 4-year period, indicating that 
cisDCE concentrations were not declining very quickly over 
time. Also, like the TCE areal distribution, cisDCE contami-
nation was not found in wells to the west and south of the 
NAWC site.

All 11 wells that showed substantial increases in cis-
DCE concentration from 2014 to 2017 were in the Site 1 
area. Concentrations of cisDCE in wells 07BR, 24BR, 25BR, 
70BR-10, 71BR-A, 70BR-72, and 73BR-A increased by 
≥1,300 μg/L over the study period. Wells 25BR, 70BR-10, 
71BR-A, 70BR-72, and 73BR-A are in the area of the 2008 
bioaugmentation study, so their increased cisDCE concentra-
tions may be due to the more favorable geochemical condi-
tions created by the study in the bedrock aquifer. The smaller 
increases in wells 29BR and BRP02 probably are the result 
of pump-and-treat wells drawing in groundwater with higher 
cisDCE concentrations over the period.

In the Site 3 area on the eastern side of the NAWC site, 
the area of cisDCE contamination was smaller than the area of 
cisDCE contamination in the Site 1 area on the western side 
of the NAWC site from 2014 to 2017. The cisDCE concen-
trations in wells in the Site 3 area were generally 1–2 orders 
of magnitude lower than most of the cisDCE concentrations 
in wells in the Site 1 area. In 2014 (fig. 8), the Site 3 area of 

cisDCE contamination appeared to originate near the former 
wastewater lagoon and sludge drying beds (fig. 1). In 2016, 
the cisDCE contamination area was slightly smaller than in 
2014 because the concentration in well 11BR decreased from 
slightly >1 μg/L to slightly <1 μg/L (fig. 10). The likely areal 
extents of cisDCE contamination in 2015 (fig. 9) and 2017 
(fig. 11) were estimated based on the smaller number of wells 
sampled during these two years and data from years before 
and after. Well 48BR, the pump-and-treat extraction well on 
the eastern side of the facility, was one of the most contami-
nated wells in this area with cisDCE concentrations ranging 
from 18 to 33 μg/L from 2014 to 2017. Well 50BR, a monitor-
ing well east of the railroad tracks, had cisDCE concentra-
tions of 2.2–2.6 μg/L during the study period. These detected 
concentrations indicate that there was some flow of low-level 
cisDCE-contaminated groundwater off the site to the northeast 
and that the pump-and-treat system was not fully containing 
the contaminant plume on the eastern side of the site.

Areal Extent of VC Contamination During 2014–17
Of the 91 wells sampled for VC at NAWC from 2014 

to 2017, 64 wells had concentrations of VC <1 μg/L, and 27 
wells had concentrations of VC ≥1 μg/L in their most recent 
sampling. Between 2014 and their most recent sampling, 79 
wells had either decreased or unchanged VC concentrations. 
Of the other 12 wells that experienced increases in VC con-
centration over this period, 7 increased <10 μg/L or less than 
30 percent and could be considered essentially unchanged. 
The other 5 wells increased in VC concentration by more than 
26 μg/L or more than 30 percent and are discussed below.

The VC concentrations are plotted in figures 12–15. In 
2014 (fig. 12), the Site 1 shaded area of VC contamination was 
smaller in size than the TCE- or cisDCE-contaminated areas 
(figs. 4 and 8). In most cases, VC concentrations were detected 
only in wells where TCE and cisDCE concentrations also 
were detected. This is consistent with TCE being the contami-
nant spilled and cisDCE and VC being its primary anaerobic 
biodegradation products. The Site 1 shaded area of 2016 VC 
contamination (fig. 14) was similar in size to that of 2014 
(fig. 12). The likely areal extents of VC contamination in 2015 
(fig. 13) and 2017 (fig. 15) in the Site 1 area were estimated 
based on the smaller number of wells sampled during these 
two years and data from the years before and after. Therefore, 
any decreases in size of contamination areas in 2015 and 2017 
were not because of any natural or engineered remediation. 
Like the TCE and cisDCE areal distributions, VC contamina-
tion of ≥1 μg/L was not found in wells off the NAWC site to 
the west and south.

From 2014 to 2017, only three wells had VC concen-
trations ≥1,000 μg/L (red dots). Wells 36BR (4,500–18,000 
μg/L), BRP02 (2,300–3,200 μg/L), and 07BR (510 –1,200 
mg/L) had the highest VC concentrations during 2014–17. 
The VC concentrations were high in 36BR because it was 
the injection well for the 2008 bioaugmentation study that 
received a bacterial consortia and ESO (Shapiro and others, 
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Figure 8.  Areal extent of cis-1,2-dichloroethene contamination in wells at the former Naval Air Warfare Center, West Trenton, New Jersey, 2014. (cisDCE, 
cis-1,2-dichloroethene; mg/L, micrograms per liter)
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Figure 12.  Areal extent of vinyl chloride contamination in wells at the former Naval Air Warfare Center, West Trenton, New Jersey, 2014. (VC, vinyl chloride; mg/L, micrograms 
per liter)
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Figure 13.  Areal extent of vinyl chloride contamination in wells at the former Naval Air Warfare Center, West Trenton, New Jersey, 2015. (VC, vinyl chloride; mg/L, micrograms 
per liter)
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Figure 14.  Areal extent of vinyl chloride contamination in wells at the former Naval Air Warfare Center, West Trenton, New Jersey, 2016. (VC, vinyl chloride; mg/L, micrograms 
per liter)
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Figure 15.  Areal extent of vinyl chloride contamination in wells at the former Naval Air Warfare Center, West Trenton, New Jersey, 2017. (VC, vinyl chloride; mg/L, micrograms 
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2018). The VC concentrations were high in BRP02 because 
this well is in the area where jet fuel was stored and spilled, 
which provided a food source that stimulated degradation of 
TCE by the indigenous bacteria in the bedrock aquifer.

All five wells that showed substantial increases in VC 
concentration from 2014 to 2017 are in the Site 1 area. VC 
concentrations in wells 24BR, 70BR-10, 70BR-72, 73BR-A, 
and BRP01 increased by ≥26 μg/L. Wells 70BR-10, 70BR-72, 
73BR-A, and BRP01 are in the areas of the 2005 and 2008 
bioaugmentation studies, so their increased VC concentrations 
may be due to the more favorable geochemical conditions cre-
ated by these studies in the bedrock aquifer.

The Site 3 areas of VC contamination were smaller than 
the Site 1 areas of VC contamination at NAWC between 2014 
and 2017. The VC concentrations in wells in Site 3 were 
generally one order of magnitude lower than most of the VC 
concentrations in wells in Site 1. In 2014 (fig. 12), the area 
of VC contamination appeared to originate near the former 
wastewater lagoon and sludge drying beds (fig. 1), similar to 
TCE and cisDCE. In 2016, the Site 3 VC contamination area 
was slightly smaller because concentrations in well 54BR 
decreased from slightly > 1 μg/L to slightly <1 μg/L (fig. 14). 
The likely areal extents of VC contamination in 2015 (fig. 13) 
and 2017 (fig. 15) in the Site 3 area were estimated based on 
the smaller number of wells sampled during these two years 
and data from the years before and after. The highest VC 
concentrations in wells in the Site 3 area were all <2.5 μg/L. 
There was no evidence of any VC contamination in any offsite 
wells to the east of the railroad tracks during 2014–17.

Vertical Extent of VOC Contamination at NAWC 
During 2014–17

To show the variation in VOC concentrations with depth 
at NAWC, wells were projected onto a set of 13 lines of sec-
tion labeled A–A' through K–K' across the site from east to 
west (shown on figures 4-15). Concentrations of VOCs are 
plotted on these lines of section and shown in figures 16-42. 
Sections A–A' through D–D' include the wells in the eastern 
Site 3 area of NAWC. Sections E–E' through I–I' include 
the wells in the western Site 1 area of NAWC. Sections J–J' 
and K–K' include wells west of the NAWC site on the air-
port property. Because all wells on these the two sections 
had VOC concentrations <0.16 μg/L in all samples collected 
during 2014–17, these sections are not plotted or discussed. 
Wells with TCE, cisDCE, and VC concentrations ≥1 μg/L 
are defined as contaminated and are included on cross sec-
tions within dashed vertical areas with pink shading. VOC 
results from wells sampled in 2014 were compared to the most 
recent VOC results from wells sampled in 2015-2017 to see 
if any substantial concentration changes had occurred. All 
wells projected to the cross sections are shown at their correct 
elevations. However, because these are projections, the tops of 
some wells may appear to be below land surface.

Vertical Extent of TCE Contamination During 
2014–17

Site 3 Eastern Sections A–A' to D–D'
TCE concentrations in wells along cross section A–A' 

in 2014 are shown in figure 16A, and the most recent TCE 
concentration in wells along section A–A' from 2015 to 2017 
are shown in figure 16B. In 2014, low TCE concentrations 
(1.5 μg/L and 3.7 μg/L) were measured in samples from wells 
11BR and 50BR that defined a vertical area of TCE contami-
nation that extended from the shallow groundwater to about 80 
ft below land surface. The main difference between 2014 and 
2015-17 is that the TCE concentration in well 11BR decreased 
from 1.5 μg/L in 2014 to <0.6 μg/L in 2016. This slight 
decrease in concentration substantially reduced the area of ver-
tical contamination shown on this cross section (fig. 16B).

Similarly, for section B–B', the TCE concentrations 
in 2014 and the most recent TCE concentrations from 
2015 to 2017 are shown in figures 17A and 17B. In 2014, 
TCE contamination of ≥1 μg/L was present from the shal-
low groundwater to about 96 ft below land surface in well 
51BR (fig. 17A). The main difference between the cross 
sections is that TCE concentrations in well 12BR decreased 
from 1.0 μg/L in 2014 to <0.53 μg/L in 2016 and in well 
51BR decreased from 1.8 μg/L in 2014 to <1.5 μg/L in 2016 
(fig. 17B). These slight decreases in the TCE concentrations 
dramatically reduced the vertical area of contamination shown 
along this section of the aquifer between the two periods.

Along section C–C', the TCE concentrations in 2014 were 
<0.13 μg/L in 2 of the 3 shallow wells (11MW1 and 30S) with 
the third shallow well (31S) having only 1.1 μg/L (fig. 18A). 
Extraction well 48BR was the most contaminated well along 
this section in 2014 with a maximum TCE concentration of 
520 μg/L. Wells 31BR and 54BR had TCE concentrations of 
6.9 μg/L and 51 μg/L, respectively, in 2014. TCE concentra-
tions remained approximately the same during 2015–17 in 
all these wells (fig. 18B). TCE in 48BR varied over the study 
period but ended in 2017 at a concentration (570 μg/L) similar 
to that in 2014. The most recent TCE concentrations in 31BR 
and 54BR were 7.8 μg/L and 29 μg/L, respectively, which 
were similar to their 2014 values.

The TCE concentrations in extraction well 48BR presum-
ably originated from TCE contamination being drawn down 
from the Site 3 former wastewater lagoon and sludge disposal 
areas. The fact that well 54BR had TCE concentrations of 51 
and 29 μg/L from 2014 to 2017 indicates that TCE contami-
nation had moved vertically downward to a depth of 200 ft 
below land surface and that TCE contamination was present 
on the southern side of the fault along this section.

All TCE concentrations in wells along section D–D' in 
2014 were <1 μg/L (fig. 19A). From 2015 to 2017, the most 
recent TCE concentrations in all wells sampled along this sec-
tion remained at <1 μg/L (fig. 19B).
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Figure 16.  Vertical extent of trichloroethene concentrations in wells along section A–A' in A, 2014 and B, 2015–17, former Naval Air 
Warfare Center, West Trenton, New Jersey. (TCE, trichloroethene; mg/L, micrograms per liter)
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Figure 17.  Vertical extent of trichloroethene concentrations in wells along section B–B' in A, 2014 and B, 2015–17, former Naval Air 
Warfare Center, West Trenton, New Jersey. (TCE, trichloroethene; mg/L, micrograms per liter)



30    Distribution of Chlorinated Volatile Organic Compounds and Per- and Polyfluoroalkyl Substances, West Trenton, N.J., 2014–17

37
BR 54

BR

31
BR 48

BR
*

14
BR

S12

S11

S13

S14

S15

12
M

W
1

31
S11
M

W
1

27
S

30
S

BlkFis-262
BlkFis-246

BlkFis-233
BlkFis-190

BlkFis-172
BlkFis-159

37
BR 54

BR

31
BR 48

BR
*

14
BR

S12

S11

S13

S14

S15

12
M

W
1

31
S11
M

W
1

27
S

30
S

BlkFis-262
BlkFis-246

BlkFis-233

BlkFis-190

BlkFis-172

BlkFis-159

VERTICAL EXAGGERATION x14.5

60
50
40
30
20
10

NAVD 88
10
20
30
40
50
60
70
80
90

100
110
120
130
140
150
160
170

0 100 200 300 400 500 600 700 800 900 1,000 1,100 1,200 1,300

Distance along section, in feet

C C'
FEET

B. 2015–17 TCE most recent concentrations

60
50
40
30
20
10

NAVD 88
10
20
30
40
50
60
70
80
90

100
110
120
130
140
150
160
170

0 100 200 300 400 500 600 700 800 900 1,000 1,100 1,200 1,300

Distance along section, in feet

VERTICAL EXAGGERATION x14.5

C C'
FEET

A. 2014 TCE concentrations

SURFACE

SURFACE

Approximate area where
concentration is ≥1 µg/L

Fault zone

Fault

Lockatong Formation fissile
unit and identifier

Stockton Formation unit top
and identifier

Bottom of saprolite

Flow direction

Surficial or bedrock well
and indentifier

TCE concentration, in µg/L
≥1,000

100 to <1,000

1 to <100

<1

EXPLANATION

50
BR

13
S

S12

BlkFis-172

Figure 18.  Vertical extent of trichloroethene concentrations in wells along section C–C' in A, 2014 and B, 2015–17, former Naval Air 
Warfare Center, West Trenton, New Jersey. (TCE, trichloroethene; mg/L, micrograms per liter)
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Figure 19.  Vertical extent of trichloroethene concentrations in wells along section D–D' in A, 2014 and B, 2015–17, former Naval Air 
Warfare Center, West Trenton, New Jersey. (TCE, trichloroethene; mg/L, micrograms per liter)
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Site 1 Western Sections E–E' to I–I'
Farther to the west, TCE concentrations in wells along 

section E–E' in 2014 are shown in figure 20A, and concentra-
tions from 2015 to 2017 are shown in figure 20B. Only two 
wells along this section had TCE concentrations ≥1 μg/L, 16S 
with 1.1 μg/L and 41BR with 2.0 μg/L in 2014. However, the 
most recent 2015–17 samples from these wells had concentra-
tions <1.2 μg/L. The slight decrease in TCE concentrations in 
these two wells eliminated the shaded TCE-contaminated area 
along this section in figure 20B.

The vertical extent of TCE contamination in wells along 
section F–F' is shown for 2014 in figure 21A and for 2015–17 
in figure 21B. The most contaminated well on this section for 
both time periods is deep well 46BR with TCE concentra-
tions of 2,000 μg/L in 2014 to 2,100 μg/L in 2017. The TCE 
in this well was apparently drawn downdip along bedding 
partings from the TCE-contaminated Site 1 area between 
Buildings 40 and 41 to 221 ft below land surface by the pump 
sampling methods used in this well and by the pumping of 
nearby extraction well 45BR. Other contaminated wells along 
section F–F' in 2014 included wells 04BR (490 μg/L) and 
23BR (120 μg/L). TCE concentrations in both wells decreased 
during 2015–17, with 04BR decreasing to 310 μg/L and 23BR 
decreasing to 58 μg/L. TCE in well 38BR decreased from 2.7 
μg/L in 2014 to <1 μg/L in 2016, which resulted in the split in 
the shaded TCE-contaminated area shown on figure 21B.

TCE contamination was vertically widespread along sec-
tion G–G' from shallow groundwater to a depth of at least 100 
ft below land surface. The ranges in concentrations in wells 
along section G–G' are shown on figures 22A and 22B. Wells 
07BR, 24BR, 29BR, and 08BR were the most contaminated 
in 2014 and remained so during 2015–17. Well 24BR had the 
highest TCE concentrations ranging from 20,000 μg/L in 2014 
to 29,000 μg/L in 2017. The TCE concentration in well 29BR 
doubled from 2014 to 2017 (1,900 μg/L to 3,800 μg/L), indi-
cating that this extraction well had started drawing in water 
with higher TCE concentrations over the last few years.

Section H–H' accounted for most of the Site 1 wells with 
TCE concentrations ≥1,000 μg/L during 2014–17 (fig. 23). 
Six of the extraction wells that pump water to the pump-and-
treat plant (fig. 1) are located along this section. Extraction 
well 56BR (165 ft deep) had the highest TCE concentrations, 
ranging from 12,000 μg/L in 2014 to 10,000 μg/L in 2017. 
Extraction well 45BR (210 ft deep) had TCE concentrations 
ranging from 2,000 μg/L in 2014 to 2,100 μg/L in 2017. These 
two wells were the deepest wells found to be contaminated 
along this section. These two wells were open to two water-
transmitting layers that underlie the area between Buildings 40 
and 41 where most of the Site 1 TCE spills and leaks occurred 
in the past. Therefore, multiple layers deep in the fractured 
rock aquifer were highly contaminated with TCE by the past 
activities at NAWC.

Four wells had TCE concentrations ≥1,000 μg/L in 2014 
(fig. 23A) and 2015–17 (fig. 23B). Well 25BR had TCE con-
centrations that ranged from 7,000 μg/L in 2014 to 6,100 μg/L 

in 2017. Extraction well 15BR had TCE concentrations that 
ranged from 3,900 μg/L in 2014 to 3,300 μg/L in 2017. Well 
71BR-A had TCE concentrations that ranged from 2,800 μg/L 
in 2014 to 4,300 μg/L in 2017. Extraction well BRP02 had 
TCE concentrations that ranged from 1,300 μg/L in 2014 to 
2,500 μg/L in 2017. These results show that, although concen-
trations fluctuated in these wells, all remained highly contami-
nated with TCE from 2014 to 2017 even though anthropogenic 
inputs of the solvent ceased in 1999.

The most noticeable change between the two periods is 
the decrease in TCE concentration in well 61BR from 97 μg/L 
in 2014 to <1 μg/L in 2016. This change resulted in a slightly 
smaller area of vertical TCE contamination along this section 
between 2014 and 2015–17 (fig. 23).

Most of the wells along section I–I' had TCE concentra-
tions <1 μg/L in 2014 (fig. 24A) and remained at that level or 
were not sampled during 2015–17 (fig. 24B). Well 60BR had 
TCE concentrations that ranged from 560 to 350 μg/L, and 
well 40BR had TCE concentrations that ranged from 5.8 to 9.0 
μg/L, over the 4-year period. The TCE concentrations present 
in 40BR indicate that TCE contamination was present down to 
120 ft below land surface on the western border of the NAWC 
facility.

Wells along sections J–J' and K–K' were not plotted 
because all samples contained <1 μg/L TCE. These wells 
are outside the NAWC site and are primarily on the Mercer 
County airport property. The fact that these wells all had no 
TCE contamination indicates that the pump-and-treat system 
was containing the contaminant plume hydraulically on the 
western side of the facility.

Vertical Extent of cisDCE Contamination During 
2014–17

The vertical distribution of cisDCE on most cross sec-
tions is very similar to the vertical distribution of TCE. The 
similarity of these distributions is due in large part to the fact 
that cisDCE is the primary anaerobic biodegradation break-
down product of TCE. Concentrations of cisDCE at greater 
than the detection levels were present in only 10 wells where 
TCE concentrations were found to be <1 μg/L. These detec-
tions indicate that anaerobic biodegradation had broken 
down essentially all the TCE in these wells. Concentrations 
of cisDCE were higher than TCE concentrations in 30 of the 
91 wells sampled during 2014–17, indicating active biodeg-
radation was ongoing in at least one-third of the wells at the 
NAWC site.

Site 3 Eastern Sections A–A' to D–D'
The vertical extent of cisDCE contamination in wells 

along section A–A' in 2014 (fig. 25A) was identical to that 
of TCE in 2014 (fig. 16A). Low cisDCE concentrations (6.5 
and 2.6 μg/L) were present in wells 11BR and 50BR down to 
about 80 ft below land surface (fig. 25A). The main difference 
between 2014 and 2015-17 is that the cisDCE concentration 
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Figure 20.  Vertical extent of trichloroethene concentrations in wells along section E–E' in A, 2014 and B, 2015–17, former Naval Air 
Warfare Center, West Trenton, New Jersey. (TCE, trichloroethene; mg/L, micrograms per liter)
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Figure 21.  Vertical extent of trichloroethene concentrations in wells along section F–F' in A, 2014 and B, 2015–17, former Naval Air 
Warfare Center, West Trenton, New Jersey. (TCE, trichloroethene; mg/L, micrograms per liter)
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Figure 22.  Vertical extent of trichloroethene concentrations in wells along section G–G' in A, 2014 and B, 2015–17, former Naval Air 
Warfare Center, West Trenton, New Jersey. (TCE, trichloroethene; mg/L, micrograms per liter)
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Figure 23.  Vertical extent of trichloroethene concentrations in wells along section H–H' in A, 2014 and B, 2015–17, former Naval Air 
Warfare Center, West Trenton, New Jersey. (TCE, trichloroethene; mg/L, micrograms per liter)
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Figure 24.  Vertical extent of trichloroethene concentrations in wells along section I–I' in A, 2014 and B, 2015–17, former Naval Air 
Warfare Center, West Trenton, New Jersey. (TCE, trichloroethene; mg/L, micrograms per liter)
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in well 11BR decreased from 6.5 μg/L in 2014 to <1.1 μg/L in 
2016 (fig. 25B). This slight decrease reduced the shaded area 
of vertical contamination on this section substantially.

The vertical extent of cisDCE contamination along sec-
tion B–B' (fig.26A) was more widespread than that of TCE 
in 2014 (fig. 26A and 17A). Concentrations of cisDCE ≥1 
μg/L were present in five wells to a maximum depth of 96 ft 
(fig. 26A) in 2014. Four of these wells had cisDCE concentra-
tions between 2.0 and 6.9 μg/L, whereas well 02BR had the 
highest cisDCE concentration (33 μg/L) of any wells along 
this section. The difference between the 2014 data (fig. 26A) 
and the 2015–17 data (fig. 26B) was that the concentration 
in well 12S decreased to <0.6 μg/L and well 28S was not 
sampled. Therefore, the vertical extent of the cisDCE contami-
nation was smaller in the most recent samples.

The vertical extent of detectable cisDCE concentra-
tions along section C–C' ranged from shallow groundwater 
depths in well 31S, to 200 ft below land surface in well 54BR 
(fig. 27A). This vertical distribution is very similar to the 
vertical distribution of TCE along this section (fig. 18). The 
vertical extent of cisDCE concentrations in wells along section 
C–C' was essentially unchanged between 2014 and 2015–17 
(fig 27A and fig 27B). Wells 31BR, 31S, 48BR, and 54BR had 
cisDCE concentrations between 1.6 μg/L and 37 μg/L during 
this 4-year period.

No cisDCE concentrations ≥1 μg/L were present in sam-
ples from wells along section D–D' during 2014 or 2015–17 
(fig. 28). This matches the absence of detectable TCE in wells 
along this section observed previously (fig. 19).

Site 1 Western Sections E–E' to I–I'
Most of the wells along section E–E' in 2014 were char-

acterized by low cisDCE concentrations (fig. 29A); only wells 
16BR and 41BR had concentrations ≥1 μg/L. The detectable 
cisDCE concentrations extended from shallow groundwater to 
110 ft below land surface in well 41BR (fig 29A). The main 
difference from 2014 to 2015–17 is that the concentration in 
well 41BR decreased from 3.9 μg/L to <0.41 μg/L. Therefore, 
the vertical extent of the shaded area of cisDCE contamination 
is smaller for 2015–17 (fig. 29B).

Most wells along section F–F' were contaminated with 
cisDCE in 2014 and 2015–17. The vertical distribution of 
cisDCE concentrations ≥1 μg/L in wells along this section was 
from the shallow groundwater down to 221 ft into the bedrock 
aquifer in well 46BR (fig. 30). The vertical extent of cisDCE 
contamination did not change from 2014 to 2015–17. The 
highest cisDCE concentrations along this section were present 
in wells 04BR, 38BR, and 74BR, which had concentrations 
from 100 to <1,000 μg/L in 2014 (fig. 30A). The main differ-
ence between the periods is that well 74BR was not sampled 
during 2015–17 (fig. 30B). The cisDCE concentration in 38BR 
decreased substantially from 780 to 320 μg/L, and in 46BR 
decreased from 96 to 13 μg/L over the 4-year period.

The vertical distribution of cisDCE concentrations in 
wells along section G–G' was from the shallow groundwater 
to at least 100 ft below land surface in wells 24BR and 29BR 
(fig. 31). The vertical extent of cisDCE contamination did 
not change from 2014 (fig 31A) to 2015–17 (fig 31B). Wells 
07BR and 24BR were the two wells most contaminated with 
cisDCE; concentrations ranged from 4,300 to 10,000 μg/L 
over the 4-year period. These two wells are in the center of the 
Site 1 area where much of the TCE was originally spilled or 
leaked. The high concentrations of cisDCE indicate TCE bio-
degradation has been stimulated in the aquifer at these wells.

Along Section H–H', concentrations of cisDCE ≥1 μg/L 
extended vertically from shallow groundwater to 210 ft below 
land surface in well 45BR (fig. 32). This section includes 
many of the most contaminated wells at the former NAWC 
site. Of the 16 wells sampled along this section in 2014, nine 
had cisDCE concentrations ≥1,000 μg/L (red dots), and 5 
wells had cisDCE concentrations from 100 to <1,000 μg/L 
(orange dots) (fig. 32A). These high cisDCE concentrations 
indicate there was a great deal of anaerobic biodegradation 
of TCE going on in this area. Some biodegradation was due 
to the 2008 bioaugmentation project that occurred between 
2008 and 2013 in wells along this section (Shapiro and oth-
ers, 2018), but most of the biodegradation in other wells was 
undoubtedly due to the activity of indigenous dechlorinating 
bacteria at the site. The major differences between the plots 
for 2014 (fig. 32A) and 2015–17 (fig. 32B) are that cisDCE 
concentrations in well 45BR decreased from 2,100 to 930 μg/L 
and in well 61BR decreased from 150 to 9.4 μg/L. The overall 
shaded vertical area of cisDCE contamination, however, did 
not change over the 4-year period.

The vertical distribution of cisDCE in wells along Section 
I–I' extended from shallow groundwater to 120 ft below land 
surface in well 40BR (fig. 33). In 2014, wells 33BR, 40BR, 
60BR, and 64BR had cisDCE concentrations from 1 to <100 
μg/L (yellow dots) (fig. 33A). During 2015–17, cisDCE 
concentrations remained the same in 33BR and 64BR but 
increased slightly in 60BR (from 38 to 96 μg/L) and 40BR 
(from 72 to 130 μg/L) (fig. 33B). These increases in cisDCE 
were most likely due to increased biodegradation of TCE in 
the aquifer at these wells. The overall extent of cisDCE con-
tamination ≥1 μg/L did not change from 2014 to 2017.

Vertical Extent of VC Contamination During 
2014–17

The vertical distribution of VC concentrations along 
most lines of section were similar to the vertical distribu-
tion of cisDCE discussed previously. The similarity of these 
distributions is because VC is the biological breakdown 
product of cisDCE. In most wells at NAWC, VC was not the 
VOC found in the highest concentration because there is usu-
ally a “stall” in the anaerobic biodegradation of TCE during 
the step where cisDCE is degraded to VC (Wiedemeier and 
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Figure 25.  Vertical extent of cis-1,2-dichloroethene concentrations in wells along section A–A' in A, 2014 and B, 2015–17, former 
Naval Air Warfare Center, West Trenton, New Jersey. (cisDCE, cis-1,2-dichloroethene; mg/L, micrograms per liter)
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Figure 26.  Vertical extent of cis-1,2-dichloroethene concentrations in wells along section B–B' in A, 2014 and B, 2015–17, former 
Naval Air Warfare Center, West Trenton, New Jersey. (cisDCE, cis-1,2-dichloroethene; mg/L, micrograms per liter)
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Figure 27.  Vertical extent of cis-1,2-dichloroethene concentrations in wells along section C–C' in A, 2014 and B, 2015–17, former Naval 
Air Warfare Center, West Trenton, New Jersey. (cisDCE, cis-1,2-dichloroethene; mg/L, micrograms per liter)
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Figure 28.  Vertical extent of cis-1,2-dichloroethene concentrations in wells along section D–D' in A, 2014 and B, 2015–17, former 
Naval Air Warfare Center, West Trenton, New Jersey. (cisDCE, cis-1,2-dichloroethene; mg/L, micrograms per liter)
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Figure 29.  Vertical extent of cis-1,2-dichloroethene concentrations in wells along section E–E' in A, 2014 and B, 2015–17, former Naval 
Air Warfare Center, West Trenton, New Jersey. (cisDCE, cis-1,2-dichloroethene; mg/L, micrograms per liter)
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Figure 30.  Vertical extent of cis-1,2-dichloroethene concentrations in wells along section F–F' inA, 2014 and B, 2015–17, former Naval 
Air Warfare Center, West Trenton, New Jersey. (cisDCE, cis-1,2-dichloroethene; mg/L, micrograms per liter)



Results and Discussion    45

BlkFis-262
BlkFis-246

BlkFis-233

BlkFis-190

BlkFis-172

BlkFis-159

S12

S11

S13

S14

27
BR

63
BR

65
BR

24
BR

07
BR 08

BR
*

29
BR

*

55
BR

09
BR

BlkFis-262
BlkFis-246

BlkFis-233

BlkFis-190

BlkFis-172

BlkFis-159

S12

S11

S13

S14

27
BR

63
BR

65
BR

24
BR

07
BR 08

BR
*

29
BR

*

55
BR

09
BR

01
S

VERTICAL EXAGGERATION x14.5

60
50
40
30
20
10

NAVD 88
10
20
30
40
50
60
70
80
90

100
110
120
130
140
150
160
170

0 100 200 300 400 500 600 700 800 900 1,000 1,100 1,200 1,300

Distance along section, in feet

G G'
FEET

B. 2015–17 cisDCE most recent concentrations

60
50
40
30
20
10

NAVD 88
10
20
30
40
50
60
70
80
90

100
110
120
130
140
150
160
170

0 100 200 300 400 500 600 700 800 900 1,000 1,100 1,200 1,300

Distance along section, in feet

VERTICAL EXAGGERATION x14.5

G G'
FEET

A. 2014 cisDCE concentrations

SURFACE

SURFACE

Approximate area where
concentration is ≥1 µg/L

Fault zone

Fault

Lockatong Formation fissile
unit and identifier

Stockton Formation unit top
and identifier

Bottom of saprolite

Flow direction

Surficial or bedrock well
and indentifier

cisDCE concentration, in µg/L
≥1,000

100 to <1,000

1 to <100

<1

EXPLANATION

50
BR

13
S

S12

BlkFis-172

Figure 31.  Vertical extent of cis-1,2-dichloroethene concentrations in wells along section G–G' in A, 2014 and B, 2015–17, former 
Naval Air Warfare Center, West Trenton, New Jersey. (cisDCE, cis-1,2-dichloroethene; mg/L, micrograms per liter)
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Figure 32.  Vertical extent of cis-1,2-dichloroethene concentrations in wells along section H–H' in A, 2014 and B, 2015–17, former 
Naval Air Warfare Center, West Trenton, New Jersey. (cisDCE, cis-1,2-dichloroethene; mg/L, micrograms per liter)



Results and Discussion    47

S12

S11

S13

S14

34
BR 64
BR

60
BR

40
BR 66

BR

57
BR 33
BR 62
BR

32
S

BlkFis-262
BlkFis-246

BlkFis-233

BlkFis-190

BlkFis-172

BlkFis-159

S12

S11

S13

S14

34
BR 64
BR

60
BR

40
BR 66

BR

57
BR 33
BR 62
BR

32
S

BlkFis-262
BlkFis-246

BlkFis-233

BlkFis-190

BlkFis-172

BlkFis-159

VERTICAL EXAGGERATION x14.5

60
50
40
30
20
10

NAVD 88
10
20
30
40
50
60
70
80
90

100
110
120
130
140
150
160
170

0 100 200 300 400 500 600 700 800 900 1,000 1,100 1,200 1,300

Distance along section, in feet

I I'
FEET

B. 2015–17 cisDCE most recent concentrations

60
50
40
30
20
10

NAVD 88
10
20
30
40
50
60
70
80
90

100
110
120
130
140
150
160
170

0 100 200 300 400 500 600 700 800 900 1,000 1,100 1,200 1,300

Distance along section, in feet

VERTICAL EXAGGERATION x14.5

I I'
FEET

A. 2014 cisDCE concentrations

SURFACE

SURFACE

Approximate area where
concentration is ≥1 µg/L

Fault zone

Fault

Lockatong Formation fissile
unit and identifier

Stockton Formation unit top
and identifier

Bottom of saprolite

Flow direction

Surficial or bedrock well
and indentifier

cisDCE concentration, in µg/L
≥1,000

100 to <1,000

1 to <100

<1

EXPLANATION

50
BR

13
S

S12

BlkFis-172

Figure 33.  Vertical extent of cis-1,2-dichloroethene concentrations in wells along section I–I' in A, 2014 and B, 2015–17, former Naval 
Air Warfare Center, West Trenton, New Jersey. (cisDCE, cis-1,2-dichloroethene; mg/L, micrograms per liter)
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others, 1998). Because of this phenomenon, VC is often pres-
ent at much lower concentrations than TCE and cisDCE in 
wells at NAWC.

Site 3 Eastern Sections A–A' to D–D'
No wells sampled along section A–A' were found to con-

tain VC at concentrations ≥1 μg/L from 2014 to 2017 (fig. 34). 
On Section B–B', only well 02BR (60 ft deep) had VC concen-
trations ≥1 μg/L during 2014–17 (fig. 35). VC concentrations 
in well 02BR were low, ranging from 1.3 to 1.8 μg/L.

Along section C–C', the vertical distribution of VC in 
2014 was estimated to extend from shallow groundwater 
to 200 ft below land surface in well 54BR (fig. 36A). Wells 
48BR (1.2 μg/L) and 54BR (1.5 μg/L) were the only wells 
with concentrations of VC ≥1 μg/L in 2014. In 2017, VC 
concentrations in these two wells were <1 μg/L, so the vertical 
area of contamination was eliminated on figure 36B. No wells 
sampled on section D–D' were found to contain VC concentra-
tions ≥1 μg/L during 2014–17 (fig. 37).

Site 1 Western Sections E–E' to I–I'
	 The vertical distribution of VC concentrations 

≥1 μg/L in wells along section E–E' ranged from shallow 
groundwater to 110 ft below land surface in well 41BR in 
2014 (fig. 38A). The only wells with VC concentrations ≥1 
μg/L were 16BR (2.0 μg/L) and 41BR (4.3 μg/L). During 
2015–17, the VC concentration in well 16BR stayed the same, 
whereas in well 41BR, the concentration decreased to <1 μg/L 
(fig. 38B). Because of this decrease, the vertical extent of VC 
contamination was smaller for 2015–17.

The vertical distribution of VC concentrations in wells 
on section F–F' extended from shallow groundwater to 
221 ft below land surface in well 46BR in 2014 (fig. 39A). 
Seven wells along this section had VC concentrations ≥1 
μg/L in 2014. The two wells with the highest VC concentra-
tions in 2014 were 38BR (1,100 μg/L) and 30BR (150 μg/L) 
(fig. 39A). During 2015–17, VC concentrations decreased in 
wells 38BR (to 670 μg/L) and 30BR (to 6.3 μg/L) (fig. 39B). 
These decreases along with a decrease in VC concentration in 
well 23BR (from 1.5 to <1 μg/L) account for the differences 
in the VC contamination extent in wells along this section 
over the 4-year period. Well 38BR and well 30BR were part 
of the 2005 bioaugmentation study in which bacteria and ESO 
were injected to stimulate degradation of TCE (Geosyntec 
Consultants, 2010).

Along section G–G', the vertical distribution of VC in 
2014 was estimated to extend from shallow groundwater 
to 100 ft below land surface in well 29BR (fig. 40A). Only 
three wells had VC concentrations ≥1 μg/L in 2014—wells 
07BR (930 μg/L), 24BR (330 μg/L), and 29BR (7.3 μg/L). 
During 2015–17, VC concentrations remained about the 
same in 07BR and 29BR but increased in 24BR (to 990 μg/L) 
(fig. 40B). VC concentrations increased from <1 μg/L to 3.4 
μg/L in well 65BR and from <1 μg/L to 2.3 μg/L in well 09BR 

from 2014 to 2015–17. These increases are the cause for 
the expanded VC contamination extent on Section G–G' for 
2015–17.

Like the TCE and cisDCE vertical distributions, VC con-
tamination was present in wells along section H–H' from shal-
low groundwater to 210 ft below land surface in well 45BR in 
2014 (fig. 41A). Wells 36BR (15,000 μg/L) and BRP02 (2,900 
μg/L) had the highest VC concentrations of the wells along 
this section and of all wells at the NAWC site in 2014. During 
2015–17, VC concentrations remained high in wells 36BR 
(4,500 μg/L) and in BRP02 (2,400 μg/L) (fig. 41B). The main 
reason for the decrease in the vertical area of VC contamina-
tion between the two periods is that the VC concentration in 
well 61BR decreased from 9.1 μg/L in 2014 to <1 μg/L in 
2016 (fig. 41B).

Well 36BR was the injection well for the 2008 bioaug-
mentation project during which it received additional bacteria 
and ESO as a food source to stimulate anaerobic biodegrada-
tion of TCE (Shapiro and others, 2018). Most of the TCE has 
been degraded in this well, but cisDCE and VC concentra-
tions have remained high owing to the stall in degradation of 
cisDCE to VC and VC to ethene. The decrease in VC concen-
tration in 36BR from 2014 to 2017 may indicate that the ESO 
that was helping to stimulate biodegradation had finally been 
used up. Overall, these results confirmed that biodegradation 
is ongoing in the fractured rock aquifer underlying NAWC.

No VC concentrations ≥1 μg/L were present in samples 
from wells along section I–I' from 2014 to 2017 (fig. 42). This 
confirms that no VC is leaving the NAWC site via groundwa-
ter flow to the south or west.

Variation in VOC Contamination over Time

The variation in VOC concentrations over time in wells 
at the former NAWC site was evaluated by plotting graphs 
of TCE, cisDCE, and VC over time. Trends were not deter-
mined by statistical tests. The upward and downward trends 
discussed in this section were determined by visual interpreta-
tion of the plots of concentration versus time in figures 43 to 
51. VOC data from 1990 through 2017 were included in the 
graphs to give a better picture of the way VOC concentrations 
have changed over the entire project timeline. The results are 
presented grouped by wells along each line of section starting 
on the eastern side of the NAWC site and moving towards the 
western side of the site. The data used to make these plots are 
presented in Appendix 2. All graphs have the same logarithmic 
concentration scale on the Y-axis and the same time scale on 
the X-axis to allow for easy comparison of the VOC contami-
nation levels between wells over time.

Site 3 Eastern Sections A–A' to D–D'
TCE, cisDCE, and VC concentrations in wells 11BR, 

13S, and 14S along section A–A' all had stable or downward 
trends over time, and concentrations in the three wells had 
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Figure 34.  Vertical extent of vinyl chloride concentrations in wells along section A–A' in A, 2014 and B, 2015–17, former Naval Air 
Warfare Center, West Trenton, New Jersey. (VC, vinyl chloride; mg/L, micrograms per liter)
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Figure 35.  Vertical extent of vinyl chloride concentrations in wells along section B–B' in A, 2014 and B, 2015–17, former Naval Air 
Warfare Center, West Trenton, New Jersey. (VC, vinyl chloride; mg/L, micrograms per liter)
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Figure 36.  Vertical extent of vinyl chloride concentrations in wells along section C–C' in A, 2014 and B, 2015–17, former Naval Air 
Warfare Center, West Trenton, New Jersey. (VC, vinyl chloride; mg/L, micrograms per liter)
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Figure 37.  Vertical extent of vinyl chloride concentrations in wells along section D–D' in A, 2014 and B, 2015–17, former Naval Air 
Warfare Center, West Trenton, New Jersey. (VC, vinyl chloride; mg/L, micrograms per liter)
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Figure 38.  Vertical extent of vinyl chloride concentrations in wells along section E–E' in A, 2014 and B, 2015–17, former Naval Air 
Warfare Center, West Trenton, New Jersey. (VC, vinyl chloride; mg/L, micrograms per liter)
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Figure 39.  Vertical extent of vinyl chloride concentrations in wells along section F–F' in A, 2014 and B, 2015–17, former Naval Air 
Warfare Center, West Trenton, New Jersey. (VC, vinyl chloride; mg/L, micrograms per liter)
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Figure 40.  Vertical extent of vinyl chloride concentrations in wells along section G–G' in A, 2014 and B, 2015–17, former Naval Air 
Warfare Center, West Trenton, New Jersey. (VC, vinyl chloride; mg/L, micrograms per liter)
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Figure 41.  Vertical extent of vinyl chloride concentrations in wells along section H–H' in A, 2014 and B, 2015–17, former Naval Air 
Warfare Center, West Trenton, New Jersey. (VC, vinyl chloride; mg/L, micrograms per liter)
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Figure 42.  Vertical extent of vinyl chloride concentrations in wells along section I–I' in A, 2014 and B, 2015–17, former Naval Air 
Warfare Center, West Trenton, New Jersey. (VC, vinyl chloride; mg/L, micrograms per liter)
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decreased to <1 μg/L the last time the wells were sampled in 
2016 (fig. 43). Well 50BR had measurable TCE and cisDCE 
concentrations of 3.3 and 2.2 μg/L, respectively, in 2016, 
but both VOCs also had recent slight downward trends over 
time. This well is to the east of the railroad tracks (the eastern 
boundary of NAWC), so these results indicate that though 
TCE and cisDCE concentrations are migrating offsite to 
the northeast of NAWC, the concentrations are decreasing 
with time.

Trends in TCE, cisDCE, and VC concentrations were 
stable or gradually downward over time in wells 11S, 12S, 
42S, 29S, 03BR, 32BR, and 35S along section B–B' (fig. 44). 
All VOCs in these wells had decreased to <1 μg/L as of their 
last sampling from 2014 to 2016. Wells 12BR and 28S also 
had downward trends for all VOCs over time, and both wells 
had low VOC concentrations (all compounds <5.8 μg/L) from 
2014 to 2016. Well 51BR had a downward concentration trend 
for all VOCs, with TCE and cisDCE concentrations of <1.4 
μg/L and <6.8 μg/L, respectively, in 2016. Although concen-
trations of all VOCs in well 02BR varied, overall concentra-
tions remained about the same from 1990 to 2016.

Wells 14BR, 30S, 11MW1, and 37BR, along section 
C–C' had stable to gradually downward trending VOC concen-
trations since they were included in the long-term monitoring 
plan (fig. 45). All these wells had VOC concentrations <1 μg/L 
as of their last sampling. Wells 31BR and 31S had downward 
trends in TCE and cisDCE with concentrations of each <10 
μg/L in 2016. Since 2010, well 54BR had a downward trend in 
TCE concentrations but an upward trend in cisDCE concen-
trations, indicating some ongoing anaerobic biodegradation 
in this well. Well 48BR, the extraction well in the Site 3 area 
of NAWC, had a very stable to gradually downward trend in 
TCE, cisDCE, and VC concentrations from 1998 to 2017.

All wells along section D–D' (43BR, 44BR, 53BR, 
49BR, 37S, 34S and 19BR) had stable or downward concen-
tration trends for all VOCs since they were included in the 
long-term monitoring plan (fig. 46). Concentrations of TCE, 
cisDCE, and VC were <1 μg/L in all these wells as of their last 
sampling in 2014 or 2016.

Site 1 Western Sections E–E' to I–I'
All wells along section E–E' (16S, 41BR, 16BR, 39BR, 

42BR, and 06BR) had stable or downward trends for all VOCs 
since they were included in the long-term monitoring plan 
(fig. 47). All compound concentrations were <1.2 μg/L in 
wells 16S, 39BR, 42BR, and 06BR as of their last sampling 
in 2016. Wells 41BR and 16BR were injection wells that 
were part of the 2005 bioaugmentation study conducted by 
the Navy, ECOR Solutions, and Geosyntec Consultants from 
2005 to 2008 (Geosyntec Consultants, 2010). Concentrations 
of TCE dropped precipitously in well 41BR from 670 to 
<1 μg/L and in well 16BR from 290 to <1 μg/L during the 
first 6 months following the bacteria and ESO injection and 
have remained at low levels since then. Concentrations of 
cisDCE and VC also dropped initially in 2005 in both wells 

but rebounded in 2008 (fig. 47) to an order of magnitude less 
or about the same as they had been before the injection. The 
concentrations of cisDCE and VC have either remained stable 
or have been decreasing since 2008 in wells 41BR and 16BR.

Along section F–F', wells 52BR, 28BR, 35MW1, and 
35MW2, all had VOC concentrations <1 mg/L during the 
2014-17 period. Wells 46BR, 74BR, 47BR, 17BR, 04BR, 
52BR, and 28BR had stable or gradual downward concentra-
tion trends for TCE, cisDCE, and VC since they were included 
in the long-term monitoring plan (fig. 48). Wells BRP01 and 
38BR were injection wells for bacteria and ESO during the 
2005 bioaugmentation study (Geosyntec Consultants, 2010). 
TCE concentrations in well 38BR decreased rapidly from 
16,000 μg/L to 8.1 μg/L in the first 6 months after the injec-
tion. TCE concentrations in well BRP01 also decreased from 
210 to <2.7 μg/L in the first 6 months after the injection. 
TCE concentrations in these two wells remained below these 
levels in the ensuing years. Concentrations of cisDCE and 
VC in these two wells dropped initially but rebounded as the 
biodegradation proceeded (fig. 48). As of 2017, concentrations 
of cisDCE and VC were just slightly less than they were prior 
to the 2005 bioaugmentation injection.

Well 30BR received an injection of ESO in 2008 as a 
continuation of the 2005 experiment. TCE concentrations 
decreased in this well from 17,000 to <1 μg/L within 1 year 
and have remained low (fig. 38). Concentrations of cisDCE 
and VC rebounded slightly after about 6 years but were much 
lower in 2017 than prior to the 2008 ESO injection. Well 
22BR has generally exhibited a gradually downward trend in 
all VOC concentrations except for a large increase in all VOCs 
in 2012. The cause for this increase is unknown, but concen-
trations returned to their pre-2012 levels, and the downward 
trend has been re-established. Well 23BR had decreasing 
VOC concentrations until 2009–10 when the well water was 
removed as part of a diffusion experiment. The groundwater 
that refilled this well as it recovered had much higher VOC 
concentrations. Since 2012, the concentrations of all VOCs 
have been declining from those higher levels.

Along section G–G', wells 55BR, 27BR, 33S, and 35BR, 
remained uncontaminated throughout the 2014-17 period. 
Wells 09BR, 21BR, 63BR, and 65BR, had stable to gradually 
downward concentration trends for TCE, cisDCE, and VC 
since they were included in the long-term monitoring plan 
(fig. 49). Wells 07BR and 24BR remained highly contaminated 
and had stable to gradually downward concentration trends for 
all three VOCs for many years prior to 2017. Extraction well 
08BR was highly contaminated and has had relatively stable 
TCE and cisDCE concentrations since 2012. Extraction well 
29BR is one of the few wells at NAWC that had upward TCE, 
cisDCE, and VC concentration trends since 2012. This well 
has started drawing in more highly contaminated groundwater 
since 2012. A possible explanation may be that the area of the 
drawdown cone for well 29BR has spread to intersect new, 
more highly contaminated fractures in the aquifer previously 
not under the influence of its pumping.
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Along section H–H', wells 05BR and BRP03 are the only 
wells with <1 μg/L concentrations of TCE, cisDCE and VC 
(fig. 50). Wells 40S, 70BR-10, 70BR-72, 73BR-A, 71BR-A, 
80BR-A, 61BR, WDW, and 91BR have had stable or gradu-
ally downward concentration trends for TCE since they were 
included in the long-term monitoring plan (fig. 50). Elevated 
TCE concentrations (≥1,000 μg/L) in extraction wells 45BR 
and 56BR varied mostly owing to pump malfunction prob-
lems but have remained stable since the pumps were repaired. 
Extraction wells 15BR, 20BR, and BRP02 had high TCE 
and cisDCE concentrations (≥1,000 μg/L), and all have had 
gradual downward trends for both compounds over time. Well 
25BR had increasing VOC concentrations during 2008–17, but 
this is probably due to its being part of a diffusion study from 
2009 to 2010, during which the water in the well was replaced.

Well 36BR, once the well with the highest TCE concen-
trations (≥100,000 μg/L) at the NAWC site, had TCE concen-
trations <10 μg/L in 2017 (fig. 50). This precipitous drop was 
owing to its use as an injection well for the 2008 bioaugmen-
tation study when it received additional bacteria and ESO as 
a bacterial food source (Shapiro and others, 2018). The TCE 
concentrations dropped 3–4 orders of magnitude immediately 
after the injection in 2008 and remained at this level there-
after. Since the bioaugmentation injection, cisDCE and VC 
concentrations have increased because they were produced as 
biodegradation of TCE proceeded. Though still ongoing, the 
anaerobic biodegradation has “stalled” so all the cisDCE has 
not degraded to VC and ethene. This phenomenon is fre-
quently found at sites where anaerobic biodegradation of TCE 
is occurring (Wiedemeier and others, 1998).

Most wells along section I–I' to the west of the NAWC 
property had TCE, cisDCE, and VC concentrations of <1 
μg/L (fig. 51). Only wells 60BR and 40BR, a well doublet in 
the parking lot near the NAWC treatment plant, had TCE and 
cisDCE concentrations >1 μg/L in 2017. In well 60BR (85 
ft deep), TCE had been decreasing slowly for many years to 
120 μg/L in 2013, but then some variability occurred, and the 
concentration increased to 350 μg/L by 2017. The cisDCE 
concentrations in this well increased from 13 μg/L in 2013 to 
96 μg/L by 2017. The reason for the variability in 60BR is not 
immediately clear. In well 40BR (120 ft deep), TCE concen-
trations had slowly decreased since the late 1990s to 9 μg/L 
in 2017, but since 2010, cisDCE concentrations increased 
from 53 μg/L to 130 μg/L in 2017. These findings indicate that 
natural anaerobic biodegradation is occurring in this well, with 
TCE degrading to cisDCE. Overall the results for wells along 
section I–I' (as well as sections J–J' and K–K') show that TCE, 
cisDCE, and VC in all other wells to the west of NAWC have 
remained at <1 μg/L, so no VOCs have been transported off 
site to the south and west.

PFAS Contamination at the Former NAWC Site 
During 2015–17

In 2015, the Navy and its contractor sampled only well 
48BR on the northeastern side of the former NAWC site for 
PFAS compounds. PFOS, PFOA, and PFNA were detected 
at 230 ng/L, 37 ng/L, and 6.4 ng/L, respectively, in this well 
(Watermark Environmental, 2016b; Appendix 2). The PFOS 
concentration was much greater than the EPA HAL of 70 ng/L 
and the NJDEP MCL of 13 ng/L. The PFOA concentration 
was less than its EPA HAL of 70 ng/L but above its NJDEP 
MCL of 14 ng/L. The PFNA concentration was less than its 
NJDEP MCL of 13 ng/L.

Based on these findings, additional sampling for PFASs 
was done in 2016 and 2017 (Watermark Environmental, 
2017; Tetra Tech, 2018b). The areal extent of PFOS, PFOA, 
and PFNA contamination was evaluated by plotting the data 
on sets of maps for 2016 and 2017. The bulk of the PFAS 
contamination was in the Site 3 area on the eastern side of 
the NAWC facility (figs. 52–57). Because of the location, the 
PFOS, PFOA, and PFNA contamination was evaluated verti-
cally in the aquifer by plotting the data on the eastern lines of 
section A–A' through D–D' only. No graphs of PFAS concen-
trations over time were plotted because only 1 or 2 years of 
data were available for most wells.

Areal Extent of PFAS Contamination in 
Groundwater During 2015–17

In 2016, the Navy and its contractor sampled the 10 
pump-and-treat extraction wells plus 6 wells in the northeast-
ern part of the former NAWC site. PFOS, PFOA, and PFNA 
were detected in 48BR at 310 ng/L, 48 ng/L, 15 ng/L, respec-
tively (Appendix 2). In well 19BR, a well on the Trenton 
Mercer Airport property (fig. 1), and well 14BR, the well 
just east of the old NAWC firehouse, all three PFASs were 
present at <23 ng/L. However, wells 11BR, 13S, and 14S all 
had ≥1,000 ng/L PFOS, 41–69 ng/L PFOA, and <13 ng/L 
PFNA (figs. 52, 53, and 54). These wells are in the northeast-
ern corner of the NAWC site near the border with the airport 
property. All other wells sampled in 2016 contained concen-
trations <14 ng/L, except for a few estimated concentrations 
near the detection levels for PFASs in 16S, 91BR, and 22BR 
(Appendix 2).

The source of the PFAS contamination was not obvious, 
based on the initial limited sampling results from 2015 and 
2016. It is unknown whether the PFAS contamination was 
due to firefighting activities at the former NAWC site or at 
the Trenton-Mercer Airport. The former fire chief at NAWC 
during 1985–95 was contacted to find out if he could recall the 
use of AFFF at NAWC. The fire chief’s recollection was that 
he had never used AFFF in putting out any actual fires or in 
any live fire training exercises at NAWC. He did recall, how-
ever, that he had tested one 5-gallon drum of AFFF to see how 
it expanded with the addition of the recommended volume of 
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Figure 43.  Volatile organic compound concentrations over time in wells along section A–A', former Naval Air Warfare Center, West Trenton, New Jersey, 1992–2017. (VOC, 
volatile organic compound; TCE, trichloroethene; cisDCE, cis-1,2-dichloroethene; VC, vinyl chloride)
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Figure 44.  Volatile organic compound concentrations over time in wells along section B–B’, former Naval Air Warfare Center, West Trenton, New Jersey, 1990–2017. (VOC, 
volatile organic compound; TCE, trichloroethene; cisDCE, cis-1,2-dichloroethene; VC, vinyl chloride)
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Figure 44.  Volatile organic compound concentrations over time in wells along section B–B’, former Naval Air Warfare Center, West Trenton, New Jersey, 1990–2017. (VOC, 
volatile organic compound; TCE, trichloroethene; cisDCE, cis-1,2-dichloroethene; VC, vinyl chloride)—Continued
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Figure 44.  Volatile organic compound concentrations over time in wells along section B–B’, former Naval Air Warfare Center, West Trenton, New Jersey, 1990–2017. (VOC, 
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Figure 45.  Volatile organic compound concentrations over time in wells along section C–C’, former Naval Air Warfare Center, West Trenton, New Jersey 1992–2017. (VOC, 
volatile organic compound; TCE, trichloroethene; cisDCE, cis-1,2-dichloroethene; VC, vinyl chloride)
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Figure 45.  Volatile organic compound concentrations over time in wells along section C–C’, former Naval Air Warfare Center, West Trenton, New Jersey 1992–2017. (VOC, 
volatile organic compound; TCE, trichloroethene; cisDCE, cis-1,2-dichloroethene; VC, vinyl chloride)—Continued
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Figure 46.  Volatile organic compound concentrations over time in wells along section D–D’, former Naval Air Warfare Center, West Trenton, New Jersey, 1992–2017. (VOC, 
volatile organic compound; TCE, trichloroethene; cisDCE, cis-1,2-dichloroethene; VC, vinyl chloride)
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Figure 46.  Volatile organic compound concentrations over time in wells along section D–D’, former Naval Air Warfare Center, West Trenton, New Jersey, 1992–2017. (VOC, 
volatile organic compound; TCE, trichloroethene; cisDCE, cis-1,2-dichloroethene; VC, vinyl chloride)—Continued
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Figure 47.  Volatile organic compound concentrations over time in wells along section E–E’, former Naval Air Warfare Center, West Trenton, New Jersey, 1992–2017. (VOC, 
volatile organic compound; TCE, trichloroethene; cisDCE, cis-1,2-dichloroethene; VC, vinyl chloride)
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Figure 47.  Volatile organic compound concentrations over time in wells along section E–E’, former Naval Air Warfare Center, West Trenton, New Jersey, 1992–2017. (VOC, 
volatile organic compound; TCE, trichloroethene; cisDCE, cis-1,2-dichloroethene; VC, vinyl chloride)—Continued
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Figure 48.  Volatile organic compound concentrations over time in wells along section F–F’, former Naval Air Warfare Center, West Trenton, New Jersey, 1992–2017. (VOC, 
volatile organic compound; TCE, trichloroethene; cisDCE, cis-1,2-dichloroethene; VC, vinyl chloride)
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Figure 48.  Volatile organic compound concentrations over time in wells along section F–F’, former Naval Air Warfare Center, West Trenton, New Jersey, 1992–2017. (VOC, 
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Figure 48.  Volatile organic compound concentrations over time in wells along section F–F’, former Naval Air Warfare Center, West Trenton, New Jersey, 1992–2017. (VOC, 
volatile organic compound; TCE, trichloroethene; cisDCE, cis-1,2-dichloroethene; VC, vinyl chloride)—Continued
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Figure 49.  Volatile organic compound concentrations over time in wells along section G–G’, former Naval Air Warfare Center, West Trenton, New Jersey, 1992–2017. (VOC, 
volatile organic compound; TCE, trichloroethene; cisDCE, cis-1,2-dichloroethene; VC, vinyl chloride)
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Figure 49.  Volatile organic compound concentrations over time in wells along section G–G’, former Naval Air Warfare Center, West Trenton, New Jersey, 1992–2017. (VOC, 
volatile organic compound; TCE, trichloroethene; cisDCE, cis-1,2-dichloroethene; VC, vinyl chloride)—Continued
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Figure 49.  Volatile organic compound concentrations over time in wells along section G–G’, former Naval Air Warfare Center, West Trenton, New Jersey, 1992–2017. (VOC, 
volatile organic compound; TCE, trichloroethene; cisDCE, cis-1,2-dichloroethene; VC, vinyl chloride)—Continued
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Figure 50.  Volatile organic compound concentrations over time in wells along section H–H’, former Naval Air Warfare Center, West Trenton, New Jersey, 1992–2017. (VOC, 
volatile organic compound; TCE, trichloroethene; cisDCE, cis-1,2-dichloroethene; VC, vinyl chloride)
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Figure 50.  Volatile organic compound concentrations over time in wells along section H–H’, former Naval Air Warfare Center, West Trenton, New Jersey, 1992–2017. (VOC, 
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Figure 50.  Volatile organic compound concentrations over time in wells along section H–H’, former Naval Air Warfare Center, West Trenton, New Jersey, 1992–2017. (VOC, 
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Figure 50.  Volatile organic compound concentrations over time in wells along section H–H’, former Naval Air Warfare Center, West Trenton, New Jersey, 1992–2017. (VOC, 
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Figure 50.  Volatile organic compound concentrations over time in wells along section H–H’, former Naval Air Warfare Center, West Trenton, New Jersey, 1992–2017. (VOC, 
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Figure 50.  Volatile organic compound concentrations over time in wells along section 
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Figure 51.  Volatile organic compound concentrations over time in wells along section I–I’, former Naval Air Warfare Center, West Trenton, New Jersey, 1993–2017. (VOC, 
volatile organic compound; TCE, trichloroethene; cisDCE, cis-1,2-dichloroethene; VC, vinyl chloride)
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Figure 51.  Volatile organic compound concentrations over time in wells along section I–I’, former Naval Air Warfare Center, West Trenton, New Jersey, 1993–2017. (VOC, 
volatile organic compound; TCE, trichloroethene; cisDCE, cis-1,2-dichloroethene; VC, vinyl chloride)—Continued
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Figure 52.  Areal extent of perfluorooctane sulfonate concentrations in wells at the former Naval Air Warfare Center, West Trenton, New Jersey, 2016. (PFOS, perfluorooctane 
sulfonate; AFFF, aqueous film-forming foam; ng/L, nanograms per liter)
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Figure 53.  Areal extent of perfluorooctanoic acid concentrations in wells at the former Naval Air Warfare Center, West Trenton, New Jersey, 2016. (PFOA, perfluorooctanoic 
acid; AFFF, aqueous film-forming foam; ng/L, nanograms per liter) 
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acid; AFFF, aqueous film-forming foam; ng/L, nanograms per liter)



88    Distribution of Chlorinated Volatile Organic Compounds and Per- and Polyfluoroalkyl Substances, West Trenton, N.J., 2014–17

water. He recalled that when he did this test, he sprayed the 
AFFF along the fence line east of the firehouse and north of 
the tank farm and along the western side of the railroad tracks 
north of the tank farm (George Drew, former NAWC fire chief, 
oral communication, 2016). Wells 11BR, 13S, 14S, and 26S 
are in these areas. The fire chief estimated that this test of the 
AFFF was done in approximately 1990.

In 2017, based on the former fire chief’s information, all 
26 wells on the eastern side of the former NAWC property 
were sampled for PFAS compounds. The results of this sam-
pling are given in Appendix 2 (Tetra Tech, 2018b) and shown 
in figures 55, 56, and 57. PFOS concentrations ≥13 ng/L, the 
NJDEP MCL, were detected in 25 of the 26 wells sampled 
(fig. 55). Altogether, 24 of the 26 wells sampled contained 
PFOS concentrations that exceeded the EPA HAL of 70 ng/L. 
Thirteen wells sampled had PFOS concentrations ≥1,000 
ng/L. PFOS concentrations were highest in two shallow wells 
along the fence north of the tank farm; a sample from well 11S 
contained 26,000 ng/L, and a sample from well 27S contained 
27,000 ng/L. These well locations correspond exactly with 
the area where the fire chief said he had discharged the AFFF. 
PFOS was present in concentrations ≥13 ng/L in four wells on 
the eastern side of the railroad tracks, indicating that the con-
tamination had traveled offsite. In addition, PFOS was present 
in concentrations ≥13 ng/L in 11 wells south of the fault. 
PFOS contamination may have traveled with shallow ground-
water through the overburden or with surface-water runoff 
through leaking storm sewers to spread from the northern side 
of the fault to the southern side of the fault.

PFOA concentrations were detected in most of the same 
wells as PFOS concentrations were detected, though gener-
ally at an order of magnitude less (fig. 56). The highest PFOA 
concentrations were present in wells 11S (2,000 ng/L) and 
27S (600 ng/L), which are the wells where the highest PFOS 
concentrations were present, indicating that PFOA and PFOS 
originated from a common source, presumably the discharge 
of the AFFF previously described. PFOA concentrations 
exceeding the NJDEP MCL of 14 ng/L were present in 24 of 
the 26 wells sampled on the eastern side of the NAWC site. 
PFOA concentrations exceeding the EPA HAL of 70 ng/L 
were present in 15 of the 26 wells sampled on the eastern side 
of the NAWC site. PFOA was present in the same four wells 
as PFOS on the eastern side of the railroad tracks at concen-
trations ≥14 ng/L, indicating that PFOA had moved offsite to 
the east. PFOA concentrations ≥14 ng/L were present in 11 
wells south of the fault. Like PFOS, PFOA may have trav-
eled with the shallow groundwater through the overburden 
or with surface-water runoff through leaking storm sewers to 
spread from the northern side of the fault to the southern side 
of the fault.

PFNA concentrations ≥13 ng/L were detected in 12 
of the 26 wells sampled at the former NAWC site in 2017 
(fig. 57). All PFNA detections occurred in wells where PFOS 
and PFOA were also detected. The concentrations of PFNA 
in most wells were generally lower than the PFOA concentra-
tions by an order of magnitude (Appendix 2). The highest 

PFNA concentrations were present in wells 11S (480 ng/L), 
12S (190–210 ng/L), and 02BR (110 ng/L). Well 11S also had 
the highest PFOS and PFOA concentrations. The distribu-
tion of elevated concentrations of PFNA was not as areally 
extensive as that of PFOS and PFOA (fig. 57). No wells to the 
east of the railroad tracks had PFNA concentrations ≥13 ng/L. 
Only eight wells south of the fault had PFNA concentrations 
≥13 ng/L.

Vertical Extent of PFAS Contamination in 2017
PFOS concentrations in 24 of 25 wells along sections 

A–A' through D–D' (figs. 58 and 59) exceeded the EPA HAL 
of 70 ng/L. PFOS concentrations in all 25 wells along sections 
A–A' through D–D' exceeded the NJDEP MCL of 13 ng/L. 
These high concentrations extended vertically from shallow 
groundwater to 200 ft below land surface in well 54BR. Most 
of the higher PFOS concentrations were detected in shallow 
overburden wells along these sections. The higher shallow 
PFOS contamination is consistent with AFFF having been 
applied at the land surface. Deep wells, such as 02BR, 51BR, 
and 54BR, were most likely contaminated by downward 
seepage of PFOS-contaminated groundwater along the higher 
transmissivity bedding partings noted on the cross sections 
(figs. 58 and 59).

PFOA concentrations in 15 of 25 wells along sections 
A–A' through D–D' (figs. 60 and 61) exceeded the EPA HAL 
of 70 ng/L. PFOA concentrations in 24 of 25 wells along 
sections A–A' through D–D' exceeded the NJDEP MCL of 
14 ng/L. These high concentrations extended vertically from 
the shallow groundwater to 200 ft below land surface in 
well 54BR. The high PFOA concentrations in most shallow 
overburden wells along these sections are consistent with 
AFFF having been applied at the land surface. Like the verti-
cal distribution of PFOS, deeper wells, such as 02BR, 51BR, 
and 54BR, were likely contaminated by downward seepage 
of PFOA-contaminated groundwater along the higher trans-
missivity bedding partings noted on cross sections (figs. 60 
and 61).

PFNA concentrations in 12 of 25 wells along sections 
A–A’ through D–D' (figs. 62 and 63) exceeded the NJDEP 
MCL of 13 ng/L. These high concentrations extended verti-
cally from shallow groundwater to 200 ft below land surface 
in well 54BR. The vertical distribution of PFNA was identical 
to that of both PFOS and PFOA, indicating a common source, 
presumably the past discharge of AFFF at land surface.

Sampling Method Comparison for PFASs
	 The concentrations of PFASs in samples collected 

with the RCDM passive samplers were compared to those in 
samples from low-flow purging; samples were collected from 
the same depth in five wells, 11BR, 12S, 13S, 14S, and 28S on 
the same day in 2017.
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Figure 55.  Areal extent of perfluorooctane sulfonate concentrations in wells at the former Naval Air Warfare Center, West Trenton, New Jersey, 2017. (PFOS, perfluorooctane 
sulfonate; AFFF, aqueous film-forming foam; ng/L, nanograms per liter)
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Figure 56.  Areal extent of perfluorooctanoic acid concentrations in wells at the former Naval Air Warfare Center, West Trenton, New Jersey, 2017. (PFOA, perfluorooctanoic 
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Figure 57.  Areal extent of perfluorononanoic acid concentrations in wells at the former Naval Air Warfare Center, West Trenton, New Jersey, 2017. (PFNA, perfluorononanoic 
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Figure 58.  Vertical extent of maximum perfluorooctane sulfonate concentrations in wells along sections A–A’ and B–B’, former Naval 
Air Warfare Center, West Trenton, New Jersey, 2015–17. (PFOS, perfluorooctane sulfonate; ng/L, nanograms per liter)
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Figure 59.  Vertical extent of perfluorooctane sulfonate concentrations in wells along sections C–C’ and D–D’, former Naval Air 
Warfare Center, New Jersey, 2015–17. (PFOS, perfluorooctane sulfonate; ng/L, nanograms per liter)
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Figure 60.  Vertical extent of perfluorooctanoic acid concentrations in wells along sections A–A’ and B–B’, former Naval Air Warfare 
Center, West Trenton, New Jersey, 2015–17. (PFOA, perfluorooctanoic acid; ng/L, nanograms per liter)
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Figure 61.  Vertical extent of perfluorooctanoic acid concentrations in wells along sections C–C’ and D–D’, former Naval Air Warfare 
Center, West Trenton, New Jersey, 2015–17. (PFOA, perfluorooctanoic acid; ng/L, nanograms per liter)
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Figure 62.  Vertical extent of perfluorononanoic acid concentrations in wells along sections A–A’ and B–B’, former Naval Air Warfare 
Center, West Trenton, New Jersey, 2015–17. (PFNA, perfluorononanoic acid; ng/L, nanograms per liter)
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Concentrations of PFASs in samples from these five 
wells and two blanks are shown in figures 64, 65, and 66. The 
concentration of PFOS, PFOA, and PFNA in samples col-
lected with an RCDM sampler are plotted on the X axis, and 
the concentrations in samples collected by low-flow purging 
are plotted on the Y axis. If concentrations from both sam-
pling methods are equal, the points will fall on or close to 
the 1:1 correspondence line. The results for each of the three 
PFAS compounds show excellent agreement between the two 
sampling methods. Although additional testing is required to 
confirm these findings for a range of PFAS concentrations 
in different groundwater settings, these preliminary find-
ings indicate that RCDM passive samplers can collect PFAS 
samples equivalent to those collected by low-flow purging at 
the NAWC site.

Areal Extent of 1,4-dioxane

Wells at the former NAWC site were sampled and 
analyzed for 1,4-dioxane, a contaminant frequently present at 
sites with chlorinated solvent contamination. 1,4-dioxane was 
used as an anti-corrosion agent in containers of 1,1,1-trichloro-
ethane, which was known to have been used at NAWC after 
the use of TCE was discontinued. All 18 wells sampled for 
1,4-dioxane were found to contain less than the NJDEP MCL 
of <0.4 μg/L in 2017 (fig. 67).

Summary and Conclusions
In a study conducted by the U.S. Geological Survey 

in cooperation with the U.S. Navy, samples were collected 
from groundwater wells and analyzed for volatile organic 
compounds (VOCs) and per- and polyfluoroalkyl substances 
(PFASs) at the former Naval Air Warfare Center (NAWC) 
site in West Trenton, New Jersey, from 2014 to 2017. 
Trichloroethene (TCE) was used as a heat exchange liquid in 
cooling systems at NAWC from the mid-1950s to early 1990s. 
TCE from this system leaked onto the ground and into the 
fractured rock aquifer beneath the NAWC site. Aqueous film-
forming foam (AFFF) was discharged to the ground in the 
northeastern part of the NAWC site around 1990. As a result, 
PFASs from the AFFF seeped into the fractured rock aquifer 
beneath this area of the NAWC site.

VOC data from samples collected from wells at the 
NAWC site were evaluated areally and vertically by plotting 
them on maps and cross sections. The areas of VOC contami-
nation decreased slightly on the northwestern and northeastern 
sides of the NAWC site from 2014 to 2017 under the influence 
of the pump-and-treat system, natural attenuation processes, 
and the bioaugmentation studies that were conducted at the 
site. cis-1,2-dichloroethene (cisDCE) and vinyl chloride (VC), 
the biodegradation byproducts of TCE, were present only in 
wells that had been originally contaminated with TCE. Higher 
concentrations of all three VOCs were present in the western 

Site 1 area compared to the eastern Site 3 area of the NAWC 
site. Most of the wells with the highest VOC concentrations 
were in the area between and around Buildings 40 and 41 
where most of the original TCE was spilled or leaked while 
the base was in operation. TCE, cisDCE, and VC were not 
found in offsite wells to the south, west, and north of the 
NAWC site. TCE and cisDCE were found at low concentra-
tions (TCE, 3.3 mg/L; cisDCE 2.2 mg/L) in one well (50BR) 
to the east of the current NAWC site boundary in 2017. These 
findings indicate that the pump-and-treat system was continu-
ing to contain the VOC contamination on the western side of 
the NAWC property but not on the eastern side of the facility.

Vertically, TCE, cisDCE, and VC contamination was 
found to extend from shallow overburden wells to bedrock 
wells that are more than 200 ft deep in the Site 1 and the Site 
3 areas of the site. The highest TCE concentrations were pres-
ent in wells between 10 and 210 ft deep in the area around 
and between Buildings 40 and 41 where most of the TCE had 
spilled or leaked in the past. The highest cisDCE concentra-
tions tended to be present in wells between 10 and 165 ft deep, 
mostly in the area of the 2008 bioaugmentation study and in 
the area between Buildings 40 and 41. The highest VC con-
centrations were present in wells 25 to 100 ft deep in the 2008 
bioaugmentation study area and in in the southwest corner 
of the NAWC property where a past jet fuel spill stimulated 
indigenous dechlorinating bacteria to degrade TCE.

Most wells at NAWC had stable or gradually downward 
trends in VOC concentrations over time since the base activi-
ties ceased in 1999. VOC concentrations in most wells had a 
similar stable or gradually downward trend from 2014 to 2017. 
Extraction wells 29BR, 45BR, and BRP02 were exceptions. 
These wells have apparently started drawing in more contami-
nated groundwater than they had previously.

Several wells showed the effects of the two bioaug-
mentation studies in 2005 and 2008 on VOC concentrations, 
particularly the injection wells. All injection wells in the 2005 
bioaugmentation study (BRP01, 16BR, 38BR, and 41BR) had 
dramatic decreases in TCE concentrations within 6 months of 
the injection of bacteria and food. Concentrations of cisDCE 
and VC frequently also decreased to much lower levels within 
6 months, but inevitably these two compounds rebounded after 
a couple of years to slightly less than their original concen-
trations. TCE concentrations remained low in all these wells 
through 2017.

Well 36BR, the injection well for the 2008 bioaugmenta-
tion study, had an immediate and dramatic decrease in TCE 
concentrations within 2 months of injection. Concentrations of 
cisDCE and VC increased in proportion to the TCE decrease 
within 6 months and 1 year, respectively. Concentrations of 
cisDCE and VC remained higher than they were before the 
injection, but approximately equal from 2011 to 2017. The 
persistence of higher cisDCE and VC concentrations is an 
indication that TCE biodegradation is still occurring in well 
36BR, but that it may stalled rather than going to completion.
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Figure 64.  Concentrations of perfluorooctane sulfonate (PFOS) in samples collected using regenerated cellulose 
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(PFOS, perfluorooctane sulfonate; RCDM, regenerated cellulose dialysis membrane; ng/L, nanograms per liter)
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Contamination by PFASs was first detected in extrac-
tion well 48BR in the eastern area at NAWC in 2015. 
Perfluorooctane sulfonate (PFOS), perfluorooctanoic acid 
(PFOA), and perfluorononanoic acid (PFNA) were the only 
PFAS compounds quantified in the sample. In 2016, all 
pump-and-treat extraction wells plus five other wells were 
sampled for PFAS. Well 48BR was again contaminated with 
PFAS compounds, while the other extraction wells at the 
NAWC site had concentrations at less than detection levels 
or were estimated to be near detection levels of these three 
PFAS compounds. Three other monitoring wells contained 
above detection PFOS, PFOA, and PFNA concentrations in 
the Site 3 area in 2016. In 2017, PFOS, PFOA, and PFNA 
concentrations greater than their New Jersey Department of 
Environmental Protection Maximum Contaminant Levels 
(MCLs) were detected in 25, 24, and 21, respectively, of the 
26 wells sampled on the eastern side of NAWC. PFOS was the 
perfluorinated compound found in the highest concentration 
in all PFAS-contaminated wells. PFOS concentrations were 
highest in shallow wells 11S (26,000 ng/L) and 27S (27,000 
ng/L) along the fence north of the tank farm, the area where 
the AFFF was purported to have been discharged in the past. 
PFOA and PFNA concentrations were detected only in wells 
where PFOS concentrations were detected, but at concentra-
tions that were 1–3 orders of magnitude less than the PFOS 
concentrations. PFOS and PFOA were detected in four wells 
east of the railroad tracks, indicating that groundwater con-
taminated with these compounds had flowed off the NAWC 
site. PFOS and PFNA concentrations ≥13 ng/L and PFOA con-
centrations ≥14 ng/L (their established MCLs) were present in 
11, 11, and 8 wells respectively, south of the fault. It is likely 
that PFAS contamination traveled with shallow groundwater 
through the overburden or with surface-water runoff through 
leaking storm sewers to spread from the northern side of the 
fault to the southern side of the fault. Detectable concentra-
tions of PFASs extended vertically from shallow groundwater 
to as deep as 200 ft in well 54BR. Deeper wells were likely 
contaminated by downward seepage of PFAS-contaminated 
groundwater along the higher transmissivity bedding partings 
in the fractured rock aquifer.

In a limited test of five wells, samples collected with 
RCDM passive samplers contained PFAS concentrations 
equal to those in samples from low-flow purging. Eighteen 
wells sampled for 1,4-dioxane at NAWC were found to have 
concentrations of less than 0.4 μg/L in 2017. Therefore, 
1,4-dioxane contamination does not appear to be a problem at 
the site.
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