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Well water contamination in a rural community
in southwestern Pennsylvania near unconventional
shale gas extraction

SHYAMAK. ALAWATTEGAMA1, TETIANA KONDRATYUK2, RENEE KRYNOCK1,
MATTHEW BRICKER1, JENNIFER K. RUTTER1, DANIEL J. BAIN3 and JOHN F. STOLZ1,2

1Center for Environmental Research and Education, Duquesne University, Pittsburgh, Pennsylvania, USA
2Department of Biological Sciences, Duquesne University, Pittsburgh, Pennsylvania, USA
3Department of Geology and Planetary Science, University of Pittsburgh, Pittsburgh, Pennsylvania, USA

Reports of ground water contamination in a southwestern Pennsylvania community coincided with unconventional shale gas
extraction activities that started late 2009. Residents participated in a survey and well water samples were collected and analyzed.
Available pre-drill and post-drill water test results and legacy operations (e.g., gas and oil wells, coal mining) were reviewed. Fifty-
six of the 143 respondents indicated changes in water quality or quantity while 63 respondents reported no issues. Color change
(brown, black, or orange) was the most common (27 households). Well type, when known, was rotary or cable tool, and depths
ranged from 19 to 274 m. Chloride, sulfate, nitrate, sodium, calcium, magnesium, iron, manganese and strontium were commonly
found, with 25 households exceeding the secondary maximum contaminate level (SMCL) for manganese. Methane was detected in
14 of the 18 houses tested. The 26 wells tested for total coliforms (2 positives) and E. coli (1 positive) indicated that septic
contamination was not a factor. Repeated sampling of two wells in close proximity (204 m) but drawing from different depths (32 m
and 54 m), revealed temporal variability. Since 2009, 65 horizontal wells were drilled within a 4 km (2.5 mile) radius of the
community, each well was stimulated on average with 3.5 million gal of fluids and 3.2 million lbs of proppant. PA DEP cited
violations included an improperly plugged well and at least one failed well casing. This study underscores the need for thorough
analyses of data, documentation of legacy activity, pre-drill testing, and long term monitoring.

Keywords: Marcellus shale, gas wells, water quality, hydraulic fracturing.

Introduction

Groundwater serves as a major source of drinking water
for many Pennsylvania residents with an estimated 3 mil-
lion Pennsylvanians relying on private wells for their water
needs.[1] Pennsylvania has over 1 million water wells and
around 20,000 new water wells are drilled each year.[1]

Unlike public water supplies, Pennsylvania does not regu-
late residential groundwater use and there have been very
few studies on general water well quality.[1–4]

The rise in unconventional shale gas extraction using
hydraulic fracturing and the consistent claims of ground-
water contamination associated with this practice has
raised concerns about groundwater quality.[5–10]

Freshwater aquifers may be contaminated by brines or
hydrocarbons from underlying formations, chemicals used
in the drilling or fracturing processes, waste water, and the
natural gas itself through a number of pathways.[11–18]

These include but are not limited to surface contamination
from leaky impoundments and spills, poor well construc-
tion resulting in failed cement and improper casing, a pres-
surized annulus, as well as pre-existing faults and legacy
issues from previous mining and drilling opera-
tions.[11,12,19] Well construction issues involving casing and
cementing failures of the gas wells account for most con-
tamination incidents.[19] They result in the creation of ver-
tical migration pathways for fluids to migrate from the
surface downward or from deep formations under extreme
pressure upwards. In addition, hydraulic fracturing can
increase the permeability of the targeted deep formations
by creating new fractures or propagating existing fractures
thereby creating flow pathways for the upward migration
of gases and fluids.[11,14,17,18]

Establishing a definitive link between hydraulic fractur-
ing itself and groundwater contamination has been
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challenging. The Energy Policy Act of 2005, Section 322
Hydraulic Fracturing amends the Safe Drinking Water
Act to exclude “(i) the underground injection of natural
gas for purposes of storage and (ii) the underground injec-
tion of fluids or propping agents (other than diesel fuels)
pursuant to hydraulic fracturing operations related to oil,
gas, or geothermal production activities.” Additionally,
the large distances (hundreds of meters) separating the
deep gas rich formations and the shallower groundwater
sources, the multitude of surface and subsurface contami-
nant sources and the lack of comprehensive scientific base-
line study data are all factors that contribute to the
challenge.[2-4,20] The main objective of this study was to
determine if recent the changes in well water (quality and
quantity) of a small rural community in southwestern
Pennsylvania could be related to the current unconven-
tional shale gas extraction activities of drilling and/or
fracturing.
The community chosen for this study comprises a devel-

opment that began as hunting camps with most eventually
converted to year round residences. It covers a total area
of around 2.5 km2 (1 km £ 2.5 km or 0.62 £ 1.5 miles)
and has about 190 households. All have been dependent
on wells for their source of drinking water as there is no
connection to municipal supply. Although there had been
previous oil and gas drilling and coal mining activity in the
area,[21,22] considerable new activity in unconventional
shale gas extraction (USGE) now surrounds the commu-
nity. The first reported unconventional extraction of shale
gas according to the Pennsylvania Department of Environ-
mental Protection (PA DEP) began in this area in early
2007 and 2008 with the drilling of the Steven Lensey 1 and
Reedy D2 vertical wells, respectively. Drilling activity
increased with 20 wells spudded between March 2010 and
November 2011.
Coinciding with the increased USGE activity, several

residents of the community reported groundwater con-
tamination with changes in water quality and quantity.[23]

As drilling continued more residents filed complaints and
alternative water was provided.[24,25] After a PA DEP
investigation found no connection between the change in
water quality and the drilling, the alternative water was
removed and a volunteer water bank was estab-
lished.[24,25] The current study was conducted between the
fall of 2011 through the spring of 2014. The goal was to
determine how many wells in the community had been
affected as well as those that had not, and to determine
types and possible sources of contamination. An initial
door-to-door survey of the residents was carried out in
the fall of 2011.
Residents were asked six questions regarding water sup-

ply, well location, well construction and water issues. Sub-
sequently, well water samples were collected and analyzed
and additional surveys were completed. Water analysis
included on site measurements (temperature, dissolved
oxygen, pH, and conductivity) and lab analyses for

selected anions (chloride, bromide, fluoride, sulfate, phos-
phate, nitrate, nitrite) using ion chromatography and
selected metals using ICP-MS (EPA method 200.8). A sub-
set of wells was tested for light hydrocarbons and the pres-
ence of coliforms and E. coli. Base maps of the study area
were created identifying the location of current horizontal
wells, legacy operations (e.g., gas and oil wells, coal min-
ing), and topography. Where available pre-drill and post-
drill water analyses, done either by the drilling company,
Pennsylvania Department of Environmental Protection
(PA DEP), or independent certified water testing lab, were
reviewed in addition to a comprehensive PA DEP file
review of permits and well completion reports.

Methods and materials

Community survey

The study was conducted with full Institutional Review
Board (IRB) approval with the principle investigator
(JFS) completing basic IRB training. The survey consisted
of six questions relating to well location, water quality and
quantity and testing.

1. Do you have well water and where is your well located?
2. What kind of well is it (e.g. artesian, rotary, cable tool)?
3. Do you know how deep the well is and have you noticed
a change in your well depth?

4. Have you noticed any change in water quality (taste,
smell, color) and if so when?

5. Have you noticed any change in the water flow or
quantity?

6. Have you had the water tested and would you be willing
to share those results?

Sample collection and analysis

Water samples were collected in sterile 1L French square
glass bottles and 100 ml glass bottles containing 10M
nitric acid (trace metal grade, Fisher Scientific, Pittsburgh,
PA, USA). Samples were collected upstream of any water
treatment and filtration devices, after purging the source,
usually an outside spigot, for 10–20 min. Purge times were
reduced to between 2–5 min when running the well dry
was an issue. Collected samples were stored in the dark
and on ice and transported back to the lab and stored at
4�C until analyses. On site field measurements of tempera-
ture, dissolved oxygen, pH, and conductivity were made
with a YSI-Pro Plus multimeter (YSI Incorporated, Yel-
low Springs, OH, USA). Lab concentrations of selected
anions (chloride, bromide, fluoride, sulfate, phosphate,
nitrate, nitrite) were measured using a ThermoFisher Dio-
nex ICS-1100 Ion Chromatography System equipped with
a conductivity cell and UV/VIS detector (Dionex, Sunny-
vale, CA, USA) using EPA Method 300.0[26] with
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modifications as reported in Kondratyuk et al.[27] Five-
point calibrations, in triplicate, were done with standards
for each anion. Analysis for selected cations was done with
a Perkin-Elmer NexION 300X ICP-MS (Waltham, MA,
USA) at the University of Pittsburgh using the EPA
Method 200.8[28] with modifications as reported in Kon-
dratyuk et al.[27]

Light hydrocarbon analyses

For light hydrocarbon analyses (methane, ethane, ethene,
propane, propylene, butane), samples were collected in
100-ml amber septum sealed vials without headspace. The
bottles were kept in the dark on ice, and hand delivered to
VaporTech Analytical Laboratory and Sampling Services
(Valencia, PA, USA) where the analyses were completed.

Total coliform and E. coli testing

Total coliforms were determined using EPA Method 9222
B and Method 9222 G was used to detect the presence of
E. coli.[29] First, 100-mL samples were collected in triplicate
using six 50-mL sterile polypropylene tubes. The water was
collected from either an outside spigot or other inside faucet
prior to any water treatment system (i.e., water softeners,
UV treatment, or filtration). The samples were kept on ice
packs in the dark after collection and processed within 48 h.

Data mapping and file review

Base maps of the study area were created using the Arc-
GIS software package (ESRI, Redlands, CA, USA). Pre-
existing base maps, topography, digital elevation data
(LiDAR), coal mining operations, and abandoned mine
land, were retrieved from the Pennsylvania Spatial Data
Access (PASDA) and Pennsylvania Geospatial Data
Clearinghouse.[30] Gas field locations were obtained from
the Pennsylvania Department of Conservation and Natu-
ral Resources (PA DCNR).[31] Abandoned oil and gas
well data, where available, came from the PA DEP.[32]A
comprehensive PA DEP file review was conducted in Janu-
ary of 2013 that included permits and well completion
reports for the study area. Violations were accessed
through the PA DEP website.[32] In addition, pre-drill and
post-drill water analyses, done either by the drilling com-
pany and/or PA DEP and provided by study participants
were reviewed and compiled.

Results

Community survey

In the initial survey, a total of 143 households participated.
Survey results showed that majority of survey respondents

(61%) did not know the type of well construction. When
well type was known, it was either cable tool (27% of
respondents) or rotary (12% of respondents). The average
and median well depths were 63.7 m (209ft) and 54.3 m
(178 ft) respectively, with the shallowest well at a depth of
19.8m (65 ft) and the deepest well at 274.3 m (900 ft). Fifty-
six (56) households (39%) reported changes in water quality
or quantity since 2010, 63 households (44%) reported no
issues and the remaining 24 households (17%) were unsure.
Out of the 56 households reporting issues, 50 indicated

changes in quality based on taste and/or smell, 23 house-
holds had quantity issues and 18 reported both quality and
quantity issues (Fig. 1). Color was the most common
change, with 27 households reporting brown, black, or
orange water. Twenty-five households noticed odors and 6
households a change in taste (Fig. 1). Change in the water
level of the well was not readily discernable as 78 of the
respondents (55%) indicated they did not know. Six house-
holds stated loss of water during normal use. Ninety-five
households (66%) indicated that they had their water
tested at some time. Among these, only 42 had their water
tested by the drilling company as part of predrill testing.
Although most households had received their test results,
9 households said they had not.

Water chemistry

Initially, 57 water samples from 33 wells were collected
and analyzed over an 18-month period for this study.
Anion analysis of these samples revealed the presence of
all analytes (e.g., bromide, chloride, fluoride, nitrate, phos-
phate, sulfate) except nitrite (Table 1). ICP-MS analysis
looked at 31 analytes consisting of a combination of major
ions, minor ions (trace metals), inorganic chemicals and
radionuclides (e.g., uranium) (Table 2). Only cadmium
and uranium were not detected. Although their concentra-
tions varied in amount from well to well, the most com-
mon contaminates were sodium, calcium, magnesium,

Fig. 1. Results showing the number of respondents for each ques-
tion out of the 143 that participated in the survey.
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iron, manganese, and strontium (Table 2). Twenty-five
households had levels of manganese above the maximum
contaminate level (MCL) (Table 2). Plotting of the Cl/Br
mass ratios for all water samples having both anions show
a broad distribution of values (Fig. 2). However, most lie
below the mixing line for seawater (Fig. 2).
Regular monitoring of the water wells from two house-

holds (Household 1 and Household 2) that were close to

each other (204 m), had similar well construction (cable
tool), but well depths that differed (32 m and 54 m), in
order to determine changes in water quality over time and
whether they were affected similarly (Figs. 3 and 4). Field
analysis showed that the water temperature and pH of
these two wells were similar and remained steady with
average temperatures of 11�C and 14�C, respectively, and
pH of 7 in both. Dissolved oxygen (DO) readings showed

Table 1. Summary of anion analysis of water samples.

Anion Presence (Households %) Highest Conc. (ppm) Lowest Conc. (ppm) Method Detection Limits (ppm)

Chloride 100 222.69 0.8 0.0033
Bromide 41 1.39 0.05 0.0084
Fluoride 71 5.28 0.03 0.0064
Sulfate 98 134.82 5.34 0.0068
Phosphate 30 10.76 0.15 0.0169
Nitrate 88 26.81 0.05 0.0073
Nitrite 0 — — 0.0054

Table 2. Summary of cation analysis of water samples collected in this study.

Cation
(S)MCL
(mg/L)

Samples Exceeding
(S) MCL

Min.
(mg/L)

Med.
(mg/L)

Max.
(mg/L)

MDL
(ppb)

Aluminum 0.05–0.2 1 0.007 0.01 0.13 2.571
Antimony 0.006 0 <0.001 <0.001 0.002 0.024
Arsenic 0.01 0 <0.001 0.002 0.009 0.239
Barium 2 0 0.02 0.08 0.42 0.521
Boron * 0 <0.001 0.02 0.149 2.533
Cadmium 0.005 0 <0.001 <0.001 <0.001 0.021
Calcium * — 2.1 36.1 126.24 2.464
Chromium 0.1 0 <0.001 0.003 0.038 0.097
Cobalt * <0.001 0.001 0.008 0.133
Copper 1.3 0 <0.001 0.012 0.339 2.272
Iron 0.3 2 0.04 0.135 0.415 1.509
Lead 0.015 0 <0.001 0.005 0.014 0.028
Lithium * — 0.001 0.007 0.021 0.088
Magnesium * — 0.3 6.562 20.98 3.504
Manganese 0.05 25 0.002 0.067 2.627 0.897
Molybdenum * — <0.001 <0.001 0.003 0.096
Nickel * — 0.001 0.003 0.019 0.140
Phosphorus * — 0.001 0.027 0.318 2.098
Potassium * — 0.041 0.81 2.67 2.051
Rubidium * — <0.001 0.001 0.003 0.002
Selenium 0.05 0 <0.001 0.002 0.013 0.566
Silicon * — 0.4 8.84 14.7 29.5
Silver 0.1 0 <0.001 0.002 0.003 7.996
Sodium * — 5.279 10.4 217.03 0.527
Strontium * — 0.03 0.16 0.62 0.100
Tin * — <0.001 <0.001 0.002 0.243
Titanium * — <0.001 0.001 0.01 0.171
Tungsten * — <0.0001 0.001 0.002 0.004
Uranium 0.03 0 <0.0001 <0.0001 <0.0001 0.05
Vanadium * — <0.001 <0.001 0.003 2.182
Zinc (Zn) 5 0 <0.001 0.033 0.392 1.202

(S)MCL – (Secondary) Maximum Contaminant Level (US EPA 2009),
*No MCL has been set. MDL –method detection limit.
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seasonal fluctuations, increasing in the colder months, with
Household 1 exhibiting more variation in DO. The specific
conductance readings of the well from Household 2 mir-
rored the laboratory chloride readings, indicating that
chloride was the major source of dissolved solids.
In contrast, Household 1 specific conductance readings

were inversely related, with higher conductance readings

corresponding to lower chloride levels. Here the increase
in conductivity appears to be due to an increase in sulfate.
Review of laboratory results for Household 1 and House-
hold 2 showed that except for phosphate, all readings were
higher for Household 2 compared to Household 1. ICP-
MS analysis for these two households showed the presence
of iron and manganese. The varying results of both field
and lab analyses indicates that while the two wells share
similar physical properties (i.e. location, construction),
they draw water from two different sources.
Household 1 and 2 (the same as above) had pre-drill

water testing data performed by the industry as well as PA
DEP (Tables 3 and 4). Review of this data showed
increased levels of all analytes except for barium in House-
hold 1 between pre-drill and post-drill. Analyses of indus-
try pre-drill and three PA DEP post-drill testing data for
Household 1 appear to indicate the increases in iron, man-
ganese and strontium coincided with drilling activities.
However the levels decrease in subsequent sampling
(Table 4). Determination letters from the PA DEP
reviewed in this study, although negative, indicate contam-
ination (e.g., chloride, iron, and manganese) at levels
above secondary MCL (Table 4). We were also able to
obtain the results of the water analyses carried out by the

Fig. 2. The mass ratios of Cl-Br to Cl for all well water samples
having both anions present collected during the study. The halite
and seawater mixing curves and septic leachate field are from
Katz et al.[48] The precipitation mixing curve is from Davis
et al.[44]

Fig. 3.Monthly field and lab data for household 1.

Fig. 4.Monthly field and lab data for household 2.

520 Alawattegama et al.

D
ow

nl
oa

de
d 

by
 [

69
.2

39
.2

49
.1

74
] 

at
 1

5:
36

 0
3 

M
ar

ch
 2

01
5 



drilling company and PA DEP for a total of five house-
holds (including Households 1 and 2). Four of these
reports were pre-drill test results, while the fifth was con-
ducted after the drilling had commenced (Table 3). Three
of the 5 households also had their water tested by the PA
DEP (Households 1, 2, and 5) following complaints filed
by the homeowners subsequent to noticing changes to their
well water quality (Table 4). The data show a change in
water quality from pre-drill to post-drilling.

Light hydrocarbons

Eighteen wells were tested for the presence of light hydro-
carbons (methane, ethane, ethylene, propane, propylene,
and butane) between January, 2013 and April, 2014
(Table 5). Those that were tested multiple times during the
study showed that both the concentrations of methane as

well as the presence and concentration of other light
hydrocarbons varied (data not shown). Ethane was
detected in 5 of the wells, and one also had traces of pro-
pane and propylene (Table 5).

Total coliforms and E. coli

A total of 26 wells were tested for total coliforms and E.
coli as part of this study during 2013. Of these only one
well was positive for total coliforms, and one tested posi-
tive for both coliforms and E. coli. These results indicate
no source of pathogens, or that flow paths large enough to
allow bacteria to be transported to the wells are absent.

Base mapping

Base mapping of the study findings and data gathered
from public databases were used to locate the presence of

Table 3. Industry water testing results.

Analyte

Household 1a

Sample date
6/29/2010

Household 2a

Sample date
6/30/2010

Household 3a

Sample date
5/3/2010

Household 4a

Sample date
6/28/2010

Household 5b

Sample date
6/29/2011

Barium (mg/L) 0.155 0.389 0.227 0.113 0.13
Chloride (mg/L) 2.4 173.7 11.5 21.2 25.5
Iron (mg/L) 0.149 0.173 1.7 0.31 2.952
Manganese (mg/L) 0.049 0.143 0.353 0.047 0.622
Spc. conductance (mS/cm) 339 861 212 825 456
Total dissolved solids (mg/L) 183 581 179 420 291
E. coli Absent Absent Absent Absent Absent
Total Coliform Absent Absent Absent Present Present
Methane (mg/L) ND ND ND 8.53 2.66
Strontium Not tested Not tested Not tested Not tested 0.089
aPre-drill testing,
bPost-drilling test.

Table 4.DEP water testing results.

Household 1 Household 2 Household 5

Analyte
Sample Date
2/10/2011

Sample Date
2/14/2011

Sample Date
4/4/2011

Sample Date
11/14/2012

Sample Date
8/11/2011

Barium (mg/L) 0.142 0.495 0.143 0.61 0.132
Chloride (mg/L) 3.9 2.2 2.5 252.4 11.2
Iron (mg/L) 1.175 36.6 0.113 2.059 1.968
Manganese (mg/L) 0.194 5.617 0.081 0.287 0.69
Strontium (mg/L) 0.163 0.224 0.189 0.591 0.123
Spc. conductance (mS/cm) 381 366 299 1072 300
Total dissolved solids (mg/L) 244 172 164 872 226
E. coli Absent Not tested Not tested Not tested Not tested
Total Coliform Absent Not tested Not tested Not tested Not tested
Toluene (mg/L) ND 0.000372 Not tested Not tested Not tested
Other VOC’s ND ND Not tested Not tested Not tested
Methane (mg/L) Not tested Not tested Not tested 0.0153 0.0241
Ethene (mg/L) Not tested Not tested Not tested Not tested 0.0198
Ethane (mg/L) Not tested Not tested Not tested 0.0124 0.0198
Propane (mg/L) Not tested Not tested Not tested 0.0142 0.0142
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historic and current oil and gas and mining activity sur-
rounding the community. The Little Creek Oil Field,
which has had previous drilling activity, lies at about
1,300’ below the community (Fig. 5). The main petro-
leum-bearing section is the Hundred Foot sandstone, and
the Snee sandstone lies even deeper at around 1,600 ft.[21]

Mapping of legacy oil and gas wells, abandoned and/or
orphaned wells, coal mines and abandoned mines data
confirms the existence of previous oil and gas and mining
activity surrounding the community (Fig. 6), however pin-
pointing these has been difficult. Lytle’s review of oil field
exploration in Butler County, indicates 500 abandoned oil
wells with 250’ spacing drilled into the Hundred Foot and
Snee sands within Connequenessing and Forward Town-
ships.[33] No specific locations, however, were provided.
The USGS Topo map obtained through the US Fish and
Wildlife Service indicate at least three oil wells within the
confines of the community.[34] The same cannot be said for
gas wells as, unfortunately, these same maps use the identi-
cal symbol for buildings and gas wells. PA DEP file review
data indicate at least a dozen gas wells were drilled in the
area between 1961 and 1985; however, their coordinates
(longitude, latitude) appear to have been added later and
only plot to the general area, down to minutes rather than
seconds (e.g., N40o50’W 80o00’).

PA DEP file reviews

PA DEP file reviews of permits and well completion
records provided the locations, lengths, and directions of
USGE wells in Connequenessing and Lancaster Town-
ships. Analysis of this data shows that by late 2012 the
community was surrounded by 15 well pads and a total of

65 laterals (horizontal gas wells) (Fig. 7). Table 6 summa-
rizes the review of unconventional shale gas drilling
records obtained from the PA DEP. Each well was stimu-
lated with varying amounts of fluids and proppant, on
average 3.5 million gal and 3.2 million lbs, respectively.
A list of violations for oil and gas activity in the town-

ship from September 2010 through September 2012 was
obtained from the PA DEP website (Table 7).[32] Viola-
tions ranged from simple administrative issues such as fail-
ure to post proper documentation to more direct
environmental impacts such as improper discharges, and
compromised well casings and inadequate plugging of a
well.

Discussion

The results of the survey indicate that a significant num-
ber of families (56 out of 143) saw noticeable changes in
quality and/or quantity to their private well water sup-
ply since 2009 (Fig. 1). Although the recent USGE
activities began in 2009 the respondents began noticing
the changes at different times after that. This delay
might be attributed the location within the community
of each household relative to the well pads, the substan-
tial difference in depth of the water wells, (that varied in
depth from 19 to 274 m), as well as the form of contami-
nation. Most respondents saw changes in secondary
water standards, namely color, taste or smell. It is not
surprising that no one surveyed had equipment to rou-
tinely monitor or test their well water quality. The study
by the Center for Rural Pennsylvania indicated that
about half of the participants in their study had not had
proper water testing done, thus many did not know if
they had issues.[1] In contrast, more than 66% of the
households in this study (95 out of the 143) indicated
they had had their water tested at some time. However,
only 42 households had had their water tested by the
gas drilling company as part of predrill testing. The sur-
vey results suggest that more comprehensive (e.g.,
greater distances from the well pad) pre-drill testing
should be required as recommended by the Citizens
Marcellus Shale Commission.[35]

Typical contaminants seen in Pennsylvania domestic
wells include bacteria from septic or runoff, chloride from
road salt, nitrate and phosphate from agriculture, iron and
sulfate from mining, brines from oil and gas wells, and
methane.[1–3] The brine and produced water associated
with unconventional gas extraction in the Marcellus Shale
is reported to contain high levels of total dissolved solids,
halides (e.g., chloride, bromide), strontium, barium, and
naturally occurring radionuclides.[36–41] Water analyses
conducted during this study indicated elevated levels of
chloride, manganese, iron, and specific conductance as
compared to good quality groundwater.[1] Chloride was
found in all of the wells sampled, however, none exceeded

Table 5. Light hydrocarbons (in mg/L).

Household Methane Ethane Ethylene Propane Propylene Butane

LV1 42.32 0.58 ND ND ND ND
BS1 ND ND ND ND ND ND
RA1 0.37 ND ND ND ND ND
PH1 0.56 ND ND ND ND ND
HK1 9.93 ND 0.03 ND ND 0.08
CH2 ND ND ND ND ND ND
WO1 0.33 ND ND ND ND ND
CO1 ND ND ND ND ND ND
CB1 1.09 0.02 ND ND ND ND
CB2 1.37 ND 0.02 ND ND ND
SV1 1557 1.43 ND 0.05 0.07 ND
SV2 ND ND ND ND ND ND
HT1 4.21 ND ND ND ND ND
HT2 0.42 0.01 ND ND ND ND
HT3 0.55 ND ND ND ND ND
HT4 0.52 ND ND ND ND ND
HT5 1.83 0.28 ND 0.02 0.05 ND
HT6 3.6 ND 0.04 ND ND ND
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Fig. 5. Survey results plotted over the Little Creek Oil Field that underlies the community.

Fig. 6. Current and historic oil and gas and mining activity surrounding the community as could be determined from state sources
(e.g., PASDA, PA DEP).
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the secondary drinking water limit of 250 mg L¡1

(Table 1). The presence of chloride in Pennsylvania
groundwater is common, however, concentrations are typ-
ically less than 25 mg L¡1.[1,42]

The results from the total coliform and E. coli testing as
well as the mass ratio analyses for chloride and bromide,
indicate that septic leachate may be ruled out as a source.[43]

Other potential sources of contaminants include precipita-
tion, road salt (e.g., halite), and brines associated with coal,
oil, and gas fields. Here, the use of Cl/Br mass ratios can be
used to assess potential sources of chloride.[44–48] Reported
values for Cl/Br mass ratios range from 50–150 for

precipitation, 100–200 for shallow groundwater, 300–600
for septic leachate, and 1,000–10,000 for halite.[44,48] Pro-
duced water from unconventional shale gas extraction may
have concentrations of chloride in excess of 100,000 mg
L¡1, but the Cl/Br mass ratios are indicative of evaporated
seawater.[49] Our analyses revealed that the majority of the
well samples fell below the primarymixing line for seawater
(Fig. 2). This suggests that brine may be the primary source
of elevated chloride mixing with groundwater.[48,49]

Similar to chloride, iron and manganese have limits
set under the secondary standards for drinking water.[50]

These two analytes were elevated in a number of

Table 6. Summary of DEP file reviewa findings showing well name, dates of stimulation (e.g., fracking), volume of fluids, amount of
proppant and length of the lateral.

Well Name Dates Fracked Volume of Fluid (gal) Proppant (lb.) Length Fracked (ft)

Steven Lesney 1 2/12/2007 11,839 4,154 118
Reedy 2 6/10/2008 1,066,700 1,004,920 62
Shannon 1H 10/5/2010 – 10/9/2010 3,572,208 3,766,100 3,000
Shannon 2H 12/10/2010 – 12/19/2010 3,179,278 2,461,050 2,660
Voll 1H 1/7/2011 – 1/21/2011 3,159,184 2,634,500 3,240
Voll 2H 1/7/2011 – 1/22/2011 4,215,810 3,800,400 4,200
Ragan 11 4/20/2011 37,500 25,000 216
Grosick 1H 11/4/2011 – 11/12/2011 4,744,446 No data 3,575
Grosick 2H 1/10/2012 – 1/13/2012 3,924,774 No data 2,965
aData gathered from DEP file reviews of well record and completion reports.

Fig. 7. Locations, lengths, and directions of lateral wells surrounding the community. Data compiled from DEP file review of loca-
tion plats.
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samples with iron found above the 0.3 mg L¡1 standard
limit in 3.5% of samples, and manganese was above the
0.05 mg L¡1 standard limit in 44% of samples (Table 2).
The ubiquitous presence of manganese in these wells,
with 25 households above the maximum contaminate
level (MCL), is a serious health concern (Table 2).[50]

Manganese is an essential element required for many
biological enzymes, however, it is also a known neuro-
toxin.[51] Long-term exposure can lead to manganism
and Parkinson’s Disease.[52] Recent studies have shown
that manganese concentrations in drinking water
between 300-400 ppb can lead to lower IQ in chil-
dren.[53,54] The presence of iron and manganese is a
common occurrence in western Pennsylvania waters,
especially around coal mining areas.[1] Although the PA
DEP base map for abandoned coal mines does not show
the presence of such mines underneath the confines of
the community, strip mines are in close proximity
(Fig. 6) and the watershed is under a TMDL monitoring
program.[55] Thus mine drainage may be another impor-
tant source of contamination to the wells.
Methane was found in 14 of the 18 wells tested, and

while most were in low microgram amounts, at least one
well had mg L¡1 quantities (Table 5). Methane can be
either biogenic or thermogenic origin. Methanogens,
microorganisms belonging to the domain Archaea, gener-
ate methane from carbon dioxide, acetate, or simple
organic compounds (e.g., formate).[56] Thermogenic

methane, on the other hand, is formed through the “crack-
ing” or catagensis of fossil organic carbon (e.g., kerogen),
and is usually found with other light hydrocarbons.[14,17]

In addition, biogenic methane is depleted in 13C, and has
d13C values ranging from ¡60 to ¡120 o/oo.[17] Thus bio-
genic sources may be distinguished from thermogenic
sources through isotopic (e.g., d13C-CH4 and d2H-CH4)
and geochemical analyses (e.g., propane/methane
ratios).[9,14,17,56-58] The presence of associated hydrocar-
bons (e.g., ethane, propane, propylene, butane) may then
be an indication that the source of methane is thermogenic
in at least six wells (Table 5). Definitive determination of
the thermogenicity, however, will require isotopic analy-
ses, but may not indicate the exact source (i.e., both Little
Creek Field and deeper deposits are thermogenic).[57,58]

Mapping of survey results shows the spatial extent of
groundwater issues experienced by the residents. No pat-
tern of contamination is apparent as the households indi-
cating changes in water quality are not clustered together
(Fig. 7). Overlay of the survey results with underlying oil
and gas reserves shows that the affected homes sit atop the
Little Creek Oil Field (Fig. 5). Both the Hundred Foot
sandstone and the Snee sandstone of the Little Creek were
developed in the late 1800’s and early 1900’s, with at least
one well reaching over 4,000 ft.[21,33] The PA DEP file
review also included permits for at least a dozen conven-
tional wells in the area that were drilled between 1961 and
1985 with several on current USGE sites (e.g., Graham,

Table 7. PA DEP reported USGE violations for the township issued between September 2010 to 2012.

Site Name Violation ID Violation Date Violation Description

Edward Gilliland 0 OGWell 594808 9/8/2010 Failure to plug a well upon abandonment
Voll Unit 1H OGWell 595298 9/14/2010 Failure to maintain 2’ freeboard in an

impoundment
Voll Unit 1H OGWell 595299 9/14/2010 Failure to report defective, insufficient, or

improperly cemented casing w/in 24 h or
submit plan to correct w/in 30 days

Voll Unit 3H OGWell 599948 11/16/2010 Stream discharge of IW, includes drill cuttings,
oil, brine and/or silt

Gilliland Unit 4H OGWell 599859 11/20/2010 Failure to properly store, transport, process or
dispose of a residual waste.

Bricker Unit 1H OGWell 619173 8/31/2011 Failure to notify DEP, landowner, political
subdivision, or coal owner 24 h prior to
commencement of drilling

Bricker Unit 1H OGWell 619174 8/31/2011 Failure to post permit number, operator name,
address, telephone number in a conspicuous
manner at the site during drilling

Grosick Gilliland Carson Pipeline ESX 629497 1/17/2012 Discharge of industrial waste to waters of
Commonwealth without a permit

Grosick Gilliland Carson Pipeline ESX 630037 1/23/2012 Discharge of industrial waste to waters of
Commonwealth without a permit.

Bricker Pipeline ESX 641921 6/18/2012 Discharge of industrial waste to waters of
Commonwealth without a permit.

Patton Unit 1H OGWell 650294 9/28/2012 Conservation well located less than 330’ from
lease or unit line without waiver.
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Gilliland pads). Thus the region has had significant legacy
oil, gas, and mining operations (Fig. 6).
More telling is the location of the new unconventional

wells as there are 15 well pads with 65 horizontal wells
within a -m radius of the community (Fig. 7). The laterals
follow a north-north west or south-south-east drilling
direction to take advantage of the enhanced permeability
of the J1 joint of the Marcellus shale, maximizing yields.[59]

The large volumes of fluids and proppant used in the slick
water hydraulic fracturing of the new wells (on average
3.2 million gal. and 3 million lbs, respectively) (Table 6)
could also affect the local hydrology and contribute to sub-
surface disturbance resulting in well water contamina-
tion.[11] While the depth of the Marcellus in this part of the
state is around 5,000 ft, the violations cited in late 2010
(Table 7), especially the failed casing/cement job, could
provide conductive pathways for the migration of legacy
mining as well as deep formations fluids.[11,19] Although
the PA DEP eventually determined that there was no con-
nection between the new drilling and the changes in water
quality, their own data indicate that at least for Household
1, there was a dramatic and contemporaneous increase in
concentrations of barium, strontium, iron and manganese
(Table 4) as well as contamination in other wells (e.g.,
chloride, iron, and manganese) at levels above secondary
MCL (Table 4).

Conclusions

We have used a variety of methods to determine whether
there is a correlation between the changes in well water
quality in water wells with surrounding USGE in this com-
munity in Southwest Pennsylvania. The survey results
indicate that there has been an increase in well water issues
in the community since 2010. Water chemistry results
show elevated cations and anions including manganese,
iron, bromide and chloride. Different wells had different
contaminants although the majority had manganese above
the MCL. Light hydrocarbon analyses suggested a ther-
mogenic source for the methane in some wells. Analysis of
mapping results revealed the community lies over the Lit-
tle Creek Oil Field, and locations of previous mining and
oil and gas activities.
DEP file review indicates several violations that could

result in groundwater contamination. The proximity and
location of USGE well sites to the community provide
shorter pathways for the transport of surface and subsur-
face contamination. The number of lateral wells (65)
within 4 km of the community could have contributed to
subsurface disturbance ultimately resulting in well water
contamination. Further in-depth study of the local geology
and hydrology, in addition to access to all pre-drill tests
and well completion records would allow for a more defin-
itive assessment. This study demonstrates the challenges
faced in making a positive determination (e.g., relating

contamination to drilling activity) and the need for thor-
ough investigation including legacy activity, pre-drill test-
ing, and long term monitoring.
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