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Abstract

With recent improvements in high-volume hydraulic fracturing (HVHF, known to the public as
fracking), vast new reservoirs of natural gas and oil are now being tapped. As HVHF has expanded
into the populous northeastern USA, some residents have become concerned about impacts on
water quality. Scientists have addressed this concern by investigating individual case studies or by
statistically assessing the rate of problems. In general, however, lack of access to new or historical
water quality data hinders the latter assessments. We introduce a new statistical approach to assess
water quality datasets — especially sets that differ in data volume and variance — and apply the
technique to one region of intense shale gas development in northeastern Pennsylvania (PA) and
one with fewer shale gas wells in northwestern PA. The new analysis for the intensely developed
region corroborates an earlier analysis based on a different statistical test: in that area, changes in
groundwater chemistry show no degradation despite that area’s dense development of shale gas.
In contrast, in the region with fewer shale gas wells, we observe slight but statistically significant
increases in concentrations in some solutes in groundwaters. One potential explanation for the
slight changes in groundwater chemistry in that area (northwestern PA) is that it is the regional
focus of the earliest commercial development of conventional oil and gas (O&G) in the USA.
Alternate explanations include the use of brines from conventional O&G wells as well as other
salt mixtures on roads in that area for dust abatement or de-icing, respectively.

Environmental Significance

Intense drilling and high-volume hydraulic fracturing in areas of shale gas development sometimes
impact local groundwater. However, both historical and new data are often not available to assess
impacts on groundwater quality. Here a comparison of impacts in two areas of the largest shale
gas play in the USA reveal decreases in some solute concentrations in the heavily developed region
but increases in the less intensely developed region. The latter region is the site of some of the
oldest commercial development of conventional oil and gas (O&G) in the world. Historical O&G
development or regional differences in the use of salt mixtures and production brines on roads for
de-icing or dust abatement might explain the slight concentration changes in groundwater.
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Introduction

Hydraulic fracturing has been used to open up the permeability in hydrocarbon reservoirs
at least since the 1940s in the USA. Recently, a version of this technique — high volume hydraulic
fracturing (HVHF) — has been successful in stimulating gas production from the Marcellus and
other shales in the northeastern USA. This development in highly populated areas has increased
concerns on the part of the public about possible impacts on water resources. In particular, a debate
about the environmental impact of shale gas development activities on water resources has grown
to become particularly controversial since the onset of Marcellus drilling in 2004 in Pennsylvania
(PA)!L2113-10 While investigating this controversy, few researchers have documented impacts
directly related to or caused by HVHF itself: rather, problems that have been documented generally
involve leakage because of casing or cementing issues, faulty impoundments or containers, fluid
spills, and well blowouts, all of which have been more common causes of water contamination
related to shale gas drilling and production activities'?. To date, most published papers have
focused on case studies about incidents®!!-13 and few studies have been able to assess the overall
incidence of water contamination over time.

Two reasons for the lack of studies assessing temporal trends of groundwater quality are
the lack of publicly released groundwater data both before and after development!4. In the
northeastern USA, only one published study'> has reported results from a statistical comparison of
a moderately large dataset of groundwaters sampled from the same wells before and after shale
gas development. That study did not release geographic coordinates along with water quality data
for the groundwater wells. Both spatial and temporal comparisons of groundwater quality with
respect to shale gas development are needed to answer the public’s questions about the frequency

and extent of environmental problems related to the activities of the shale gas industry.
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One possible approach to look for broad statistical trends is to assess large water quality
datasets available for the region of the Marcellus Formation that are collected by oil and gas (O&G)
companies to establish the water chemistry pre-drill baseline. These data are now becoming
available to the public!®!7, and increasingly are published with geographic coordinates’81418-20,
Studies based on these large water quality datasets (~1,000s to ~10,000s samples) allow
investigation of the temporal and spatial trends of water quality in production areas of gas from
unconventional reservoirs (i.e., reservoirs with lower permeability that require HVHF) because,
although they are collected as “pre-drill” data for a new well that is planned, they are almost always
collected in areas with already-drilled oil or gas wells>7-16-1921 In such cases, the older wells may
be drilled into unconventional or conventional, higher-permeability, reservoirs. Here, these are
referred to as unconventional or conventional wells respectively. In addition, sometimes older
groundwater quality datasets are available in the targeted area for comparison. For example, Siegel
et al.> pointed out that groundwater quality in PA was unchanged over time before and after shale
gas production based on datasets available from one gas company and other data providers.

Similarly, Wen et al.” compared water quality documented by datasets in Bradford County
in northeastern PA (NE PA) from before and after the marked increase of shale gas production in
that county. They concluded that concentrations decreased for total dissolved solids (TDS), iron
(Fe), manganese (Mn), and sulfate (SO4>); pH increased; and concentrations of arsenic (As), lead
(Pb), barium (Ba), chloride (Cl), and sodium (Na) showed no statistically significant change. This
observation thus did not document degradation of groundwater from shale gas development in
Bradford County (NE PA), the county with the second highest number of shale gas wells in PA
(~1,385; including all spudded wells regardless of the well status). Bradford (NE PA) also has 66

conventional oil and gas wells (including all such spudded wells regardless of status)?2.
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One observation from statistical and spatial analyses of so-called “pre-drill” data is that
groundwater chemistry varies in different sub-areas because of variations in geological faults,
folds, topography, lithology, and land use — including the presence of O&G wells”-!®1?, In this
study, we wanted to look at water quality in different parts of PA in a targeted approach to
investigate the effect of both conventional and unconventional O&G wells. We took advantage of
the fact that PA is the state that hosted the oldest commercially developed oil well in the USA
(emplaced in 1859). Specifically, we wanted to test if groundwater quality shows similar or
different trends over time for two parts of the Marcellus gas play that have disparate histories of
0&G development. We present new data from Mercer County in northwestern PA (NW PA), an
area that has not been a focus for unconventional shale gas drilling but is near the oldest
commercial oil well in neighboring Venango County. In Mercer County (NW PA), the state
regulator estimates more than 3,780 conventional oil or gas wells are either operating, or have been
plugged, abandoned, or orphaned?>?3. The county averages 2.14 conventional O&G wells per km?
but only 0.03 unconventional O&G wells per km?. For comparison, we also re-visit NE PA, the
location of Bradford County, which is one of the two most intensely developed areas of natural
gas development in the Marcellus gas play today. That county averages 0.46 unconventional O&G
wells per km? but only 0.02 conventional O&G wells per km?.

We first present a temporal analysis of the data from NW PA20. In particular, we compare
two groundwater datasets (hereafter “NW PA datasets”) that were collected pre-2000 and post-
2010 in Mercer County (NW PA). These groundwater quality data, released by the oil and gas
regulator in PA (Pennsylvania Department of Environmental Protection or PA DEP) to the public
for the first time in this study, are the only data we have found closely related to oil and gas

development for Mercer County (NW PA) (data archiving by the PA DEP is variable across the
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state). We then revisit both the data from the NE and NW PA using a more advanced statistical
technique than published previously’.

The objectives of this study were to (1) investigate groundwater quality data collected in
NW PA (i.e., Mercer County) before and after the onset of unconventional gas drilling in 2012 in
that county; (2) compare the temporal trends in groundwater chemistry in NW and NE PA to
explore the effects of development of conventional and unconventional hydrocarbon reservoirs;
and (3) provide possible explanations for the differences in trends between the two study regions.
We also introduce a new statistical test that is useful for comparison of datasets of differing data

volume and variance.

Methods and Materials

Water Quality Data

Analysis of groundwater quality data in PA has been made possible following a
memorandum of understanding (MOU) signed by Penn State University and the PA DEP in 2013.
For this study, PA DEP provided groundwater quality data from oil and gas companies as Excel
tables or scanned copies of printed laboratory reports. We manually typed or collated these data
into a master database while removing confidential information (e.g., names and addresses of
homeowners) and then published the data into the Shale Network online database (DOI:
10.4211/his-data-shalenetwork) as well as the Penn State University Data Commons
(DOI:10.18113/D3967X). Multiple rounds of verification of the data were performed prior to
publication as described previously, necessitating up to an hour per laboratory report for the
procurement, compilation, cleaning, and management of these water chemistry data’. None of

these water chemistry data were previously accessible to the public.

6
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NW PA water quality data

For NW PA, the DEP provided the only two datasets of water chemistry from O&G
companies that are available. These two batches were collected by O&G companies before 2000
and after 2010 and are hereafter noted as the pre-2000 and post-2010 NW PA datasets (Table 1).
The pre-2000 dataset summarizes 1,604 groundwater samples for up to 15 analytes (pH, hardness,
turbidity, alkalinity, specific conductance, total dissolved solids (TDS), K, Mg, Ca, CI, Na, SO,,
CH,, Fe, Mn) in central Mercer County (NW PA) that were mostly collected from 1985 to 1999
(Figure 1). These pre-2000 data were shared in spreadsheet format without the original laboratory
report to cross-check. The post-2010 dataset consisted of 259 pre-drill groundwater samples (244
water wells and 15 springs) collected from 2012 to 2015 in central Mercer County (NW PA) in
areas that overlapped with the areas sampled in the pre-2000 dataset (Figure 1). As many as 43
analytes were reported for each sample.

Hydrocarbon production in Mercer County (NW PA) is mostly dominated by oil or gas
extraction from conventional reservoirs (referred to here as conventional wells); no coal mines are
present in the study area in central Mercer (NW PA) (see Figure 1 for coal mining outside of the
center part of the county)?*. According to PA DEP records??, 3,780 conventional wells, including
110 documented orphaned and abandoned wells?3, had been drilled by 2017 while the first
unconventional well was drilled in 2012 and only 61 unconventional wells were drilled in total
before 201522, Among all the conventional wells, the PA DEP records show known spudded dates
for 3,391 while the other 389 wells are not recorded with a spudded date (they are coded with an
arbitrary code, i.e., spudded in 1/1/1800)%2. However, since some investigators have estimated that

the number of undocumented and unmapped orphaned and abandoned wells overall in PA could
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be one order of magnitude higher than those that have been mapped as abandoned or orphaned, it
is likely that the number of such wells has been underestimated by at least a factor of ten in Mercer
County (NW PA)?,

In this analysis for NW PA, we discuss only the 15 analytes that were reported in both the
pre-2000 and post-2010 data. Most of the post-2010 data were collected as “pre-drill” samples and
were received in the format of the original commercial analytical laboratory report and then were
recorded into spreadsheets and checked. Importantly, these samples are only pre-drill with respect
to a proposed new well: they can be considered “post-drill” for all other wells already in place in
the area.

The only post-2010 data that were not noted as pre-drill were seven groundwater samples
collected as a post-drill follow-up for 4 sites. These seven groundwater samples were collected as
post-drill samples in Jackson Township around the Bowser Unit well pad (Figure 1A). The
laboratory reports of these 7 groundwater samples disclosed no information why these samples
were collected. We suspected that these 7 water samples might have been collected for an
investigation as a response to a local environmental complaint; however, we could not locate any
filed complaint from Jackson Township from 04/01/2014 (10 days before the collection of the
oldest post-drill sample among these seven) to 03/01/2015%, i.e., the date range when these seven
samples were collected. Water chemistry for these 7 post-drill samples as well as associated 4 pre-
drill groundwater samples are all listed in Table S1. The comparison of these pre-drill and post-
drill samples indicated no degradation of groundwater quality at these four sites; out of caution
and lack of knowledge about the reasons for these extra post-drill samples, they were excluded

from analysis.
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Statistical tests

The distributions of concentrations are generally skewed; therefore, we often interpret them

with respect to medians instead of means and we use non-parametric statistical tests for

comparisons of distributions at a significance level=0.05 (see also SI). These tests can

determine whether distributions are the same (the null hypothesis) or that the probability

is greater than 0.5 that a randomly selected value from one distribution is larger than or

smaller than a random value from the second distribution at the 95% confidence level.

Here, we compare the pre-2000 and post-2010 datasets using both Wilcoxon—Mann—
Whitney (WMW) rank sum and Brunner-Munzel (BM) tests using the statistical package in R
3.3.3%7. Both tests are further discussed in SI and the Results and Discussion sections. The strategy
of analysis proceeded according to this workflow: 1) first we tested the null hypothesis of no
change between distributions (alternative hypothesis was that distributions were different): if p
was greater than 0.05 then we could not reject the null hypothesis; 2) if p was less than 0.05 for
(1) then null hypothesis (1) was rejected and we did two more tests. These tests were based on the
following null hypotheses: a) the distributions either increased or were unchanged (alternative
hypothesis was that the distribution decreased) and b) the distributions either decreased or were
unchanged (alternative hypothesis was that the distribution increased) between pre-2000 and post-
2010. If p was less than 0.05, we rejected the null hypothesis at step (2). Thus, if the distributions
did not change, then we calculated a p value greater than 0.05 for null hypothesis at step (1) and

stopped. In contrast, if the distributions did change, then we calculated a p value less than 0.05 for
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rejection of the null hypothesis at step (1) and a p value less than 0.05 for rejection of the hypothesis
at step (2).

In addition to a comparison of distributions for the pre-2000 and post-2010 datasets, the
temporal trends of groundwater chemistry in NW PA within each of these two time periods (i.e.,
pre-2000 and post-2010) were also evaluated using the nonparametric Spearman’s rank correlation

test.

NE PA water quality data

In contrast to Mercer County (NW PA), Bradford County (NE PA) is the site of over a
thousand unconventional wells but only 66 conventional wells that have been drilled through
2017722, Here we briefly summarize the datasets from pre-2000 (108 values) and post-2010
(11,156 values) from Bradford County in NE PA that were reported previously’ and published
online?®. Hereafter, we refer to these as the “NE PA datasets”. Wen et al.” performed the WMW
test on these datasets for 9 analytes: pH, TDS, Fe, Mn, sulfate, Pb, Ba, Cl, and Na. Due to the high
fraction of censored data for As both pre-2000 and post-2010, Wen et al.” did not conduct statistical
tests but simply compared the rate that As concentrations failed the EPA standard for As between
the two datasets. We summarize the results of the WMW test on the NE PA datasets and present a

new analysis using the BM test for comparison.

10
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40 Figure 1. (A) Locations of the 1,863 water samples for the NW PA groundwater datasets in Mercer
H County (labelled NWPA). Townships in central Mercer (NW PA) are shown in blue: Coolspring,
Delaware, East Lackawannock, Fairview, Findley, Fredonia, Hermitage, Jackson, Jackson Center,
Jefferson, Lackawannock, and Mercer. Conventional (n=3,391, i.e., conventional wells with
45 known spudded date) and unconventional (n=61) wells?*>?3 and very minor coal mining areas (in
46 the lower right corner) are also indicated on the map?*. The 389 conventional wells without known
47 spudded dates (coded as ‘1/1/1800 in PA DEP database??) are not plotted here. The Bowser unit
48 well pad (discussed in main text) is indicated by the red arrow. (B) Number of conventional (gray
circle) and unconventional (red dot) wells drilled per year along with groundwater samples
collected per year in Mercer County (NW PA) and reported in the NW PA dataset are plotted
55 versus year. Most conventional wells were drilled between 1980 and 2010. For both (A) and (B),
53 wells reflect the total number of drilled wells regardless of the well status (e.g., active, orphaned,
54 plugged, and abandoned).
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Results

Central Mercer County (referred to here as NW PA) lies within the Shenango River sub-
watershed of the Ohio River Basin. The county is also entirely within the northwestern glaciated
Pittsburgh plateau section of the Appalachian Plateaus Province?®. The study area is generally
covered by Wisconsin glacial deposits®® and underlain by Pennsylvanian and Mississippian
sandstone, shale, and limestone bedrock of the Pottsville, Allegheny, and, to a lesser extent,
Shenango Formations® 2826,

A total of 15 analytes (pH, hardness, turbidity, alkalinity, specific conductance, TDS, K,
Mg, Ca, CI, Na, SO4, CHy, Fe, Mn) from this NW PA dataset were grouped into three groups:
cation, anion, or other (Table 1). EPA standards (primary Maximum Contaminant Level or MCL,
secondary MCL, and health advisory level) were also included in Table 1 for comparison. The
data include n=1,604 for the pre-2000 and n=259 for post-2010. Table 2 summarizes the results of
the WMW tests to determine if the distributions were statistically the same or different for pre-
2000 versus post-2010.

The WMW test indicated that the distribution of methane values increased with time
between the two datasets (p less than 0.05). This can be interpreted as follows: if a value of methane
was randomly selected from post-2010 group, it has a greater than 50% chance of being larger than
a randomly selected value from the pre-2000 group at the 95% confidence level. This test is not a
strong test for methane, however, because the majority (65%-77%) of methane data in the
compiled (pre-2000 and post-2010) NW PA data, were censored, i.e., below reporting limits and
nine different reporting limits were operable among the laboratories. Such a temporal increase in
distribution of methane concentrations might thus instead reflect the differences in percentage of

censored values among all values at the different times. Following the approach of Wen et al.” for

12
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arsenic, we therefore compared only the fraction of measurements in each dataset that lie above
the USA Department of Interior suggested alarm level of 10 mg/L CH43!: 10 out of 1185 values
(0.8%) for the pre-2000 dataset versus 1 out of 259 values (0.4%) for the post-2010 dataset. Given
the well-known issues in measuring methane at such higher levels3? and the small discrepancy in
values above reporting limits between the two time periods, however, we do not make conclusions
about methane concentrations over time.

Most of the other analytes had at least 1,100 or 190 reported values above reporting limits
(pre-2000 and post-2010, respectively). The distributions of most cation concentrations showed
small but statistically significant increases from pre-2000 to post-2010 (p less than 0.05) according
to the WMW test (Table 2). A few cations did not show this increase: the distribution for K
decreased (p less than 0.05); the distribution for Mn showed no change (p=0.70); and Na showed
no change (p=0.06). For the two anions reported in the NW PA data, the WMW test indicated that
the distributions of Cl concentrations increased from pre-2000 to post-2010 while sulfate
decreased (p less than 0.05; Table 2). Finally, the distributions of TDS, hardness, and specific
conductance in NW PA datasets also increased (p less than 0.05), consistent with the increases in
distributions of concentrations of some of the major cations and anions, e.g., Ca, Mg, and Cl. For
example, the median of the hardness values increased by 17 mg/L from pre-2000 to post-2010 and
over the same time period, the median increased by 11 mg/L for Ca concentration (Table 1). The
distributions of alkalinity in NW PA datasets also increased according to the WMW test (p less

than 0.05) while pH showed no change (p=0.07, Table 2).

A More Stringent Statistical Test

13
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Overall, the statistical comparison of groundwater quality data from pre-2000 and post-
2010 in central Mercer County (NW PA) was consistent with groundwater quality in this area
becoming slightly more saline but remaining well buffered (with slightly increased alkalinity) at a
constant pH over the time interval. This conclusion contrasts the earlier conclusion of Wen et al.”
for water quality in Bradford County in NE PA from before and after the marked increase of shale
gas production in that county. They concluded that the distributions of concentrations decreased
for TDS, Fe, Mn, and sulfate while the distribution of pH values increased between the pre-2000
and post-2010 datasets. They inferred there might have been slight overall improvement in
groundwater quality.

However, the pre-2000 and post-2010 data for water quality in both NW PA and NE PA
differ in size by a factor of at least 5 (depending upon the analyte, see Table 1 and Wen et al.
(2018)7). The distributions of reported values for many of the analytes in the pre-2000 and post-
2010 datasets also have unequal variances (Table 2). Other researchers have shown that the WMW
test can fail to be a fair test for distribution?? for datasets with extremely small size (less than 50)
and extreme ratios of variance (e.g., a factor of 10). For such cases, a more sophisticated statistical
test (the Brunner-Munzel (BM) test) has been used (see also SI)*#33. Our datasets in NW PA and
NE PA do not show such small size or extremely distinct variance: groundwater quality data in
NW PA and NE PA all have reasonably large size (greater than 100) and the ratios of variance for
many analytes are less than 2 (Table 2). Nonetheless, we decided to apply the stronger BM test on
both the NW PA and NE PA datasets to test the WMW test results because of the large
discrepancies in data volume (Table 2).

The BM tests for both NW PA and NE PA datasets confirm the temporal trends for all

analytes with two exceptions: pH and Na in NW PA data (Table 2). The BM tests for NW PA

14
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show that the distributions of Na concentrations increase (p less than 0.05) and that of pH decrease
(p less than 0.05), which differ from the WMW test results. However, p values of these two tests
are only slightly different for these analytes: p=0.0264 (BM) vs. p=0.0673 (WMW) for pH and
p=0.0496 (BM) vs. p=0.0595 (WMW) for Na concentrations. These results generally confirm that
the conclusions are robust from the statistical perspective that the data show slight increases in
distributions of salt and some metal concentrations in NW PA groundwaters versus slightly lower

distributions of concentrations in NE PA groundwaters.

Discussion

Comparing NW and NE PA Groundwater

The distributions of sulfate concentrations in both the NW and NE PA datasets decreased

from pre-2000 to post-2010 (Table 2)”. Such decreases in both NE and NW PA are consistent with
the state-wide trend of decreasing sulfate concentrations in PA streams®®. This change has been
attributed mostly to the effects of the decline of coal production (and associated acid mine
drainage) and the Clean Air Act (CAA) and its amendments since the 1970s that contributed to the
amelioration of acid rain in the state’3%37. The similarity between observations of trends in sulfate
concentrations in streams in PA and in groundwaters in NW and NE PA may be a good indicator
that the trends are temporal indicators of change related to state-wide rather than regionally distinct
changes.

While the sulfate changes may be explained by improvements in release of sulfur
compounds related to mining or burning coal, the NW PA waters became slightly more saline and

Fe-rich while the NE PA waters stayed constant or decreased in concentrations of salts and metal

15
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elements. Specifically, the distributions of concentrations of Na, Cl, hardness, and TDS increased

in NW PA from pre-2000 to post-2010, while in NE PA changes in Na and Cl distributions were
not detected and TDS decreased (Table 2). Similarly, distributions of Fe concentrations increased
and Mn showed no change from pre-2000 to post-2010 in NW PA datasets while they decreased

in NE PA (Table 2)’.

Possible Explanations for Changes in Groundwater Chemistry in Central Mercer County
(NW PA)

These discrepant changes in TDS, Na, Cl, Mn, and Fe in NE PA versus NW PA might
reflect changes in average groundwater chemistry over time. However, because the same water
wells are not sampled in each time period, changes that are inferred to indicate temporal trends
could instead reflect hidden variables. For example, if the water wells that were sampled in the
earlier time period were located in one geological formation and the second set in another
formation, then a systematic difference in location could be mis-interpreted as a temporal trend.
Alternately, contributions of Cl from natural sources of Appalachian brine salts!> might be more
prevalent in some parts of PA where the density of natural faults and fractures is higher or where
the depth to natural brines is shallower!-*°. Likewise differences in sampling conditions inside a
household (e.g., flow velocity during sampling) at different times can also affect parameters such
as methane or turbidity®. Although we cannot evaluate all of these possible factors, we nonetheless
discuss a variety of attributes for the NW PA and NE PA sites as possible explanations in the

following sections.

Differences in wetness over time

16
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Larger or lower precipitation in wetter or drier years might dilute or concentrate analytes
in groundwaters respectively. To evaluate this possibility, we tested for temporal changes in
regional wetness by selecting a USGS stream gauging station in each county: site number
03102850 on the Shenango River in Mercer County (NW PA) and site number 01531500 on the
Susquehanna River in Bradford County (NE PA). These two gauging stations are located on the
major rivers in these two counties and their discharge data therefore integrate information about
precipitation over the regions of interest. Mean values of annual discharge measured from 1985 to
2015 were plotted (Figure S1) and checked for a temporal trend using Spearman's nonparametric
correlation tests. No significant changes in mean annual discharge were detected at either of the
two sites (p greater than 0.05). Therefore, we ruled out changes in precipitation with time as the
important factor explaining the observed changes in groundwater chemistry in NW PA versus NE

PA.

Differences in lithology, topography, or sampling technique

In Pennsylvania, groundwater quality tends to vary with geologic formation and the
topographic position where water wells are drilled>%4°, In particular, Siegel et al.> pointed out
that water wells drilled into Allegheny and Pottsville formations tended to have somewhat
degraded water quality compared to other formations in western PA. Although we did not have
depth information for most water wells in the NW PA datasets in this study and thus could not
identify the formations hosting the water wells at the depth of extraction, the vast majority of
groundwater samples in both pre-2000 and post-2010 datasets were generally located in areas with
identical formations (i.e., Allegheny and Pottsville). This argues against bedrock as an explanation

for the inferred temporal trend.
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In addition, many researchers have shown that groundwater chemistry in PA is affected by
topographic position (e.g., valley or ridge) of water wells>”4!, In NW PA, the relief is generally
relatively low compared to the rest of the state, however, and this is consistent with a relatively
small effect of topographic position on groundwater chemistry>. Therefore, the observed trends in
groundwater chemistry in NW PA are also not likely to be explained simply by differences in the
topographic positions of the sampling sites in the datasets from the two time periods.

Groundwater samples analyzed in the NW PA datasets — like many such groundwater
datasets — were not filtered before analysis. Sediments can be introduced into such samples to
cause different magnitudes of turbidity if water wells were pumped at different flow rates during
sampling®. High turbidity was previously found to be associated with high concentrations of Fe
and Mn in Pennsylvania groundwaters sampled largely from homeowner wells>. The slight
increase in Fe concentrations from pre-2000 to post-2010 in NE PA might therefore be at least
partially explained if there were differences in flow rates during sampling that resulted in an
increase in turbidity from pre-2000 to post-2010. Although we have no evidence for this, this

possibility cannot be eliminated as a potential explanation.

New shale gas wells

The first unconventional well was drilled in 2012 and only 61 of these wells were drilled
in total in Mercer County (NW PA). Most groundwater samples in the post-2010 dataset were
collected as pre-drill baseline samples around six unconventional well pads: Bowser Unit,
Jefferson Mcghee, Jefferson Zigo, Lackawannock James, Mccullough Unit, and Palmer 2082 D.

A total of 25 unconventional wells were drilled on these six well pads.
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The records of violations issued by PA DEP for these 25 unconventional wells revealed no
violations related to cementing/casing failures or fluid spills on- or off-site. Only two wells (API:
085-24642, 085-24669) received violations coded as “SWMA301” meaning “Failure to properly
store, transport, process or dispose of a residual waste”. Those violations might have allowed the
contamination of groundwater only if leakage or spilling of wastewater occurred, but that was not
noted by the regulator. Furthermore, no letters were issued to any companies drilling
unconventional wells in central Mercer County (NW PA) with a positive determination of possible
culpability for impacting surrounding waters*>*3. Thus, we have no evidence from the regulator
that activities at unconventional wells in central Mercer (NW PA) were deemed responsible for
nearby water contamination. These observations lead us to infer that the activities of
unconventional O&G production in Mercer County (NW PA) might not be the primary cause of
the observed slight regional change of groundwater chemistry in the study area. Furthermore, since
the county has 61 unconventional wells but 3,780 conventional wells, unconventional wells are
inferred to be an unlikely cause for the observed slight changes in TDS, hardness, Na, Cl, and Fe

distributions.

Conventional wells

Mercer County (NW PA) has a long history of conventional O&G production®?:the county
is located approximately 50 km from Titusville PA, the location of the first commercial oil well in
the USA. Figure 1B presents a summary of the year that each of the more than 3,000 conventional
wells listed by the regulator with a spud date in Mercer (NW PA) were drilled: most wells were

drilled between 1980 and 2010. The 389 conventional wells that are listed by the regulator without
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a spud date are not shown on the map. Correspondingly, the majority of pre-2000 groundwater
samples were collected between 1980 and 2000.

Groundwater contamination by conventional O&G drilling has been repeatedly reported in
this area of northwestern PA in the Glaciated Appalachian Plateau area**. In particular, Harrison
(1983)* suggested that the presence of highly permeable surficial sediment, relatively steep
hydraulic gradients, and the low to moderate dilution of contaminants along flow paths might
render groundwater systems in NW PA prone to contamination from conventional well drilling.
Currently, we do not have data for violations related to conventional wells in NW PA. Instead, we
use estimates cited for O&G wells in PA in general to estimate violations. Specifically, 0.7-9.1%
of the active O&G wells drilled after 2000 in PA have been reported to have had compromised
cement and/or casing integrity violations'?. Therefore, of the 1,495 currently active conventional
wells that were drilled since 2000 in Mercer County (NW PA), we would expect that 10 to 136
active conventional wells probably had cementing/casing issues. These conventional O&G wells
with cementing/casing issues might have caused the changes in groundwater chemistry in Mercer
(NW PA) if these well issues were not adequately addressed.

In addition, the PA DEP lists 110 documented orphaned and abandoned conventional O&G
wells located in Mercer County (NW PA) in their database?? (see also Figure S2). These orphaned
and abandoned wells were not drilled or completed following modern regulations®®, and are not
listed as having been plugged. If these unplugged and possibly poorly constructed O&G wells
allow migration of TDS, Na, Cl, and Fe into shallow aquifers, this could explain the trends of
increasing distributions of concentrations of those analytes. For example, production waters
associated with O&G wells include Ca, Na, Cl, as well as high TDS in Mercer (NW PA). In this

regard, the depths and integrity of surface casings and associated cements are of prime importance
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in protecting shallow groundwater from brines, especially in NW PA where brine waters are
known to be present at shallower depths! than the rest of PA.

On the other hand, water samples in the post-2010 NW PA dataset are not located in the
sub-areas of the county known to host the highest density of documented wells that have been
abandoned or orphaned (Figure S2). We argue, however, that many such wells may not be marked
on the state maps in this part of PA. For example, over all of PA as published by the PA DEP?,
only ~8,700 orphaned and abandoned O&G wells have been documented. However, the total
number of abandoned and orphaned O&G wells have been estimated to be as high as 300,000 to
500,000, i.e., a factor of 35 to 55 higher. If we multiply the number (i.e., 110) of orphaned and
abandoned O&G wells documented by PA DEP in Mercer County (NW PA) by a conservative
estimate of 10 to account for the lack of reporting for many such legacy wells, we estimate that
the actual number of orphaned and abandoned O&G wells in Mercer County (NW PA) might be
on the order of 1000. Such a large number of old and undocumented conventional O&G wells are
likely to be a greater threat to regional groundwater chemistry than the small number of
unconventional wells. For example, the first conventional well reported with a spud date in Mercer
(NW PA) was drilled in 1955 and the number of conventional wells drilled peaked in 1992 and
then again in 2005. In addition, 389 conventional wells are listed by the regulator in central Mercer
(NW PA) without a known spud date, i.e. they were likely drilled before 1955. Such older
conventional wells likely do not comply with modern standards given that no regulations for well
completion were imposed in PA until 19844, In comparison, the first unconventional well was not
drilled in Mercer (NW PA) until 2012. Therefore, we conclude that conventional O&G wells and
legacy wells are potential explanations for the observed slight changes in groundwater chemistry

in Mercer County (NW PA).
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De-icing salts and brines

Another possible source of Na, CI, and TDS is the material that is used for de-icing paved
roads during winters in PA%. De-icing materials are reported to include salt and briny water in the
state. We have no evidence that the brines used for de-icing derive from O&G production brines
and we therefore infer that these de-icing brines are mined salt dissolved in water. In the U.S., such
application of road salt for de-icing became substantial since the 1940s%7.

Mercer County (NW PA), with an area of 1,770 km?, is relatively more urbanized
compared to Bradford County in NE PA. Specifically, Mercer (NW PA) has a population density
of 63 per km? in 2015, and 12.4% of its land use was categorized as “developed” in 2011444, The
population in Mercer (NW PA) decreased by 7.8% from 1985 to 2015 (Figure S3)* while land
use did not change significantly compared to 2001°°. The road density in Mercer (NW PA) was
1.85 km/km? in 2015°! and public data shows little change in total length of public roads since
201032, Although earlier data of road density at the county level is not available online to our
knowledge, state-level data>® show that the total length of public roads in Pennsylvania increased
by only ~6,437 km from 186,142 km from 1985 to 2000 and about 644 km from 2000 to 2015.

In comparison to Mercer County (NW PA), Bradford County (NE PA) is more rural: 5%
of the county was reported as “developed” in both 20114 and 2001°°. Bradford County (NE PA)
has a larger area of 3,000 km? but a much smaller population density of 20/km? in 2015 than
Mercer (NW PA)*4° The population density in Bradford (NE PA) decreased by 0.3% from 1985
to 2015 (Figure S3)*. Bradford (NE PA) has smaller road density of 1.34 km/km? in 20155! and

has not changed since 2010°2.
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Given these land use data, both urbanization and paved road density are higher in Mercer
County (NW PA) than Bradford County (NE PA). In the winter of 2016-17, for example, a total
of 15,200 tons salt and 1.6 million liters brine were used in Mercer County (NW PA) for de-icing*.
In contrast, less salt (i.e., 12,500 tons salt and 0.27 million liters brine) were used in Bradford (NE
PA) in the same winter even though Bradford (NE PA) is almost twice the area of Mercer (NW
PA)*. Although the information of the amount of road salt and brine applied for de-icing in earlier
years is not available, we assume the amount is generally increasing each year. These brines used
for de-icing are likely to enter surface or groundwaters, especially since they are used in time
periods with large precipitation when temperatures fluctuate in PA above and below freezing.

Such contamination effects related to road salt that is dominantly NaCl have been noted
throughout the USA>4. In addition, increases in Na and Cl concentrations may impact dissolution
and ion exchange reactions between soil and water, releasing Ca, Mg, and bicarbonate into
groundwater>*>3-°6, For multiple reasons, therefore, road salt might contribute to the observed
changes in groundwater chemistry in Mercer (NW PA), where slight evidence was observed for

salinization.

Spreading wastewaters from conventional O&G production on roads

Given the extremely long history of oil and gas extraction in NW PA, the region also has
a long history of dealing with briny wastewaters that return to the land surface with the oil and gas.
Among other disposal mechanisms, some counties in the NW spread brines on dirt roads for dust
suppression in the dry summertime months®’. Specifically, published data has documented that
briny production waters from conventional O&G wells were spread on roads for dust suppression

in Mercer County (NW PA) from 2010 to 2017°7-8. In contrast, spreading of brine wastes on roads
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in NE PA is not reported’’. Instead, most of the brine wastes that are recovered at shale gas wells
in NE PA are re-injected for hydraulic fracturing of new wells>®. As of 2018, road spreading of
brines from conventional drilling for dust abatement has been terminated in PA. When briny
wastewater is used for dust abatement of dirt roads, it can recharge into aquifers. For example,
based on previously published calculations, solutes (for example, from brines) could flow
vertically into groundwater through depths of approximately ~70 meters within one year’.

PA DEP has reported road spreading in Mercer County (NW PA) after 2010 (Figure S4).
Wastes might have been spread on roads before 2010 in NW PA but waste reports were not
available online®®. Based on the temporal trend of volume of wastewater spread on Mercer roads
(NW PA) post-2010 (Figure S4), the extrapolated volume of spread wastewater before 2010 might
not be as large as that after 2010. All the post-2010 water samples were collected in 2012-2015,
corresponding to the time period when an average of 0.30 million liters of wastewater were spread
on Mercer County (NW PA) dirt roads annually. In contrast, from 2010 to 2017, an average of
0.62 million liters of wastewater were spread annually in Mercer (NW PA). These two average
annual volumes were higher than the 0.29 million liters per county reported for Ohio>” where two
incidents of groundwater contamination and salinization have been reported and attributed to road
spreading®-!, In both cases, Cl and specific conductance increased in groundwater following road
spreading.

After spreading of brine on dirt roads to suppress dust, the road material retains dissolved
solutes from the brine. Leaching experiments on PA road aggregate mixed with wastewater have
shown that nearly all these waste solutes (i.e., Cl, Br, Na, Mg, Ca, and Sr) can then leach readily
from the road material and could thus potentially discharge into groundwater’’. However, to our

knowledge, no such incidents of groundwater contamination have been reported for PA. Most of
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the species for which distributions increased with time in the NW PA datasets (Ca, Mg, Na, Cl)
are components that Tasker et al. (2018)°7 observed to leach easily from experimental road

material after washing with brine.
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Figure 2. (A) pH, (B) total alkalinity (in mg/L as CaCO3), (C) K (in mg/L), (D) Na (in mg/L), and
(E) Mg (in mg/L) in NW PA pre-2000 dataset plotted as a function of sampling date. Note that K
and Mg are shown on a log scale because of the large range in measured values. All of these five
analytes show a decreasing temporal trend according to Spearman’s rank correlation test (p=0.05).
These five analytes are the only chemical constituents showing statistically significant temporal
trends in the pre-2000 dataset. No chemical analytes in the post-2010 dataset show statistically
significant temporal changes (significance level=0.05; see also Figure S5 and Table S2).

Temporal trends within the pre-2000 and post-2010 datasets in NW PA
To summarize the discussion so far, we observed changes in groundwater chemistry in
Mercer County (NW PA) from pre-2000 to post-2010. We consider it unlikely that unconventional

O&G development has been a major impact on the water since no groundwater contamination

25



oNOYTULT D WN =

Environmental Science: Processes & Impacts

related violations or environmental complaints were reported in the PA DEP databases?64>43 and
only 61 such wells were drilled in the county. On the other hand, leakage of brine salts from older
and less well constructed conventional and legacy O&G wells, mixtures of salts used for road de-
icing, and production brines (from conventional wells) spread on roads for dust suppression are
potential explanations. Given that Mercer County (NW PA) is more urbanized than Bradford
County (NE PA), has used production brines for dust abatement, and has historically been the
location of much early O&G development, any of these explanations could explain the differences
between the two counties. Strictly on the basis of volume of salt used, the practice of de-icing may
be the largest source.

Given that road spreading of produced wastewater for dust suppression in Mercer County
(NW PA) was not substantial until 2010 (Figure S4) while the application of mixtures of salts used
for road de-icing and the drilling of conventional reservoirs have both been in place in Mercer
(NW PA) since before 2000 (Figure 1B), we decided to also look at temporal trends within the two
NW PA datasets. Specifically, to investigate which of these activities might have had more of an
impact on groundwater chemistry in Mercer County (NW PA), we applied the nonparametric
Spearman’s rank correlation test on time series for all of the 15 analytes in the NW PA datasets.
Such a test was performed for pre-2000 and post-2010 datasets separately to assess the temporal
trend of groundwater chemistry within each of these two time periods. No significant change was
observed for any analyte in the post-2010 dataset (Table S2). Only five analytes (pH, total
alkalinity, K, Na, and Mg) in the pre-2000 NW PA dataset show statistically significant temporal
trends and all these trends are decreasing (Table S2, Figure 2).

Such pH decreases were also previously observed at some stream sites in the USA

following the CAA amendments in 1990°4. This generally decreasing trend in concentrations of
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four analytes in NW PA pre-2000 as compared to the overall change between pre-2000 and post-
2010 datasets could be consistent with something different occurring between 2000 and 2010. For
example, more conventional and unconventional wells were drilled later in the 2000s and the
volume of wastewater spread on roads increased annually since 2010. However, considering the
number of data points and the lack of data for application of salts and brine for road de-icing pre-

2000 and post-2010, we cannot fully distinguish any of these possibilities.

Conclusions

In this study, we compiled and presented groundwater quality data from central Mercer
County in NW PA to document temporal trends in that area: we compared 259 groundwater
samples collected from pre-2000 and 1604 samples from post-2010. A total of 15 analytes (i.e.,
pH, hardness, turbidity, alkalinity, specific conductance, CH,, TDS, K, Mg, Ca, Cl, Na, SO, Fe,
Mn) that were reported in both pre-2000 and post-2010 datasets were compared using both the
simpler Wilcoxon—-Mann—Whitney (WMW) rank sum and the more rigorous Brunner-Munzel
(BM) tests. We saw little difference in the results from these two tests. Although the BM test might
not have been required in this study, for datasets with smaller size (e.g., less than 50) and larger
ratio of variance (e.g., greater than 10), the BM test should be considered.

These statistical tests indicated that solute concentrations in groundwater in central Mercer
County in NW PA could have slightly increased over the 30-year interval between datasets. In
particular, the distributions of concentrations of Mg, Ca, Na, Fe, Cl, TDS, total alkalinity, hardness,
specific conductance, and turbidity increased slightly from pre-2000 to post-2010. This conclusion

was compared to observations for NE PA where a similar study revealed some evidence for slight
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decreases in solute concentrations, even though NE PA is one of the two most heavily developed
areas for shale gas in the state.

Potential explanations for the slight changes in groundwater chemistry detected in Mercer
County (NW PA) were the use of mixtures of salts to de-ice roads, the spreading of brines from
conventional O&G wells for dust suppression on roads, or leakage of brine salts from older
conventional O&G wells (including orphaned and abandoned) with cementing/casing issues. The
issues related to de-icing and dust abatement of roads might be the most important factors. The
impact of unconventional O&G drilling and production activities was considered to be less
significant largely because no groundwater contamination related to violations or environmental
complaints were found in PA DEP databases?®4>*3, Furthermore, the number of new shale gas
wells (n=61) is small compared to the number of active conventional (#=3,670) or legacy (i.e.,
orphaned and abandoned wells; estimated between 110 and greater than 1,100) or to the overall
density of roads. All of these possible explanations for the changes in groundwater chemistry in
NW PA provide working hypotheses for future studies. The data presented here show the

possibilities of historic dataset analysis in the context of HVHF operations.
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Table 1. Statistical summary of NW PA pre-2000 and post-2010 datasets

Number above

EPA

9 Sth

Analyte Unit Reporting Limit Standard’ Min  Median Percentile Max  Mean 1SD?
NW PA pre-2000 dataset
K mg/L 1576 1575 - 0.010 2 7.28 133 3 5
Mg mg/L 1603 1602 - 0.002 11 26.4 240 13 1x10!
Ca mg/L 1334 1333 - 0.010 44 105 368 48  3x10!
Na mg/L 1575 1574 - 0.010 10 140 821 32 6x10!
Fe mg/L 1287 1224 0.3 0.002 0.3 7.00 529 2 2x10!
Mn mg/L 1288 1127 0.05 0.010  0.05 0.80 61 0.3 2
Cl mg/L 1604 1582 250 0.100 9 106 1214 25  6x10!
SO, mg/L 1603 1596 250 0.040 34 105 535 43 4x10!
CH,4 mg/L 1185 275 - 0.001  0.01 0.500 50 0.4 2
TDS mg/L 1604 1604 500 20.0 245 553 2275 274 2x10?
Total Alkalinity ncli/é‘(is 1603 1602 - 0.040 154 319 591 159  9x10!
pH pH Unit 1604 1604 6.5-8.5 4.9 7.5 8.7 9.1 7.5 0.8
Hardness mg/L 1576 1571 - 0.150 168 370 1400 177  1x10?
Specific Conductance  puS/cm 1604 1604 - 42.6 421 878 4760 457  3x10?
Turbidity NTU 1473 1436 - 0.020 2 46 7100 18  2x10?
NW PA post-2010 dataset
K mg/L 252 226 - 0.470 2 5 13 2 2
Mg mg/L 243 230 - 0.030 13 26 54 14 8
Ca mg/L 259 252 - 0.130 56 110 180 56  3x10!
Na mg/L 259 259 - 1.32 10 147 351 33 5x10!
Fe mg/L 252 202 0.3 0.010 0.7 8 71 2 7
Mn mg/L 259 210 0.05 0.0 0.1 0.6 2.7 0.2 0.3
Cl mg/L 259 251 250 0.960 15 159 550 41 7x10!
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SO, mg/L 259 248 250 0.150 31 64 103 33 2x10!
CH,4 mg/L 259 91 - 0.0 0.01 0.7 10 0.3 1
TDS mg/L 259 259 500 54.5 255 616 1400 301  2x10?

mg/L as ) 1
CaCO, 259 259 21.7 169 276 372 171 7x10

9 pH pH Unit 219 219 6.5-8.5 6.4 7.4 8.3 8.8 7.4 0.6

Hardness mg/L 252 242 - 0.200 185 369 496 187  1x10?
12 Specific Conductance  puS/cm 219 219 - 9.90 426 919 2110 485  3x10?
13 Turbidity NTU 259 191 - 0.120 4 42 221 11 2x10!

'For turbidity, EPA primary Maximum Contaminant Level (MCL) is reported. For sodium, EPA drinking water health advisory for individuals on
a restricted sodium diet is shown. For other analytes, either EPA secondary MCL or no standard is established.
21SD = 1 standard deviation.
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Table 2. Summary of statistical test between pre-2000 and post-2010 datasets in both NW PA and
NE PA areas

Analyte Unit Equal = yoniw Tese  BM Test?
Variance
NW PA
K mg/L No l l
Mg mg/L Yes ) 1
Ca mg/L Yes 1 1
Na mg/L Yes No change 1
Fe mg/L No 1 i
Mn mg/L No No change No change
Cl mg/L Yes 1 1
SO, mg/L No ! !
CH, mg/L No 1 i
TDS mg/L Yes 1 1
Total Alkalinity mg/L as CaCO; Yes 1 i
pH pH unit Yes No change !
Hardness mg/L Yes 1 i
Specific Conductance uS/cm Yes 1 1
Turbidity NTU No 1 1
NE PA
pH pH unit Yes 1 i
TDS mg/L No ! !
Fe mg/L No l l
Mn mg/L No ! !
SO, mg/L No l l
As mg/L No - -
Pb mg/L No No change No change
Ba mg/L No No change No change
Cl mg/L No No change No change
Na mg/L No No change No change

'Equal variance means standard deviations between two datasets differ within a factor of V2

21 indicates the distribution is increasing at significance level of 5% while | indicates the distribution is
decreasing at significance level of 5%. When variances are equal, the comparison of distributions can be
interpreted as the comparison of medians of two datasets.
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