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Abstract

Recently we reported an association of certain diseases with unconventional gas development 

(UGD). The purpose of this study is to examine UGD’s possible impacts on groundwater quality 

in northeastern Pennsylvania. In this study, we compared our groundwater data (Columbia 58 

samples) with those published data from Cabot (1701 samples) and Duke University (150 

samples). For each dataset, proportions of samples with elevated levels of dissolved constituents 

were compared among four groups, identified as upland far (i.e. ≥1km to the nearest UGD gas 

well), upland near (<1km), valley far (≥1 km), and valley near (< 1 km) groups. The Columbia 

data do not show statistically significant differences among the 4 groups, probably due to the 

limited number of samples. In Duke samples, Ca and CI levels are significantly higher in the 

valley near group than in the valley far group. In the Cabot dataset, methane, Na, and Mn levels 

are significantly higher in valley far samples than in upland far samples. In valley samples, Ca, Cl, 

SO4, and Fe are significantly higher in the near group (i.e. < 1 km) than in the far group. The 

association of these constituents in valley groundwater with distance is observed for the first time 
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using a large industry dataset. The increase may be caused by enhanced mixing of shallow and 

deep groundwater in valley, possibly triggered by UGD process. If persistent, these changes 

indicate potential for further impact on groundwater quality. Therefore, there is an urgent need to 

conduct more studies to investigate effects of UGD on water quality and possible health outcomes.

Graphical abstract
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1. Introduction

The combined use of horizontal drilling and hydraulic fracturing (HF) techniques has led to 

rapid growth of unconventional gas development (UGD) throughout the world (Annevelink 

et al., 2016; McGlade et al., 2013). Globally there is about 193 trillion m3 (Tcm) of shale 

gas resources (McGlade et al., 2013); Central and South America has 35.6 Tcm, followed by 

Africa (29.3), the U.S. (19.3), China (17.8), Canada (12.0), Mexico (11.4), Australia (11.2), 

etc. Despite available resources in many of these countries/regions, only the U.S., Canada, 

and China produced shale gas production at a commercial level as of 2015 data (EIA, 2016), 

with the U.S. producing 37 billion cubic feet per day (Bcf/d), Canada 4.1 Bcf/d, and China 

0.5 Bcf/d. Based on China’s Energy Development Strategic Action Plan (2014-2020), China 

seeks to largely increase its ability to produce shale gas, reaching about 3 Bcf/d in 2020 

(Council, 2014). Many other countries appear to be holding off on UGD development, 

possibly given its impacts on environment and health remain unclear. Several environmental 

health studies have linked adverse health effects, such as asthma, increase of congenital 

heart defects of newborns, and hospitalization rates, to active UGD sites (Jemielita et al., 

2015; McKenzie et al., 2015; Rasmussen et al., 2016; Stacy et al., 2015), although the cause 

of the association is not well understood. The exposure measures in these studies were based 

on the distance from the patient’s home to the gas well or gas well density in the zip code of 

the patient’s home.
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The impact of UGD on water quality has been hotly debated for the past several years 

(Gorody, 2012; Hildenbrand et al., 2016; Jackson et al., 2013a; Jackson et al., 2013b; Meng, 

2015; Molofsky et al., 2013; Olmstead et al., 2013; Siegel et al., 2015a; Siegel et al., 2015b; 

U.S.EPA, 2015; Vidic et al., 2013; Warner et al., 2012). Multiple reasons contribute to 

uncertainty, including the lack of systematic surveys of water quality pre- and post- drilling/

production, substantial dilution and slow transport over months to hundreds of years along 

flow paths from contaminated sites to private wells or public water supplies, and natural 

fluctuations of groundwater chemistry. The groundwater quality in private wells can be 

impacted by myriad factors, including the geological source formation, topography (valley 

or upland) of the well site, groundwater flow path, recent amount of precipitation, 

productivity and the amount of daily water usage, other potential contamination sources 

(e.g., sewage, road spills of chemicals), wellbore/casing integrity, and well depth of private 

wells. For example, methane levels in groundwater (GW) have been found to be statistically 

higher in valleys and/or under confined groundwater conditions (Heisig and Scott, 2013). 

Uplands are groundwater recharge areas, while valleys tend to be discharge areas located at 

the end of flowlines with more evolved geochemistry. Because of these complexities, studies 

with a limited number of water samples tend to be inadequate to determine a well-defined 

impact. However, conducting a large study remains challenging (Burton et al., 2016; 

Drollette et al., 2015; Jackson et al., 2013a), as was illustrated in the recent EPA External 

Review Draft of the assessment of UGD on drinking water quality, which recognized the 

limitation due to lack of data (U.S.EPA, 2015).

Stimulated by Pennsylvania DEP regulations (Oil and Gas Act 13), industry began collecting 

and analyzing thousands of “pre-drilling or pre-alteration” water samples from private water 

wells if they are within 0.76 km (or beyond for certain operators) of proposed gas wells 

(Molofsky et al., 2013; Siegel et al., 2015b). Sharing such data will be a valuable endeavor 

to characterize environmental and health risks. Government institutions (e.g., the USGS and 

Pennsylvania Department of Conservation and Natural Resources, DCNR) have provided 

large datasets relative to water chemistry in their reports in northeastern PA (e.g., (Reese et 

al., 2014)), but their focus is not on water chemistry associated with UGD (Bowen et al., 

2015).

Fortunately, publications require a release of the data used in articles. For example, 

Molofsky et al. (2013) released the data of methane and certain major and trace ions of 1701 

water wells sampled in Susquehanna County collected by Cabot Oil & Gas Corporation. 

Although these 1701 samples are regarded as “pre-drilling” (i.e. prior to the drilling of 

specific proposed gas wells), about 20% (322 samples) were collected within 1 km of other 

gas wells drilled prior to the time of sampling, and therefore, based on the 1 km distance 

used by prior studies, can also be considered as potentially affected samples, i.e. “post-

drilling or post-alternation” samples relative to the developed gas wells (Molofsky et al., 

2013).

The ultimate goal of this study is to assess whether UGD possibly impacts groundwater 

quality. We hypothesized that levels of constituents in groundwater are associated with the 

distance to UGD gas wells. To test this hypothesis, over the past three years, we have 

collected 58 samples from private wells in NE Pennsylvania. Concurrently, realizing that 
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large datasets were needed for identifying the impacts, we started to analyze available data 

from other studies. In this study, we examined results from Duke University (150 samples) 

(Warner et al., 2012) and Cabot Oil & Gas (1701 samples) (Molofsky et al., 2013), which 

were both collected from private wells in the NE Pennsylvania. The Duke group has 

expanded their studies to include more samples (Darrah et al., 2014; Jackson et al., 2013a; 

Warner et al., 2013), but data of dissolved constituents of interest are not available online. 

Given the well-known difference in water quality between upland and valley groundwater, 

for each dataset, we grouped samples into 4 categories based on their topography (upland or 

valley) and the distance to the nearest gas well (< 1km and ≥ 1km) to investigate impacts of 

distance and/or topography.

2. Methods

Table S1 briefly compares sampling and analytical methods of the three studies (Columbia, 

Duke, and Cabot). Detailed methods used in the Duke and Cabot studies were described 

previously (Molofsky et al., 2013; Warner et al., 2012). The Columbia samples were 

collected through two related projects, a NY-PA comparison study (NPCS) and a 100-bottle 

by mail campaign. Participants were recruited by the Community Outreach & Engagement 

Cores (COEC) of the Center of Excellence in Environmental Toxicology (CEET) at the 

University of Pennsylvania (CEET, 2015). Participants were contacted by COEC first by 

email or phone and those interested were subsequently contacted by the Columbia field 

team.

For Columbia NPCS study (22 samples), a Teflon sampling line with pressure gauge was 

connected to the spigot at the pressure tank and the groundwater was run through the line 

until basic water parameters (pH, T, specific conductivity, etc.) reached stable conditions, 

normally taking about 10-20 minutes. Samples for elemental analysis by inductively coupled 

plasma mass spectrometry (ICP-MS) were collected into a 30 mL acid-prewashed HDPE 

bottles and acidified to pH 0.8 shortly after collection. For anion analysis by ion-

chromatography (IC), samples were collected in a 125 mL HDPE bottle pre-washed with 

deionized water. The 100-bottle project samples (36 samples) were collected by residents 

from their own well. The purpose of this study is to evaluate the feasibility of the self-

collection and mailing approach for future large studies. Sampling kits were mailed to 

participants, in which four pre-treated plastic bottles (two bottles for IC analysis and two for 

ICP-MS analysis), an explanation letter of the project, step-by-step hard copy instructions, 

and a prepaid shipping box with returning address were included. Participants were 

requested to collect samples from the spigot at the pressure tank and kitchen faucet, 

respectively. After logging sampling information, participants were asked to promptly return 

these samples to Columbia University. Upon receipt, samples for ICP-MS analysis were 

acidified. All samples including those for IC analysis were stored at 4 degree C until 

analysis, which was typically conducted within 1 month. We only included samples 

collected from the spigot at the pressure tank in this study in order to minimize the possible 

interference in results by water treatment. About 20% of homes investigated installed water 

treatment systems (e.g., the filtering system to remove Fe and Mn precipitation) between the 

pressure tank and kitchen faucet. Five wells were collected by both the NPCS and 100 Bottle 

Projects, allowing a comparison between different sampling approaches. In addition, three 
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wells were collected repeatedly in order to understand the seasonal change of groundwater. 

For those wells collected for multiply times, only one sample was included in this study. In 

total, 58 samples were included in this study and the majority of samples were collected in 

summer or fall.

Definition of valley and upland: In the Cabot study, samples within 1000 feet (~ 0.3 km) of a 

major National Hydrography Dataset (NHD) flowline or 0.15 km of minor tributaries to an 

NHD flowline were categorized as “valley.” Everything else was defined as “upland.” This 

definition used in the Cabot study was a practical method for a large dataset to quickly 

categorize topography. In order to compare the results among the three studies, we also 

adopt this definition for the Columbia and Duke samples.

Data analysis

Given the fact that some private wells (5 to 10) were sampled by both CU and Duke field 

teams, and possibly by Cabot as well, where the overlapped samples were not identifiable, 

we cannot pool the three datasets for analysis. The ion charge balance of major constituents 

was evaluated by calculating a percent charge error (Fritz, 1994; Siegel et al., 2015b). Also 

the distribution of elements was compared for the three data sets. For each of the three 

datasets, samples were categorized into four groups based on their topography and the 

distance to the nearest UGD gas well: upland far (i.e. ≥1km), upland near (i.e. <1km), valley 

far, and valley near. Concentration threshold of dissolved constituents (both major and 

minor) were selected (criteria are detailed in next paragraphs) and the proportion of samples 

exceeding the specific threshold (e.g., > 20 mg/L for Na) in a group was computed, similar 

to the method used in Siegel et al. (2015b)

For each dataset, a Chi-square test was used to detect differences in the proportion of high 

levels of constituents among the four groups. The null hypothesis is that all four groups have 

the same proportion of high levels (i.e., no differences among groups), while the alternative 

hypothesis is that not all groups have the same proportion of high levels (some differences 

among groups). If the null hypothesis of no difference among all four groups was rejected, 

then the alternative hypothesis would be in favored, indicating effect of distance and/or 

topography.

To control for false positive error rate in multiple testing of null hypothesis (e.g., 14 

constituents was tested in Cabot data), the false discovery rate (FDR) was calculated based 

on adjustment of p-values using an approach developed by Benjamini and Hochberg, 1995. 

Constituents with FDR < 0.05, which indicated the existence of group difference, were 

further compared using the ratio of proportions (RP). RP was computed between specific 

groups (e.g., valley near vs. upland far) and the generalized linear model was used to 

describe the pattern of RP and calculate the 95% confidence interval of the RP. Note that RP 

cannot be interpreted as relative risk because proportion of high level should not be 

interpreted as risk, most thresholds we used in this study were lower than EPA guidelines 

(Table 1), and certain major ions such as Ca are not regulated by the EPA and have not been 

found to be toxic.
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The threshold for each constituent (Table 1) was selected based on its value at the 75th 

percentile (except methane) in the Cabot data, or the limit of detection (LOD) if more than 

75% of samples were below the LOD. Taking Mn as an example, about 79% of samples 

were below 0.025 mg/L, its LOD value in the Cabot data, so the LOD was used as the 

threshold for Mn. We also tested 50th percentile and 90th percentile as thresholds, but neither 

were optimal for our research goal, i.e., investigating differences between the four groups to 

bring out associations with distance and topography. The 50th percentile was not sensitive 

enough to discern differences among groups, and the 90th percentile was set too high for 

certain constituents (e.g., Ca, and SO4). Because levels of these constituents are relatively 

high in the Valley Near group, if 90th percentile was used for threshold, the majority of 

samples above the threshold would be in this group, leaving only a few or no samples in 

other groups and leading to findings with lesser statistical power. The 75th percentile setting 

was suitable for the threshold value for all constituents except methane after considering 

both sensitivity and statistical power issues. Methane levels in groundwater varied largely by 

season and sampling methods (e.g., pressure tank, kitchen tap, or garden hose) (Molofsky et 

al., 2016), in this study, we selected a relatively high threshold (e.g., 1 mg/L of methane) to 

minimize these artifacts. Based on our field experience, methane at this level typically can 

be measured even at different sampling times and by different sampling and lab analytical 

methods. We did not use the EPA Maximum Contaminant Level (MCL) or Secondary 

Maximum Contaminant Level (SMCL) as the thresholds, since the goal was to look for 

relative differences in water chemistry, not on immediate health concerns.

3. Results

In all three studies, major dissolved constituents (Ca, SO4, Cl, Mg, and Na) had similar and 

skewed distributions and box plots showed similar concentration ranges of these major 

chemicals among the three studies (Fig. 1). Given that all samples were collected from the 

NE Pennsylvania region, this similarity lends confidence in the quality of the data sets. 

Charge balance of major anion and cations is another approach to examine data quality. Two 

samples in the Cabot data set with >30% charge-balance errors were not included in further 

analyses. After removing the 2 outliers in the Cabot data, the mean of the ion charge balance 

for the1699 remaining samples was −0.45 (± 10.64)% and the mean of the absolute ion 

charge balance was 7.72 (± 6.43)%, comparable to numbers listed in (Fritz, 1994). Table 2 

lists the proportion of samples with levels above the threshold for 14 constituents among the 

four groups in the Cabot dataset. Four constituents, magnesium (Mg), lead (Pb), Alkalinity 

(Alk), and Turbidity (Turb) had FDR > 0.05 (Table 2), indicating that they do not have 

statistically significant different among the four groups.

With the remaining 10 constituents in Cabot dataset, we use ratio of proportions (RP) and its 

95% confidence interval (CI) for comparison between two groups (Fig. 2). An RP above 1 

indicates that the comparison group (numerator) has a higher proportion of levels above the 

threshold than the reference group (denominator); if a 95% CI includes the value 1, then the 

proportion of levels above the threshold is not significantly different between the two 

comparison groups. Among the 10 constituents, the change in RP of barium (Ba) reverses 

the direction of sulfate (Fig. 2), consistent with Ba levels being affected by sulfate level in 

GW (more details in SI). Figure 2a shows the association of RP with elevation in samples ≥ 

Yan et al. Page 6

Sci Total Environ. Author manuscript; available in PMC 2018 January 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



1 km; RP in valley samples is significantly above 1 for Na, Mn, specific conductivity 

(Cond), and methane. We also examined the effects of distance in both upland samples (Fig. 

2b) and valley samples (Fig. 2c). For the upland samples, RP is significantly above 1 for Na 

and Cl, near vs. far, while for valley samples, constituents Ca, Cl, SO4, Fe, TDS, and Cond 

significantly differ with distance, indicating higher levels in the valley near group than the 

valley far group. Fig. 2d shows effects of the combination of both the topography and 

distance; RP is significantly above 1 for SO4, Cl, Fe, Methane, TDS, and Cond.

Table 3 shows the results of Columbia and Duke data. The proportions vary among groups; 

in Columbia set (58 samples), none of these differences are statistically significant, 

suggesting that the small sample size does not provide enough power to detect group 

differences. For the Duke data set (150 samples), Ca and CI significantly differ among 

groups (Table 3), even after adjusting for multiple testing. Similar to Cabot results, in Duke 

valley samples, RP of Ca and Cl is significantly higher in the near group than in the far 

group (Table 4). Again the other comparisons seen in the Cabot data are not significant in 

the Duke data probably because the sample size is still too small.

4. Discussion

In nature, groundwater (GW) evolves along its pathway from upland to valley (Heisig and 

Scott, 2013); upland GW is relatively fresh with high concentration of Ca and carbonate, 

while valley GW typically contains more dissolved constituents (e.g., Cl, Na, and SO4). Due 

to redox reactions along the pathway, Fe and Mn can be reduced from high valence to low 

valence states, the latter having increased solubility. The data showed in Fig. 2a are 

consistent with this general pattern– in the valley samples as compared to the upland groups, 

the RP of Na, Mn, methane and specific conductivity (Cond) are significantly higher and Cl, 

Fe, and total dissolved solids (TDS) are also higher but at borderline significance. The 

increase of Na, Cl, etc. in valley samples leads to the observed increase in Cond and TDS.

The association with distance to the nearest UGD well differs by topography. For upland 

samples, the majority of investigated constituents except Ba are not associated with distance 

(Fig. 2b), while for valley samples, many more chemicals, including Ca, Cl, SO4, Ba, Fe, 

TDS, and Cond, show association with distance (Fig. 2c). This indicates that UGD can 

impact levels of dissolved constituents in valley groundwater, but not so much in upland 

groundwater. Comparison between Fig. 2a and Fig. 2d shows the combined effects of 

distance and topography. In the far group comparison (Fig. 2a), levels of Na, Mn, Cond, and 

methane are higher in valley samples than in upland samples (i.e., RP>1); levels of these 

constituents remain higher in group comparison between valley near vs. upland far (Fig. 2d), 

in which both distance (near vs. far) and topography (valley vs. upland) changed; however, 

levels of Ca and SO4 were lower in valley than in upland in far group comparison (Fig. 2a) 

but higher in Fig. 2d. The level of Cl in the valley samples changes from insignificantly to 

significantly higher. Given that groundwater in valley settings can be affected by both 

shallow freshwater and underlying brine layers (Siegel et al., 2015a, Fig. 4), the increase of 

both freshwater Ca and SO4 and Cl (from underlying brine layers) in the valley near group 

indicates the increase of mixing of freshwater or deep brine in these valley samples..
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The reason for the possible enhanced mixing in valley <1km samples remains unclear. One 

possibility is that a reservoir-scale dilation triggered by the injection of HF fluid and 

contraction of reservoir by removal of shale gas and produced water may lead to some stress 

changes that propagate up to the surface and initiate mixing. It is well known that injection 

and extraction from oil and gas fields can promote differential subsidence, horizontal 

displacement and surface faulting, even for those fields with median depth of production 

>7000 ft (Nagel, 2001; Yerkes and Castle, 1969). This disruption to subsurface and surface 

layers near gas wells may lead to enhanced mixing in valleys. Compared to upland areas, 

valley zones typically have a greater fracture permeability of bedrock, possibly due to pre-

existing deep-seated faults (Heisig and Scott, 2013), the denser networks of hydraulic 

fracturing horizontal lines close to the gas well may lead to dilation and contraction of disk 

or donut-shaped shale reservoirs (centered in the drilling borehole). We are currently 

exploring various remote sensing methods to examine the possible surface deformation in 

eastern PA. Plausibly, enhanced permeability by induced microseismicity may also explain 

the mixing phenomenon. Both an increase in permeability and change in water level have 

been observed after earthquakes (Rojstaczer and Wolf, 1992), but because of the very small 

magnitude of induced microseismicity associated with hydraulic fracturing, it is unlikely 

that any single microseismic event causes any noticeable impact (Abdulaziz, 2014). 

However, the cumulative effect of repeated high frequency, low magnitude microseismic 

waves over the relatively long time (months compared to seconds to hours of earthquake) 

related to UGD is unknown.

The dilation force or the microseismic vibration associated with UGD should reach both 

upland and valley environments, but the impact on valley appears to be more noticeable. 

Upland groundwater typically has a steep hydraulic gradient, preventing considerable 

mixing of brine from deep layers, while valley groundwaters have a much lower hydraulic 

gradient, allowing various water sources to mingle there, e.g., freshwater from upland, 

freshwater from the nearby river/creeks, saline water from deep layers, or a mixture of these 

sources (Heisig and Scott, 2013).

We cannot rule out other pathways that might possibly lead to observed differences as well. 

The enhanced mixing might happen in the first place while drilling through aquifers and 

other deep subsurface geological layers. Wellbore integrity has been long a concern, and the 

rate of the loss of structural integrity for unconventional wells in Marcellus shale inspected 

in Pennsylvania was estimated to be about 6.3% (Davies et al., 2014). Affected groundwater 

can be then transported down hydraulic gradient to nearby private wells. To investigate this 

potential mechanism, the locations and depths of these private wells would be needed, so 

that the specifics of their nearby gas wells and and aquifer characteristics can be examined. 

Unfortunately this level of information is not available for us in the large Cabot data set.

Some constituents that have EPA guideline limits (e.g., SO4, Cl, and Fe) show associations 

with distance in valley samples. Compared to the results in Siegel et al.,2015a, which is an 

industry funded project, the percentage of Cabot samples exceeding EPA guideline levels is 

relatively low, possibly because a fraction of samples from the Cabot study were filtered to 

remove particles (before 2011), while the Chesapeake samples were unfiltered (Siegel et al., 

2015a). For example, in the Cabot data set, about 0.9% of samples exceed EPA Pb guideline 
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levels (0.015 mg/L), compared to 4.4% of the Chesapeake samples. Turbidity is also 

regulated by EPA guidelines, but its association with distance in valley samples is not 

significant (Fig. 2c). Another potential contaminant, arsenic (As), is not included in this 

statistical analysis because the Cabot data have only a small fraction (~7%) of samples with 

As levels above the detection limit (0.004 mg/L) and only 10 samples are above 0.01 mg/L, 

the EPA MCL of As. Cl, Fe, TDS, and SO4 are included in the list of constituents measured 

that have Secondary Maximum Contaminant Limits (SMCL) and their levels are associated 

with distance (Table 1). EPA has a Health Advisory level of 20 mg/L for Na (for individuals 

on a 500 mg/day restricted sodium diet), which is an estimated level of a substance 

acceptable in drinking water based on health effect information and these are not legally 

enforceable (EPA 2009). In the valley samples from the Cabot dataset, Na levels are not 

significantly affected by distance from a UGD well. The Na levels in valley samples with 

less UGD effect (i.e., the valley far group) was already high, thus depending on the mixing 

ratio, mixing of freshwater (low Na level) and saline water (high Na level) does not 

necessarily lead to an increase of Na levels. In addition, Na can be involved in an ion-

exchange reaction (Siegel et al., 2015a), further complicating the Na results.

Changes in levels of certain constituents (e.g., Fe and dissolved oxygen), if persistent, has 

the potential to mobilize other geogenic elements of concern such as As. In addition, if the 

observed associations for certain constituents are due to increased mixing, then these 

constituents may be early indicators of more changes to come. In the Barnett shale, which 

has been more densely drilled than the Marcellus Shale, the maximum As concentration 

from an active extraction area was substantially higher than both the maximum 

concentration among the nonactive/reference area samples and historical levels from this 

region (Fontenot et al., 2013). The authors suggested that small perturbations such as 

lowering of the water table either through groundwater withdrawals or drought conditions 

might explain these results.

Our work highlights the importance of sample size for teasing out conclusions, which is 

consistent that a large number of processes can impact groundwater chemistry thus requiring 

larger data sets to tease these impacts out. We also conducted statistical analyses in the 

combined data set from all three studies, neglecting the issue that a small number of water 

samples may be collected from the same wells by different teams. Major conclusions remain 

the same. The CU data alone (58 samples) with small group size (n=5, 10, 18, 25) did not 

show statistically significant differences among the 4 groups, compared to many significant 

associations observed in Cabot data. Similarly, in Duke dataset (150 samples), the 

differences in RPs of major constituents, except Ca and Cl, are insignificant. The high level 

of Cl in valley samples is consistent with observation in other studies (Heisig and Scott, 

2013; Poth, 1973). Similar to Cabot results, proportion of elevated Ca and Cl levels in valley 

samplea is significantly higher in near group than in far group; however, the Duke result 

would be more robust if there were more than 7 samples in this group (Table 4).

Using Cabot data we found that levels of certain constituents is associated with the distance 

to UGD gas wells and that groundwater in valley settings is more subject to change than in 

upland settings. These findings were not recognized by the original authors of the Cabot 

study and have not been reported in other studies. Compared to other studies (Molofsky et 
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al., 2013; Siegel et al., 2015a; Siegel et al., 2015b; Warner et al., 2013), we recognized that 

for some GW samples, pre-drilling data can be used as post-drilling data as well due to 

nearby UGD. We also minimized the topographic effects by separating samples into four 

groups based on topography and distance. In addition, we found that due to its complexity of 

groundwater, the sample size is important in order to obtain statistically powerful findings.

These observed associations cannot be deemed as causal relationships. To demonstrate 

causality, ideally, comparison of water quality pre- and post- UGD is needed. In an ongoing 

project, we are conducting a focused study to investigate the possible changes in water 

quality between pre- and post- UGD. In addition, industry has collected thousands of pre-

drilling samples and many of these samples have a post-drilling comparison. Hopefully this 

study can encourage the industry to release these comparison data after de-identification. We 

also hope findings from this study can motivate funding agencies and industry to provide 

support for more studies to investigate whether the findings can be repeated in other areas, 

and if so, also fund studies focused on causes of these changes and whether they can affect 

long-term groundwater quality and health outcomes.

Shale gas is expected to be developed in many other countries/regions besides North 

America (Council, 2014; McGlade et al., 2013). To the best of our knowledge, the majority 

of groundwater studies have been conducted in the U.S., and results are often controversial. 

We hope this controversy can make other countries more prudent regarding to UGD and 

encourage them to conduct comprehensive pre-UGD baseline studies to be able to evaluate 

possible environmental and health impacts associated with UGD in their own countries. 

Furthermore, some countries (e.g., China) already have severe groundwater contamination 

issues from other sources, making it urgent to investigate whether the groundwater quality 

can get even worse by possible enhanced mixing associated with UGD.

We acknowledge limitations of this study as well. Since the Cabot data were generated by 

several different labs, inconsistency of data quality is possible. We do not have the distance 

to the National Hydrography Dataset streamlines and locations of each sample and the 

definition of valley and upland may not be accurate. We believe this definition 

underestimates the sample numbers from valleys (i.e. some valley samples may be classified, 

as upland samples since they are more than 1000 ft away from a stream). Not having well 

depth information limits our ability to link water samples to specific aquifers and limits our 

understanding of the variability in groundwater chemistry. In addition, the detailed 

information, such as location and well number of these gas wells, was not provided in 

Molofsky et al., 2013; therefore, we are not sure whether they are in the valley or upland or 

the local characteristics (e.g., groundwater hydraulic head and gradients). Furthermore, the 

different sampling methods from different groups (e.g., filtering samples in a fraction of 

samples in Cabot vs. not filtering in other studies) complicate the result comparisons. 

Because of the absence of these important pieces of information, which may confound the 

associations we have observed, conclusions from this study are indicative and may be 

difficult to directly apply to other areas in the world. More studies with better defined 

topography, accurate well depths, and consistent sampling methods are needed to elucidate 

the impacts, including causal mechanisms.
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Conclusions

Our analysis of the Cabot dataset found certain meaningful associations of elevated levels of 

certain dissolved constituents (e.g., Ca, SO4, Cl, and Fe) with topography and the distance to 

the nearest gas well. Impacts in valley samples appear to be more noticeable. These 

associations were not mentioned in Molofsky et al., 2013. The precise reasons inducing such 

associations with the distance to nearest UGD well are poorly understood. The associations 

indicate potential for further impact on groundwater quality. Though currently there is no 

consensus on the UGD’s impact on groundwater quality, this study adds more evidence that 

UGD can impact groundwater, and it demonstrates a need to conduct more studies to 

investigate the impact of UGD on groundwater quality and monitor long-term variations 

(years to tens of years) in any changes in water chemistry after UGD.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

1) Groundwater (GW) quality was associated with distance to UGD gas wells 

and topography

2) Ca, Cl, & SO4 levels are higher in GW near gas wells, especially in valley 

settings

3) Enhanced mixing of fresh and saline waters in valley may cause the change
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Figure 1. 
Boxplots of concentration of five major constituents (Cl. SO4, Ca, Na, and Mg) in three 

studies. The upper whisker is the maximum observation below upper fence (1.5 IQR above 

3rd quartile) and the lower whisker is the minimum observation above lower fence (1.5 IQR 

below 1st quartile). IQR is the interquartile range, a distance between 3rd and 1st quartiles.
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Figure 2. 
Ratio of proportions (RP) of 10 constituents between groups in the Cabot study. Error bar of 

each constituent is the 95% confidence interval of RP.
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Table 1

The EPA guideline concentrations and threshold values of components used to compute the relative 

proportions

Symbols Chemical
names

Guidelines
(mg/L)

Type of
guidelines

Percentage
exceeding
guidelines

Threshold
values (at 75
percentile-

mg/L)

Na sodium 20 HA 13.70 18

Mg magnesium n.a NA 7.6

Ca calcium n.a NA 40

Cl chloride 250 SMCL 0.89 18.8

SO4 sulfate 250 SMCL 0 16

Ba barium 2 MCL 1.1 0.17

Mn manganese 0.05 SMCL 15.61 0.026

Fe iron 0.3 SMCL 10.95 0.09

Pb lead 0.015 TT 2.87 0.0012

Turb turbidity 5 TT 8.30 1.1

TDS total dissolved
solids 500 SMCL 1.2 190

Cond Specific
conductivity n.a NA 273

Alk alkalinity n.a NA 140

CH4 methane 28 AL 0.18 1.0 *

Note:

Health Advisory (HA) is an estimated level of a contaminant acceptable in drinking water based on health effect information. These are not legally 
enforceable. (EPA 2009)

Secondary Maximum Contaminant Level (SMCL) is set by the EPA as guideline for management of aesthetic considerations of water quality.

Maximum Contaminant Level (MCL) is the highest level of a contaminant that is allowed in drinking water. These are set and enforced by the 
Environmental Protection Agency (EPA).

Treatment Technique (TT) regulates this contaminant, by requiring that water systems take steps to control the corrosiveness of the water. The 
process of TT should reduce the contaminant level below the set action level.

Action Level (AL) has been suggested by the U.S. Department of Interior, Office of Surface Mining, for methane levels in water. When methane 
level is greater than 28 mg/L, immediate action to reduce the methane level in the water is suggested. When methane level is within 10- 28 mg/L, 
investigative monitoring is suggested. When methane level is below 10 mg/L, well usage is considered to be generally safe

*
In this study we select the threshold value as 1 mg/L, the level high enough to overcome sampling and analytical artifacts.
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Table 2

Proportions of high level of constituents (percentage above thresholds) among four groups in Cabot data

Symbols Upland far
% (n/N)

Upland near %(
n/N)

Valley far
% ( n/N)

Valley near
% (n/N) p-value*

FDR-
adjusted p-

value 
#

SO4 19.69 (25/127) 34.48 (20/58) 13 (13/100) 54.29 (76/140) <0.0001 0.0003

Ba 28.00(91/329) 15.25 (18/118) 33.21 (91/274) 15.22 (28/184) <0.0001 0.0003

CH4 2.54 (18/710) 2.38 (3/126) 13.17 (88/668) 7.69 (15/195) <0.0001 0.0003

Cond 18.67 (98/525) 21.31 (13/61) 27.95 (135/483) 42.74 (50/117) <0.0001 0.0003

Fe 17.63 (58/329) 25 (29/116) 20.82 (56/269) 41.44 (75/181) <0.0001 0.0003

Cl 20.12 (65/323) 29.82 (34/114) 21.98 (60/273) 36.36 (68/187) 0.0003 0.0006

TDS 19.57 (63/322) 27.35 (32/117) 24.54 (67/273) 35.11 (66/188) 0.0003 0.0006

Mn 14.24 (47/330) 18.8 (22/117) 28.83 (79/274) 21.98 (40/182) 0.0006 0.0011

Ca 25.4 (32/126) 24.56 (14/57) 15.15 (15/99) 36.03 (49/136) 0.0161 0.0250

Na 22.22 (28/126) 33.33 (19/57) 37 (37/100) 28.68 (39/136) 0.0293 0.0410

Turb 16.82 (36/214) 20.93 (18/86) 22.14 (31/140) 28.4 (46/162) 0.0425 0.0541

Mg 25.16 (81/322) 32.23 (39/121) 24.39 (70/287) 19.08 (33/173) 0.1226 0.1430

Alk 22.05 (28/127) 31.03 (18/58) 29 (29/100) 28.78 (40/139) 0.3341 0.3598

Pb 26.19 (33/126) 28.07 (16/57) 28.28 (28/99) 25 (34/136) 0.9019 0.9019

*
p-value was from Chi-square test for group differences in proportion of high levels.

#
False discovery rate, defined as the multiple tests adjusted p-values using the approach (Benjamini and Hochberg, 1995) to control for false 

positive error rate.
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Table 3

Proportions of high level of constituents (percentage above thresholds) among four groups in Columbia and 

Duke data.

Symbols Upland far Upland near Valley far Valley
near

p-value * FDR-
adjusted
P-value #

Columbia % (n/N) % ( n/N) % ( n/N) % (n/N)

Mg 38.89 (7/18) 60.0 (6/10) 32.0 (8/25) 80.0 (4/5) 0.1602 0.4005

Na 31.03 (4/18) 50.0 (5/10) 44.0 (11/25) 60.0 (3/5) 0.2711 0.4518

Cl 29.82 (7/17) 50.0 (5/10) 40.0 (10/25) 20.0 (1/5) 0.7932 0.7932

Ca 27.78 (5/18) 50.0 (5/10) 28.0 (7/25) 40.0 (2/5) 0.5711 0.7139

SO4 23.53 (4/17 50.0 (5/10) 20.0 (5/25) 60.0 (3/5) 0.1306 0.4005

Duke

Mg 37.5 (30/80) 32.26 (10/31) 45.16 (14/31) 71.43 (5/7) 0.2468 0.3085

Na 35.0 (28/80) 41.94 (13/31) 48.39 (15/31) 71.43 (5/7) 0.2135 0.3085

Cl 20.0 (16/80) 18.75 (6/32) 41.94 (13/31) 85.71 (6/7) 0.0006 0.0030

Ca 17.5 (14/80) 15.63 (5/32) 19.35 (6/31) 71.43 (5/7) 0.0197 0.0493

SO4 27.5 (22/80) 25.0 (8/32) 13.33 (4/30) 14.29 (1/7) 0.4590 0.4590

*
p-value was from Chi-square test for group differences in proportion of high levels..

#
False discovery rate, defined as the multiple tests adjusted p-values using the approach (Benjamini and Hochberg, 1995) to control for false 

positive error rate.
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Table 4

Ratio of proportions and 95% CI for Cl and Ca in Duke data

Duke Valley far vs. Upland
far
RP (95% CI)

Upland near vs.
Upland far
RP (95% CI)

Valley near vs.
Valley far
RP (95% CI)

Valley near vs.
Upland far
RP (95% CI)

Cl 2.10 (1.15, 3.83) 0.94 (0.40, 2.18) 2.04 (1.22, 3.41) 4.29 (2.52, 7.30)

Ca 1.11 (0.47, 2.62) 0.89 (0.35, 2.28) 3.69 (1.57, 8.70) 4.08 (2.09, 7.96)
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