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SI History of Gas Development in Sugar Run area

Additional Background. Summarizing the entire history of gas well development in the Sugar
Run area is beyond the scope of this contribution. We therefore emphasize the gas well closest to
our study area (Table S1). This condensed summary derives from information online (1-3). Well
API #081-20292 was hydraulically fractured between June 28th, 2011 and July 1st, 2011. On
January 9th, 2012 the PA DEP was notified of discolored water in a private water well nearby, and
since that complaint, the PA DEP determined that at least five private water supplies were impacted
(1). During testing in January and February 2012, a shut-in pressure of 325 psi was measured
between casing strings in the cemented annulus of 081-20292. Since April 13th, 2015, PA DEP
investigated complaints of stray gas as far as 9,850 feet (3,000 meters) from the gas well and 5,200
feet (1,600 meters) from the originally affected water supplies. In June, 2015 PA DEP levied a
multi-million dollar fine against the drilling company but it was rescinded in May, 2015.

SI Materials and Methods

Water Studies. Field measurements. In general in the Sugar Run area, stream flows are highest
in late fall and spring after snow melt, and lowest in the summer during the hottest and driest
months when evapotranspiration is highest. Multiple measurements of stream base flow were
completed between SR 1 and SR 2 on Sugar Run in 5/21/2013 to 11/12/2013 (4). Discharge
measured at SR 1 varied from 0.105 m3/s in May to 0.037 m>/s in June. During this study, sites in
Sugar Run were sampled intermittently for a year and a half and at increased frequency during
summer (e.g., Fig. S1). When possible, temperature, pressure, dissolved oxygen (DO), specific
conductivity (SPC), pH, and oxidation and reduction potential (ORP) were measured in the field
using a YSI Professional Plus meter. The YSI was calibrated before each trip using pH 4 and 7
buffers, Zobel’s solution, and atmospheric oxygen. Hydrogen sulfide was measured using a Hach
Hydrogen Sulfide Test Kit (Model HS-WR) in accordance with Hach protocol for a few samples.

For dissolved methane and ethane in surface waters, samples were collected using VWR
polycarbonate bottles. We observed these bottles showed a memory effect for samples with high
concentrations (>5 mg/L); therefore, VWR bottles containing dissolved methane >0.5 mg/L. were
discarded after use. The stream was sampled in the middle and approached from downstream to
prevent contamination from disturbing the riverbed. Bottles were opened underwater and rinsed
three times before filling and capping underwater (when water depth made this possible). If
bubbles were present, the bottle was emptied and refilled. Samples for methane and ethane
analyses were stored in coolers, returned to the laboratory, and prepared the night of their return
for analysis (see below). Biocides were not used in any sample of groundwater or surface water
collected using VWR bottles, based on tests on surface water and groundwater that showed that
biocide had no effect on methane concentrations in waters in capped bottles without head space as
long as the time between sampling and analysis was kept less than 5 days and, for seeps, ORP was
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relatively low. Hydrocarbon concentrations were always measured within two days of collection,
and most within one day.

Over about one year, groundwater samples were collected by the authors from four
homeowner wells within 1000 meters of the seep locations in Sugar Run. In every case, wells were
purged for at least 15 minutes, making sure that pH and water temperature were steady for at least
5 minutes before sampling. Several authors have documented that the reproducibility of high-
methane concentrations in effervescing groundwater samples is low, and much of this lack of
reproducibility may be related to sampling techniques (5-8). Therefore, several sampling methods
were tried for comparison and reproducibility among methods was indeed sometimes observed to
be low (data from two sampling methods summarized in Dataset S1). Most samples were taken
with the “inverted bottle” method (slightly modified from published procedures in that we used
VWR polycarbonate bottles without biocide as described above (6)). In addition, a few samples
were collected from two homeowner water wells using an Isoflask® in accordance with Isotech
protocol (9). Although this collection method is now suggested to be the best method for
effervescing samples (6), it was only introduced relatively recently and therefore is not as useful
in comparisons with samples collected years ago. In the early years, the inverted bottle method
was commonly used (e.g., (10)). We therefore emphasize samples taken with inverted bottles in
discussion in main text. Hydrogen sulfide was measured using a Hach Hydrogen Sulfide Test Kit
(Model HS-WR) in accordance with Hach protocol for a few samples.

Occasionally at surface and at all groundwater sites, additional samples of water were taken
and then filtered with a 0.45-micron pore-size filter to be analyzed for anions and cations. Cation
samples were acidified with nitric acid in the field. Samples were collected in the same way at
select sites (HO4, Seep 1.5, Seep 1.6) for strontium isotope analysis. All samples were returned to
the laboratory and refrigerated within 8 hours of collection.

Atmospheric methane was analyzed in the field on occasion using a Bascom-Turner Gas
Rover (Fig. S3). Measurements, logged every 1-3 seconds, included location (latitude/longitude)
and methane concentration in ppm (parts per million by volume). This device was calibrated using
a 2.5% methane gas standard from Bascom-Turner and their internal autocalibration program.

Laboratory analyses. Cations were measured using a Perkin-Elmer Optima 5300 inductively
coupled plasma atomic emission spectrophotometer (ICP-AES). Select samples were also
measured using a Thermo Fisher Scientific X Series 2 Inductively Coupled Plasma Mass
Spectrometer (ICP-MS) with Collision Cell Technology (Dataset S1). When the same sample was
analyzed by both instruments, ICP-MS results were compared to the ICP-AES results for Fe, Al,
Ba, Mn, and Sr. If concentrations were less than 0.1 mg/L and discrepant by more than 10%, ICP-
MS values were reported because of their higher accuracy for low concentrations (Dataset S1).
Arsenic and uranium were only measured using ICP-MS. Anion samples were analyzed using a
Dionex ICS 2500 ion chromatograph (IC). Strontium isotopes (¥’Sr/%¢Sr) were measured on a
Thermo Scientific Triton Plus Series Multicollector Thermal Ionization Mass Spectrometer
(TIMS). Prior to analysis, strontium was purified from water samples using the Elemental
Scientific prepFAST-MC automated chromatography system. The values of 87Sr/%6Sr for standards
run at the time of analysis were as follows: NIST SRM987 = 0.710257, BCR-1 =0.705027, and
IAPSO = 0.709194.
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Hydrocarbon samples were analyzed using previously published methods at Pennsylvania
State University unless otherwise noted (11, 12). First, a helium headspace was introduced to each
bottle (13). These bottles were then placed on a shaker for at least 12 hours to allow dissolved
gases to equilibrate with headspace. Hydrocarbons were then analyzed using a HP 5890 Series II
Gas Chromatograph with a flame ionization detector and custom vacuum inlet system. 8 3C-CHs
values were analyzed on some samples within seven days of concentration measurements
according to methods outlined in previous research (12).

Noble gas sampling and analytical methods. For noble gas analyses, five water samples were
collected from two domestic water wells (two duplicates from each well) in the Sugar Run area
and one natural spring in Salt Spring State Park in Bradford County, PA (July 2017). These were
analyzed for concentrations and isotopic ratios of the complete suite of stable noble gases (He, Ne,
Ar, Kr, and Xe). Two gas samples were also collected, one from the salt spring site, the other from
a seep adjacent to the Sugar Run stream (Seep 1.55) in July 2017. These two sites were chosen for
gas analysis based on their high rate of bubbling. Both gas samples were analyzed for noble gas
volume fractions and isotopic ratios.

For noble gas samples, groundwater was flushed through standard refrigeration grade 3/8”
copper (Cu) tubes for approximately 10 min. Once temperature, pH and specific conductivity
reached constant values in the outflow, Cu tubes were sealed by steel pinch-off clamps (14, 15).
Additional details on groundwater sampling for noble gas analysis can be found elsewhere (16,
17). In the salt spring, a peristaltic pump was used to pump the water through the Cu tube.

To collect gas samples from the salt spring and the stream seep, a customized funnel was
assembled with plastic tubes and a copper tube as shown in Figure S15 and then pre-filled with
water prior to moving the funnel over the gas outlet. The funnel was kept under water continuously
during sampling to allow the gas to flow through the Cu tube and to displace the water. Between
15-30 minutes were required for the Cu tube to be entirely filled with gas. The plastic tube was
checked for residual water prior to closing the clamps at both ends of the copper tube.

Noble gas measurements of all water and gas samples were carried out in the Noble Gas
Laboratory at the University of Michigan. He and Ne were analyzed in a Thermo Scientific Helix
SFT mass spectrometer while Ar, Kr, and Xe were sequentially allowed into an ARGUS VI mass
spectrometer using a computer-controlled double-head cryo-separator. Extraction, purification,
and analysis procedures are described elsewhere (15, 18).

Methods for Development of Maps. Groundwater data and violations map. Several sets of
groundwater data were compiled, mapped, or compared to new analyses. Most of these data were
considered to represent background groundwater in the area. The largest dataset is referred to here
as “pre-drill data” because it includes analytical data from commercial laboratories of samples
collected by consultants for oil and gas companies (19). The companies sample groundwater
within a certain distance of planned well drilling and give the data to the PA DEP to safeguard
against future liability. Discussions of strengths and limitations of these types of datasets are
discussed below and have been summarized elsewhere (10, 19, 20). These data were shared with
the authors by the PA DEP and are published in the Shale Network database (21). In addition to
this pre-drill dataset, data were summarized from other published groundwater analyses from the
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Lycoming county area (22) and this entire dataset is referred to throughout as the Lycoming
groundwater dataset.

In addition, available data from within the Sugar Run study area from the PA DEP were
recovered using the PA DEP eMap tool (23). Another set of data — for sites in PA referred to
throughout as “presumably contaminated” -- were also summarized for waters that were presumed
by various government agencies to have been contaminated by oil and gas development activity
(3, 24). For example, data from the US Environmental Protection Agency (US EPA) were
summarized here for groundwater from water wells that were presumed to be affected by nearby
shale-gas development activity (24) based on comparisons of pre-drill to post-drill hydrocarbon
concentrations, hydrocarbon ratios, isotopic compositions, metal concentrations, and water type.
One of these presumably impacted water wells was sampled near the alleged gas migration
incident in Dimock, Pennsylvania. Six other presumably impacted water wells were sampled near
an alleged gas migration event along Paradise Road in Bradford County that has also been
described elsewhere (25). The final three presumably impacted water wells (GW 06, GW 01, GW
02) were reported for two other alleged gas migration incidents (24). The locations for these
presumably contaminated sites were not revealed in the EPA report but locations were verified
from Figures 3, 4, 33, 34, 35, and 37 of the report (24).

For these data (pre-drill or presumably contaminated samples), the commercial or
government laboratories that were used for analyses are not always mentioned; however,
commercial laboratories that were named include ALS Environmental, Environmental Service
Laboratories, Benchmark Analytics, ESL, Fairway, Geochemical Testing, Groundwater and
Environmental Services, Inc, Hess and Fisher, Lancaster, Seewald Laboratories, and Test America.
The pre-drill data were originally provided by commercial analytical laboratories as paper copies
or pdfs, and were transcribed into spreadsheets either by U.S. Geological Survey workers or
Pennsylvania State University workers.

Data used to create Figure 1B were gathered on 8/15/2017 with the Pennsylvania Shale
Viewer tool (26) and Oil and Gas Mapping Tool (27). Wells with violations were first identified
using the Shale Viewer Tool. If a casing-related violation was identified, the violation was
confirmed using the PA DEP Oil and Gas Mapping Tool. No discrepancies between the two tools
were observed. Violations binned as casing- or cementing-related were based on guidelines
outlined in previous research (28) (see also Table S1). A few additional casing-related violations
were included that were not identified in the previous paper (28): 78.81(a) (Casing and Cementing
- Operator conducted casing and cementing activities that failed to prevent migration of gas or
other fluids into sources of fresh groundwater); 78.81(a)3 (Casing and Cementing - Operator
conducted casing and cementing activities that failed to prevent pollution or diminution of fresh
groundwater); OGA 3217(B) (Failure to prevent migration of gas or fluids into sources of fresh
water causing pollution or diminution, failure to properly case and cement well through a fresh
water-bearing strata in regulated manner or depth).

Construction of structural geology model. A three-dimensional model was constructed for the
eastern end of the Nittany Anticlinorium based on well and map data (Fig. S5). Well data consisted
of formation logs from 22 gas wells in the area (2). These mostly include the Marcellus and units
stratigraphically above it, although a few extend deeper (29-31). Data were digitized and analyzed
with Midland Valley’s Move™ software. Cross sections derived from two datasets (29, 30) were
also digitized and added to the model. These sections were extended and additional sections were
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created based on map and well data to represent the three-dimensional structure of the anticline
more completely. The cross sections and the well data were then used to create three-dimensional
surfaces by ordinary kriging.

A block diagram (Fig. S5) and a cross section (Fig. 1D) from the closest gas well 081-
20292 to Sugar Run were created from the surfaces. The block diagram was slightly edited
manually in areas where the kriging was poorly constrained by data in order to remove geologically
unrealistic artifacts or to smooth horizons. The surface representing the top of the Marcellus
Formation was contoured to produce a structural contour map of this horizon (Fig. S13).

SI Results and Discussion

Field Measurements. The pH of seeps (5.9 to 7.0) was lower than observed in Sugar Run (7.1 to
8.2) which was generally lower than observed in nearby homeowner water wells (7.6 to 8.9). In
contrast, oxidation reduction potential (ORP) decreased from the stream (177 to 241 mV) to the
seeps (-90 to 169 mV) to the homeowners’ water wells (-277 to -146 mV). Late in our investigation
we discovered another seep that had the highest pH (9.1) of any samples and had dark black
sediment. This bubbling seep (SRS 1.5, Fig. 1) was in a channel of a small intermittent tributary
where we had limited permission for sampling.

Comparison of Groundwater Hydrocarbon Samples. As discussed in SI Materials and
Methods, the groundwater samples we report in Figure 2 were limited to those collected with the
inverted bottle technique so as to compare concentrations over a longer period of time for samples
collected in the same manner.

Three (HO2, HO3, HO4) out of the four homeowner water wells that we sampled in this
study were observed to effervesce. As discussed in SI Materials and Methods, large variability was
observed in these high-methane samples for methane concentrations (concentrations were
generally >20 mg/L) when collected with different methods (two are summarized in Dataset S1).
For example, samples collected from HO2 and HO4 using the Isoflask® method contained CH4
concentrations of 28.0 mg/L and 49.0 mg/L, respectively. In comparison, methane concentrations
of HO2 and HO4 water samples collected at the same time using the inverted bottle method were
analyzed to contain 26.4 mg/L and 29.1 mg/L respectively (Dataset S1). Groundwater at both HO2
and HO4 were observed to effervesce.

Ethane concentrations for samples collected using the inverted bottle method (594 pg/L)
and using the Isoflask® (1,200 pg/L) were also observed to differ for water well HO4. Propane
was detected in one Isoflask sample (HO4) by Isotech laboratories (Dataset S1).

Noble Gas Data. Noble gas data overview. Noble gas concentrations (for water samples), volume
fractions (for gas samples), and isotopic ratios (for both water and gas samples) are listed in Table
S2-S4, respectively. Dissolved methane concentrations of water samples are also included in Table
S2. Measured *He/*He (R) ratios of water and gas samples are normalized to the corresponding
atmospheric value (Ra = 1.384x10°) and shown as R/Ra in Table S4. R/Ra values of all gas
samples and the salt spring water sample are particularly low (0.0114 £ 0.0005 to 0.0165 £ 0.0006),
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pointing to the presence of a highly pristine crustal signature while well water samples are higher
and fall within the range of typical crustal R/Ra ratios (~0.02-0.05) (32). These R/Ra values are
much lower than the atmospheric value (R/Ra = 1), strongly suggesting the presence of a largely
dominant contribution of crustal helium. This also shows that our sampling technique successfully
preserves pristine noble gas signatures. Isotopic ratios of all other gases are atmospheric within a
26 error with only a few exceptions (e.g., “*Ar/*®Ar values of HO4). For example, the isotopic
ratios for Ne, Kr, and Xe are mostly consistent with atmospheric origin. These gases are
incorporated into the subsurface by recharge water in equilibrium with the atmosphere (i.e., air-
saturated water or ASW). Figure S16 shows “He/*Ar, 22Ne/*°Ar, 8 Kr/*®Ar, and '*2Xe/*Ar ratios
normalized to corresponding air values and plotted as F(i) where F denotes the ratio of isotope i
to 3°Ar in air. From Figure S16, it is apparent that F(*He) values for all samples are far higher (>1
to 3 orders of magnitude) than both air and ASW values at 10 °C, pointing to an almost entire
dominance of crustal He. A temperature of 10°C for the ASW component was chosen to represent
recent recharge conditions in northeastern PA.

F(**Ne) ratios of gas samples are higher than that of ASW while their F(®3*Kr) and F('3*Xe)
ratios are lower than corresponding ASW values. However, F(**Ne), F(3*Kr), and F('**Xe) values
of water samples generally display exactly the opposite pattern from the gas samples (except for
F(**Ne) ratios of water samples from homeowner wells). Such patterns of noble gas elemental
ratios were also observed in methane-rich groundwater within the Barnett Shale footprint and
corresponding Barnett and Strawn shale gas (15, 18). Because the solubility of noble gases
increases with atomic weight, light noble gases (i.e., 2Ne) will preferentially partition into the gas
phase when groundwater degasses. A single-stage water degassing model can therefore explain
the relative depletion of light 2*Ne and relative enrichment of heavy %Kr and '*?Xe observed in
salt spring water. The F(**Ne) values of well water samples mimic ASW values (Figure S16),
suggesting limited noble gas fractionation. This might be due to a short contact time between the
gas and liquid phases.

Source of helium and methane: shallower vs. deeper formations. As shown above, crustal He
largely dominates the total measured He. To evaluate whether crustal He is produced in-situ in the
shallower formations (i.e., Upper Devonian strata such as the Lock Haven Formation) (4) or has
an external origin (i.e., deeper formations such as the Marcellus Formation), “He ages were
calculated for all water samples assuming that all crustal “He is produced within the Lock Haven
Formation as follows:

A, =P(He)x p,x Ax((1-w)/ w)cm’STPgp,oyr™ (1)

"He
P(*He)=1207x10"°[U]+2.867x10™"*[Th]em’STPg; . yr™ @)

Here, p is the density of the rock in g/cm’, w is the porosity of the reservoir rock, A is the transfer
efficiency of He from the rock matrix to the water (assumed to be 1), U and Th represent uranium
and thorium concentrations (in mg/kg) respectively in the host rock. The rock density is assumed
to be 2.5 g/cm?® while the porosity is set to 0.2. Average U and Th contents for the Lock Haven
Formation were set to 2.6 and 9.7 mg/kg, respectively, following a recent publication (33).

Calculated “He ages are listed in Table S2 and range from 0.37 Ma to 0.85 Ma. These ages
are much older than the previously reported, mostly modern ages (11). These “He ages calculated
here are much larger than reasonable residence times for shallow groundwater, indicating that in-
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situ production is not responsible for most of the crustal *He present in this groundwater. An
external source of “He must be introduced to account for the majority of measured “He
concentrations in these groundwater samples. This external source might also bring thermogenic
methane into the shallow aquifer as thermogenic methane contents usually correlate positively
with crustal He content in groundwater (15, 33).

The presence of crustal “°Ar (**Ar*) was detected in water samples collected from a
homeowner well (HO4) and in a gas sample from Seep 1.55 (Table S4). Calculated *He/**Ar*
ratios of sample HO4 range from 7.49 to 9.01, values within the previously reported range (6.2-
13.7) of natural gas samples from the Marcellus Formation (34) but over an order of magnitude
lower than reported natural gas sample values (214.6-285.4) from the Upper Devonian formations
(i.e., Canadaway Formation) (34). This leads to the inference that the Marcellus Formation is likely
to be the external source of both crustal noble gas and thermogenic methane in the samples of
HO4. Noble gas fractionation due to water degassing, which might alter the original *He/**Ar*, is
not considered possible here for HO4 because the fractionation is limited for water samples
collected from homeowner wells (Figure S16). However, the gas sample from Seep 1.55 displays
“He/*Ar* values of 82.57-98.29, which might be consistent with some mixing of Marcellus gas
and Upper Devonian gas. Alternatively, degassing of the water could preferentially have released
some of the light “He into the gas phase but have retained the heavier “°Ar in the water phase. This
mechanism is a possible explanation for the increased “He/*’Ar* observed in Seep 1.55.

Mechanism of methane migration: free gas vs. dissolved phase. Natural gas can be transported
as a free gas phase or as a dissolved species in groundwater and such transport might happen
naturally, perhaps along with brine salts, or as a result of hydrocarbon production activities, e.g.,
drilling or hydraulic fracturing (18, 25, 34-36).

To further determine how the external Marcellus gas migrates into the shallow aquifer in
the Sugar Run area, we plotted “He/CHy as a function of 2°Ne/3®Ar for well water samples (Figure
S9). Predicted “He/CH4 and 2°Ne/*°Ar ratios were calculated for four scenarios (33): (1) slow
upward advection of water containing brine salts and dissolved methane; (2) diffusion of gas from
depth through aqueous solution; (3) combined upward advection of two phases (i.e., free gas phase
and brine salt-containing water phase); and (4) fast upward advection of free phase gas with minor
mixing of microbial gas in the shallow aquifer. Note, we assumed that microbial gas contributes
methane but not noble gases. For all scenarios, we assumed the starting point was the composition
of Marcellus production gas (green square in Figure S9). Since the chloride concentrations in water
collected from HO2 and HO4 are very low (< 10 mg/L), we can exclude scenario (1). From Figure
S9, *He/CH4 and 2°Ne/®Ar ratios of water samples HO2 and HO4 are distinct from predictions for
scenarios (2) and (3), and thus argue against gas migration coupled with aqueous solution as a two-
phase system. In contrast, short-timescale migration of natural gas in a free gas phase (scenario
(4), e.g., gas leaking from a faulty gas well that then migrates along faults and fractures) could
maintain the original noble gas and hydrocarbon ratios with minimal fractionation. The difference
in “He/CHs4 and 2°Ne/*®Ar values between Marcellus production gas and water samples is attributed
either to variability of noble gas composition of Marcellus production gas or to the input of a small
amount of microbial methane (as shown and labelled along line (4)).

In summary, while other interpretations are possible — i.e., multiple sources of gas and
multiple migration and oxidation steps -- these noble gas data are consistent with the interpretation
that thermogenic methane detected in water wells HO2 and HO4 within the Sugar Run area is from
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the Marcellus Formation. These Marcellus gases most likely migrate into the shallow aquifer in a
free gas phase along faults, fractures, and porous formations.

Seasonal Changes. Seasonal changes in methane concentrations for the most methane-rich seep,
Seep 1.6 (Fig. S7), were not simply caused by dilution: methane was typically most concentrated
during the winter and early spring when water levels were at their highest, and smallest during the
summer months when water levels were lowest. This observation argues against methane
migration as a dissolved solute; seasonally high methane concentrations in the wetter months are
therefore attributed largely to free-phase methane moving upward, sometimes entrained in
groundwaters as they move within the shallow surface. Free-phase gas migration may also be
consistent with the observations of methane emitting from fractures in outcrops near the study site
(Fig. 1C). This explanation for the mechanism of migration (free-phase gas) is also consistent with
noble gas data discussed above and with published arguments for the Sugar Run site (11).

The similarity in seasonal changes in methane, iron, and arsenic concentrations for Seep
1.6 are consistent with the explanation that methane concentrations drive iron and arsenic
variability (Fig. S7). Specifically, we argue that iron is observed at higher concentrations at Seep
1.6 when subsurface bacteria couple methane oxidation to iron reduction. (Ferric iron minerals are
much less soluble than ferrous iron minerals at circumneutral pH). It is well known that oxygen
does not diffuse as easily through water-filled as compared to air-filled pores (37). Consequently,
the enhanced water saturation and lower subsurface oxygen concentrations during the wet season
at Sugar Run likely accelerate anaerobic oxidation of methane coupled to reduction of ferric iron
oxide minerals, releasing ferrous iron to solution.

In the summer when water saturation of porous subsurface material is lower, less methane
likely reaches the surface because it is not entrained as much in upflowing groundwater. In
addition, oxygen is more abundant in the less water-saturated subsurface and can be used by
bacteria as the electron acceptor for aecrobic methane oxidation instead of ferric iron. This draws
down oxygen but does not release ferrous iron to solution. According to this explanation, low
methane concentrations in the summer are caused both by low upflow rates of groundwater with
entrained free-phase methane in the shallow subsurface and by high rates of methane oxidation by
oxygen, the thermodynamically preferred oxidant.

The release of arsenic to solution seasonally documented in Figure S7 is consistent with
anaerobic methane oxidation that reduces ferric iron oxides to release iron and adsorbed arsenic
into solution (38). This is especially notable because arsenic is a known carcinogen and thus could
be of concern in drinking water systems (39). In Seep 1.6, concentrations above the EPA drinking
water standard were never measured (Dataset S1).

Using Salt Tracers to Identify Groundwater That Warrants Further Investigation. Chloride
concentrations. In this section we explore whether concentrations of Cl, Na, and Ca could be
useful tools in identifying water supplies that contain methane derived from non-natural sources.
These tools may be specific to the northeastern USA where natural dissolved thermogenic methane
is often detected with fluids that contain salts from Appalachian Basin brine (ABB). Specifically,
in the Appalachian Basin, naturally high methane concentrations correlate with high chloride (40—
42). Some have even suggested that non-impacted groundwaters with naturally high chloride
concentrations in PA may document connections to deeper fracture networks that could be
locations for easy gas migration if gas wells allow leakage nearby (43).
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To investigate such correlations, we plotted the Lycoming groundwater dataset (21),
assumed to represent natural background, with groundwaters from the Sugar Run area and from
the presumably impacted water wells in Fig. S12 (3, 23, 24, 44) to see if any waters are chemically
distinct. As shown in Figure S12A, almost all high-methane samples from the Lycoming
groundwater dataset contained high chloride (>30 mg/L) whereas almost all the presumably
impacted samples -- and Sugar Run samples -- contained very low chloride (<30 mg/L).

Figure S12A documents that samples near Sugar Run are anomalous in that they are high
in methane and low in chloride. Such samples could be explained by at least two scenarios. First,
methane could be produced biogenically in low chloride waters: such a mechanism can explain
high methane in swamps, for example. Second, methane could migrate in a free gas phase
independent of ABB-containing waters (11). This second scenario is more likely for Sugar Run
waters and the presumably affected waters since many of those waters were shown to contain
thermogenic methane, as determined from isotopic analysis and C1/C2 ratios (24). In addition,
migration of free gas for Sugar Run was consistent with noble gas analysis (Fig. S9) and other
considerations (11). Wetlands were also not observed in the bedrock-lined channel of Sugar Run.

Na-rich versus Ca-rich waters. In the Appalachian Basin, higher methane concentrations have
also been associated with Na-rich as opposed to Ca-rich waters (45). Ca-rich waters are believed
to represent near-surface recharge or shallow groundwater (22, 46). In this light, we hypothesized
that Ca-rich high-methane waters are less likely to contain thermogenic methane from natural
sources.

We tested datasets to see if such inferences would be useful in highlighting anomalous methane
concentrations in groundwaters, i.e., methane that warrants further investigation because it might
be related to anthropogenic activities. On a plot showing the ratio of Ca to Na concentrations for
the Lycoming data and the presumably impacted waters (Figure S12B), fewer outliers are detected
in the blue quadrant compared to outliers on Figure S12A. Most of the samples, regardless of the
source of data, have Ca/Na <0.52. However, some samples from Sugar Run and the presumably
impacted water wells have Ca/Na >0.52. This shows that relatively Ca-rich high-methane water
samples are another water type that warrant further investigation to detect a recent invasion of
methane gas.
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SI Figures

Figure S1. Photograph of Sugar Run showing Seep 1.5 (left) and the stream (right).
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Figure S2. A) Map of the Sugar Run watershed (colored blue), sample locations (triangles),
seepage locations (blue circles), and outcrops (orange circles). B) Map of Sugar Run sampling
locations with seeps and the average stream methane concentrations at each site. Active bubbling
was observed in the stream and seeps along this stretch. The dashed line and red and green symbols
in (A) are described in caption for Figure 1.
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Figure S3. (A) Map showing measurements of methane concentrations in air measured on eight
different days in the study region. Distinct colors represent different sampling days while the sizes
of the symbols indicate concentration. (B) Methane concentration map for air in the highest-
concentration region. Over 24,000 measurements were collected over 8 days. Measurements were
completed by walking around the study region and holding a surface bell probe within one meter
of the ground surface. At outcrops, the surface bell probe was placed directly on fractures.
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Figure S4. Methane concentration in stream water plotted versus distance downstream along
Sugar Run in Lycoming County, Pennsylvania. The zero position was defined as the most
upstream stream site (SR 8) that was sampled. Triangles are samples collected and analyzed by
Heilweil et al. (4) and circles represent samples from this study. Largest methane concentrations
in the stream consistently were measured at sites SR 1.5 and SR 1.55 (near two methane-rich
seeps). The horizontal section of well 081-20292 crosses underneath Sugar Run at the line, and
locations downstream of this location are structurally up dip.
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west in the figure.

S17



Seep 1.5 (this study)
Seep 1.55 (this study)
Seep 1.6 (this study)
Stream samples (this study)
Stream Samples (ref.1)
Piezometer sample (ref. 2)
Seep 1.5 (ref. 3)
- °
A
A
-30 4 Isotopic composition of the inferred thermogenic gas
'40 = A
-50 ® R
T ) P
Biogenic ¢
_70 L) L] lllllll L] L) lllllll L) L) IIIIIII L) L] lllllll L) L) LER BRI
1E-4 0.001 0.01 0.1 1 10
1/[CH,]

Figure S6. Isotopic values for methane from samples collected at sites in Figure S2 plotted versus
1/[CH4] where [CH4] refers to CHs concentrations in pg/L. In the blue region, 8'*C increases with
decreasing methane concentration, as expected for fractionation during methane oxidation (47). A
few samples more negative than -28.3%o plot outside the blue area and approach an inferred
biogenic endmember (47). Following previous literature (4), samples with the largest methane
concentrations were used to estimate the 8'°C signature of the thermogenic endmember (-28.3%o;
red solid line). The initial concentration of thermogenic methane in water before oxidation likely
varies temporally and spatially. The [CH4] concentration of 1000 pg/L (1/[CH4]=0.001) is chosen
to calculate expected Rayleigh fractionation (blue dashed lines). Two scenarios are considered for
two values of fractionation factors (o) of 1.013 and 1.025, derived from previous work (48).
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Figure S8. R/Ra and He/Ne ratios of all collected noble gas samples including water from the
salt spring at Salt Spring State Park, Pennsylvania, and homeowner wells in Sugar Run. Dashed
curves represent mixing between noble gases from ASW at 10 °C and radiogenic noble gases
(including crustal and mantle sources). Three scenarios with varying contributions of mantle He
(i.e., 0%, 25%, and 50% by mass) are indicated. All water and gas samples reported for the
Sugar Run area are located on the curve representing mixing between ASW and pure crustal
components. This precludes the presence of significant mantle noble gas in these samples.
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Figure S9. “He/CH, and 2°Ne/*®Ar ratios of homeowner well water samples (red triangles) and salt
spring water (blue circle). Short vertical and horizontal lines within sample marks represent
corresponding error bars for “He/CHs and 2’Ne/*®Ar, respectively. Predicted values are also plotted
for four scenarios: (1) slow upward advection of brine containing dissolved methane (black line
with upward arrow); (2) diffusion of gas from depth in aqueous solution (green dashed curve); (3)
upward advection of two phases (i.e., free gas phase and brine phase) (i.e., free gas phase and brine
phase) from depth (red dashed curves); and (4) fast upward advection of free phase gas with minor
mixing of microbial gas in the shallow aquifer (vertical line with downward arrow). Note, we
assume that microbial gas contributes methane but not noble gases. In all of these scenarios, we
assumed the starting point of noble gas fractionation was the composition of Marcellus Formation
production gas (green rectangle). The pink rectangle represents “He/CHa4 and 2°Ne/*®Ar of natural
gas samples from Upper Devonian formations (33). 2°Ne/**Ar ratios of homeowner wells HO2 and
HO4 are consistent with scenario (4) (fast upward flow of Marcellus gas mixed with biogenic gas),
and is not consistent with scenarios (1), (2), nor (3). We hypothesize that relatively quick migration
of Marcellus gas along faults in a free gas phase best explains why the homeowner well waters
preserve the original 2’Ne/*Ar signature.
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Figure S10. Plot of ratios of Cl/Br concentrations (both as mg/L) versus chloride for samples
collected from Seep 1.5, Seep 1.6, stream sample SR 1, and homeowner water wells HO1, HO2,
HO3, and HO4. Most waters plot within or very near dilute groundwater except for Seep 1.6. The
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Figure S11. ¥’Sr/*%Sr vs Sr/Ca molar ratio in samples taken near Sugar Run (stream samples
labelled SR, homeowner well waters labelled HO, groundwater under the stream sampled by
piezometers labelled Piezo, and seeps) and brines collected from oil and gas wells (49). The plot
shows the possibility that there are two different sources of brine salts that have impacted waters
in the Sugar Run valley. The black box encompasses the variation in chemical fingerprint of brines
originating from the Marcellus as defined by previous work (43). Samples collected at Seep 1.6,
HO4, and SR 1.5 Piezo have the distinctively higher Sr/Ca and lower ¥’Sr/*Sr that are typical of
Marcellus brines (43). In contrast, stream sites SR 1 and SR 1.5, and Seep 1.5 show chemical
characteristics more consistent with radiogenic upper Devonian formations such as the Bradford
Group and Venango Group. Some data values were reproduced here from previous works (4, 11).
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Figure S12. A) Plot of chloride versus methane concentrations in groundwater samples as labelled
(see text in SI and main body). Most high methane water in Lycoming county contains high
concentrations of chloride. However, waters from almost all locations with presumable
contamination, including Sugar Run, contain relatively low concentrations of chloride. B) Ca/Na
(mass ratio) versus methane concentrations in groundwater samples as labelled. Most high
methane samples contain Ca/Na < 0.52. However, a small subset of presumably contaminated
samples contains Ca/Na > 0.52.
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SI Tables

Table S1. Generalized timeline of events in the study area

Date (m/d/y) Events: Associated with problematic wells within 5 km of well 081-20292
9/14/2008  Well API # 081-20109 spudded
11/4/2008  Well API1 # 081-20119 spudded
10/31/2009  Well API # 081-20205 spudded
11/27/2009  Well API # 081-20209 spudded
7/9/2009 Well API # 081-20144 spudded
12/15/2009  Well API # 081-20210 spudded
6/1/2010 Well API # 081-20296 spudded
8/9/2010 Well API # 081-20348 spudded
8/19/2010  Well API # 081-20275 spudded
10/19/2010  Well API # 081-20287 spudded
11/1/2010 19 private water wells located along Green Valley Road in Moreland Township were sampled within 2,500 feet of
081-20292. Methane was detected in four samples.
12/19/2010  Well API # 081-20371 spudded
12/20/2010  Well API # 081-20275 received violation 78.85; DEP observed gas in the 2" vent
12/20/2010  Well APT # 081-20348 received two casing-related violations (78.85 & 78.86); DEP observed gas in 2" vent pipe
Well API # 081-20209 receives two casing-related violations (78.85 & 78.86); DEP observed 18 psi pressure at the
1/9/2011 " .
5" x 9 5/8" pipe.
1/9/2011 ;Vse/lé"API # 081-20210 received two casing-related violations (78.85 & 78.86); DEP observed 580psi on the 5 1/2" x
1/9/2011 ;Ve/lé API # 081-20205 received two casing-related violations (78.85 & 78.86); DEP observed 685psi on the 5 1/2" x
5/8".
1/9/2011 ;Ve/lé API # 081-20119 received two casing-related violations (78.85 & 78.86); DEP observed 250psi on the 5 1/2" x
5/8".
1/9/2011 ;Ve/lé API # 081-20109 received two casing-related violations (78.85 & 78.86); DEP observed 150psi on the 5 1/2" x
5/8".
1/26/2011  Well API # 081-20144 received casing-related violations 78.86 & 78.85
2/1/2011 Well API # 081-20241 spudded
2/12/2011  Drilling began for well API # 081-20292
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Date (m/d/y)

Events: Associated with problematic wells within 5 km of well 081-20292

3/9/2011
3/17/2011
3/25/2011
4/27/2011

End 6/2011

7/6/2011

7/10/2011

7/10/2011

7/10/2011

1/9/2012
1/18/2012
2/7/2012
12-Feb
5/14/2012

4/10/2013

9/20/2013

12/13/2013

Well API # 081- 20532 spudded

Drilling completed for well API # 081-20292

Company received three violations from DEP related to spillage of drilling mud
Well API # 081-20496 spudded

Horizontal portion of API # 081-20292 hydraulically fractured

Well API # 081-20296 received violation 78.86, defective cement; DEP observed gas in the annulus of the 9 5/8" x
5 1/2" casing.

Well API # 081-20532 received violation 78.86, defective cement; DEP observed gas in the annulus of the 9 5/8" x
5 1/2" casing.

Well API # 081-20287 received violation 78.86; defective cement; DEP observed gas in the annulus of the 9 5/8" x
5 1/2" casing.

Well API # 081-20496 received violation 78.86, defective cement; DEP observed gas in the annulus of the 9 5/8 x 5
1/2 casing.

DEP was given notice of discolored water in water supply near well API # 081-20292

Water samples were collected from private water supplies for analysis

DEP inspection found defective cement in annulus of well API # 081-20292 based on shut-in tests

Waters from well API # 081-20292 (three casing strings) and homeowner wells were sampled for isotopic tests

Gas detected outside surface casing in well API # 081-20292

Well API # 081-20371 received casing-related violation 78.86; DEP discovered on 4/9/13 that the operator found
combustible gas in the 9 5/8" x 5 1/2" annulus on 8/6/12 and that no action had been taken to correct the defect.
DEP issued a notice of violation (NOV) to well API # 081-20292 for 1) failing to prevent migration of gas or other
fluids into ground water (78.81(a)2 and (3)); 2) an unpermitted discharge of gas into surface or groundwaters
(violation of section 401 of the Clean Stream Law; 3) defective casing or cementing (violation of section 78.86)

DEP issued a NOV indicating failure to plug an abandoned well (78.91(a)), referring to well API # 081-20292
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Date (m/d/y) Events: Associated with problematic wells within 5 km of well 081-20292
Since this date, DEP has investigated potential complaints involving stray gas migration in an area approx. 9,850
4/13/2015  feet from well 081-20292 and 5,200 feet from originally affected water supplies noted above. Soil gases measured
in a farm field with dead vegetation near Greg’s Run contained as much as 100% methane. Combustible gas was
also identified in Greg’s Run.
/1172015 DEP issued order to remediate well APT # 081-20292
6/5/2015 Company appealed order to remediate well API # 081-20292
Early 8/2015  pEp and company began making tests and field observations of the water and soil resources
10/22/2015 Company collected logging data from well API # 081-20292
16-Dec Drilling commenced through a cement plug the in 5.5" production casing in order to prepare well API # 081-20292
for flaring. This attempt to re-enter the lower portion of the casing at approximately 2,540 feet was unsuccessful.
” Homeowners in the area were offered water treatment systems voluntarily by the company.
3/9/2016 Well API # 081-20241 received violation 78.86; DEP observed 4% methane in 13 3/8" x 95/8" annular vent
6/9/2016  well API # 081-20371 received violation for 78.86 (pressure still noted in annulus). Well is shut in.
6/14/2016  Waters in wells near Greg’s Run (southwest of well API # 081-20292) observed to contain elevated methane and
metals.
12/712016  violations at Well API # 081-20296 still outstanding
3/2712017  yiolations at Well API # 081-20241 still outstanding; DEP observed 5% methane on the 13 3/8" x 9 5/8" annulus.
7/31/2018  Eight violations Well API # 081-20292 still outstanding: 78.73(a), 78.81(a)2, 78.81(a)3, 78.86, CSL 301, CSL

307(a), CSL 401, CSL 402(b)

Information in table was summarized and paraphrased from online and published reports (1, 23, 27, 51)
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Table S2. Noble gas and methane concentrations (cm* STP/gH,0) of water samples®.

Sampling

Sample Date CH4 He Ne Ar Kr Xe

HO2-A 7/18/2017 0.0232 4.6091E-06 1.4615E-07 2.6860E-04 7.5827E-08 1.4747E-08

HO2-B 7/18/2017 0.0232 5.0329E-06 1.5090E-07 2.7387E-04 8.0181E-08 1.4405E-08

HO4-A 7/26/2017 0.0686 2.2174E-06 8.2216E-08 1.4475E-04 3.5555E-08 5.4094E-09

HO4-B 7/26/2017 0.0686 2.2490E-06 8.3953E-08 1.4827E-04 3.6238E-08 5.6055E-09
Sal\;,ifgng 7/17/2017 0.0235 4.4078E-06 6.0571E-08 1.9561E-04 5.8446E-08 8.0483E-09

ASWP ; _ 4.4814E-08 1.9457E-07 3.7237E-04 8.7948E-08 1.2779E-08

Sample “He 22Ne SAr 84Kr 132X e A0A* +/- ‘He Age (Ma)
HO2-A  4.6091E-06 1.3480E-08 9.0355E-07 4.3221E-08 3.9653E-09 _ _ 0.78
HO2-B  5.0329E-06 1.3906E-08 9.2129E-07 4.5703E-08 3.8735E-09 _ _ 0.85
HO4-A  2.2174E-06 7.5831E-09 4.8694E-07 2.0266E-08 1.4546E-09 2.9598E-07 9.2239E-08 0.37
HO4-B  2.2490E-06 7.7427E-09 4.9878E-07 2.0656E-08 1.5073E-09 2.4959E-07 1.4356E-07 0.38
Sal\fvifer;ng 4.4078E-06 5.5972E-09 6.5804E-07 3.3314E-08 2.1642E-09 . . 0.74
ASWP  4.4814E-08 1.7968E-08 1.2527E-06 5.0130E-08 3.4364E-09 _ _ :

2 Errors of He, Ne, Ar, Kr, and Xe concentrations are 1.5%, 1.3%, 1.3%, 1.5%, and 2.2%, respectively

*(50)
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Table S3. Noble gas volume fractions (cm®/cm?®) of gas samples?

Sample

Sampling Date

He

Ne

Ar

Kr Xe

Seep 1.55-1

Seep 1.55-2

Salt Spring-1 7/17/2017

Salt Spring-2 7/17/2017
Air -

7/10/2017
7/10/2017

2.4923E-04
2.2308E-04
4.2829E-04
4.2654E-04
5.2400E-06

5.8148E-07
5.0435E-07
1.7102E-06
1.7786E-06
1.8180E-05

3.8034E-04
3.3451E-04
1.7291E-03
1.7729E-03
9.3400E-03

5.5354E-08
4.4825E-08
2.7790E-07
2.7652E-07
1.1400E-06

7.1257E-09
6.1898E-09
2.3181E-08
2.4059E-08
8.7000E-08

Sample “He

22Ne

36Ar

84K1"

132XG 40 Ar* +/-

Seep 1.55-1

Seep 1.55-2

Salt Spring-1

Salt Spring-2
Air ®

2.4923E-04
2.2308E-04
4.2829E-04
4.2654E-04
5.2400E-06

5.3395E-08
4.6267E-08
1.5755E-07
1.6381E-07
1.6780E-06

1.2795E-06
1.1253E-06
5.8167E-06
5.9640E-06
3.1420E-05

3.1552E-08
2.5550E-08
1.5840E-07
1.5762E-07
6.4980E-07

1.9161E-09 2.5356E-06 2.4439E-07
1.6644E-09 2.7019E-06 3.257E-07
6.2335E-09 - -
6.4695E-09 - -
2.3394E-08 - -

2 Errors of He, Ne, Ar, Kr, and Xe concentrations are 1.5%, 1.3%, 1.3%, 1.5%, and 2.2%, respectively

*(50)
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Table S4. Noble gas isotopic ratios of water and gas samples

Sample 20Ne/Ne  +/-  2INe/Ne  +/-  3BAr°Ar +/-  OArSAr +/- SOKe/AKr  +/-
Water Samples
HO2-A 9.8121  0.0018 0.02902 0.00001 0.1878 0.0001 294.9504 0.1935 0.0395 0.0001
HO2-B 9.8204  0.0013 0.02904 0.00001 0.1879 0.0001 295.3313 0.1677 0.0396 0.0001
HO4-A 9.8119  0.0027 0.02901 0.00002 0.1883 0.0001 296.1078 0.1926 0.0395 0.0001
HOA4-B 9.8128  0.0026 0.02908 0.00002  0.1880 0.0001 296.0004 0.1748 0.0394 0.0001
Salt Spring Water ~ 9.7935  0.0019  0.02909 0.00003  0.1878  0.0001 295.3836 0.1713  0.0396  0.0001
Gas Samples
Seep 1.55-1 9.8555 0.0022 0.02928 0.00002 0.1880 0.0001 297.4818 0.1709 0.0393  0.0001
Seep 1.55-2 9.8654  0.0021 0.02924 0.00003 0.1882 0.0001 297.9010 0.1924 0.0394 0.0001
Salt Spring-1 9.8234  0.0016  0.02905 0.00001  0.1878 0.0001 294.9606 0.1635 0.0400 0.0001
Salt Spring-2 9.8262  0.0017 0.02906 0.00002 0.1880 0.0001 295.2091 0.1709 0.0399 0.0001
Air ® 9.8000 0.02900 0.1880 295.5000 0.0396
Sample SR/ Kr /- BKeAKr - SKeSMKr 4+~ 128Xe/BXe - 1PXe/BXe  +/-
Water Samples
HO2-A 0.2023  0.0003 0.2015 0.0002 0.3060 0.0004  0.4663 0.0009 6.565 0.013
HO2-B 0.2022  0.0003 0.2012 0.0002 0.3055 0.0004  0.4674 0.0010 6.599 0.012
HO4-A 0.2021  0.0002 0.2013  0.0002 0.3052  0.0003 0.4699 0.0008 6.533 0.012
HOA4-B 0.2020  0.0003 0.2011 0.0003 0.3055 0.0004 0.4716 0.0008 6.515 0.013
Salt Spring Water  0.2024  0.0003  0.2013  0.0002 0.3052 0.0004  0.4699 0.0008 6.536 0.012
Gas Samples
Seep 1.55-1 0.2019  0.0002 0.2014 0.0002 0.3058 0.0004  0.4724 0.0010 6.493 0.012
Seep 1.55-2 0.2018  0.0003  0.2009 0.0002 0.3053 0.0004  0.4708 0.0010 6.497 0.013
Salt Spring-1 0.2021  0.0002 0.2013  0.0002 0.3056 0.0004  0.4693 0.0009 6.533 0.012
Salt Spring-2 0.2021  0.0002 0.2014 0.0002 0.3056 0.0004  0.4702 0.0010 6.519 0.012
Air? 0.2022 0.2014 0.3052 0.4715 6.496
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Sample BIXe/30%e  +/-  DB2Xe/B%e  +/-  DB¥Xe/B%e  +/-  136Xe/30XKe  +/-
Water Samples
HO2-A 5.251 0.009 6.680 0.007 2.587 0.002 2.198 0.001
HO2-B 5.266 0.009 6.694 0.007 2.593 0.002 2.197 0.002
HO4-A 5.231 0.008 6.646 0.005 2.575 0.001 2.189 0.001
HO4-B 5.226 0.008 6.624 0.006 2.570 0.002 2.183 0.001
Salt Spring Water 5.246 0.008 6.661 0.006 2.585 0.002 2.201 0.002
Gas Samples
Seep 1.55-1 5.214 0.008 6.593 0.006 2.555 0.002 2.165 0.002
Seep 1.55-2 5.207 0.008 6.601 0.006 2.562 0.002 2.171 0.002
Salt Spring-1 5.227 0.007 6.644 0.005 2.576 0.002 2.190 0.002
Salt Spring-2 5.221 0.007 6.626 0.006 2.566 0.002 2.185 0.002
Air? 5.213 6.607 2.563 2.176
Sample R/Ra +/-  ‘He/*Ar*  +/-  “He/Ne +/- Ne/°Ar  +/- *He/CHu(x10°) +/-
Water Samples
HO2-A 0.0237 0.0005 - 3485 0.69 0.146  0.003 198.57 2.98
HO2-B 0.0231 0.0005 - 36.85 0.73  0.148  0.003 216.83 3.25
HO4-A 0.0589 0.0009 7.49 234 2980 059 0.153  0.003 32.32 0.48
HOA4-B 0.0583 0.0011 9.01 518  29.60 0.59 0.152  0.003 32.78 0.49
Salt Spring Water 0.0165 0.0006 - 8041 1.60 0.083  0.002 187.33 2.81
Gas Samples
Seep 1.55-1 0.0114 0.0005  98.29 9.59 473,61 940 0411  0.008 -
Seep 1.55-2 0.0116 0.0004  82.57 10.03 488.74 9.70  0.406  0.007 -
Salt Spring-1 0.0151 0.0005 - 276.73 549  0.266  0.005 -
Salt Spring-2 0.0160 0.0004 - 265.00 526 0.270  0.005 -
Air? 1.0000 - 0.318 0.524  0.010 -

*(30)
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Other Supporting Information Files:

Dataset S1: This dataset compiles water chemistry and hydrocarbon data for the Sugar Run area
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