
http://www.pnas.org/site/aboutpnas/licenses.xhtml
http://dx.doi.org/10.18113/D35M2X
mailto:brantley@geosc.psu.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1809013115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1809013115/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1809013115


literature since 2014 (17, 21, 22). Three of these seeps that up-
well outside the wetted stream channel during normal conditions
(labeled, based on their nearest stream sample location, as“seep
1.5,” “ seep 1.55,” and “seep 1.6” ) were sampled repeatedly (Fig. 1,
SI Appendix, Figs. S1 and S2, andDataset S1). Additionally, water
samples were collected from four private water wells within the area
marked by the dotted circle in Fig. 1C, and some measurements
were made of CH4 concentrations in air (SI Appendix, Fig. S3). The
water samples were compared with samples from a natural CH4

seep in Salt Spring State Park in Pennsylvania (SI Appendix).
Culpability for CH 4 leakage into Sugar Run has not been estab-

lished (24). One unconventional gas well [American Petroleum In-
stitute (API) #081-20292] has been cited by the PA DEP for
contaminating five homeowner water wells in the area with CH4

(Fig. 1) after drilling began on 12 February 2011 (SI Appendix, SI
Textand Table S1). Within 4 km of well API #081-20292, 24 ad-
ditional gas wells were drilled between 2008 and 2012, eight of which
received citations for violations related to casing and cementing.
These nine wells with citations are located within 5 km of the seeps
studied at Sugar Run. Two additional gas wells that are situated just
outside the 5-km radius were cited by the PA DEP for CH4 mi-
gration into seven homeowner wells in 2011 (25).

Heilweil et al. (21, 22) and Grieve et al. (17) reported water
and hydrocarbon chemistry from Sugar Run, concluding that
some samples of gases observed in stream and shallow ground-
water in that area are consistent with a Marcellus origin. In this
paper, we summarize previously unreported data for inorganic
solutes, hydrocarbons, isotopes, noble gases, and limited atmo-
spheric measurements in the Sugar Run area and discuss these
data in context with previous Sugar Run data, regional ground-
water data, the local geology, and the record of shale gas
development.

Results
In this section, we summarize previously unreported water chem-
istry observations for Sugar Run in the context of the geologic
setting.

Geological Observations. Sugar Run is incising outcrops into the
bedrock of the Trimmers Rock Formation (orange dots in Fig.
1C). The study area on the stream lies updip from the nine gas
wells that have received integrity-related violations by the PA
DEP (Fig. 1). Both the sample sites in Sugar Run and gas well
API #081-20292 lie nearly on the axis of the Nittany Anticlinorium,
a large east/west-trending, convex-up fold that plunges to the east
under Sugar Run. The limbs of the anticline dip gently to the south
and less gently to the north (Fig. 1 andSI Appendix, Fig. S5). Given
this location, well API #081-20292 intersects the Marcellus For-
mation at a shallower depth (� 1,000 m deep) than most other
Marcellus wells in state.

Field Observations. Groundwater upwelling was identified by the
presence of off-channel springs, orange sediments, an occasional
rotten egg smell from hydrogen sulfide (H2S), or bubbling, all of
which were reported by local residents to be new after drilling (SI
Appendix, Fig. S1). Within 60 m of seep 1.55 and 5 m from
stream location SR 2, we detected CH4 emitting along bedding
planes and joints of all orientations in outcrops of the Trimmers
Rock Formation (orange dots in Fig. 1C). CH4 in the air near the
jointed outcrop near seep 1.55 (>9% by volume in air) was above
the lower explosion limit (the lowest concentration in air nec-
essary for combustion) for CH4 gas (i.e., 5% by volume) (26) on
three occasions (SI Appendix, Fig. S3).

Dissolved Hydrocarbons. CH4 concentrations in stream samples
ranged from 0.0003 mg/L to 0.0766 mg/L and were highest at
locations SR 1.5 and SR 1.55 (SI Appendix, Fig. S4and Dataset
S1), which are located near seeps 1.5 and 1.55, respectively.
Consistent with this observation, seep concentrations (0.0001–
8.6 mg/L) were generally larger than in the stream. CH4 was
most concentrated in the seep that was most isolated from the
stream channel (seep 1.6); in contrast, seeps 1.5 and 1.55
appeared to be more diluted by stream-water mixing.

At their highest, CH4 concentrations in four local homeowner
wells HO1–HO4 (2.1–31.5 mg/L) were higher than the maxima
measured in streams and seeps. Given that hydrocarbon con-
centrations in groundwater are known to vary with sampling
technique (27), we emphasize the hydrocarbon analyses for our
samples that were collected using the inverted-bottle technique.
This method has also been used by the PA DEP and consultants
hired by gas companies for collection of groundwater samples
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Fig. 2. (A) A time series plot of dissolved CH 4 concentrations from home-
owner (HO) water wells 1 –10 sampled in the study region near Sugar Run in
Lycoming County, PA. Plotted data for water well HO8 include two water
wells (A and B) sampled on the same property. Vertical solid lines indicate
spud dates for unconventional gas wells cited for cementing/casing viola-
tions within a 5-km radius of seep 1.5. In addition, the dashed and dotted
lines indicate the spud date and hydraulic fracturing date, respectively, for
well API #081-20292. Samples indicated by open symbols are not discussed
further and were reported by the gas company as part of the initial (38, 52)
or subsequent ( www.depgis.state.pa.us/emappa ) investigations. Concentra-
tions plotted after 26 October 2016 were sampled and measured by our
team (Dataset S1). (B) A time series plot of dissolved C 2H6 concentrations for
wells HO6, HO5, HO4, HO3, and HO2 from data reported online (38), by the
PA DEP (www.depgis.state.pa.us/emappa ), or in this study. Horizontal dashed
lines represent median and maximum concentrations for dissolved CH 4 (n = 967)
or C2H6 (n = 897) reported for Lycoming County s amples outside the study re-
gion in Fig. 1 C between 1995 and 2014. These samples were analyzed from
published reports (33) or were collected as predrilling data by companies
before gas wells were drilled and were released to the PA DEP and shared
with Pennsylvania State University ( 34). Only 10 of 897 samples contained
detectable C 2H6. The line labeled “ Lycoming Maximum (uncensored) ” sum-
marizes the highest predrilling concentration for samples with detected C 2H6.
For samples HO5 and HO6, indicated by arrows labeled “ no ethane detected in
HO5 & HO6” in B, data were censored but no reporting limits were indicated.
C2H6 was not analyzed in HO4 before drilling commenced.
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the west of the study area along the anticline axis (shown as the
curved edge of the white area in Fig. 3).

In addition to joints caused by folding in this area, joints also
likely formed during unroofing. Such joints form only within
0.5 km of the surface as a rock unit is exhumed (49). This depth
is much shallower than most of the Marcellus gas wells in
Pennsylvania but is similar to the 0.6-km depth of the Marcellus
Formation under the seep locations. Therefore, unroofing joints
might also enable the migration of CH4 gas from the Marcellus
Formation to the seeps. These joints could help CH4 migrate
naturally or facilitate the migration of anthropogenically sourced
CH4 in the event of gas-well leakage (50).

In addition to vertical migration, gas could be migrating updip
along bedding planes and staircasing upward through bedding
planes and joints. Updip gas migration has been shown in Penn-
sylvania to correlate with gas pressures above the saturation point,
i.e., transport as a free-gas phase (14). Of the units overlying the
Marcellus Formation, the Mahantango Formation is probably the
most likely to accommodate layer-parallel gas migration, as a
hydrogeologic study of the region has shown that it is more hy-
drologically productive than overlying units (51). The Mahantango
Formation (Middle Devonian) lies � 200 m below seep 1.5 (43,
51). Such a hypothetical path would move gas from the gas wells
updip and along the axis of the anticline toward the seeps. Con-
sistent with this, water wells in the study area with CH4 concen-
trations >0.11 mg/L are mostly west (updip) or northwest of gas
wells (e.g., well API #081-20292), while CH4 concentrations are
much lower in water wells to the south and east (downdip) (52).

Recently, other anticlines in Pennsylvania have also been
shown to be associated with CH4-containing groundwater. Spe-
cifically, inspection of groundwater data has revealed that
CH4 concentrations increase slightly near the Towanda An-
ticline to the northeast of Lycoming County in Bradford County,
PA (18). Several cementing/casing-related violations were also
issued by the PA DEP to shale gas wells along that anticline
(www.depreportingservices.state.pa.us/ReportServer/Pages/
ReportViewer.aspx?/Oil_Gas/OG_Compliance). That anticline is
also associated with several large faults (18).

CH4 Impacts on Groundwater. The evidence summarized so far is
consistent with CH4 migration beneath Sugar Run since 2011.
The most direct groundwater impacts are observed in wells

HO4, HO5, and HO6. Here we focus on long-term groundwater
impacts.

After CH4 concentrations increased in these three water wells,
Fe concentrations increased and then decreased (Fig. 4). These
observations are similar in some respects to observations pub-
lished recently for a subsurface CH4 plume caused by a blowout
at a gas well (53). Those authors argued that microorganisms
catalyzed anaerobic oxidation of CH4 coupled with reduction of
ferric oxides to produce soluble Fe(II) along the leading edge of
the plume. A decrease in aqueous Fe, observed after the CH4
plume moved through, was attributed to the depletion of solid-
phase ferric oxide minerals. Other reducible oxides such as Mn
were similarly solubilized for a transient period. Transient spikes
in Fe concentrations have also been observed in other water
wells presumably affected by CH4 release from oil or gas activity
(35, 54–57). Given the similarity between our observations and
those reported in other research, we attribute the spikes in Fe
concentrations (Fig. 4 and SI Appendix, Fig. S14) after initial
increases in CH4 and C2H6 for wells HO4, HO5, and HO6 to
reduction and mobilization of the metal because of anaerobic
CH4 oxidation. Groundwater samples collected by the PA DEP
and consultants are generally acidified but are not filtered,
meaning the analysis includes dissolved and some suspended
particulate Fe if it is present (42). In contrast, all of our samples
analyzed for Fe were filtered before acidification (Dataset S1).
Therefore, to allow comparison with the other data, the sample
collected on 26 July 2017 and plotted on Fig. 4 was not filtered
before analysis. The Fe concentration in that sample, reported in
Dataset S1, was within a factor of 2 (0.02 mg/L) of its filtered
counterpart sampled at the same time (0.01 mg/L).

Based on our interpretation of SI Appendix, Fig. S14 and obser-
vations from the literature (28, 56), we might also expect to see CH4
oxidation coupled to SO4

2� reduction to sulfide. Indeed, high natural
concentrations of CH4 are often observed with low SO4

2� in water
supplies across the United States (e.g., refs. 20 and 58). Consistent
with this, H2S was smelled or detected at wells HO1, HO2, HO3,
and HO4 (Dataset S1). One reason for the observed drop in Fe
concentrations (Fig. 4) might therefore also be that after the onset
of SO4

2� reduction, Fe precipitated as one of several highly in-
soluble iron sulfide phases such as pyrite (28).

Distinguishing New CH4 from Preexisting CH4. These observations
suggest that onset of new CH4 contamination can sometimes
be identified by a transient period of higher Fe and higher SO4

2�

in groundwater. To test this, Fig. 5 shows plots of water-quality
data from presumably uncontaminated, naturally equilibrated
groundwater and presumably recently contaminated, non-
equilibrated groundwater. Specifically, plots of SO4

2� versus
CH4 (Fig. 5A) and Fe versus CH4 (Fig. 5B) are shown for (i)
waters from our study area; (ii) the Lycoming County ground-
water dataset, and (iii) published data from four separate pre-
sumably contaminated sites in northeastern Pennsylvania (35).
For these last sites, locations were inferred using the maps in the
report. The CH4-containing waters in the Lycoming County
groundwater dataset were assumed to have long received in-
fluxes of naturally derived CH4. The waters from incidents in
northeastern Pennsylvania were assumed to be contaminated by
shale gas development as reviewed by the US EPA (35). These
sites from incidents are shown in Fig. 5 and SI Appendix, Fig. S12
and are labeled as follows: (i) six wells along Paradise Road
(labeled “GW 13,” “ GW 18,” “ GW 19,” “ GW 20,” “ GW 37,” and
“GW 38,” following the EPA report) in Bradford County, PA
(labeled “Paradise” in Fig. 5 and SI Appendix, Fig. S12); (ii) one
well (GW 23 in the EPA report) near Dimock, PA (labeled
“Dimock” in Fig. 5 and SI Appendix, Fig. S12); (iii) two wells
near Granville Road and near the axis of the Towanda Anticline
in Bradford County, PA (labeled “GW 01” and “GW 02” ); and
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Fig. 4. Fe concentrations in groundwaters from wells HO4, HO5, and HO6
plotted versus time. Concentrations were normalized to the maximum values
(0.58 mg/L, 0.14 mg/L, and 3.02 mg/L, respectively) (38). The HO4 sample col-
lected on 18 July 2012 was slightly offset to avoid overlap. Downward arrows
represent the reporting limit for censored analyses. For HO5, no reporting limit
was indicated, so it is shown as an arrow at the concentration equivalent to the
smallest reported concentration in that report. Data were derived from reports
(www.depgis.state.pa.us/emappa; refs. 38 and 52), with one HO4 sample col-
lected on 26 July 2017 from this study (see CH4 Impacts on Groundwater ).
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would be needed. Nevertheless, the protocol can identify sites
where further testing or monitoring should be conducted.

In some waters, no SO4
2� is present in the aquifer before or

after contamination, and such waters would plot as false nega-
tives on Fig. 5A. In addition, if the duration of time since the
onset of gas leaking is long enough, the new CH4 might exhaust
the SO4

2� or Fe, providing another reason why some contami-
nated samples might plot as false negatives.

Conclusion
These observations of air and water chemistry at Sugar Run are
best explained by a CH4 gas plume moving from depth into the
aquifer over the last 7 y. During this period, one seep and one
homeowner well that were measured contained gas and Sr that
are isotopically like Marcellus fluids. At the upper part of the

plume is a seasonal zone of oxidation of CH4 coupled to oxygen
reduction (SI Appendix). At depth, CH4 oxidation is coupled to
metal reduction or SO4

2� reduction (Fig. 6). The electron ac-
ceptors are likely used up in sequence from oxygen to metals to
SO4

2� . Once the oxidants are depleted, CH4, C2H6, and other
hydrocarbons pass through the system with less oxidation,
allowing their concentrations to persist or increase (Fig. 2). The
rate of hydrocarbon plume migration in the subsurface thus is
affected by the availability of electron acceptors in the aquifer.
With ongoing CH4 influx to the aquifer, some deleterious con-
taminants such as As can be mobilized.

Although not all water-quality data are released to the public
in the Appalachian Basin, the rate of incidence of problems such
as described in this paper appears to be relatively low compared
with the number of shale gas wells that have been drilled (2, 3, 18).
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This diagram is not drawn to scale or to reflect the geology of Sugar Run.
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