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Conversion Factors

SI to Inch/Pound
Multiply By To obtain
Length
centimeter (cm) 0.3937 inch (in.)
millimeter (mm) 0.03937 inch (in.)
meter (m) 3.281 foot (ft)
kilometer (km) 0.6214 mile (mi)
Area
square kilometer (km?) 0.3861 square mile (mi?)
Flow rate
meter per day (m/d) 3.281 foot per day (ft/d)
cubic meter per second (m?/s) 35.31 cubic foot per second (ft¥/s)
Mass
kilogram (kg) 2.205 pound, avoirdupois (Ib)

Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as follows:

°F=(1.8x°C)+32

Vertical coordinate information is referenced to the North American Vertical Datum of 1988

(NAVD 88).

Horizontal coordinate information is referenced to the North American Datum of 1983 (NAD 83).

Altitude, as used in this report, refers to distance above the vertical datum.

Concentrations of chemical constituents in water are given either in milligrams per liter (mg/L)

or micrograms per liter (pg/L).



Estimation of Methane Concentrations and Loads in
Groundwater Discharge to Sugar Run, Lycoming County,

Pennsylvania

By Victor M. Heilweil, Dennis W. Risser, Randall W. Conger, Paul L. Grieve', and Scott A. Hynek'

Abstract

A stream-sampling study was conducted to estimate
methane concentrations and loads in groundwater discharge
to a small stream in an active shale-gas development area
of northeastern Pennsylvania. Grab samples collected from
15 streams in Bradford, Lycoming, Susquehanna, and Tioga
Counties, Pa., during a reconnaissance survey in May and
June 2013 contained dissolved methane concentrations
ranging from less than the minimum reporting limit (1.0) to
68.5 micrograms per liter (ug/L). The stream-reach mass-bal-
ance method of estimating concentrations and loads of meth-
ane in groundwater discharge was applied to a 4-kilometer
(km) reach of Sugar Run in Lycoming County, one of the four
streams with methane concentrations greater than or equal to
5 ng/L. Three synoptic surveys of stream discharge and meth-
ane concentrations were conducted during base-flow periods
in May, June, and November 2013. Stream discharge at the
lower end of the reach was about 0.10, 0.04, and 0.02 cubic
meters per second, respectively, and peak stream methane con-
centrations were about 20, 67, and 29 pg/L. In order to refine
estimated amounts of groundwater discharge and locations
where groundwater with methane discharges to the stream, the
lower part of the study reach was targeted more precisely dur-
ing the successive studies, with approximate spacing between
stream sampling sites of 800 meters (m), 400 m, and 200 m,
in May, June, and November, respectively. Samples collected
from shallow piezometers and a seep near the location of the
peak methane concentration measured in streamwater had
groundwater methane concentrations of 2,300 to 4,600 pg/L.
These field data, combined with one-dimensional stream-
methane transport modeling, indicate groundwater methane
loads of 1.8 £0.8, 0.7 £0.3, and 0.7 £0.2 kilograms per day,

'Pennsylvania State University.

respectively, discharging to Sugar Run. Estimated groundwa-
ter methane concentrations, based on the transport modeling,
ranged from 100 to 3,200 pg/L. Although total methane load
and the uncertainty in calculated loads both decreased with
lower streamflow conditions and finer-resolution sampling

in June and November, the higher loads during May could
indicate seasonal variability in base flow. This is consistent
with flowmeter measurements indicating that there was less
inflow occurring at lower streamflow conditions during June
and November.

Introduction

Natural-gas production from shale-gas formations has
increased rapidly in the United States because of technological
advances allowing extraction from unconventional resources
due to the widespread use of horizontal drilling and hydrau-
lic fracturing (Dammel and others, 2011; Nicot and Scanlon,
2012; Schnoor, 2012). As a consequence of these develop-
ments, previously unexploited regions of the country are
experiencing intensive development of natural gas resources
(Kappel and others, 2013). There is widespread public concern
about the environmental effects of unconventional gas devel-
opment on surface-water and groundwater resources (Pelly,
2003; Kargbo and others, 2010). Some studies have indi-
cated increased methane concentrations in overlying aquifers
associated with shale-gas development (Osborn and others,
2011; Jackson and others, 2013). Such interpretations remain
controversial, partly because of the lack of publically avail-
able pre-development groundwater quality data. The effects
of stray gas on groundwater quality are also difficult to assess
in active development areas because of the uncertainty as to
whether existing monitoring wells are located along the same
groundwater flowpaths affected by development (Vidic and
others, 2013; Brantley and others, 2014).
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The Marcellus Formation shale-gas play in northeastern
Pennsylvania is one such area of drilling for unconventional
natural gas (fig. 1). Depths to the base of the Marcellus Forma-
tion in Susquehanna, Bradford, Tioga, Lycoming, and Sullivan
Counties range from 0 to about 9,000 feet (MCOR, 2014).
The presence of methane has been documented in water wells
overlying the Marcellus in northeastern Pennsylvania (Boyer
and others, 2011; Osborn and others, 2011; Molofsky and oth-
ers, 2013; Sloto, 2013), but publicly available data are sparse.
Methane occurrence in groundwater in Tioga County has been
documented before the onset of the Marcellus play in northern
Pennsylvania (Breen and others, 2007). The history of natural-
gas production in Tioga County spans much of the 20th cen-
tury, and gas-storage fields (Lytle, 1963) are developed in the
sandstone reservoirs that overlie the Marcellus Formation and
are active as storage reservoirs for natural gas transported via
pipeline through northern Pennsylvania. Additional informa-
tion is needed to better understand the occurrence and distri-
bution of groundwater methane in order to assess potential
effects from gas development.

A method using stream-based methane sampling was
recently developed to estimate methane loads in groundwater
and potential groundwater contamination at the watershed
scale (Heilweil and others, 2013), based on the conceptual
model of thermogenic methane transport from a hydraulically
fractured natural gas reservoir into an overlying aquifer/stream
system (fig. 2). Methane in groundwater discharging to the
stream, however, may also include biogenic methane. Poten-
tial biogenic sources include anaerobic decay of organic mat-
ter from agricultural sources, waste disposal, riparian zones,
swamps, and shallow groundwater. In order to differentiate
between biogenic and thermogenic methane sources, however,
other geochemical tracers in streamwater (such as hydrocarbon
ratios and the stable carbon and hydrogen isotopes of methane
and ethane) are also needed. Potential migration pathways for
thermogenic methane to move from deep shale reservoirs into
overlying aquifers include dissolved gas in upwardly migrat-
ing fluids or stray gas moving through fractures, faults, and
improperly completed well bores. Groundwater from these
aquifers can discharge to wells, springs, or gaining stream
reaches. The converging of groundwater flow paths at points
of discharge (springs, gaining streams) can provide a flow-
weighted and integrated sample, indicative of watershed-scale
groundwater quality, including dissolved thermogenic methane
and other potential contaminants from natural gas develop-
ment activities. This streamwater-sampling-based methane
monitoring approach, if successful, may provide a much
broader evaluation than reported studies that are based on the
sampling of water wells (Breen and others, 2007; DiGuilio
and others, 2011; Osborn and others, 2011). Importantly, the
information gained from the study of gaining stream reaches
can integrate information about groundwater over km-scale
distances that are more representative of regional aquifer con-
ditions than point samples from monitoring wells.

Approach

The objective of this study was to demonstrate the use of
measurements of dissolved methane concentrations in a stream
(hereafter “stream methane”) for estimating dissolved methane
concentrations in groundwater inflow to the stream (hereafter
“groundwater methane”) and methane loads of groundwater
discharge to streams. The approach began with reconnais-
sance-level sampling of a selected group of streams located in
areas of ongoing shale-gas development in the Marcellus For-
mation shale-gas play of northeastern Pennsylvania to identify
the range of stream methane in the area. Streams in Bradford,
Lycoming, Susquehanna, and Tioga Counties were selected
that were easy to access for sampling and were representa-
tive of the differing physiography, land cover, and underlying
geology of the area. Some stream sampling sites were located
near areas where groundwater with methane concentrations
elevated above background levels had been reported. One site
in Tioga County is in an area of underground storage fields
for natural gas (Lytle, 1963). Samples for methane analysis
were collected from 15 streams, and stream characteristics
were measured during base-flow conditions during May and
June 2013.

Sugar Run in Lycoming County was selected for more
detailed investigation. Three synoptic studies (May 21,

June 27, and November 12, 2013) of stream and shallow
groundwater methane in and adjacent to Sugar Run were
conducted during base-flow conditions. The synoptic studies
consisted of stream-methane sampling and stream-discharge
measurements at the sub-kilometer (km) scale. The sampling
resolution was increased with each successive sampling
synoptic study in order to pinpoint areas with methane-laden
groundwater discharge to the stream. Thus, the sample spac-
ing decreased from about 800 meters (m) to 400 m to 200 m
during the three successive synoptic studies. Near-stream
groundwater samples were collected (from temporary piezom-
eters installed in the streambed and a groundwater seep) for
methane analysis in order to determine groundwater methane
concentrations prior to mixing and dilution with streamwa-
ter. These stream and groundwater data were compiled into

a series of preliminary stream-methane transport numerical
models for estimating methane concentrations and loads in
groundwater discharge to Sugar Run.

Purpose and Scope

This report presents the results of reconnaissance sam-
pling of methane in 15 streams in northeastern Pennsylvania
and three synoptic studies of stream discharge, stream meth-
ane, and groundwater methane conducted during May, June,
and November 2013 along a gaining reach of Sugar Run,
Lycoming County, Pennsylvania. The stream-reach mass-bal-
ance method was used to estimate methane concentrations and
loads in groundwater discharge to Sugar Run.



Introduction 3

41°30'

10 20 MILES
| J

10 20 KILOMETERS

EXPLANATION

Area underlain by Marcellus Formation

o —_. O

o Marcellus Formation gas well

Figure 1. Marcellus Shale gas wells drilled in northeastern Pennsylvania as of July 20, 2013 (well locations from FracTracker, 2013).
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Methods

Sampling Procedures

Measurement of stream discharge and other stream
characteristics, along with the collection of stream samples
for methane analysis, were completed on the same day for
each of the three synoptic studies. Discharge was measured
using a SonTek/YSI FlowTracker acoustic Doppler current
profiler. The synoptic studies were conducted during days
when the streams were at base flow. The empirical equation
N = (4 x 0.3861)"? was used to estimate the approximate
number of days (N) after a storm until base-flow conditions
were reached, where 4 is the basin area in square kilometers
(Linsley and others, 1975, p. 230). From the equation, base-
flow conditions for the 16.7-square-kilometer (km?) Sugar Run
watershed likely would be reached about 1.5 days after a storm
peak. For the May, June, and November synoptic studies,
samples were collected 10, 13, and 5 days after storm peaks,
respectively. The flow was steady, and the water was clear dur-
ing all three sampling events, indicating that water was con-
tributed predominantly by groundwater discharge. Although
there is not a streamgage on Sugar Run to verify base-flow
conditions during the 3 days when the synoptic studies were
conducted, the flow at the nearby streamgage on Muncy Creek
near Sonestown (station 01552500) was predominantly base
flow. This was determined by hydrograph separation using the
U.S. Geological Survey’s HYSEP (Hydrograph Separation)
local minimum method of Pettyjohn and Henning (1979) as
implemented by Sloto and Crouse (1996). The flow in Muncy
Creek near Sonestown, which drains a 62-km? watershed,
was entirely base flow on May 21 and June 27. On Novem-
ber 12, about 82 percent of the streamflow in Muncy Creek
near Sonestown was characterized as base flow, but because
the watershed upstream from that stream gage is four times
larger than the Sugar Run watershed, base-flow conditions
were probably established more rapidly in Sugar Run. Stream
discharge at the lower end of the study reach in Sugar Run
was about 0.10, 0.04, and 0.02 cubic meters per second (m?/s),
respectively, during the three synoptic studies. High flows
that occur on average once in 2 years were estimated to reach
9.65 m¥/s by using the Roland and Stuckey (2008) StreamStats
regression program.

To determine net gains to the stream caused by ground-
water inflows and outflows along a study reach, the upstream
flowmeter discharge measurements were subtracted from
downstream discharge measurements (while accounting for
any tributary surface-water inflow). Positive values indicate
groundwater discharge to the stream, whereas negative values
indicate stream loss to the groundwater system.

Field parameters were measured near the bottom of the
stream and in the main flow channel at each stream site using
a multi-parameter probe that included temperature, specific
conductance, pH, and dissolved oxygen. Samples for methane
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concentration were collected at the same stream locations and
water depths as the field-parameter measurements. Samples
analyzed by the U.S. Geological Survey (USGS) Chlorofluoro-
carbon Laboratory (http.//water.usgs.gov/lab/) were collected
in 250-milliliter (mL) glass bottles; samples analyzed by Penn-
sylvania State University were collected in 1,000-mL poly-
carbonate bottles. While submerged in the stream, the bottles
were first purged (3 bottle volumes) with streamwater using a
small battery-operated submersible pump (Whale pump) that
pushed water from the stream into the bottle to minimize the
possibility of gas exsolution. For the 250-mL glass bottles,
a bactericide (potassium hydroxide) was then added to each
full sample bottle, and the bottle was again submerged in the
stream and sealed with a rubber stopper. The stopper was
pierced by a syringe, allowing displaced water to escape while
the stopper was being inserted into the bottle neck. Removal
of the syringe below the water surface and continuous submer-
sion of the bottle during the entire sampling procedure ensured
that there was no head space in the completed sample. The
1,000-mL polycarbonate bottles had a time-release bactericide
capsule attached to the inside of the bottle cap. Methane con-
centrations in samples from the May and June synoptic studies
along Sugar Run were measured in replicate by the USGS
using a Hewlett Packard model 5890 gas chromatograph with
a Flame Ionization Detector with a minimum reporting limit of
1.0 micrograms per liter (pug/L) and precision of +0.5 pg/L. In
this report, concentrations in samples that had USGS replicate
laboratory results less than the 1.0 pg/L minimum reporting
limit are defined as “estimated” values. In addition, replicate
samples for eight stream sites were collected on May 22, 2013,
and were analyzed by Isotech, Inc., using gas chromatogra-
phy with a reported precision of +5 percent (table 1, at end of
report). Methane concentrations for the November synoptic
study along Sugar Run were measured by Pennsylvania State
University using a Hewlett Packard model 5830 gas chromato-
graph and Flame Ionization Detector with a minimum report-
ing limit of 0.1 pg/L and precision of less than or equal to (<)
2 percent.

Drive-point piezometers were temporarily installed in the
streambed of Sugar Run at two of the stream sampling sites
on June 27, 2013, and one site on November 12, 2013. The
¥-inch-diameter piezometers were driven with a slide hammer
to depths of 1 to 3 feet below the streambed. Penetration was
difficult because of the cobble-lined streambed and shallow
bedrock. Vinyl tubing was inserted into the piezometer, and
water was purged with a peristaltic pump at a low pumping
rate to minimize the possibility of pulling in streamwater
and (or) degassing. After the discharge was free of sedi-
ment, a water sample was collected by inserting the discharge
tube into the bottom of the bottle. When full, the bottle was
submerged in the stream while water was continuously being
pumped, allowing water in the bottle to continuously overflow
until about three sample volumes had flushed through. The
same preservative and capping procedures as described above
were used.
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Modeling

Stream-discharge measurements and stream methane
were used in a stream reach mass-balance model to evaluate
methane concentrations and loads coming into Sugar Run
from groundwater inflow. Assuming that microbial consump-
tion or production of methane is minimal, the mass balance
used for this modeling (based on Heilweil and others, 2013) is

QoC/ox =1(C, — C) = hy,,DwC, 1)
where
(0] is stream discharge, in cubic meters per day
(m/d);
I is groundwater inflow per unit stream length,
in square meters per day (m?%d);
C  isstream methane, in pg/L;
C is groundwater methane, in pg/L;
Mepia is gas transfer coefficient of methane
exsolution from the stream to the
atmosphere, in 1 per day (1/d);
D is stream depth, in meters (m);
w is stream width, in m; and
X is the downstream distance coordinate, in m.
Multiplying A, by D yields the gas transfer veloc-

ity of methane (K, in m/d). This equation illustrates that
the downstream gradient in stream methane concentration
(0C/0x) can be determined by (1) stream discharge, O, (2)
the rate of groundwater inflow to the stream, 7, (3) the meth-
ane concentration of this groundwater inflow, ng, (4) the
methane concentration in the stream, C, (5) the gas transfer
velocity, K., and (6) the stream cross-sectional area (Dw).
Conversely, by measuring the downstream rate of change in
methane concentration, the groundwater methane load dis-
charging to the stream can be evaluated (where methane load
is the product of groundwater inflow rate and groundwater
methane concentration).

For evaluating the stream-methane mass balance, a one-
dimensional (1-D) stream transport model with gas exchange
(Cook and others, 2003, 2006) was used to estimate ground-
water methane load. On the basis of equation 1, the model
includes initial streamflow at the upper end of the study reach,
stream characteristics (groundwater inflow, width, depth,
methane concentration) as a function of downstream distance,
and gas transfer velocity. For the preliminary modeling pre-
sented in this report, the gas transfer velocity is assumed to be
constant for the study reach. Because wind, water temperature,
stream depth, and turbulence can all affect the gas transfer
velocity, a range of values was tested to evaluate the sensitiv-
ity of results to this model parameter. The methane concen-
tration of groundwater inflow for each gaining section was
adjusted during calibration to measured stream methane. For
these numerical simulations, stream gain (groundwater inflow)

and stream loss (to groundwater) were specified, based on the
stream discharge measurements. These gains and losses are
defined in the numerical model as inflow or outflow in cubic
meters per day per unit stream length, so the amount of gain or
loss for each section of the reach was divided by the length of
that section.

Stream Methane, Stream Discharge,
and Groundwater Methane

Stream-Methane Reconnaissance

Methane samples were initially collected at nine
stream sites during May 21-22, 2013; an additional six sites
were sampled on June 26, 2013. The 15 sites are located
in Bradford, Lycoming, Susquehanna, and Tioga Coun-
ties (fig. 3). Dissolved methane concentrations ranged from
below the minimum reporting limit of 1.0 ng/L for seven
streams to 68.5 ng/L in Meshoppen Creek (table 1). Four
streams had methane concentrations greater than or equal to
5 ng/L (Sugar Run, Little Muncy Creek, Parks Creek, and
Meshoppen Creek).

The physical characteristics and human activities within
the watershed are likely to affect the occurrence and distribu-
tion of methane in streams. Some of these factors, includ-
ing the density of Marcellus gas-well pads as of July 2013,
are listed in table 1. The characteristics are not independent
(for example, geology affects land cover), and consequently
the individual effect of each characteristic is not obvious. In
addition, other factors relating to gas transport and transfer
may differ among streams, but some general observations can
be made about measured stream methane. Streams with the
highest median concentration of methane of 1.5 pg/L are in
watersheds where the Lock Haven and Trimmers Rock forma-
tions, as mapped by Berg and others (1980), directly underlie
more than 50 percent of the area (fig. 4). Stream samples had
a lower median methane concentration of 0.71 pg/L (but the
largest range of below the 1.0-pg/L minimum reporting limit
to 68.5 pg/L) in watersheds where the Catskill Formation
directly underlies more than 50 percent of the area. Samples
with the lowest methane concentrations (not shown in fig-
ure 4) were from two stream sites in watersheds where neither
the Catskill and Trimmers Rock or Lock Haven Formations
underlie more than 50 percent of the area.

The concentration of methane in the 15 reconnaissance
stream samples may suggest some relation to the percentage of
forested lands in the watershed (fig. 5). Percentage of forested
land in each basin was determined from the land use and land
cover dataset of Price and others (2006) in StreamStats. Sam-
ples collected from streams in the six watersheds with greater
than 70 percent forested land had methane concentrations
below the minimum reporting limit of 1.0 ug/L. The possible
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Figure 3. Locations of stream sampling sites and dissolved methane concentrations in samples collected from streams in
northeastern Pennsylvania, May and June 2013. Values less than the minimum reporting limit of 1.0 microgram per liter are estimated.
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relation could indicate a direct effect of forests on stream
methane but probably involves other factors associated with
forested lands, such as lower human population density and
less agriculture.

The largest methane concentration (68.5 pg/L) occurred
in Meshoppen Creek, which is in a watershed underlain by
the Catskill Formation and has a basin slope (7.5 percent)
and percentage of forested lands (about 67 percent) similar to
the other sampled watersheds. The sample was collected at a
site downstream from a swampy section of the stream, which
could be a source of biogenic methane. The site is also down-
stream from an area of high gas-well density (table 1) where
thermogenic methane has been found in groundwater (Osborn
and others, 2011). The relation between stream methane and
well-pad density for all samples is shown in figure 6.

Sugar Run Synoptic Sampling

During the reconnaissance sampling in May 2013, the
USGS also conducted a stream sampling synoptic study along
a 4-km reach of Sugar Run (fig. 7, table 2). This synoptic
study included collection of samples for methane analysis and
stream-discharge measurements at seven locations (six Sugar
Run main-stem sites and one tributary). Stream methane dur-
ing the May synoptic study ranged from below the minimum
reporting limit of 1.0 pg/L to 19.6 pg/L (fig. 8, table 3, at end

of report). On the basis of the high methane concentration
(19.6 pg/L) found at Site 2 (3,160 m downstream) during
May, a more detailed synoptic study of stream methane was
conducted during lower flow conditions in June 2013 at five
sites, approximately every 400 m along the lower part this
reach (Sites 3, 2.5, 2, 1.5, and 1, located 2,450 to 4,000 m
downstream, respectively; fig. 74). Methane analysis of those
samples showed concentrations of as much as 67 ug/L at

Site 1.5 (3,520 m downstream). A third synoptic study was
conducted at seven stream sites along Sugar Run in November
2013 to provide further spatial refinement of the higher stream
methane between Site 1 and Site 2 (Sites 2, 1.8, 1.6, 1.5, 1.4,
1.2, and 1, located 3,160—4,000 m downstream, respectively;
fig. 7B). During this synoptic study, stream methane was high-
est (29 pg/L) at Site 1.5.

During the June and November synoptics, shallow
groundwater methane samples were also collected. Two
temporary piezometers were installed in the streambed in
the main channel flow during the June synoptic (fig. 7A).
Groundwater from the piezometer upstream from Site 1.5
(Piezo 1.5 at 3,500 m downstream) had a methane concentra-
tion of 2,700 pg/L, whereas groundwater from the piezometer
at Site 1 (Piezo 1 at 4,000 m downstream) had a methane
concentration of 7.7 pg/L (table 3). The high stream methane
at Site 1.5 was consistent with the high groundwater methane
from Piezo 1.5 and in contrast to the lower concentration
in groundwater at Piezo 1. In November, groundwater was
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Figure 6. Relation of dissolved methane concentrations in samples collected from streams in northeastern
Pennsylvania to shale-gas well-pad density in the associated watersheds, July 2013. Methane concentration is the
mean value of two samples from each site, analyzed by the U.S. Geological Survey Chlorofluorocarbon Laboratory.
Values less than the minimum reporting limit of 1.0 microgram per liter are estimated.
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Figure 8. Dissolved methane concentrations in samples collected from Sugar Run, Lycoming County, Pennsylvania, May 21, June
27, and November 12, 2013. Values less than the minimum reporting limit of 1.0 microgram per liter are estimated.

collected again at Piezo 1.5 and from a groundwater seep
slightly upstream from the piezometer (Seep 1.5 at 3,480 m
downstream; fig. 7B); groundwater methane concentrations of
these samples were 4,600 pg/L and 2,300 pg/L, respectively.
Stream-discharge measurements in Sugar Run dur-
ing base flow in May, June, and November 2013 are shown
in figure 9. Measured stream discharge at the lower end of
the study reach (Site 1) was about 0.10, 0.04, and 0.02 m¥/s,
respectively. The measured-stream-discharge uncertainties
range from about 3 to 7 percent (table 3). Although discharge
increased by 0.05 m*/s over the entire 4-km reach in May,
0.023 m?/s of this gain came from tributary inflow, resulting
in a total gain from groundwater inflow of about 0.028 m?/s.
During the June and November synoptic studies, there was

less streamflow along the lower end of the study reach, and it
was a slightly losing stream with net losses of 0.019 m*/s from
Site 3 to Site 1 in June and 0.017 m*/s from Site 2 to Site 1

in November. Because no tributary inflow was observed, the
small amount of stream gain (0.014 m*/s between Site 2.5
and Site 2 in June; 0.011 m%/s between Site 2 and Site 1.4

in November) was all attributed to groundwater inflow. The
stream flows directly on bedrock at Site 3 and Site 2. Thus, it
is possible that subsurface flow in the fluvial sediments was
forced into the channel at those two locations, causing the
measured flow to be greater at these locations. Downstream
from Site 2, the streambed is on alluvium, so the gain mea-
sured between Sites 2 and 1.4 may have been from deeper
regional groundwater discharge.
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Estimation of Methane Concentrations
and Loads in Groundwater Discharge
to Sugar Run

Stream methane concentrations along Sugar Run on
May 21, June 27, and November 12, 2013, were simulated by
the use of a one-dimensional (1-D) transport model. The pur-
pose of the modeling was to estimate methane concentrations
and loads in groundwater discharge to the stream. The data
collected on each date were modeled separately.

Conditions on May 21, 2013

In order to simulate gas exchange with the 1-D meth-
ane transport model, a gas transfer velocity must be speci-
fied. The following empirical relation (Equation 1 in table 2
of Raymond and others, 2012) was used to derive a gas
transfer velocity:

K,y = (VS)'® x D% x 5037, 2)

where
K., s gas transfer velocity in freshwater for

a gas having a Schmidt number of 600
(carbon dioxide at 20 degrees Celsius (°C)
or oxygen at 17.5 °C), in meters per day
(m/d);

V' is stream velocity, in meters per second (m/s);
and

S is stream slope (unitless).

The uncertainty of the empirically derived gas transfer
velocity estimated using this equation is assumed to be within
+50 percent. This is a conservative estimate based on the
mean absolute difference between direct experimental results
and empirically derived gas transfer velocity for six previ-
ously reported streams of about £30 percent (table 4). Another
empirical relation (Equation 7 in table 2 of Raymond and
others, 2012) resulted in the same mean absolute difference of
+30 percent. On the basis of a mean stream depth of 0.15 m,

a mean velocity of 0.151 m/s (from stream discharge mea-
surements at the six sites along the study reach in May 2013;
table 3) and a stream slope of 0.0426, the empirically derived
K, value was 20.3 m/d (table 4). In order to convert K, to
the gas transfer velocity for methane (K ), the following
equation was first used for determining the Schmidt number
(SC,,,,) for methane (Wanninkhof and others, 1990; compiled
in table 1 of Raymond and others, 2012):

SC,,, = 1898 — 114.28(T) + 3.29(T%) - 0.0391(T%), (3)

where
T istemperature, in °C.

Assuming a stream temperature (7) based on the average
of measurements from the six sampling sites (20.4 +0.6 °C;
1o), the resulting SC ., value was 604 £17.5. This value was

using a revised form of equa-

then used to convert K, to K ,,,
tion 2 in Jahne and others (1987),

Ko = Ky (600/SC ., )7, “)

where
n is the Schmidt number exponent, which can
range from 0.5 to 1.0.

Following Wanninkhof and others (1990, equation 7)
and Raymond and others (2012, equation 3), an n value of 0.5
was used. The resulting K, value for Sugar Run on May 21,
2013, was 20.2 0.3 m/d. This is within the range of previ-
ously reported stream gas transfer velocities of 0.4 to 29 m/d
(table 2 of Heilweil and others, 2013).

The Radin13 Excel-based 1-D stream transport model
(Cook and others, 2003, 2006) was used to estimate ground-
water methane concentrations and loads discharging into
Sugar Run on May 21, 2013. The total length of the simulated
stream reach was 4,000 m. Simulated stream width, depth,
and groundwater inflow for each section of the study reach
were based on stream discharge measurements (table 3).

The groundwater inflow for each section was calculated by
comparing discharge measurements at the upstream and
downstream ends and accounting for any tributary inflow.
Discharge measurements indicate that the section between

Site 2 and Site 1 (3,160 to 4,000 m downstream) was a losing
section (fig. 10), but initial model calibration indicated that
some methane-laden groundwater inflow must be occurring
upstream from Site 1 to match the stream methane of 5 pg/L at
this location. Because the sparsely spaced discharge measure-
ments only show the net gain or loss across an entire section,
it is possible that any particular section is composed of gaining
and losing subsections. Thus, the gain/loss profile shown in
figure 10 was modified in the numerical model by adding a
50-m gaining section upstream from Site 1 with a groundwater
inflow rate of 1.86 cubic meters per day per meter (m*/d/m;
the average of the other gaining reaches). To compensate for
this additional gain of 93 m?/d, the loss along the remainder

of this section was increased by -93 m*/d, resulting in a total
simulated loss of -289 m%/d.

During model calibration, the groundwater methane
concentrations for the gaining reaches between Site 4 and
Site 2 were varied from 8 to 3,200 pg/L, the range of concen-
trations in shallow groundwater samples collected in June and
November, such that simulated stream methane concentrations
matched measured concentrations (fig. 11). The minimum con-
centration of 8 ug/L was based on the measurement in ground-
water from the piezometer at Site 1 (Piezo 1) in June 2013.
The maximum concentration of 3,200 ng/L was based on the
average of three measurements in groundwater collected near
Site 1.5 (Piezo 1.5 in June and November 2013; Seep 1.5 in
November 2013); methane in groundwater inflow from the
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velocity for methane)
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additional simulated gaining reach upstream from Site 1 was
held constant at this value. With this groundwater inflow meth-
ane concentration of 3,200 pg/L, the upstream location of this
50-m gaining reach was then varied between Site 2 and Site 1
in order to match the measured stream methane at Site 1. In the
final calibrated model, the groundwater methane ranged from
400 to 3,200 pg/L, and the 50-m gaining reach is located 190
to 140 m upstream from Site 1 (3,810 to 3,860 m downstream).
Figure 11 illustrates the possibility that a peak stream methane
concentration of about 25 ng/L may have occurred upstream
from Site 1 but may not have been observed because of the
coarse sample spacing (800 m). Using the concentrations and
groundwater inflow rates shown in figure 10, the methane load
to the stream along the study reach was 1.9 kilograms per day
(kg/d). This dissolved methane in Sugar Run was either con-
sumed within the stream by oxidizing bacteria (methantropic
activity) or released to the atmosphere by gas transfer (Guerin
and others, 2006; Kemenes and others, 2007; Grinham and
others, 2011; Moore and Knowles, 1990).

Sensitivity analyses of the May synoptic study model
were conducted by varying the amount of groundwater inflow
upstream from Site 1, the simulated gas transfer velocity
(K )» the methane concentration in groundwater inflow,
and the location of the gaining reach upstream from Site 1.

For the 50-m gaining subsection just upstream from Site 1,
the effect of doubling the amount of groundwater inflow to
3.72 m*/d/m was evaluated with the median gas transfer veloc-
ity of 20.6 m/d. In order to match measured stream methane
at this location (5 pg/L), the methane load of groundwater
inflow upstream from Site | had to be maintained by reduc-
ing groundwater methane by one-half (from 600 pg/L to

300 pg/L). This indicates that stream methane is sensitive

to the total load (product of groundwater inflow and meth-
ane concentration) coming into the stream. Unless precise
groundwater-inflow quantities and methane concentrations are
known, the same methane load can be arrived at either with
higher groundwater methane concentrations and lower inflow
rates or with lower groundwater methane concentrations and
higher inflow rates.

Because of the estimated £50 percent uncertainty in the
empirically derived K, (20.2 m/d), a range of values was
tested. Reducing K., by 50 percent (10.1 m/d) while main-
taining the same methane load (1.9 kg/d) resulted in simulated
stream methane concentrations that were generally too high
(fig. 124) because the methane in the groundwater inflow
dissipates less readily into the atmosphere. In order to match
measured stream methane using a lower K, the methane
concentration of groundwater inflow was reduced to the mini-
mum measured shallow groundwater methane concentration
(2,300 pg/L), and the 50-m gaining reach was moved upstream
to 290 to 240 m upstream from Site 1 (3,710 to 3,760 m down-
stream), resulting in a total methane load to the stream in the
study reach of 1.0 kg/d. In contrast, to match measured stream
methane using a higher K, (30.3 m/d), the groundwater meth-
ane was increased to the maximum measured methane in shal-
low groundwater (4,600 pg/L), and the 50-m reach was moved

downstream to 150 to 100 m upstream from Site 1 (3,850 to
3,900 m downstream), resulting in a total methane load of
2.6 kg/d. In summary, varying K ,,, groundwater methane,
and the location of the gaining reach upstream from Site 1
produced a range in total methane load for the May synoptic

sampling of 1.0 to 2.6 kg/d.

Conditions on June 27, 2013
Similar to the May 21, 2013, calculations, the K

value for the Sugar Run stream conditions on June 276(,)02013,
was estimated using equation 2. Based on the stream

slope of 0.0426 and the average depth and stream velocity
(D=0.095m, V= 0.137 m/s) from discharge measurements at
five sites (table 3), the resulting empirically derived K, value
was 14.5 m/d (table 4). With a mean stream temperature (7)
based on the average of measurements at these five sampling
sites (21.2 °C £1.0 °C; 1), equation 3 was used to convert
the K, value to K, = 14.8 0.3 m/d. This conforms to
expectations of decreased gas transfer at lower flow regimes,
primarily because there is less turbulence at lower veloci-
ties. Although the accompanying decrease in stream depth

is an offsetting factor (gas transfer occurs more readily in
shallower streams), this parameter is of less importance than
stream velocity.

Initial model calibration indicated that the elevated
stream methane of 7.2 pg/L at Site 2 (3,160 m downstream)
and 67 pg/L at Site 1.5 (3,520 m downstream) was caused by
methane-laden groundwater inflow entering upstream from
both locations. Discharge measurements indicate that the
section from Site 2.5 to Site 2 (2,770 to 3,160 m downstream)
was a gaining section, whereas the section from Site 2 to
Site 1.5 (3,160 to 3,520 m downstream) was a losing section
(fig. 13). However, because these stream discharge measure-
ments were not closely spaced (only about every 400 m), there
is the possibility that some groundwater inflow was occurring
along parts of this losing section. Therefore, the gain/loss
profile was modified in the numerical model by adding a 50-m
gaining section upstream from Site 1.5 using the same inflow
rate (3.14 m*/d/m) as the gaining section between Site 2.5 and
Site 2, resulting in a total inflow of 157 m*/d. During model
calibration, the upstream location of this 50-m gaining reach
was varied between Site 2 and Site 1.5 while maintaining a
groundwater inflow methane concentration of 3,200 ug/L in
order to match the measured stream methane at Site 1.5. Using
the empirically derived K, = 14.8 m/d with the gaining reach
located 70 to 20 m upstream from Site 1.5 (3,450 to 3,500
m downstream) resulted in the best match to the measured
stream methane. This indicates that the maximum stream
methane may have been about 90 ug/L just upstream from
Site 1.5 (fig. 14). The groundwater inflow along this 50-m
gaining section was offset by an additional 157 m?/d of loss to
groundwater in the upper and lower parts of this section (3,160
to 3,450 and 3,500 to 3,520 m downstream, respectively) to
maintain the same total net loss of 1,640 m*/d between Site 2
and Site 1.5. Simulated stream methane at Site 1 (4,000 m
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Figure 12. Measured and simulated methane concentrations in samples collected from Sugar Run, Lycoming County,
Pennsylvania, May 21, 2013. Simulated concentrations were determined using A, reduced gas transfer velocity K, = 10.1 meters per
day and B, increased gas transfer velocity K, = 30.3 meters per day.
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downstream), however, was less than measured stream meth-
ane (2.3 pg/L) because no groundwater inflow was simulated
upstream from this location. There may have been low levels
of methane input along this and other sections of the stream
(either from small amounts of methane-laden groundwater

or from other sources such as in-stream biological produc-
tion) that were not simulated in this study. The estimated total
methane load to the stream on June 27, calculated by multiply-
ing the groundwater inflow rates along these gaining sections
by their respective groundwater methane concentrations,

was 0.62 kg/d.

Sensitivity analyses of the June synoptic study model
were conducted by varying length and location of the gaining
reach upstream from Site 1.5, K, , and groundwater methane
concentrations. As an alternative to the 50-m gaining reach
upstream from Site 1.5, two other lengths were simulated:
10 m and 100 m. The amount of groundwater inflow along
both of these alternative reach lengths was kept constant at
157 m*/d, resulting in groundwater inflow rates of 15.7 and
1.57 m*/d/m for the 10- and 100-m reaches, respectively.
As with the above simulation of the June synoptic study
(K s = 14.8 m/d; 50-m long gaining reach upstream from
Site 1.5), groundwater methane was held constant at the aver-
age of the three measured values (3,200 pg/L) for the two
alternative gaining reach lengths.

Simulating the shorter (10-m) gaining reach and
K., = 14.8 m/d, a reasonable model fit could be achieved only
if this reach was located 50 to 40 m upstream from Site 1.5
(3,470 to 3,480 m downstream) and groundwater methane
of the upper gaining reach (2,770 to 3,160 m) was increased
to 110 pg/L, causing an increase in the total methane load to
0.64 kg/d. Alternative simulations varying K, for this shorter
reach (+50% of the empirically derived value of 14.8 m/d)
also were conducted. If K, is decreased to 7.4 m/d, the 10-m
gaining reach can be moved to 100 to 90 m upstream from
Site 1.5 (3,420 to 3,410 m downstream) to match the mea-
sured stream methane at Site 1.5, but groundwater methane
of the upper gaining reach (2,770 to 3,160 m) had to be
decreased from 110 to 70 pg/L, reducing the total methane
load to 0.59 kg/d. When K, was increased to 22.1 m/d, the
10-m gaining reach was moved 30 to 20 m upstream from
Site 1.5 (3,490 to 3,500 m downstream) to match measured
stream methane at Site 1.5, but groundwater methane of the
upper gaining reach had to be increased from 110 to 150 pg/L,
increasing the total methane load to 0.69 kg/d.

Simulating a longer (100-m) gaining reach and
K., = 14.8 m/d, a reasonable model fit could be achieved only
if this reach was located 100 to 0 m upstream from Site 1.5
(3,420 to 3,520 m downstream) and the groundwater meth-
ane for the upper gaining reach (2,770 to 3,160 m) was held
at 110 pg/L; this resulted in a total simulated methane load
of 0.64 kg/d. Alternative simulations were also conducted
by varying K ., (£50% of the empirically derived value of
14.8 m/d) for this longer reach. When K, was decreased
to 7.4 m/d, the 100-m gaining reach was moved to 150 to
50 m upstream from Site 1.5 (3,370 to 3,470 m downstream)

to match the measured stream methane at Site 1.5; because
groundwater methane of the upper gaining reach (2,770 to
3,160 m) had to be decreased from 110 to 70 ug/L, the total
simulated methane load was reduced to 0.59 kg/d. No reason-
able model fit could be achieved using K, = 22.1 m/d with a
100-m gaining reach upstream from Site 1.5.

Keeping the length of the gaining reach upstream from
Site 1.5 constant at 50 m, K, was decreased to 7.4 m/d and
increased to 22.1 m/d. The results of varying K ,,, were similar
to those for the May synoptic study; the measured stream
methane could not be matched (particularly the value of
67 ug/L at Site 1.5) using either the smaller or larger K, val-
ues unless the amount and location of groundwater inflow was
modified. In order to match measured stream methane using
the smaller K, value, groundwater methane was reduced
to the minimum measured methane concentration in shallow
groundwater (2,300 pg/L), and the 50-m gaining reach was
moved upstream to 70 to 20 m upstream from Site 1.5 (3,450
to 3,500 m downstream), resulting in a total methane load to
the stream of 0.4 kg/d. To match measured stream methane
using the larger K, value, the groundwater methane was
increased to the maximum methane concentration measured
in shallow groundwater (2,300 pg/L), and the 50-m gain-
ing reach was moved upstream to 80 to 30 m upstream from
Site 1.5 (to 3,480 to 3,530 m downstream); this resulted in
a total methane load to the stream of 1.0 kg/d. In summary,
varying both the length of the gaining reach upstream from
Site 1.5 and K, produced a range in estimated total methane

load for the June synoptic study of 0.4 to 1.0 m/d.

Conditions on November 12, 2013

Similar to the May and June 2013 calculations, the K,
value for the Sugar Run stream conditions on November 12,
2013, was estimated using equation 2, based on the stream
slope of 0.0426 and the average of discharge measure-
ments from six stations from Site 1 to Site 2 (D =0.099 m,
V'=0.155 m/s), resulting in an empirically derived K, value
of 14.6 m/d (table 4). With a mean stream temperature (7)
based on the average of measurements from the six sampling
sites (5.0 £0.1 °C; 1o), equation 3 was used to convert the
K, value to a K, value for Sugar Run on June 27, 2013,
0f 9.57 £0.03 m/d. Although the streamflow characteristics
were similar during May and June, the large decrease in
K, in November was mostly due to the much cooler water
in November because of methane’s increased solubility at
cooler temperatures.

Similar to the June synoptic study, in order to match
the November measured peak stream methane of 28 pg/L at
Site 1.5, it was necessary to add a short gaining subsection
upstream from Site 1.5 (fig. 15). The gain/loss profile was
modified in the numerical model by adding a 50-m gain-
ing section using a mean weighted inflow rate of 3.3 m*/d/m
(based on the two gaining sections—Site 2 to Site 1.6 and
Site 1.5 to Site 1.4), resulting in a total inflow of 165 m*/d. A

good match between measured and simulated stream methane
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could not be achieved using K, = 9.6 m/d while maintaining
the groundwater methane concentration of 3,200 pg/L. Using
K., = 14.4m/d and a 50-m gaining reach located 150 to
100 m upstream from Site 1.5 (3,370 to 3,420 m downstream),
however, provided a good match to the measured stream
methane of 28 pg/L (fig. 16). This location was just upstream
of observed groundwater seeps above Site 1.5. This additional
gain of 165 m*/d was offset by increasing the loss in the other
parts of the section between Site 1.6 and Site 1.5 by the same
amount (increasing the loss from -124 m*/d to -289 m*/d by
assigning a groundwater inflow rate of -2.4 m*/d/m). These
results indicated that the actual stream methane was likely
much higher (up to 110 pg/L) between Site 1.6 and Site 1.5.
Estimated groundwater methane in inflow to the upper part of
the reach (3,160 to 3,350 m downstream) and lower part of the
reach (3,520 to 3,660 m downstream) were 150 and 130 pg/L,
respectively, resulting in an estimated total methane load of
0.67 kg/d.

Sensitivity analyses of the November synoptic study
model were conducted by varying length and location of the

gaining reach upstream from Site 1.5, K.,,,, and groundwater

methane. As an alternative to the 50-m gaining reach upstream
from Site 1.5, two other lengths were simulated: 10 m and

100 m. The amount of groundwater inflow along these alter-
native reaches was kept constant at 165 m?*/d, resulting in
groundwater inflow rates of 16.5 and 1.65 m?/d/m for the 10-
and 100-m reaches, respectively. As with the above simulation
of the November synoptic sampling (K., = 14.4 m/d; 50-m
long gaining reach 150 to 100 m upstream from Site 1.5),
groundwater methane was held constant at 3,200 pg/L for the
shorter and longer gaining reaches upstream from Site 1.5.

By reducing the length of the gaining reach upstream
from Site 1.5 from 50 m to 10 m, and using a K ,,, value of
9.6 m/d, the simulated concentrations were similar to mea-
sured stream methane when the gaining reach was 170 to
160 m upstream from Site 1.5 (3,420 to 3,410 m downstream).
This is in contrast to the findings (above) showing that mea-
sured stream methane could not be matched by simulating
a 50-m gaining reach using K., = 9.6 m/d. For this alterna-
tive simulation, groundwater methane in the upper and lower
gaining reaches was decreased to 100 and 20 pg/L, respec-
tively, reducing the total methane load to 0.57 kg/d. Using the
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gaining reach 150 to 100 meters upstream from Site 1.5. (K., gas transfer velocity for methane)

maximum K, value of 14.4 m/d, a reasonable model fit was
achieved by locating the 10-m gaining reach 130 to 120 m
upstream from Site 1.5 (3,390 m to 3,400 m downstream).
This simulation used the same groundwater methane for the
upper (3,160 to 3,350 m) and lower (3,520 to 3,660 m) gain-
ing reaches of 150 and 20 pg/L, respectively, resulting in the
same total simulated methane load of 0.67 kg/d. No reason-
able model fit could be attained for the shorter (10-m) gaining
reach when the K, was decreased to 4.8 m/d.

By simulating a longer (100-m) gaining reach upstream
from Site 1.5 with K, = 14.4 m/d, a reasonable model fit was
achieved by moving this reach to 170 to 70 m upstream from
Site 1.5 (3,350 to 3,450 m downstream). The groundwater
methane of the upper gaining reach (150 pg/L) was the same
as that for the 50-m gaining reach (3,520 to 3,660 m), but the
groundwater methane concentration for the lower gaining
reach was reduced to 100 pg/L, resulting in a total methane
load of 0.65 kg/d. A reasonable match to stream methane
could not be achieved when K, was decreased to less than
14.4 m/d with a 100-m gaining reach upstream from Site 1.5.

While keeping the length of gaining reach upstream from

Site 1.5 constant at 50 m, K, was decreased to 4.8 m/d and

increased to 14.4 m/d, groundwater methane was varied within
the range of measured values (2,300 to 4,600 ug/L), and the
location of the 50-m gaining reach upstream from Site 1.5 was
varied. No match to measured stream methane concentrations
could be obtained using the smaller K, value of 4.8 m/d.

The empirically derived value of 9.6 m/d, however, produced

a good fit to measured stream methane by reducing ground-
water methane to the minimum concentration measured in
shallow groundwater (2,300 pg/L at Seep 1.5 on November

12, 2013) and by moving the 50-m gaining reach to 170 to

120 m upstream from Site 1.5 (3,350 to 3,400 m downstream);
these values resulted in a total methane load to the stream of
0.5 kg/d. To match measured stream methane using the larger
K, value of 14.4 m/d, groundwater methane was increased to
the maximum concentration measured in shallow groundwater
(4,600 pg/L at Piezo 1.5 on November 12, 2013), and the 50-m
gaining reach was moved 160 to 110 m upstream from Site 1.5
(3,360 to 3,410 m downstream); these values resulted in a total
methane load of 0.9 kg/d. In summary, varying K ,,, along
with the length and location of the gaining reach upstream
from Site 1.5, produced a range in total estimated methane

load for the November synoptic study of 0.5 to 0.9 m/d.



Estimating Methane Loads in
Groundwater Discharge

This study shows the utility of both reconnaissance
stream methane sampling and detailed synoptic studies
for locating and estimating methane loads in groundwater
discharge. For the May 2013 synoptic study of Sugar Run,
the higher streamflow and coarser sample spacing of about
800 m resulted in a large value for, and uncertainty in, the
estimated total methane load (1.8 £0.8 kg/d; fig. 17). Because
most (about 84 percent) of the methane load for the May
synoptic study entered along the lower reach between Site 3
and Site 1, the June and November synoptic studies focused
on this downstream area. Simulation results from the June
synoptic study indicate that by increasing sample spacing to
about 400 m, along with the lower base-flow conditions, total
methane load and uncertainty were reduced to 0.7 +0.3 kg/d.
Simulation of the November synoptic study with an even finer
spacing (about every 200 m) during even lower base-flow
conditions resulted in the same estimated total methane load
of 0.7 kg/d as June, but uncertainty decreased to +£0.2 kg/d.
Assuming the methane concentration in groundwater inflow
to Sugar Run was constant, the larger methane load in May
indicated that the amount of base flow (groundwater inflow)
varied seasonally with stream discharge. Such variability
of base flow has been reported in several other hydrograph
separation studies (Kennedy and others, 1986; McDonnell
and others, 1990; Risser and others, 2009; Sanford and others,
2012, appendix 1).

Optimal sample spacing for capturing stream methane
peaks (and reducing uncertainty in estimated methane load)
depends on the gas transfer velocity and amount of ground-
water inflow relative to stream discharge (Stolp and others,
2010). Finer resolution sampling is necessary for streams
with high gas transfer velocity and small rates of groundwa-
ter inflow. The simulations in this study showed that even as
sample spacing was refined (from 800 m during May to 400 m
during June to 200 m during November), the peak in stream
methane immediately downstream from groundwater inflow
sources may not have been entirely captured. Closer spacing
of sampling sites (perhaps every 100 m) for streams such as
Sugar Run would further reduce uncertainty in the estimated
methane concentration and total methane load in groundwater
inflow. A minimum downstream distance from the location
of groundwater inflow, however, is needed to ensure that
methane-laden groundwater entering the stream is well-mixed
at the sampling location. This minimum distance would vary
with stream conditions and characteristics.

Evaluation of Uncertainty

Uncertainty in the estimation of methane concentration
in groundwater (ng of equation 1) is governed by uncertainty
in stream methane concentration (C), gas transfer velocity

(K> and groundwater inflow rate (/). For stream methane
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Figure 17. Minimum, median, and maximum estimated methane

loads in groundwater discharge to Sugar Run, Lycoming County,
Pennsylvania, during the May, June, and November 2013 synoptic
sampling studies.

concentration, the laboratory analytical precision was esti-
mated to be +0.5 pg/L. Replicate values, which are listed in
tables 1 and 3, incorporate laboratory analytical precision and
field variability caused by in-situ variability and sampling
procedures. The differences in replicate values were generally
less than 20 percent for methane concentrations of less than

3 ng/L and less than 10 percent for concentrations greater than
3 ng/L. Reaches with higher stream methane concentrations
generally had higher groundwater methane loads; this indi-
cates that analytical precision and sampling variability of the
methane concentration did not introduce large uncertainty into
the estimated methane load from groundwater.

For gas transfer velocity, sensitivity analysis indicates
that the use of empirical estimates introduces much uncer-
tainty, particularly when the location of groundwater inflow is
poorly constrained, as was the case with the Sugar Run synop-
tic study in May 2013. Introduced gas tracers are one pos-
sible means for reducing uncertainty in gas transfer velocity
(Cook and others, 2006; Stolp and others, 2010; Heilweil and
others, 2013). Much closer sample spacing can also constrain
the range of possible values, as shown by the reduction in the
range of estimated K, with increased sample spacing during
the consecutive synoptic studies of Sugar Run: the range of
empirically derived gas transfer velocities declined from May
(10.1 to 30.3 m/d) to June (9.6 to 22.0 m/d) to November (4.8
to 14.4 m/d). In addition to the temporal variability in gas
transfer velocity with changing stream conditions, it is rec-
ognized that gas transfer velocity is likely not constant for an
entire stream reach but will vary on the basis of stream veloc-
ity, water depth, water temperature, wind shear, and turbu-
lence. Also, the gas transfer velocity used in the 1-D transport
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modeling was an apparent value that included any possible gas
loss caused by microbial degradation. The fraction of overall
gas loss caused by this mechanism could not be evaluated
within the scope of this study.

For groundwater inflow rate, an important limitation
of all three Sugar Run synoptic studies was the uncertainty
associated with stream discharge. The discharge measurements
generally had an instrument uncertainty of about 4 to 7 percent
(table 3). Replicate sample measurements at Site 1 on Novem-
ber 12 were 0.66 and 0.76 ft*/s. This indicated an overall error
in the stream discharge measurement (instrument precision
and sampling error) of about 15 percent. Because relative
uncertainty is additive when calculating the product of two
numbers, combining the £15 percent uncertainty in groundwa-
ter inflow (derived from stream discharge measurements) with
the £50 percent uncertainty in the methane concentration in
groundwater inflow (2,300 to 4,600 pg/L) indicated an overall
uncertainty in methane load of 65 percent, which was similar
to the range in estimated loads for the three synoptic studies.
The uncertainty associated with inflows could have been fur-
ther minimized by using an average of multiple flow measure-
ments at each site. Estimates of groundwater inflow could be
further refined with conservative-ion stream injection and use
of the stream-dilution method (Kilpatrick and Cobb, 1985) to
provide more precise inflow quantities.

In summary, gas transfer velocity and the amount and
location of groundwater inflow were the largest sources of
uncertainty associated with methane loads calculated for Sugar
Run. Such uncertainty could be reduced by closer sampling
site spacing, a more-accurate determination of the amount
and location of groundwater inflow using the conservative-
ion dilution method, and in-situ gas injection experiments to
quantify gas transfer velocity.

Limitations

The relations between stream methane and geology,
percent forested land, and shale-gas well-pad density shown
in figures 4 through 6 were only an initial attempt to assess
potential causes for higher stream methane from the limited
reconnaissance dataset. If additional stream methane data are
collected, a more robust multi-variate approach (such as prin-
cipal component analysis and regression methods for censored
data) could be used to more fully investigate these relations.

Although the stream methane monitoring approach was
successfully used in this study to identify a stream receiving
methane from groundwater inflow and estimate methane loads,
further geochemical characterization is needed to determine
the source of methane in groundwater. Furthermore, without
baseline stream methane measured prior to unconventional
shale gas extraction in the watershed, it cannot be deter-
mined whether these methane fluxes were related to shale-gas
development activities. Ideally, this type of stream monitoring
study would begin prior to shale-gas development in order to

establish seasonal and annual variability in baseline ground-
water quality prior to development.

It is important to recognize that the stream methane
monitoring approach does not provide information on spatial
distribution of methane concentrations in groundwater within
the aquifer, which may be highly variable in fractured-rock
aquifers such as those in northeastern Pennsylvania. The
method provides a flow-weighted integrated estimate of meth-
ane concentrations in groundwater discharging to a stream. It
cannot be used to predict whether methane migration, either
along natural pathways or induced by shale-gas development,
may affect a particular groundwater well.

Considerations for Future Work

On the basis of these preliminary results at Sugar Run,
future work could be conducted to (1) identify sources of the
groundwater methane (thermogenic versus biogenic) with
geochemical fingerprinting, (2) more accurately quantify gas
transfer velocity and potential loss resulting from microbial
activity with gas injections into the stream, and (3) more
accurately quantify the amount and locations of groundwater
discharge with conservative-ion stream injections. These latter
two activities would enable more precise determination of
methane concentrations and loads in groundwater discharging
to the stream. Additional work could also include continued
stream monitoring to evaluate seasonal and year-to-year tem-
poral changes in methane concentrations and loads in ground-
water discharge. Such long-term stream methane monitoring
may be useful for evaluating trends in, and potential effects of
natural gas development on groundwater quality.

Summary

This report describes stream methane monitoring in
northeastern Pennsylvania, an area undergoing extensive
shale-gas development in the Marcellus Formation. A prelimi-
nary reconnaissance of methane in 15 small streams showed
that four streams had methane concentrations greater than
or equal to 5 micrograms per liter (ug/L; Sugar Run, Little
Muncy Creek, Parks Creek, and Meshoppen Creek). A stream
monitoring and modeling approach was used to estimate
methane concentrations and loads in groundwater discharge to
Sugar Run. Three synoptic sampling studies were conducted
(May 21, June 27, and November 12, 2013) involving mea-
surements of stream discharge, stream methane, and ground-
water methane in samples collected from in-stream piezome-
ters and a seep. The results show seasonal variability in stream
discharge, groundwater inflow, and streamwater methane
concentrations. Streamflow and groundwater discharge were
higher in May than during the synoptic studies in June and
November. Measured stream methane in May (maximum



19.6 pg/L) was less than in June (maximum 67 pg/L) and
November (maximum 29 pg/L). The lower stream meth-
ane identified in May could have been caused by dilution of
groundwater methane by higher streamflow conditions or by
the larger sample spacing (compared with June and Novem-
ber), which would have reduced the ability to accurately
identify peak stream-methane concentrations.

A one-dimensional (1-D) stream-methane transport
model was used to estimate the methane concentration and
load in groundwater discharging to Sugar Run during each
of the three synoptic studies. Because no gas injection was
conducted to directly measure gas transfer velocity, a range
of values was estimated empirically on the basis of the stream
conditions during each synoptic study. The rates of groundwa-
ter inflow were determined for subsections of each study reach
by comparing upstream/downstream flowmeter discharge
measurements (and accounting for any tributary surface-water
flow). Estimated methane concentrations in groundwater
were constrained by measured concentrations in samples
from piezometers and a seep (8 to 4,600 pg/L). The modeling
results indicate that estimated groundwater methane concen-
trations are sensitive to the stream methane concentrations,
the amount of groundwater inflow, the length and upstream
location of gaining reaches, and the gas transfer velocity. Gas
transfer velocities, based on empirical relations, that provided
reasonable fits to observed data were 10.1 to 30.3 meters per
day (m/d) for the May synoptic study, 7.4 to 22.1 m/d for the
June synoptic study, and 9.6 to 14.4 m/d for the November
synoptic study. The estimated total methane load discharg-
ing to Sugar Run during the May, June, and November 2013
synoptic studies was 1.8 +0.8 kilograms per day (kg/d),

0.7 0.3 kg/d, and 0.7 +0.2 kg/d, respectively.

This study illustrates the feasibility of the stream meth-
ane method for estimating methane concentrations and loads
in groundwater discharge to streams. The results show that a
reconnaissance sampling study can be used to identify streams
potentially receiving methane-laden groundwater discharge.
Subsequent more detailed stream- and shallow groundwater-
methane sampling, along with discharge measurements in
one stream (Sugar Run) during base-flow conditions, coupled
with 1-D stream transport modeling, resulted in estimates of
methane concentrations and loads in groundwater discharge to
the stream. Repeat synoptic sampling studies along this stream
during different seasons gave consistent results for two low
base-flow periods but larger methane loads during higher base-
flow conditions. This suggests that the method can be used to
assess seasonal variations in groundwater methane discharging
to streams. For high-gradient streams such as Sugar Run that
have large gas transfer velocities and a relatively small amount
of groundwater inflow, synoptic sampling at closely spaced
intervals (perhaps every 100 m downstream) may be required
to adequately capture peak stream methane. Alternatively, if
the gas transfer velocity of a stream is low and it receives a
large fraction of its total flow from groundwater inflow, dis-
tances between sampling sites could be larger.
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