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Investigating methane emissions from geologic
microseepage in Western New York State, United
States

Roxana Kazemi1,*, William Schlageter1, Benjamin Hmiel1,2, Thomas S. Weber1,
Lee T. Murray1, and Vasilii V. Petrenko1

Methane is a powerful greenhouse gas and a key player in atmospheric chemistry. Important uncertainties
remain in the global atmospheric methane budget, with natural geologic emissions being one of the
particularly uncertain terms. In recent bottom-up studies, geologic emissions have been estimated to
comprise up to 10% of the global budget (40–60 Teragrams of methane per year, Tg CH4 yr–1). In contrast,
top-down constraints from 14C of methane in preindustrial air extracted from ice cores indicate that the
geologic methane source is approximately an order of magnitude lower. Recent bottom-up inventories propose
microseepage (diffuse low-level flux of methane through soils over large areas) as the largest single
component of the geologic methane flux. In this study, we present new measurements of methane
microseepage from the Appalachian Basin (Western New York State) and compare these with prior
microseepage measurements from other regions and with predicted values from the most recent bottom-
up inventory. Our results show lower microseepage values than most prior data sets and indicate that positive
microseepage fluxes in this region are not as widespread as previously assumed. A statistical analysis of our
results indicates that mean microseepage flux in this region has very likely been overestimated by the
bottom-up inventory, even though our measurements more likely than not underestimate the true mean
flux. However, this is a small data set from a single region and as such cannot be used to evaluate the
validity of the microseepage emissions inventory as a whole. Instead, the results demonstrate the need for
a more extensive network of direct geologic emission measurements in support of improved bottom-up
inventories.
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Background and motivation
Methane is the second most important anthropogenic
greenhouse gas, with a global warming potential of
28–32 over a 100-year period (Etminan et al., 2016). Nat-
ural methane emissions are dominated by wetlands, with
smaller contributions from freshwater, ocean, geologic
sources, and wildfires, while anthropogenic emissions are
from agriculture, waste, fossil fuels, biomass, and biofuel
burning (Saunois et al., 2020). Atmospheric methane is
primarily removed by reaction with OH radicals, with smal-
ler contributions from stratospheric loss, reaction with chlo-
rine, and removal by soil uptake (Saunois et al., 2020).

Geologic sources refer to methane that is naturally
released from fossil hydrocarbon reservoirs both onshore
and offshore and have been estimated by bottom-up

approaches to contribute up to 10% of methane in the
contemporary atmosphere (Etiope, 2015; Saunois et al.,
2020). Anthropogenic fossil methane emissions arise from
oil and gas production, coal mining, and natural gas dis-
tribution and use and are one of the largest and most
uncertain terms in the global atmospheric methane bud-
get (Saunois et al., 2016; Schwietzke et al., 2016; Hmiel
et al., 2020; Saunois et al., 2020). Isotopic studies of atmo-
spheric methane are useful for providing top-down con-
straints on the overall magnitude of anthropogenic fossil
emissions. However, since both anthropogenic fossil and
natural geologic methane emissions originate from the
same reservoirs, emissions from these two categories are
difficult to distinguish via isotopic measurements. In order
to use top-down isotopic techniques to constrain anthro-
pogenic fossil methane emissions and provide targets for
global emission reductions, a reliable estimate of natural
geologic methane emissions is essential.

Ice core records allow for the use of a top-down isoto-
pic approach to estimate the magnitude of natural geo-
logic emissions in the absence of anthropogenic fossil
emissions. Several recent ice core studies used
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measurements of carbon-14 of methane in trapped
ancient air to suggest a low geologic contribution to the
methane budget (Table 1; Petrenko et al., 2017; Dyoni-
sius et al., 2020; Hmiel et al., 2020). These past measure-
ments should be applicable today because natural
geologic emissions are expected to change on very long
(tectonic, glacial) timescales (Etiope et al., 2008). Con-
versely, bottom-up studies have estimated the geologic
contribution as being an order of magnitude greater
(Table 1; Etiope, 2015; Etiope et al., 2019). Further, it
has recently been argued by Etiope and Schwietzke
(2019) that ice core measurements of ethane (Nicewon-
ger et al., 2016) and d13C of methane (Schwietzke et al.,
2016) in the preindustrial atmosphere provide top-down
estimates of the natural geologic methane source that
are consistent with the bottom-up estimates in Table 1.
However, ethane and d13C of methane in the preindus-
trial atmosphere may not be capable of providing strong

constraints on geologic methane emissions because of
uncertainties involved in the interpretation of these
proxies (Hmiel et al., 2020). Thus, there is currently
a strong disagreement among estimates of geologic
methane emissions that appear difficult to reconcile
(Etiope & Schwietzke, 2019).

Onshore natural geologic methane sources include vol-
canoes, mud volcanoes, oil and gas seeps (macroseeps),
microseepage, and geothermal seeps (Etiope, 2015). Mi-
croseepage, which is postulated to be the largest compo-
nent of geologic emissions (Table 2), is defined as the
widespread diffuse flux of geologic methane through the
soil at intensities up to hundreds of mg CH4 m–2 day–1

that is generally not associated with a macroseep (Etiope
et al., 2011; Etiope, 2015; Etiope et al., 2019). Miniseepage
is another category of geologic methane seepage that can
manifest as a diffuse flux, although at higher intensities
(hundreds to thousands of mg CH4 m–2 day–1); it is usually,
but not always, associated with a larger macroseep (Etiope
et al., 2011; Etiope, 2015).

The previously published global microseepage data set
(Etiope et al., 2019) contains 1,509 measurements from 10
hydrocarbon basins (Table 3; Klusman et al., 2000; Klus-
man, 2003; Etiope, 2005; Klusman, 2005; Etiope et al.,
2006; LT Environmental, 2007; Tang et al., 2007; Etiope
& Klusman, 2010; Tang et al., 2010, 2017; Etiope et al.,
2019). Sampled areas are primarily in Western United
States, Italy, and Northwest China, with a few additional
measurements in Romania and Greece, leaving most of
the world’s hydrocarbon basins unrepresented in the
global data set.

Etiope et al. (2019) provided the most recent estimates
of methane emissions from microseepage in a globally
gridded format. In this statistical-model estimate, all
petroleum-forming areas (approximately 10% of global
land surface) were considered capable of microseepage
emissions. Each 0.05! " 0.05! grid cell’s microseepage
estimate was based on predictive geologic indicators such
as faulting, earthquakes, and known gas seeps. In the
Etiope et al. (2019) study, statistics of the 1,509 individual
measurements of microseepage (Table 3) were examined
to establish four microseepage levels; a seepage level was
then assigned to each grid cell based on the presence or
absence of predictive geologic indicators (Table 4). Etiope
et al. (2019) randomly assigned 54% of Level 1 cells to
zero seepage values based on past measurement statistics.
However, in this study, the cells with no predicted micro-
seepage are defined as Level 0.

Here we present new measurements of microseepage
in the Appalachian Basin from Western New York State,
United States. The presented measurements are directly
compared to the Etiope et al. (2019) predictions of micro-
seepage fluxes for this region, with the ultimate goal of
improving the bottom-up statistical model estimates of
microseepage.Western New York State is an excellent loca-
tion for this type of study since it is underlain by gas and
oil-rich shale layers and has several known natural gas
macroseeps as well as miniseepage (Etiope et al., 2013;
Schimmelmann et al., 2018). Etiope et al. (2019) predicted
high microseepage fluxes for this region (Figure 1), and

Table 1. Estimated natural geologic methane emissions
from recent studies that used ice core 14C-CH4 measure-
ments compared with recent bottom-up estimates. DOI:
https://doi.org/10.1525/elementa.2020.00066.t1

Study Study Type

Estimated
Geologic
Emissions

(Tg CH4 yr–1)

Petrenko et al.
(2017)

Top-down ice core 14C
(last deglaciation)

<15.4

Hmiel et al.
(2020)

Top-down ice core 14C
(preindustrial, early
industrial)

<5.4

Dyonisius et al.
(2020)

Top-down ice core 14C
(last deglaciation,
early Holocene)

<19

Etiope (2015) Bottom-up 45–76
(median
60)

Etiope et al.
(2019)

Bottom-up 42.8–49.8

Table 2. Geologic CH4 global bottom-up extrapolated
emissions from Etiope et al. (2019). DOI: https://
doi.org/10.1525/elementa.2020.00066.t2

Emission Category
CH4 Extrapolated

Emissions (Tg CH4 yr–1)

Onshore seeps (including mud
volcanoes and miniseepage)

8.1

Submarine seeps >7

Microseepage 24

Geothermal manifestations 5.7

Total 42.8–49.8
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Ciotoli et al. (2020) also predicted high methane seepage
favorability in this area. Prior soil gas measurements in
this area also indicated that microseepage to the atmo-
sphere is likely occurring along some fault zones (Foun-
tain & Jacobi, 2000; Jacobi, 2002). While microseepage is
postulated to be the largest component of natural geo-
logic CH4 emissions in Western New York State (Etiope et
al., 2019), we are not aware of any prior flux chamber
measurements of microseepage flux to the atmosphere
in this region or elsewhere in the Appalachian Basin. In
the Etiope et al. (2019) microseepage gridding, Level 0,
Level 1, and Level 4 microseepage fine grid (0.05! latitude
" 0.05! longitude) cells are all present within the Western
New York State region. Since local geologic data sets were
not considered in the Etiope et al. (2019) study, some cells
that should have been classified as Level 2 or 3 due to the

presence of faulting, recent earthquakes, or both were
instead assigned to Level 0 or Level 1 by the Etiope et
al. (2019) model. In this study, the sampled grid cells with
these indicators are corrected to Level 2 where indicated
(Table S1).

Methods
Sampling site selection
Natural gas macroseeps, faulting, and recent seismic events
are considered as predictive factors for microseepage; seep-
age is alsomore likely tomanifest in local topographic lows
where valleys cut through gas-bearing geologic strata
(Etiope, 2015; Etiope et al., 2019). To select sampling areas,
an ArcGIS map of each of these parameters alongside the
fine-grid emission estimates from Etiope et al. (2019) was
generated (Figure 2).

Table 3. Hydrocarbon basins with prior published CH4 microseepage measurements. DOI: https://doi.org/10.1525/
elementa.2020.00066.t3

Hydrocarbon Basin Studies Study Region
Number of
Measurements

Average Microsee-
page Flux (mg CH4

m–2 day–1)

Median Microsee-
page Flux (mg CH4

m–2 day–1)

Tarim Tang et al. (2007, 2010, 2017) Northwest China 100 11.6 1.80

Alps Etiope (2005), Etiope et al. (2019),
Etiope and Klusman (2010),
Sciarra et al. (2013)

Italy 372 231.0 5.72

Pannonian-
Transylvanian

Etiope (2005) Central Romania 5 23.5 11.0

Peloponnesus Etiope et al. (2006, 2019) Kalamata, Greece 27 7.66 4.0

Powder River Klusman et al., (2000), Klusman
(2005)

Wyoming, United
States

198 0.0977 0.129

Railroad Valley Etiope et al. (2019), Klusman et al.
(2000)

Nevada, United
States

124 –0.0230 0.110

Denver-Julesurg Etiope et al. (2019), Klusman et al.
(2000)

Colorado, United
States

252 0.459 0.655

Piceance Klusman et al., (2000), Klusman
(2003)

Colorado, United
States

306 11.6 0.0593

Raton LT Environmental (2007) Colorado, United
States

60 1,290 576

Gulf Coast Etiope et al. (2019) Texas, United States 65 0.246 -0.767

N ¼ 9 N ¼ 12 N ¼ 8 N ¼ 1,509

Appalachian This study Western New York
State, United
States

47 –0.606 –0.202

Table 4. Microseepage flux values assigned to cells of each level in Etiope et al. (2019). DOI: https://doi.org/10.1525/
elementa.2020.00066.t4

Etiope et al. (2019): Microseepage Levels Level 0 Level 1 Level 2 Level 3 Level 4

Microseepage flux value (mg CH4 m–2 day–1) 0 1.3 31.1 101 493.54

Geologic seepage indicators associated with
emission levels in Etiope et al. (2019)

None None Faults or
earthquakes

Faults plus earthquakes, or oil
seeps, or gas-bearing springs

Gas macroseeps or
mud volcanoes
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Sampling locations were chosen to include the full
range of the Etiope et al. (2019) predicted seepage levels
and geologic indicators with the intention of collecting
a data set representative of microseepage variability in the
Western New York State region (Figure 2; Tables S1 and
S2). About a quarter of the measurements were collected
in Level 4 cells with predicted high microseepage. Level 4
grid cells make up less than 1% of the total area in this
region but are important to characterize because of their
disproportionately large predicted contribution to overall
microseepage emissions. Approximately 20% of the mea-
surements were collected within 0.5 km of previously
mapped fault lines (Figure 2). Five of the measurements
were also collected within a $0.5 km stretch along
a stream that encompasses a known macroseep and two
miniseepage zones (Etiope et al., 2013), including a site
within$8 m of the macroseep (sampling area e in Figure 2
and Tables 5, S1 and S2). Due to the convenience in
gaining access permits, all sampling was conducted within
public parks. A 1-km buffer zone was adopted around
known oil and gas wells, in which sampling was avoided.
The buffer zone was intended to minimize any potential
interference in the natural microseepage signal from oil

and gas operations (Figure S1). Avoiding the buffer zone
was possible in the majority of locations, but a few excep-
tions were made to allow sampling near features of high
interest such as active seeps (Table S2). Within each area
(denoted by letters on the map), local topographic lows,
topographic highs, and intermediate elevation sites were
sampled in an attempt to gain a representative view of the
full range of microseepage variability.

Flux chamber design and procedure
A custom flux chamber was constructed based on the
principles used in prior surface methane emission studies
and similar to those used in previous microseepage stud-
ies (Klusman et al., 2000; Klusman, 2003, 2005; Etiope,
2005; Etiope et al., 2006; LT Environmental, 2007; Tang et
al., 2007; Etiope & Klusman, 2010; Tang et al., 2010; Oertel
et al., 2016; Tang et al., 2017; Elder et al., 2020). The
apparatus, as depicted by Figure 3, uses a closed chamber
in conjunction with a Los Gatos Research Portable Green-
house Gas Analyzer (LGR Gas Analyzer) to measure the
CH4, CO2, and H2O vapor mole fractions over a set amount
of time in the chamber for each sample. The flux chamber
is a modified high-density polyethylene bucket with a lid

Figure 1. A map of coarsely gridded (1! latitude " 1! longitude) methane microseepage emission estimates for the
United States from data published in Etiope et al. (2019). The two red high-emission cells located in Western New York
State are the focus of this study. DOI: https://doi.org/10.1525/elementa.2020.00066.f1
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that seals with an o-ring, and quick-connect ports installed
in the top which connect to the LGR Gas Analyzer through
¼00 outside diameter (OD) tubing (Synflex 1300). The flux
chamber includes a vent ($2 m of 1/1600 OD stainless
steel tubing) to ensure pressure equilibration with ambi-
ent air.

During sampling, the bottom of the flux chamber is
pushed into the soil, and the change in the methane mole
fraction ([CH4]) over time in the chamber can be used to
calculate the soil CH4 flux (Equation 1). Text S1 of the sup-
plement provides further detail on calibration, flux detec-
tion, and blank testing with the system, and Figure S2
provides a photo of the sampling system setup in the field.

In addition to soil flux sample measurements, a dry
standard gas from a 6-L Restek SilcoCan with a known
[CH4] of 1.473 + 0.007 mmol mol–1 was measured at the
start and end of each sampling day to verify instrument
performance and to check for any drift over the course of
the day.

The sampling procedure is as follows. Prior to the first
sample of the day, an initial standard gas measurement is
taken over a 3-min interval. Once this is complete, the
chamber is opened to the atmosphere to equilibrate with
ambient air and then pushed approximately 2 cm into the
soil surface. The LGR gas analyzer circulates air at approx-
imately 450 standard cubic centimeters per minute (sccm)
and measures the three greenhouse gas concentrations in
the chamber over an approximately 10-min period. During
this period, sampling site metrics are recorded such as
wind speed, sample coordinates, elevation, soil tempera-
ture, chamber temperature, distance from significant fea-
tures; a general description of the site is also recorded and
photos are taken.When the measurement is complete, the
Synflex lines are disconnected for transport and the LGR
Gas Analyzer continues to measure ambient air en route
in between sampling sites. After the final measurement of
the day, another 3-min standard measurement is
performed.

Figure 2. Map of the area of interest in Western New York State. The map showing faults (Isachsen & McKendree, 1977;
Jacobi, 2002), recent earthquakes (U.S. Geological Survey, 2019), known gas seeps (Schimmelman et al., 2018), the
fine-scale 0.05! " 0.05! grid of microseepage emission levels assigned by Etiope et al. (2019; only Level 4 is
highlighted, as the rest of the cells in the region were randomly assigned between Level 1 and Level 0), the
sampling sites, and the sampling areas based on the key in Table S1. Note that in sampling area e, the sampling
site stars obscure an active seep; in area f, the sampling site stars also partially obscure two active seeps. DOI: https://
doi.org/10.1525/elementa.2020.00066.f2
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Table 5. Measured average CH4 flux values compared to corresponding emission level estimates in Etiope et al. (2019).
DOI: https://doi.org/10.1525/elementa.2020.00066.t5

Sampling Area(s) Key
Number of
Samples

Assigned Seepage Level
in Etiope et al. (2019)

Average Measured Flux
(mg CH4 m–2 day–1) a

Estimated Microseepage
(mg CH4 m–2 day–1) in
Etiope et al. (2019)

a 6 Level 0/Level 1 –1.81 + 0.608 0.598

b 4 Level 0/Level 1 –0.989 + 0.820 0.598

c 6 Level 0/Level 1 –0.482 + 0.303 0.598

a, b, c average 16 Level 0/Level 1 –1.10 + 0.337 0.598

d 4 Level 2 –1.11 + 0.541 31.1

g 4 Level 2 –0.306 + 0.129 31.1

h 4 Level 2 –0.433 + 0.439 31.1

i 4 Level 2 –0.448 + 0.244 31.1

j 3 Level 2 –0.00763 + 0.069 31.1

d, g, h, i, j average 19 Level 2 –0.484 + 0.164 31.1

e 6 Level 4 –0.305 + 0.181 493.54

f 3 Level 4 –0.0242 + 0.0151 493.54

e, f average 9 Level 4 –0.212 + 0.126 493.54
aUncertainties represent the standard error of the mean.

Figure 3. A schematic of the sampling system. During sampling, valves V1 and V3 are closed and V2 and V4 are open to
constantly circulate air between the flux chamber and Los Gatos Research Portable Greenhouse Gas Analyzer. During
standard gas measurement, V1 and V3 are open, and V2 and V4 are kept closed. DOI: https://doi.org/10.1525/
elementa.2020.00066.f3
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Data processing
After visiting each area, time series data were examined
for data quality as described in supplement Text S2. The
CH4 flux for each site was calculated using a standardized
MATLAB script and the following equation:

flux ¼ d½CH4&
dt

1; 440 min
1 day

! "

V
22:4 L mol'1

273 K
T

P
1013 mbar

! "

16; 040 mg CH4mol'1

A

! "
ð1Þ

Equation 1 is used to solve for sample flux. The result-
ing flux computed by Equation 1 is in units of mg CH4 m–2

day–1. d[CH4]/dt is the rate of [CH4] change in the cham-
ber in mol mol–1 min–1, V is the chamber volume in liters,
T is the air temperature inside the chamber in K (average
of T readings at start and end of flux measurement), A is
the area of the opening at the bottom of the chamber (the
effective flux area) in m2, and P is the hourly ambient air
pressure in mbar obtained from local weather stations.

To determine d[CH4]/dt, the MATLAB linear regression
function film was used over the full measurement time
interval. This method also provides the standard error of
the linear slope. Figure S7 provides an example of the
linear [CH4] behavior during a typical sample measure-
ment. To avoid artifacts in d[CH4]/dt associated with
chamber placement and switching between chamber air
and standard gas, the first and last minute of [CH4] mea-
surements are excluded from the d[CH4]/dt analysis.

The uncertainties in each parameter in Equation 1 are
propagated using standard techniques to determine the
uncertainty in CH4 flux. The largest sources of uncertainty
are the chamber’s volume calibration and, for some sam-
ples, d[CH4]/dt.

The average flux for each area was compared to the
Etiope et al. (2019) microseepage estimates (adjusted for
seepage level reclassification if needed, as discussed
above; Table 5). Because grid cells with no known geo-
logic indicators were randomly assigned either Level 0 or
Level 1 microseepage flux at a ratio of 54:46 in Etiope et
al. (2019), the predicted flux of these cells was averaged to
be 0.598 mg CH4 m–2 day–1 and classified as a single low-
flux group. Three samples with highly variable d[CH4]/dt
(Table S2, Text S2) were excluded from further analyses in
the main text, but included in the analysis in Figure S11 in
the supplement; inclusion of these samples does not
affect the study’s conclusions.

Statistical analysis of howwell our samples capture
regional mean flux
A Monte Carlo statistical analysis was conducted to inves-
tigate the regional representativeness of the measure-
ments in this study, given the potential for spatial and
temporal patchiness in CH4 microseepage. In this analysis,
hundreds of thousands of synthetic microseepage flux
distributions for our 1! " 2! main study region (depicted
in Figures 1 and 2) were generated by drawing spatially
(and in some tests also temporally) correlated random

samples from a probability distribution fit to the micro-
seepage flux data compilation from Etiope et al. (2019).
The mean microseepage flux for each synthetic distribu-
tion was required to match the mean flux predicted by
Etiope et al. (2019) for our 1! " 2! study region ($4 mg
CH4 m–2 day–1), but the fluxes vary from $–10 mg/m2/
day to $500 mg/m2/day across spatiotemporal scales of
1–100 km and 1–180 days. These synthetic distributions
were then sampled at the locations/times matching the
actual field measurements in this study, and the mean
microseepage flux for each synthetic set of samples was
then computed. This yields the probability that the study
data set underestimates the mean regional microseepage,
and the probability of finding the mean of the study sam-
ple set if the Etiope et al. (2019) mean microseepage flux
estimate is regionally representative. Full details of this
analysis are given in Text S3 of the Supplement.

Results and discussion
The field measurements and calculated flux values for
each sample are presented in Table S2. In Table 5, the
average microseepage fluxes for each sampling area are
compared to the Etiope et al. (2019) statistical model
predictions.

All of the sampling areas yielded negative or negligible
(within uncertainty of zero) average CH4 fluxes; this is
most likely due to the soil CH4 sink. Negative flux values
indicate that soil gas [CH4] is lower than atmospheric,
which implies an absence of a positive geologic CH4 flux
to the atmosphere. We therefore interpret negative soil
flux values as indications of zero geologic emissions to
the atmosphere at those sites. While there is variability
in fluxes measured within each area (Table S2), for the
Level 2 areas, the Etiope et al. (2019) microseepage esti-
mate (31.1 mg CH4 m–2 day–1) exceeds one standard devi-
ation of all measured average microseepage values by
more than an order of magnitude. For areas classified as
Level 4, this discrepancy is three orders of magnitude.

Our measurements included multiple sampling sites in
proximity of flux-predictive features such as macroseeps
and faults (see Methods). Considering this, our results
indicate that geologic CH4 microseepage fluxes in this
region are not ubiquitously associated with such features
and suggest that the positive fluxes are not as widespread
as assumed for this region by the Etiope et al. (2019)
inventory. However, individual flux chamber measure-
ments have a very limited spatial and temporal footprint;
the number of measurements in this study is likewise
relatively limited. The likely heterogeneity of geologic
CH4 microseepage emissions in space and time makes
upscaling flux chamber measurements to a regional mean
flux estimate inherently challenging. To further illustrate
this point, despite the fact that all of our sampling areas in
Table 5 above yielded negative or negligible CH4 fluxes,
prior soil gas measurements (Fountain & Jacobi, 2000) at
the southern margin of the Clarendon-Linden Fault sys-
tem in Western New York State strongly suggested that at
least some areas of positive fluxes exist in this region.

We used a statistical analysis (see Methods and Text S3
in the Supplement) to investigate how representative our
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limited measurements are of the true regional mean mi-
croseepage CH4 flux. The results of this analysis (Figure 4)
indicate that it is more likely than not (60%–72% proba-
bility) that our measurements underestimate mean micro-
seepage in the region (28%–40% probability that our
measurements overestimate the mean; Figure 4a and c).
However, the analysis also indicates that it is highly
improbable (<5% chance in most scenarios) that our set
of measured fluxes (mean þ SE $–0.47 mg CH4 m–2

day–1) could have been observed if the true regional mean
microseepage CH4 flux is as high as estimated by Etiope et
al. (2019) ($4 mg CH4 m–2 day–1; Figure 4b and d). The
probability that our set of flux measurements could be
made in a region with mean emissions of 4 mg CH4 m–2

day–1 peaks for spatial variability scales of $20–50 km
(Figure 4b). In these scenarios, relatively rare negative
rates (Figure S12) would cluster into coherent features
that could have been over-sampled by our clustered sam-
pling strategy (Figure 2). For larger scales of variability,
regions of high emissions would be “too hard to miss,”
and our sampling strategy is more likely to reflect the true
regional mean (Figure 4a).

The probability that the regional mean predicted by
Etiope et al. (2019) remains correct despite our lower
measured rates also increases if the flux undergoes
region-wide synchronous temporal variations, meaning
we could have sampled only at times of anomalously low
flux. However, this probability only exceeds 5% (reaching
up to 10%) for synchronous temporal variability on rela-
tively long time scales of 50 days or longer (Figure 4d).
The only plausible driver of synchronous variability on
these timescales would be seasonal flux changes due to
the soil sink. However, most of our samples were collected
during the fall and winter seasons, with relatively cold (but
not frozen) soils when the soil CH4 sink is relatively low, in
principle allowing for relatively more geologic CH4 flux to
the atmosphere (see further discussion of this below). It is
therefore not plausible that we sampled only during “low
points” of the seasonal flux cycle. Ruling out these cases,
our statistical analysis demonstrates with high confidence
(>95%) that our measurements cannot be reconciled with
a regional mean flux as high 4 mg CH4 m–2 day–1, making
it very likely that Etiope et al. (2019) overestimated micro-
seepage CH4 flux in this region.

Figure 4. Results of the statistical analysis. The statistical analysis investigated the probability that our set of
measurements underestimated the true regional mean CH4 microseepage flux (panels a and c) and the probability
of finding our measured mean CH4 flux if the true mean flux is equal to the Etiope et al. (2019) prediction for this 1!

" 2! region ($4 mg CH4 m–2 day–1; panels b and d). For panels a and b, the synthetic flux distributions assumed no
temporal variability in the flux. For results in panels c and d, temporal variability was assumed and the spatial scale of
flux variability in the synthetic data was 5 km. In all cases, black dashed line shows the same probabilities if samples
are drawn directly from the emissions probability distribution, rather than a synthetic data set with spatial and
temporal structure. This represents the extreme scenario in which emissions are truly random in space and time. DOI:
https://doi.org/10.1525/elementa.2020.00066.f4
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Flux chambers have a very limited footprint, and eddy
covariance CH4 measurements are not available in West-
ern New York State for comparison with our results.
Instead, we attempted to use satellite measurements to
examine whether our flux chamber measurements are
representative of microseepage CH4 fluxes on larger spa-
tial scales in this region. We aggregate column-average
bias-corrected CH4 mixing ratios from the TROPOspheric
Monitoring Instrument (TROPOMI; Hu et al., 2018;
Copernicus Sentinel-5P, 2019) over 8 " 8 km horizontal
resolution using the recommended quality-control filters
for a 2-year interval (May 2018–May 2020) that included
the time interval of the flux chamber measurements
(Sep 2019–Jan 2020); these results are shown in Supple-
mentary Figure S14. The typical reported precision of the
TROPOMI column-averaged CH4 is 3 nmol mol–1. Consid-
ering this precision and the mean near-surface wind speed
in our study region, TROPOMI may in a best case scenario
be able to detect intense CH4 microseepage from clusters
of two or more Level 4 fine grid cells in the Etiope et al.
(2019) classification (at 494 mg CH4 m–2 day–1; see Sup-
plementary Text S4). The examined TROPOMI data do not
reveal positive CH4 anomalies associated with Level 4 cells
in our regions (cells containing active macroseeps; Figure
S14). However, given the TROPOMI measurement preci-
sion of 3 nmol mol–1, emissions of 494 mg CH4 m–2

day–1 from these Level 4 fine grid cells cannot be conclu-
sively ruled out (see Supplementary Text S4).

The mean and median CH4 flux values for our entire
data set (–0.62 and –0.20 mg CH4 m–2 day–1, respectively)
are at the low end of such values when compared to prior
microseepage data (Table 3). While the data sets from
southern Europe and northwest China generally show
much higher fluxes, the data sets from most Western U.S.
locations are more similar to our measurements, with one
of the regions (Nevada) also yielding a negative mean flux
and one of the regions (Texas) yielding a median flux that is
more negative than our result for Western New York State.

We propose four possible explanations for why our
measurements show much lower microseepage flux va-
lues than many prior data sets and why the Etiope et al.
(2019) model may have systematically overestimated mi-
croseepage fluxes in Western New York State. First, it is
possible that for some of the prior data sets compiled by
Etiope et al. (2019), the locations of microseepage mea-
surements were biased toward high-seepage areas rather
than representative of average fluxes. This also relates to
our conclusion above that (at least for Western New York
State) positive microseepage fluxes are not nearly as wide-
spread as assumed by the Etiope et al. (2019) inventory.
For example, the Raton Basin (Colorado, United States)
measurements (LT Environmental, 2007) are the data sets
with the highest measured fluxes, and the measurements
were all taken within a few hundred meters of known
macroseeps. It is not clear to us whether that set of mea-
surements could even be classified as “microseepage”
because Etiope (2015) classifies the soil emission “halo”
surrounding a focused macroseep as “miniseepage”
instead, reserving the term “microseepage” for fluxes that
are independent of a macroseep. In contrast, our study

was designed specifically to avoid bias toward either low-
or high-seepage areas.

Second, it is possible that recent seismic activity within
a basin plays a greater role in microseepage than the Etiope
et al. (2019) model accounts for. The prior data sets that
yielded relatively highmeanmicroseepage fluxes are mainly
from regions that are more seismically active than Western
New York State (e.g., Italy; Schulte &Mooney, 2005; Incorpo-
rated Research Institutions for Seismology, 2021). Regions
that are more similar to the Appalachian Basin in terms of
seismic activity (e.g., Colorado,Wyoming,Texas) have yielded
data sets with mean flux values more similar to ours.

Third, it may be possible that the lack of overpressure in
the shale gas systems inmost of the study region (e.g., Ryder,
2008) contributes to relatively low microseepage fluxes.

Fourth, the approach taken in the Etiope et al. (2019)
statistical model for linking microseepage flux magnitude
to predictive geologic features was qualitative in nature
and did not attempt to quantitatively examine the rela-
tionship between flux and distance to the nearest fault or
seep, for example. Such an approach is speculative and
could result in large errors.

Our study was limited in the number of samples as well
as in its spatial extent. It may be possible that the Western
New York State region is anomalous in terms of microsee-
page; this is impossible to know without conducting fur-
ther detailed sampling in multiple other regions. No
conclusions could be reached on whether proximity to
faults, soil temperature, or elevation significantly affects
microseepage fluxes due to the small size of the data set.
A larger data set is necessary to answer such questions
that could contribute to the development of an improved
microseepage flux model.

There are two further sources of uncertainty in the
interpretation of our results that should be mentioned.
The first concern is the possibility of measuring contem-
poraneous biogenic rather than geologic (fossil) methane
in positive flux samples. Biogenic methane refers to meth-
ane originating from microbial decomposition of organic
matter and is common in wetlands and any areas with
water-saturated soils (Saunois et al., 2016; Saunois et al.,
2020). The two small significantly positive fluxes detected
(c1 and j1 in Table S2) were both located near creeks,
lakes, or other water sources. Thus, there is potential for
the detected small positive fluxes to be the result of bio-
genic rather than geologic methane emissions, as the flux
measurement system used in this study is not capable of
distinguishing between the two types of sources.

Second, the flux chamber method measures net CH4

flux rather than microseepage only. As mentioned above,
the soil CH4 sink is clearly an important process affecting
our measurements. A stronger CH4 soil sink during the
warm season has been observed at some temperate forest
locations (e.g., Guckland et al., 2009). A seasonally stron-
ger soil CH4 sink could in principle mask geologic CH4

emissions. However, our measurements were taken during
the fall and winter, with a mean soil temperature of 6.6 !C
(median 4.2 !C), while mean annual air temperature in
this region is $ 9 !C. It therefore seems unlikely that our
flux measurements are biased low (with respect to annual
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mean flux) by the soil sink. We further note that the soil
temperature was above freezing for all measurements,
eliminating any concern of frozen soil inhibiting geologic
methane release (Table S2).

Conclusions
Our measurements show lower geologic CH4 microseepage
fluxes than most prior data sets. Our results indicate that
positive CH4 microseepage fluxes in Western New York
State are not as spatially extensive as previously assumed
and that Etiope et al. (2019) very likely overestimated mi-
croseepage emissions for this region. However, our study is
limited in the number of samples and regional extent and
by itself should not be used to evaluate the overall validity
of the Etiope et al. (2019) microseepage model.

Continuing measurements at each site would allow for
an improved consideration of temporal flux variation, and
additional sampling areas would create a more compre-
hensive look at Western New York State and the Appala-
chian Basin. In order for improved global estimates of
geologic methane microseepage to be developed, and for
the Etiope et al. (2019) model to be evaluated, compre-
hensive sampling needs to take place across a range of
different types of hydrocarbon basins, and relationships
between microseepage fluxes and proximity to predictive
features such as macroseeps and faults need to be quan-
titatively examined. Any future studies should also include
a method to differentiate between geologic and biogenic
methane fluxes through measurements of ethane and/or
isotopic measurements. We further note that the type of
statistical analysis we applied to our data can be used to
help guide site selection to maximize the probability of
accurately capturing the mean regional fluxes. Finally,
future studies of this nature should consider the option
of evaluating miniseepage and microseepage as a single
category, to avoid any ambiguity involved in distinguish-
ing between these diffuse seepage emission categories.
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a high [CH4] standard to ultrapure air between positive
and negative flux simulations.

Table S4. Flux detection test results.
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Figure S8. First sample with a time-variable CH4 trend.
[CO2] (red), [CH4] (green), and [H2O] (blue) during sample
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trend. [CO2] (red), [CH4] (green), and [H2O] (blue) during
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Figure S11. Bar charts of the results. The top left, top
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Level as per Etiope et al. (2019) classification. The bottom-
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