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and Ethane and the 13C of Methane in Shale
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Abstract
Baseline characterization of concentrations and isotopic values of dissolved natural gases is needed to identify contamination
caused by the leakage of fugitive gases from oil and gas activities. Methods to collect and analyze baseline concentration-depth
profiles of dissolved CH4 and C2 H6 and δ 13 C-CH4 in shales and Quaternary clayey tills were assessed at two sites in the Williston
Basin, Canada. Core and cuttings samples were stored in Isojars® in a low O2 headspace prior to analysis. Measurements and
multiphase diffusion modeling show that the gas concentrations in core samples yield well-defined and reproducible depth profiles
after 31-d equilibration. No measurable oxidative loss or production during core sample storage was observed. Concentrations from
cuttings and mud gas logging (including IsoTubes®) were much lower than from cores, but correlated well. Simulations suggest
the lower concentrations from cuttings can be attributed to drilling time, and therefore their use to define gas concentration
profiles may have inherent limitations. Calculations based on mud gas logging show the method can provide estimates of core
concentrations if operational parameters for the mud gas capture cylinder are quantified. The δ 13 C-CH4 measured from mud gas,
IsoTubes®, cuttings, and core samples are consistent, exhibiting slight variations that should not alter the implications of the results
in identifying the sources of the gases. This study shows core and mud gas techniques and, to a lesser extent, cuttings, can generate
high-resolution depth profiles of dissolved hydrocarbon gas concentrations and their isotopes.

Introduction
Unconventional natural gas extraction from low
hydraulic conductivity (K ) sandstones and shales is an
important energy resource to meet growing global demand
(US Energy Information Administration [US EIA] 2013).
Vertical migration of fugitive gases, typically dominated
by methane (CH4 ; C1 ) and other low molecular weight,
volatile hydrocarbons such as ethane (C2 H6 ; C2 ), propane,
butane, and pentane, can contaminate shallow drinking
water aquifers as well as destroy arable soils around
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wellheads, contribute to atmospheric methane concentrations, and, in extreme cases, present an asphyxiation and
explosion hazard (Baldassare and Laughrey 1997; Rowe
and Meuhlenbachs 1999; Osborn et al. 2011; Baldassare
et al. 2014). Both molecular and stable isotope (δ 13 C and
δ 2 H) compositions of these fugitive gases have been used
to determine their origin (Rowe and Meuhlenbachs 1999;
Szatkowski et al. 2002; Osborn et al. 2011).
Baseline characterization of spatial and vertical
variability in gas concentrations and their isotopic values
are necessary, albeit lacking, for comparison in fugitive
gas investigations (Jackson et al. 2013; Vidic et al. 2013).
A key limitation in defining baseline characteristics and
thus predicting fugitive gas sources in low K argillaceous
sediments (representing two-thirds of all sedimentary
rocks on Earth) is the lack of knowledge on how to
measure concentrations and isotope values of the gases
dissolved in porewaters in these sediments. Collecting
porewater gas samples that represent in situ dissolved
concentrations using groundwater wells in aquifers can
be challenging (cf McIntosh et al. 2015 and Ryan et al.
2015). Slow groundwater recharge rates further confound
sampling and analyses of waters from wells installed in
argillaceous sediments because they prohibit purging the
Groundwater
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standing water from these wells and can result in a mixed
sample of altered and unaltered formation porewater
(Wassenaar and Hendry 1999). This is especially true
for the volatile and reactive components of hydrocarbon
gases, where sample collection is particularly challenging
because the porewater must remain isolated from the
atmosphere at a pressure greater than the total dissolved
gas pressure. This limitation combined with the high
costs of groundwater and observation well installations (or
other groundwater sampling instrumentation) warrants the
investigation of alternate methods to collect and analyze
gas concentrations in argillites.
Compositional and isotopic analyses of CH4 and
the light alkanes from drilling mud, drill cuttings, and
core are industry-accepted practices (Ellis et al. 2003).
Hydrocarbon concentrations are often measured in real
time on the gases released from drilling fluids (drill mud)
during rotary drilling using field instrumentation. Discrete
samples of the mud gases are collected in IsoTubes®
(hereafter referred to as tubes) or gas-tight glass serum
bottles for laboratory analyses (Rowe and Meuhlenbachs
1999; Strauss et al. 2015). Mud gas concentrations are
dependent on the rate of drilling, volume of drill fluid,
and amount of atmospheric air contamination contacting
the mud gas capture unit, and do not directly represent
in situ concentrations. In place of or in addition to mud
gas logging, drill cuttings and core samples collected at
specific depth intervals during drilling can be placed in
Isojars® (hereafter referred to as jars). In these cases,
concentrations and isotopic values are measured on the
gases released from the cuttings and/or cores to the
headspace in the jars (Clark et al. 2015; Wiersberg et al.
2015). The concentrations and isotopic values of these
gases are subsequently measured.
The use of mud gas, drill cuttings, and core samples
collected from discrete depths during drilling to determine
the compositional and isotopic characteristics of dissolved
gases in formation waters are not well characterized.
The use of these approaches to generate depth profiles
that estimate in situ dissolved gas concentrations and
their isotopic values through argillaceous sediments have
not been determined. Here, we evaluated sampling and
analytical approaches to develop dissolved CH4 and C2 H4
concentrations profiles and the 13 C isotopic values of
CH4 (13 C-CH4 ) in argillaceous sediments (i.e., shale
and glacial till) during rotary drilling. These included:
(1) continuous mud gas concentration and 13 C-CH4
logging using field portable technology; (2) collection and
processing of mud gas, drill cuttings, drill core samples,
including simulations of diffusional equilibration times;
(3) assessing the stability of mud gas, drill cuttings, and
core samples during storage (with and without microbial
sterilization); and (4) investigating approaches to calculate
in situ dissolved gas concentrations from mud gas, drill
cuttings, and core samples. These objectives were attained
using data collected at two drill sites in the Williston
Basin, Canada (Figure 1). The ability to generate depth
porewater profiles that represent in situ conditions will
allow us to better determine the potential impacts of
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unconventional oil and gas development by defining
baseline gas concentrations, their sources, and their fate
and transport in argillaceous sediments.

Research Method
Drilling, Sampling, and Mud Gas Logging
Mud rotary drilling was performed at Sites 2 and 5
located in the Weyburn Study Area of the Williston Basin,
Saskatchewan, Canada (Figure 1). In September 2013
and July 2014, boreholes were drilled to depths of 150
(Site 2) and 200 m (Site 5) below ground surface (BG),
respectively, using an Ingersoll Rand TH60 rotary drill
rig and a tricone drill bit (160 mm diameter). The rotary
drilling was conducted in two stages through the glacial
till and the underlying Cretaceous Pierre Shale. During
Stage 1, continuous mud gas logging was completed and
discrete mud gas and drill cuttings samples were collected.
During Stage 2, the drill rig was moved 10 to 15 m away
from the first borehole where continuous wireline coring
was conducted. The drilling rate during Stage 1 ranged
from 0.8 to 12.9 min/m (mean = 2.2 ± 2.64) in the glacial
till, to 1.0 min/m at the till/shale contact, to 4.2 min/m
(mean = 3.2 ± 2.2) at 200 m BG in the shale. In both units,
drill mud was circulated down the drill stem and up the
annulus at 0.75 m3 /min. The mud gas logging system used
in Stage 1 consisted of a steel cylinder (0.15 m diameter ×
200 mm long) installed in the mud tank. An electric motor
located on the top of the cylinder drove a stirring impeller
mounted inside the cylinder. Mud gas was extracted from
the steel cylinder at 2.4 standard liters per minute (slpm)
using a vacuum pump. A condensation loop consisting
of ethylene glycol and calcium chloride (CaCl2 ) was
installed between the mud tank and the vacuum pump to
minimize water condensation. At Site 2, the steel cylinder
was connected to an Agilent 490 gas chromatograph (GC)
and an IsoTube® gas-sampling manifold. At Site 5, a
Los Gatos Research Inc. (LGR) methane carbon isotope
analyzer (MCIA)-24-EP CH4 analyzer was connected in
line with the outlet of the tube gas sampler. A check
valve was installed between the Agilent GC and the LGR
CH4 analyzer to prevent over-pressurization of the LGR
CH4 analyzer and elevated back-pressure on the GC. The
outlets of the LGR CH4 analyzer and the check valve were
vented to the atmosphere. A photo and schematic of the
mud gas sampling and analysis setup at Site 5 are shown
in Figure S1, Supporting Information.
The C1 to C5 concentrations (only C1 and C2
discussed) were measured on the mud gas using the
Agilent GC every 90 s with a repeatability of 0.5% at
1 mol% and a limit of detection (LOD) of 1 ppmV.
The LGR CH4 analyzer measured CH4 concentrations
(0 to 4,000 ppmV) and δ 13 C-CH4 values over a CH4
concentration range of 500 to 10,000 ppmV every 50 s.
The analytical error estimated for the δ 13 C-CH4 values
was ±0.5‰. Although the LGR CH4 analyzer required
no internal calibration during sampling, a CH4 calibration
standard (CH4 = 10,000 ppmV, δ 13 C-CH4 = −42.3‰)
NGWA.org

Figure 1. Study area: (a) location of the Weyburn Study Area within the Williston Basin and (b) location of drill Sites 2 and
5 (solid blue circles) and towns (solid red squares) within the study area.

was analyzed every 6 h to verify the results from the
analyzer remained within analytical error. Mud gas
samples were collected in tubes at 5-m depth intervals
using a tube-sampling manifold (Figure S2).
During Stage 1 mud rotary drilling at Site 5, drill
cutting samples were collected at the collar of the drill
hole every 3 m (n = 41) using a coarse sieve. The samples
were washed for approximately 20 s in fresh drill water,
immediately placed in jars, flushed with an inert gas
(argon), and sealed. Three additional sets of cuttings
samples were collected at 25 and 50 m BG in the till and
at 75, 100, 125, 150, and 175 m BG in the Pierre shale.
Two sets of samples (1 and 2) were collected as described
above, where set 1 was washed in water for approximately
20 s and set 2 for approximately 40 s.
Continuous core samples were collected during Stage
2 using a solid core barrel with PVC liner (75 mm
inside diameter × 3.05 m long). Core samples (∼100 to
150 mm long) were collected at 3-m depth intervals. The
outer 2 to 5 mm of the core samples were immediately
removed after core retrieval to minimize contamination
by drill mud. The trimmed core samples were placed
in jars (∼660 cm3 ), flushed with an inert gas (nitrogen
for Site 2 and argon for Site 5) for approximately 20 s,
and sealed (mean = 485 ± 71 g; n = 103). An additional
set of core samples was collected at 25, 50, 99, 125,
150, and 175 m BG and treated with an antimicrobial
agent (10 drops ≈ 20 g of zephiran chloride) to investigate
the potential for microbial effects on the CH4 and C2 H6
concentrations (IsoTech Labs Inc. 2014).
Jar and tube samples were stored at ambient temperature (10 to 30 ◦ C) for transport to the University
of Saskatchewan (U of S). Samples collected for gas
NGWA.org

concentrations were stored for a further 100 d at room
temperature prior to analysis. Jar samples collected at Site
2 for δ 13 C-CH4 were shipped to Isotope Tracer Technologies (ITT), Waterloo, Canada, where they were stored at
room temperature for 480 d prior to analysis. Core and
cutting samples collected from Site 5 were shipped to
ITT, stored at room temperature, and analyzed after 300 d.
These samples were subsequently shipped back to the U
of S and analyzed a second time after a total of 480 d
storage time. Ten sets of core samples collected at Site 5
in jars were shipped to the University of Calgary (U of C)
after 480 d of storage for additional analysis of δ 13 C-CH4
and δ 13 C-C2 H6 to assess the accuracy of δ 13 C-CH4 analyses performed using the LGR δ 13 C-CH4 at the U of S.
Tube samples collected from Site 2 were shipped to the
University of Ottawa (U of O), where they were stored for
150 d at room temperature prior to analysis of δ 13 C-CH4 .
Analysis of Core and Cutting Samples
Core samples collected from Site 2 were equilibrated
with the headspace in the jars at standard temperature
(25 ◦ C) and pressure (1 atm) for 31 and 100 d prior to CH4
and C2 H6 analysis. Cuttings collected from Site 5 were
also equilibrated for 100 d prior to CH4 and C2 H6 analysis. The two sets of cutting samples and two additional
sets of core samples (i.e., cuttings washed for 20 and 40 s
and cores collected with and without zephiran chloride
treatment) were analyzed for CH4 and C2 H6 after 20, 44,
66, and 100 d of equilibration. In all cases, about 10 cm3
of gas headspace were collected from each jar using a
60 cm3 syringe and injected into the septa port of an Agilent 7890 GC equipped with a flame ionization detector
to measure light hydrocarbons and a thermal conductivity
M.J. Hendry et al. Groundwater
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detector to measure O2 and N2 . Based on analyses
conducted on ScottyTM 17 L calibration gas standards
(concentrations of 0.0010, 0.01, 0.1, and 10% CH4 and
0.0010, 0.01, 0.1, and 1.0% C2 H6 ) and on replicate core
samples, the accuracy of the analytical method was ±5%.
The LOD and limit of quantification for both CH4 and
C2 H6 were determined to be 1.1 and 11 ppm, respectively.
Concentrations of CH4 measured in the headspace of the
core and cutting jar samples (ppmV) were converted to
dissolved gas concentrations (mg/L) at standard temperature and pressure using the method outlined in Kampbell
and Vandegrift (1998) and total porosity (n T ) values
(based on gravimetric water contents and density measured on each core sample; data not presented). Although
gases evolving from core samples can increase the gas
pressure in jars, which in turn can affect the gas concentrations in the headspace, the impact of gas pressures in
the core-jars were shown to yield a negligible error in the
calculated dissolved concentrations (less than 5%). The
methods and results of pressure testing are presented in
Appendix S1.
Measurement of δ 13 C-CH4 and -C2 H6 core samples
collected in jars at Site 2 was performed at ITT on
a DeltaPlus XL Thermo Finnigan isotope ratio mass
spectrometer (IRMS) coupled with an Agilent 6890 GC
and a combustion or pyrolysis system. Accuracy and
precision were better than ±0.5‰ (Sherwood Lollar et al.
2007). Measurement of δ 13 C-CH4 in samples collected
as cuttings and cores in jars at Site 5 was performed
at the U of S using a MCIA-LGR CH4 and δ 13 C-CH4
isotope analyzer, with an accuracy and precision better
than ±0.5‰. To test the accuracy of the LGR δ 13 C-CH4
analyzer results, 10 duplicate samples were submitted
to the U of C Isotope Laboratory and analyzed using
a Thermo Trace GC—GC-IsoLink system interfaced to
a Thermo 253 mass spectrometer via a Thermo Conflo
IV, with an accuracy and precision of 0.2‰. The δ 13 C
values determined by the two labs varied by an average
of 0.15 ± 0.7‰. Samples collected in tubes at Site 2 were
analyzed at the U of O G.G. Hatch Stable Isotope Laboratory using a Thermo Finnigan DeltaPlus Advantage IRMS
coupled with a VarioEL III, with an accuracy and precision better than ±0.2‰. All δ 13 C analyses were reported
in permil (‰) relative to Vienna Pee Dee Belemnite.
The dimensions of representative cuttings samples in
the jars from the till (15, 33, and 42 m BG) and shale (60,
72, 84, 102, 114, 132, 141, 156, and 171 m BG) from
Site 5 were measured after gas analyses. Between 48 and
219 individual cuttings (mean = 122) were measured from
each sample. Measurement of cuttings collected from
depths greater than 141 m BG was not possible because
the cuttings formed balls that could not be separated.

Results and Discussion
Geology
The geology of the study area consists of a complex
series of Quaternary glacial deposits overlying thick
4
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Cretaceous shale (Figure 2). Tills in the study area can
be divided into two groups: the Sutherland Group (600
to 1600 ka) and the Saskatoon Group (10 to 600 ka;
Christiansen 1992). Site 2 features 35 m of Saskatoon
Group till and Site 5 features 10 m of Sutherland Group
till and 44 m of Saskatoon Group till. Extensive stratified,
permeable zones are evident in the till at Site 2. In
contrast, few permeable layers are evident in the till at Site
5 (Figure 2). At both sites, the till overlies approximately
700 m of noncalcareous, grey to dark grey, hard, highplasticity Pierre Shale Formation (66 to 83.6 Ma; Tourtelot
and Rye 1969).
Gas Concentrations from Core Samples
CH4 and C2 H6 concentrations measured after 31 and
100 d of equilibration in the headspace of jars for core
samples collected from the shale and till at Site 2 have
strong linear relationships (slopes ∼1; R 2 values of 0.95
and 0.99 for CH4 and 0.85 and 0.96 for C2 H6 in the tills
and shale, respectively; Figure S3). The near 1:1 slope of
the CH4 concentrations in the core samples suggests that
equilibrium between the CH4 in the porewater with the
headspace was reached within 31 d. The time to achieve
equilibrium between the CH4 dissolved in the porewater
and free gas in the headspace of the jar is supported
by numerical simulations. These simulations (detailed in
Supplemental Information and in Figures S4 and S5)
demonstrate that, under typical conditions in which 33%
of the jar is filled with core, gas concentrations reach 85%
of equilibrium concentrations within 10 d and 99% of
equilibrium concentrations within 30 d. These findings are
consistent with Hendry et al. (unpublished data) and Clark
et al. (2015) who show that CH4 equilibrium between the
porewater and gas phases in till and shale samples from
the study area and other low K sediments can be attained
after approximately 10 d. The slope of the best-fit lines
to the C2 H6 data (0.79 and 0.94 for the till and shale,
respectively; Figure S3) is consistent with equilibrium
being attained in less than 31 d, thereby providing a
guideline that can be used to standardize applications of
this technique in argillites. The application of the corejar technique under elevated gas pressures that can exist
in some shale-gas plays warrant investigation; testing
conducted in the current study was limited to pressures
below 4.3 MPa (data not presented).
The near 1:1 correlation between the CH4 and C2 H6
concentrations measured in the headspace of the jar samples after 31 and 100 d equilibration times (Figure S3) also
suggests that no oxidative loss or microbial gas production
and/or degradation occurs during storage prior to laboratory analysis. Negligible secondary microbial effects
during storage are supported by the lack of a decrease in
concentrations of CH4 and C2 H6 in the headspace of core
samples treated with zephiran chloride when compared
to the associated nontreated core samples (Figure S6).
Comparison of CH4 concentrations measured in core samples collected after 100 d of equilibration show little
difference between shale samples treated with zephiran
chloride and untreated samples (mean = 0.87 ± 0.11). The
NGWA.org

Figure 2. Site geology and dissolved CH4 and C2 H6 concentrations (after 100 d equilibration) from core and cuttings samples
vs. depth below top of Pierre Shale at (a) Site 2 and (b) Site 5. The Sutherland and Saskatoon Group tills and Pierre Shale
are defined by green, blue, and gray colors, respectively, in the geologic sections; the location of permeable units is indicated
by yellow in the concentration plots.

CH4 concentrations in the treated samples collected in
the till at 25 and 50 m BG are slightly greater than those
not treated with zephiran chloride (mean ratio of treated
to nontreated = 1.22 ± 0.50) and suggest some variability between samples. The C2 H6 concentrations in core
samples collected from the shales (50, 75, 99, 125, and
150 m BG) also show no clear difference after 100 d
of equilibration between samples treated vs. not treated
with zephiran chloride (mean ratio of treated to nontreated = 0.76 ± 0.18).
Concentrations of dissolved CH4 and C2 H6 (based on
the 100-d equilibration time gas analyses) vs. depth are
shown in Figure 2. These data show well-defined depth
trends in the concentrations of both gases. At Site 2,
both CH4 and C2 H6 concentrations are low and remain
constant with depth through the till, ranging from 0.14 to
1.3 mg/L for CH4 and from 0.01 to 0.39 mg/L for C2 H6 .
At the contact between the till and shale, the CH4 and
C2 H6 concentrations increase from 6.8 and 0.14 mg/L to
153.7 and 1.39 mg/L, respectively, with depth to the base
of exploration (115 m below shale contact). At Site 5,
concentrations of CH4 and C2 H6 are low and remain
constant with depth through the top 27 m of glacial till,
ranging from 0.07 to 3.5 mg/L and 0.01 to 0.10 mg/L,
respectively. At 27-m BG (27 m above shale contact),
both CH4 and C2 H6 concentrations increase abruptly
to 29.7 and 0.20 mg/L, respectively. Below this depth,
NGWA.org

concentrations of both gases increase with depth to 225
and 1.2 mg/L near the base of exploration (139 m below
shale contact).
A cross plot of the CH4 vs. C2 H6 concentrations
measured in the headspace of core jars at Sites 2 and
5 exhibits strong linear relationships (R 2 values of 0.95
and 0.98, respectively; Figure S7) and shows the CH4 vs.
C2 H6 depth profiles at each site are consistent and only
differ slightly between sites (slopes of 0.009 vs. 0.005 for
Sites 2 and 5, respectively). These linear relationships are
consistent with the lack of CH4 oxidation in the jars.
Gas Concentrations from Cuttings
Dissolved CH4 and C2 H6 concentrations in cuttings
samples collected at Site 5, calculated from measured
headspace concentrations in the jars after 100 d equilibration, vs. depth are shown in Figure 2. The dissolved
gas concentrations from the cuttings samples exhibit comparable depth profiles to the core samples; however, a
measureable decrease in gas concentrations is evident for
the cuttings. Concentrations of dissolved CH4 and C2 H6
in cuttings relative to core samples are plotted as C/Co
vs. depth BG in Figure 3. These data show the concentrations of gases measured in the cuttings relative to the
core samples decrease with increasing depth. The sample
processing time was examined to investigate factors causing lower gas concentrations in the cuttings with depth.
M.J. Hendry et al. Groundwater
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approximately 70% for sample collection times of less
than 10 min and for minimum cutting dimensions of
greater than 3 mm; however, these losses increase as
chip dimension decreases or drilling time increases (with
increased depth). Findings also suggest that if larger
cuttings could be collected and/or cuttings could be
collected at the surface more quickly (i.e., to limit mass
losses by diffusion into the drill fluid), cutting samples
could be used to define in situ gas profiles at greater
depths. This also suggests that the type of drill bit used
will impact the quality of the results obtained from drill
cuttings. For example, use of a drag drill bit may provide
larger-sized chips compared to the more commonly used
tricone drill bit used in this study; therefore, tricone drill
bits should be avoided for cuttings sample collection.

Figure 3. Concentrations of CH4 and C2 H6 in cuttings
relative to core samples plotted with depth (m BG). Time to
drill the length of one 3-m long drill pipe and the cuttings to
come to surface through the annulus are also plotted against
depth (meters below ground).

Comparison of the CH4 concentrations in the cuttings collected after 100 d of equilibration show little difference
between samples washed for 40 vs. 20 s (mean relative
concentration = 1.10 ± 0.23; Figure S8). The C2 H6 concentrations in all cutting samples collected also show little
difference between samples washed for 40 vs. 20 s (mean
relative concentration = 0.94 ± 0.17; Figure S8). These
data suggest that the change in the relative gas concentrations with depth is not primarily due to the short residence
time of the cuttings in the annulus (<2 min for 200 m)
during flushing to surface. The decrease in relative concentrations with depth is, however, inversely related to the
time required to drill the 3 m of core sample used to generate each cutting sample (Figure 3). The time required
to advance each drill pipe (3.05 m) ranged from 1.6 to
7.0 min to 50 m BG. Below this depth, the contact time
increased with increasing depth, requiring up to 20 min
for samples collected at 200 m BG.
Although collecting and analyzing dissolved gas
concentrations in cuttings are a potentially cost effective
means of determining gas concentrations, the method
has inherent limitations. Lower gas concentrations in the
cuttings relative to the core samples are attributed to the
small size of the samples and their exposure to relatively
dilute concentrations of gas contained within the drill
fluid, which allows greater diffusive releases from the
cutting to the drill fluid during drilling and transport up the
annulus from deeper intervals prior to sample collection.
Assuming that the rate of mass loss from these cuttings
is diffusion controlled, the mass loss can be related to
drilling time and chip dimension as shown in Appendix
S1 (and Figures S9 and S10). This analysis shows that
the mass retained in the cuttings would be greater than
6
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Gas Concentration Profiles from Mud Gas Logging
and Isotube® Samples
The mud gas CH4 and C2 H6 depth profiles at both
sites are similar in shape to the profiles generated from
core samples in jars, but, consistent with the cuttings
samples, they yield considerably lower concentrations
(Figure 4). Depth profiles of CH4 and C2 H6 concentrations
(ppmV) measured using the Agilent GC during mud gas
logging at the sites are shown in Figure 4. Mud gas CH4
concentrations at both sites and the C2 H6 concentrations
at Site 5 are roughly 5% of the concentrations measured
in the jars. Comparison between the CH4 concentrations
measured at Site 5 using the Agilent GC and the LGR
CH4 analyzer are strongly correlated (R 2 = 0.98, n = 196),
providing confidence in the GC profile presented. In contrast to these correlations, mud gas C2 H6 concentrations
at Site 2 are roughly 1% of the concentrations measured
in the jars.
The consistently lower CH4 and C2 H6 concentrations
from mud gas and tube analyses relative to the core
samples are attributed to dilution by drilling fluid during
hole advancement followed by dilution with atmospheric
gases during sample collection in the mud tank. The visual
similarities in the depth profiles from the two sets of data
suggest that the calculated dissolved gas concentrations
from the jar samples may be used to convert the mud gas
log data to dissolved gas concentrations. This observation
is supported by the strong relationships (R 2 = 0.82 to 0.83)
between cross plots of CH4 and C2 H6 concentrations of
mud gas and associated dissolved gas concentrations from
the jars (Figure S11). Using these strong relationships, the
dissolved gas concentrations of CH4 and C2 H6 from mud
gas data were estimated and plotted with the dissolved
CH4 and C2 H6 concentrations calculated from the jars
in Figure 5. The good fit between the profiles suggests
that dissolved concentrations of CH4 and C2 H6 can be
estimated from mud gas data in this study area.
Mass balance calculations relating core sample gas
concentrations to the mud gas concentrations were
completed (Appendix S1). In these calculations, the
concentration of the dissolved gas in the drilling fluid
was estimated from measured core gas concentrations
diluted by the volume of drilling fluid based on drilling
NGWA.org

Figure 4. Depth profiles of CH4 and C2 H6 concentrations measured during mud gas logging, in Isotubes®, and in IsoJars®
(100 d equilibration; see Figure 3) at (a) Site 2 and (b) Site 5.

and fluid circulation rates. The gas in the drill fluid was
then converted to gas phase concentrations using Henry’s
coefficient and the relative volumes of drilling fluid and
air within the gas capture unit. The calculated depth
profiles (Figure S13) highlight the consistent correlation
between calculated and observed mud gas concentrations
for a given drill fluid to air ratio. This suggests that,
if the operation of the mud gas extraction unit was
monitored, quantitative measurements of in situ dissolved
gas concentrations with depth could be obtained provided
that the in situ concentration (i.e., from core samples) are
available to correct the mud gas concentrations.
δ 13 C-CH4 Values
The δ 13 C-CH4 depth profiles from real-time onsite
analyses measured during drilling and in discrete samples
(mud gas, tube samples, core samples, and cuttings
samples) are shown in Figure 6 and in cross plots vs.
core values in Figure S14. At Site 2, δ 13 C-CH4 values
of cores range from −82.7‰ at 10 m above the shale
contact to −70.8‰ at 115 m below the shale contact.
Measurements from tubes show a similar range in values
(−75‰ at the till/shale contact to −68.9‰ at 112 m below
shale contact). Tube samples are slightly enriched in
δ 13 C-CH4 with respect to core samples (mean difference
+3.8 ± 1.4‰; n = 27). The shift in δ 13 C-CH4 values
between the core and tube samples appears systematic
as it is comparable throughout the profile. Based on the
increased sensitivity of the δ 13 C-CH4 values compared to
NGWA.org

bulk gas concentrations to detect microbial CH4 oxidation,
some variability in the depth profile might have resulted
from secondary microbial effects. The impact of CH4
oxidation on the overall isotope value of the sample
will vary based on differences in microbial activity and
the concentration of CH4 in each jar. Samples with
greater microbial activity and lower concentrations of
CH4 are expected to be the most sensitive to 13 Cenrichment. Tube samples collected from the glacial till
at Site 2 (35 to 0 m above the shale contact and two
samples from the glacial till 77.1 and 80.1 m below
shale contact) have very low CH4 concentrations (7 and
40 ppmV) and were diluted with high concentrations
of atmospheric gases. Isotope mixing between the high
concentrations of atmospheric gases (atmosphere-derived
CH4 = 2 ppm; δ 13 C = ∼−48.4‰; Sowers 2010) and the
low concentrations of CH4 might have contributed to
the large shift in δ 13 C values (∼40.5‰) observed in
some tube samples. Low CH4 concentrations and high
levels of atmospheric dilution can introduce additional
variability in the δ 13 C values for any sample. This
variability can be attributed to a combination of factors
including isotopic mixing with 13 C-enriched atmospheric
CH4 , concentrations near the detection limits of the mass
spectrometer, potential instrumental interferences from
high N and trace CH4 concentrations, and secondary
bacterial processes during storage prior to analysis.
The higher concentrations of hydrocarbon gases and
lower concentrations of atmospheric dilution for the
M.J. Hendry et al. Groundwater
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Figure 5. Dissolved concentrations of CH4 and C2 H6 from core samples in IsoJars® (100 d equilibration) and calculated
concentrations determined from best-fit data correlations to mud gas logging at (a) Site 2 and (b) Site 5. Only concentration
values greater than quantification limits are plotted.

core/cuttings samples can provide improved confidence in
the isotopic results compared to tube samples. Ultimately,
the small shift in δ 13 C-CH4 values observed between the
core and tube samples at Site 2 will not change the
implications of the results in identifying biogenic or
thermogenic gas sources. However, the difference in δ 13 CCH4 values could decrease the ability to distinguish
closely related gas sources in fugitive gas investigations.
The 13 C-enrichment observed in tube samples could bias
data interpretation toward a deeper mixed (thermogenic
and biogenic) or thermogenic gas source. As such, caution
should be used when interpreting isotope results for
samples with low concentrations of CH4 .
The depth trend of δ 13 C-CH4 from core samples at
Site 5 (Figure 6b) increases from −79.8‰ at 30 m BG
(24 m above shale) to −75.8‰ at 99 m BG (44 m below
top of shale), then increases more sharply to −69.5‰
at 117 m BG (62 m below top of shale). Below 117 m
BG (62 m below top of shale), δ 13 C values increase from
−69.5 to −66.2‰ at 200 m BG (146 m below top of
shale). A similar depth trend is evident for cuttings samples, as reflected in the strong 1:1 relationship (R 2 = 0.90;
n = 35; Figure S14). The depth trend from the mud gas
δ 13 C-CH4 is also consistent with core and cutting samples
(R 2 = 0.95; n = 45; Figure S14). The greater variability
in the δ 13 C-CH4 values from the real-time analysis at
earlier stages is likely caused by the lower concentrations
8
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of gases in this part of the profile. The first 1 to 2 m of
each 6 m drill stem through the top 50 m of the profile
have mud gas CH4 concentrations 500 ppmV or lesser,
which are outside the reliable detection limit of the LGR
analyzer for δ 13 C-CH4 . Greater variability is observed
in the core and cuttings samples at later stages of the
profile compared to the isotope values measured in real
time from Site 5, which may reflect sampling error
and/or small effects from secondary microbial processes
during sample storage. At Site 5, the core and cuttings
samples are slightly 13 C-enriched relative to the mud gas
values (mean difference of +4.6 ± 1.1‰; n = 45). The
13 C-depleted values observed in the mud gas samples vs.
the core samples may be due to the inherent differences
in the gases sampled from each method. Mud gas samples
were collected from an open system under continuous
circulation, which could yield isotope values that reflect
mixtures of CH4 from the depth of drilling with influxes
from shallower depths along the borehole. This type
of mixing could produce the observed smoother profile
where mud gas isotope values are shifted slightly toward
lighter isotope values (Figure 6). As with Site 2, the small
shift in δ 13 C-CH4 values observed between the real-time
isotope analysis of the mud gas compared to the core and
cuttings will not change the implications of the results
in identifying biogenic or thermogenic gas sources, but
could decrease the reliability in distinguishing closely
NGWA.org

Figure 6. Depth profiles of δ 13 C-CH4 generated from core samples in IsoJars® (480 d equilibration), chip samples in IsoJars®
(480 d equilibration), Isotube® gas samples (150 d equilibration), and mud gas logging at (a) Site 2 and (b) Site 5.

related gas sources in fugitive gas investigations. Our
findings are consistent with those of Reitsema et al.
(1981) who observed only small isotopic shifts between
different methods of gas sampling during drilling.
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Conclusions
Fugitive gases that migrate from oil and natural gas
extraction activities are dominated by CH4 and contain
lesser concentrations of higher-chain hydrocarbon gases.
High-resolution baseline characterization of spatial and
vertical variability in these gas concentrations and their
isotopic values are needed to define present conditions and
future environmental concerns. Here, we show detailed,
dissolved concentration-depth profiles of CH4 and C2 H6
and their isotopes can be defined in low K argillaceous,
near surface (<200 m BG) sediments using geochemical techniques dictated by the drilling methods (mud,
cuttings, core) that cannot be obtained using classical
monitoring well technology. The continuous geochemical depth-profiles generated via drilling provide a more
complete understanding of gas compositions and isotope
values throughout the subsurface than dedicated monitoring wells that are limited to a discrete “screened” interval
at a specific depth in a high K formation. Geochemical characterizations coupled to drilling programs can
also provide critical dissolved gas concentration and isotopic data needed to address fugitive gas investigations
in exploratory or under-developed oil fields, especially in
remote areas. Leaking production wells are an important
groundwater contamination concern and geochemical profiling, such as presented in this study, can provide critical
insight needed to identify fugitive gas sources and develop
targeted remediation programs. Additional studies into
methods of generating concentration-depth profiles of dissolved gases through argillaceous sediment are warranted.
NGWA.org

Supporting Information
Additional Supporting Information may be found in the
online version of this article:
Appendix S1. Supporting Information for Measuring
Concentrations of Dissolved Methane and Ethane and the
13C of Methane in Shale and Till.
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