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Chemical and Isotopic Tracers of Natural Gas and Formation
Waters in Fractured Shales

Jennifer McIntosh?, Melissa Schlegell, Brittney Bates®
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The statements made during the workshop do not represent the views or opinions of EPA. The
claims made by participants have not been verified or endorsed by EPA.

Introduction

Fingerprinting the chemical and isotopic composition of formation waters and natural gas
associated with organic-rich shales is critical for evaluating potential environmental impacts of
hydraulic fracturing for gas production. This paper summarizes recent results from Schlegel et
al. (in press) comparing the chemical and isotopic composition of formation waters and natural
gas in an organic-rich shale (Devonian New Albany Shale) in the Illinois Basin to other gas
accumulations in overlying Pennsylvanian coalbeds and shallow glacial drift aquifers (Figure 3)
to determine the best analytical tools for distinguishing gas and fluid sources. Previous data are
included from Coleman et al. (1988), Strgpoc et al. (2007), and Mclintosh et al. (2002).

Geologic Background A
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up to 16 wt% total organic ca rbon Figure 3. Cross-section of lllinois Basin from Schlegel et al. (in press)

(TOC) and has low thermal

maturity (R, <0.6%; e.g. Barrows and Cluff, 1984) except in the south near the Shawneetown-
Rough Creek fault system where the shale reaches R, values >1% (Fig. 3b; Cluff and Byrnes,
1991). Previous studies have shown that the shale contains both microbial and thermogenic
gas. Thermogenic gas is distributed throughout the basin, while microbial gas is predominantly
located along the northeastern and eastern margins of the basin where meteoric water
infiltration likely stimulated microbial methanogenesis by decreasing formation water salinity
and transporting in near-surface microbial communities into paleo-pasteurized sediments
(Mclntosh et al., 2002; Schlegel et al., in press). New Albany Shale wells in areas of
predominantly microbial methane typically contain copious amounts of formation waters,
which must be removed for gas production.



Pennsylvanian coalbeds are composed of type-lll kerogen (typical of terrestrial organic matter;
Hatch et al., 1991), and have low thermal maturity (R, <0.6%) except in the south where
tectonic activity locally increased the geothermal gradient and produced higher coal maturity
(Ro ~0.7 to 0.8%; Fig. 3a; Drobniak et al., 2004; Hower et al., 2005). Pennsylvanian coals contain
thermogenic gas in the central and southern basin with little to no co-produced formation
waters. The coals contain microbial gas, associated with variable salinity formation waters,
across the northern and northeastern basin margins (Strgpo¢ et al., 2007).

Glacial drift sediments containing detrital organic matter overlie much of the northern portion
of the lllinois Basin; these sediments are up to 120m thick and constitute an aquifer with high
quality drinking water (Swann, 1968). The glacial sediments contain up to 17.2 wt% TOC, which
is relatively thermally immature (Glessner and Roy, 2009). Many water supply wells screened in
glacial drift aquifers contain dissolved methane that is microbial in origin, and sourced from
biodegradation of in-situ organic matter and/or in underlying shallow Paleozoic sediments
(Coleman et al., 1988).

Chemical and Isotopic Fingerprint of Natural Gas

In general, gas accumulations in the Devonian New Albany Shale, Pennsylvanian coalbeds, and

shallow glacial drift aquifers have different hydrocarbon compositions (methane (C;) to ethane

(C,) and propane (Cs) ratios; Figure 4). Dissolved gas in the shallow aquifers is predominantly
comprised of CH4 with some G, (in

1000000 1 addition to atmospheric-derived gases,
100000 | Shallow Aquifers |, such as N, and Ar), and no detectable
High C,/C,, no G Cs.. Natural gas in the shale has much
S 10000 | a lower C;/C,+Cs ratios (12-5931),
< . compared to the shallow aquifers
~§« 1000 1 a4 (>10°), due to the presence of
g 100 4 thermogenic gas in addition to
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Figure 4. Methane to ethane + propane ratios versus carbon isotopes The carbor.1 Isotope vaIue.s (?f methane
of methane for various gas accumulations are also distinct

between the three organic-rich
formations. Shallow aquifers have very low 8"3C-CH, values (-90 to -68%o), consistent with early
stage methanogenesis where the CO; reservoir has not been significantly depleted. In contrast,
8'>C values of CH, from the Devonian shale are much higher (-57 to —45%o) likely due to mixing
with isotopically-enriched thermogenic gas, and significant depletion of the CO, reservoir
during microbial methanogenesis via CO, reduction (Schlegel et al., in press). Importantly,
microbial CH4 from the Devonian shales has similar §13C values to thermogenic CH, (-55.9 to —
52.7%o), suggesting that carbon isotope of CH, alone cannot distinguish mechanisms of shale



gas generation. In contrast, 8"°C values of thermogenic and microbial CH, in the Pennsylvanian
coals are distinct (Strgpoc et al., 2007). In addition, 8'3C values of microbial CHa (-67 to —51%o)
in the coals plot between the shallow aquifers and Devonian shale with little overlap (Figure 4).

Microbial methanogenesis produces (and consumes) CO, in addition to CHa, with high 8*C-CO,
values. Carbon isotope fractionation factors (o.co>.cva) for methanogenesis via CO, reduction
typically range from 1.05 to 1.09 (Figure 5), while a.coz.chsa Values for acetate fermentation
typically range from 1.03 to 1.05 (Whiticar et al., 1986). The majority of CO, and CH,4 from the
Devonian shale, Pennsylvanian coals, and shallow aquifers plot along a carbon isotope
fractionation line of ~1.05 to 1.09, except for a few coal samples influenced by methane

60 —T— oxidation and sulfate reduction
aliow aquiters
40 A Penn. Coals — (StrapOC et aI., 2007), and one
Dev. Shale . . .
o 20 = / outlier glacial drift sample.
g -|  Thermogenic gas in the Devonian
£ 0 shale was not analyzed for §1C-
ds’ -20 CO; as it contains very little CO,
S .40 - (<0.1 mole %). Thermogenic gas in
Ze] - xof. -
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8050 50 -80 -70 -60 -50 -40 microbial gas, within the range of
8'3Ccq (%o PDB) Cs-type organic matter.

Figure 5. Carbon isotopes of carbon dioxide versus methane for various gas

sources
Gas samples show a progression along the carbon isotope fractionation line (Figure 5) from
more negative 8*>C values of CO, and CH, in the shallow aquifers to more positive values in the
shale, with coal samples plotting in between. This may be due to mixing between a
thermogenic and microbial methane source, or the progressive depletion of the carbon (CO,)
reservoir, causing increased 85Ccoy and 83Cepa. Mixing between microbial and thermogenic
methane would be seen in an increasing trend of 613CCH4 versus C».%. Though the 813CCH4 of
microbial and thermogenic methane for the shale have similar ranges (up to -47.1%o.) (Mclntosh
and Martini, 2008), a slight increasing trend is observed in the shale from -53%o to -47%. for
samples with <2% C,., however no such correlation is observed for the shallow aquifers or the
coals. These trends suggest that though some thermogenic methane is mixing with microbial
methane, the overall progression of carbon isotopes along the fractionation line may be due to
the progressive depletion of the carbon (CO,) reservoir under closed system conditions (Jones
et al., 2008).

Together, the '°C values of CO, and CH,, in combination with gas composition (including mole
% CO,, CHy, C,, Cs,), clearly distinguish microbial and thermogenic gas from the Devonian shale,
Pennsylvanian coals, and shallow aquifers.



Chemical and Isotopic

Fingerprint of Formation 10000.000
Waters
1000.000
Formation waters associated with
natural gas in coalbeds and fractured 100.000
shales in the lllinois Basin are enriched % 0,000
. 1 . n
in Cl and Br (>1.8 mM and >8.7 uM, =
. o A

respectively), as well as other solutes, 1.000 | -
relative to shallow aquifers (Figure 6). O .

. . . O shallow ifers
These saline fluids are likely remnant 0.100 | o7 NS
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evaporation of seawater, which have 0.0001  0.0010  0.0100 0.1000  1.0000  10.0000
been subsequently diluted by meteoric Br (mM)
recharge and modified by water-rock- Figure 6. Chloride vs. bromide concentrations (log-scale) of formation
microbial reactions (MclIntosh et al., waters associated with various gas sources

2002). In contrast, shallow aquifers contain dilute (Cl <0.8 mM), recently recharged meteoric
waters (Mclntosh and Walter, 2006).

Groundwaters from shallow aquifers have 820 and 8D values, which plot along the global
meteoric water line (GMWL) (-8.6 to —6.6%o0, and —57 to —40%., respectively; Figure 7). Saline
fluids in the Devonian shale are more enriched in **0 and °H (-7.5 to —0.14%o, and —46 to —8%o,
respectively) than shallow aquifers,
GMWL and plot to the right of the GMWL,
Besinal _ - along a mixing line between lllinois
- ifixing line Basin brines and meteoric water.
Stable isotopes of water may be
useful for distinguishing between
fluids sourced from the Devonian
shale versus shallow aquifers.
O shallow aquifers Formation waters in Pennsylvanian
Shallow Aquifers £ pern. coat coals have 3'°0 and 8D values (-7.0
-80 : ‘ . : to —1.9%o, and —48 to —13 %o,
-10 -8 -6 -4 -2 0 2 respectively) that overlap the

8"30p20 (%0 VSMOW) shallow aquifers and Devonian shale,
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Figure 7. Stable isotopes of formation waters associated with natural gas ~ Making it difficult to distinguish
accumulations between water sourced from the

coal versus water from the shale or shallow aquifers.

Alkalinity concentrations and carbon stable isotopes provide an additional tracer of fluid
sources. Formation waters associated with microbial methanogenesis in the Devonian shale
and Pennsylvanian coals typically have high 8"3C values of dissolved inorganic carbon (DIC;
>10%o), and variable alkalinities (<5 to 37 meq/kg). Shallow aquifers have lower alkalinities (<10
megq/kg), and low 8*C-DIC values (<0%o). Formation waters associated with thermogenic gas in



the Devonian shale have low alkalinities (up to 2.4 meqg/kg), and low 8"3C-DIC values (most near
0%o) (Mclntosh et al, 2002).

In short, formation waters sourced 40

from the Devonian shale are saline 3]0 4 AO %5 o

(with high ClI, Br, and other solute 0 0P %O?& O"O%Qifg)'%ocb o §O o
concentrations), enriched in 80 and g 0] © M, * 5 sal A

’H, and have high 8c-DIC and e oM . 8 N

alkalinity values, compared to dilute zz“;' 10 * 0

meteoric waters in shallow aquifers. E o ShalloquUéfers A D

Formation waters from % °© AA

Pennsylvanian coals have similar 101 - O shallow aquifers
solute concentrations (Cl, Br, g &a é enn oot
alkalinity) and 8"C-DIC values as -20 - ‘ -
Devonian shale fluids. In addition, 0 10 Alkalinitiotmeqlkg) 0 40

. 18
their 8_ O and 3D values overlap. the Figure 8. Carbon isotopes of dissolved inorganic carbon (DIC) versus
Devonian shale and shallow aqUIfer alkalinity concentrations of formation waters associated with natural gas

samples, suggesting that it may be accumulations
difficult to distinguish fluids sourced from Pennsylvanian coals versus fluids sourced from the
Devonian shale.

Summary

Natural gas (microbial and thermogenic) from the Devonian shale and Pennsylvanian coals can
be distinguished from microbial methane sourced from shallow glacial drift aquifers based on
gas composition and &3¢ values of CH4 and CO,. Formation waters from the Devonian shale can
be distinguished from dilute groundwater in shallow aquifers using major ion chemistry (Cl, Br,
other solutes) and stable isotopes (**0, %H, ). It may not be possible to distinguish between
formation waters sourced from Pennsylvanian coals versus the Devonian shale based on major
ion chemistry and stable isotope compositions alone. These results are important for evaluation
of potential environmental impacts of hydraulic fracturing of shales, such as the migration of
brines and natural gas into shallow drinking water resources.
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