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in Neoarchean bedrock on the 27th level west drift of the Soudan Underground Mine State Park,
MN, USA (713.5 meters below the surface). The Gibbs Free Energy (AG) of 11 reactions are modeled
and expressed as available chemical potential energy per mass fluid (J/kgauiq). Metabolic reactions
involving CH4 oxidation by SO42~ would yield the highest potential energy of reactions modeled in
this study (—111 J/kgguiq). The free energy for methanogenesis via the breakdown of dimethylamine
(DMA; » (CH3);NH(yq)) is exergonic but with near-zero available energy per mass fluid, suggesting
that DMA may be cycled quickly to produce biological CH4 at Soudan. We examine all the possible
pathways by which CH4 and other short-chain alkanes may be formed. Conventional 8'3Ccus values
and C;/C4 abundance ratios support a mixed biological and non-biological origin of CH4. Doubly
substituted ‘clumped’ CHy4 isotope '3CH3D values are consistent with formation temperatures of 84-89 °C
that exceed current environmental conditions of 11.5-12.1°C. These estimated formation temperatures
are too low for CH4 to be formed solely through thermogenic degradation of organic matter. Further, low
or undetectable H, rules out active abiogenesis of CH4 from CO, reduction. It is more likely that the
bulk CHy4 pool reflects a mixture of microbial CH4 with A3CH3D values equilibrated at 11.5-12.1°C and
thermogenic CH4 formed at temperatures >100°C. Understanding the origin and cycling of these electron
donors contributes to a fundamental understanding of how microbial activity may promote, maintain, or

suppress the habitability of these isolated systems over long timescales.
© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

a hydrologic disconnect from surficial waters, nutrients and car-
bon in these environments can be scarce (Holland et al., 2013).
Nonetheless, microorganisms that adapt to these conditions can re-

Life in the continental subsurface makes up an estimated ~2-
19% of Earth’s total global biomass (McMahon and Parnell, 2014).
Phylogenetically diverse microbial communities can inhabit deep
continental reservoirs hosted in bedrock fracture networks that ex-
tend to depths of >3 km below Earth’s surface (Onstott et al.,
2003; Sheik et al., 2021). Due to physical isolation imposed by
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produce and maintain key cellular functions (Lever et al., 2015).
Successful microbial energy production in the isolated subsur-
face hinges on utilizing available geochemical electron donors and
acceptors. These oxidation-reduction (redox) couples are mediated
by water and rock interactions and microbial metabolic activity.
Long-term chemical reactions between water and rock in Precam-
brian bedrock yield high density, anoxic brines rich in calcium
(Ca2*) and chloride (Cl~) (Frape et al., 1984). Due to a lack of dis-
solved free molecular oxygen (O,), redox reactions in these fluids

0012-821X/© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).


https://doi.org/10.1016/j.epsl.2022.117720
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/epsl
http://crossmark.crossref.org/dialog/?doi=10.1016/j.epsl.2022.117720&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:jill.mcdermott@lehigh.edu
https://doi.org/10.1016/j.epsl.2022.117720
http://creativecommons.org/licenses/by-nc-nd/4.0/

W.S. Dowd, CJ. Schuler, C.M. Santelli et al.

require alternative oxidants (e.g., S042~, NO3~, Fe31) to function
as electron acceptors. In contrast, electron donors are readily avail-
able in Precambrian Shield brines in the form of C;-C4 alkanes
(Sherwood Lollar et al., 1993a), more complex organics such as ac-
etate (Sherwood Lollar et al., 2021), and H; (Li et al., 2016). Signif-
icant quantities of alkanes such as methane (CHy), ethane (CyHg),
propane (C3Hg), i-butane (i-C4H1p), and n-butane (n-C4Hqg) are
emitted from boreholes drilled into deep mines in the Canadian
Shield (Sherwood Lollar et al., 2002), Fennoscandian Shield (Nurmi
et al,, 1988), and South African Shield (Ward et al.,, 2004). These
sites host ancient brine-filled reservoirs with mean residence times
spanning tens of thousands to billions of years (Holland et al.,
2013).

The formation of C;-C4 alkanes in any natural system can be
linked to three processes: the biological reduction of carbon to CHy4
(i.e., methanogenesis), the thermal degradation of organic matter
(i.e., thermogenesis), and the abiotic polymerization of C-H bonds
through catalytic reactions such as Fischer-Tropsch-type (FTT) syn-
thesis (i.e., abiogenesis) (Sherwood Lollar et al.,, 2002; McCollom
and Seewald, 2007). As such, distinguishing the production path-
way(s) of C1-C4 alkanes in low-temperature systems is complex
because measured abundances reflect the net effect of carbon cy-
cling and isotopic exchange through microbial manipulation and
mixing of thermogenic and/or abiotic sources (Reeves and Fiebig,
2020). Each of these mechanisms has been invoked as the origin
of C;-C4 alkanes in Precambrian Shield sites (Sherwood Lollar et
al,, 2002; Ward et al., 2004).

The Soudan Underground Mine State Park, MN, USA, contains
a high salinity, anoxic reservoir hosted in Neoarchean (>2.5 Ga)
bedrock (Hudak et al., 2016) that provides an opportunity to in-
vestigate the controls on the habitability of the deep continental
crust. Three legacy boreholes on the 27th level (713.5 meters be-
low the surface) tap the reservoir and act as conduits for gas and
fluid. First, we identify possible energy sources that may support
microbial communities hosted in Soudan’s anoxic brines. Favorable
reactions for extant microbial communities are quantified using a
thermodynamic approach applied to our measured compositions.
Second, we discuss the formation mechanisms that produce C;-
C4 alkanes in the system. Our study on biogeochemical cycling
at the Soudan Mine will aid in resolving habitability constraints
for Earth’s continental subsurface. It will also provide a baseline
for processes occurring in analogous bedrock fracture systems on
other planets, such as the subsurface of Mars.

2. Geologic setting

The Soudan Underground Mine State Park is located in the
southwest region of the Superior Craton in northern Minnesota’s
Vermilion District. The Vermilion Greenstone Belt, on the western
end of the Wawa-Abitibi Terrane, hosts the Ely Greenstone For-
mation, Lake Vermilion Formation, and the Soudan Iron Formation
(Hudak et al., 2016), the latter extending through the 27th level
west drift of the mine 713.5 meters below the surface. The bedrock
is composed of Neoarchean (>2.5 Ga) hematite/jasper banded iron
formation (BIF) interlayered with hydrothermally altered basaltic
flows (Thompson, 2015) consisting of chlorite schist and massive
hematite ore. Our study was conducted ~650-800 m down the
27th level west drift at three slightly angled downward legacy
boreholes. The three borehole orifices are spaced approximately
50 m apart and extend to depths of 102-144 m below the mine
floor (Fig. 1). Each borehole taps a saline fluid-filled fracture net-
work and emits fluid and gas at the surface of the drift. Diamond
drilled holes (DDH) DDH951 and DDH932 intersect large bodies of
chlorite schist with minimal Fe-bearing deposits. The most west-
ern borehole in this study, DDH944, consists of shallow potions of
BIF with hematite ore at deeper depths (Schuler et al., 2022).
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3. Materials and methods
3.1. Sample collection

Gas samples were collected by submerging an inverted beaker
equipped with a rubber septum at the mouth of each borehole,
displacing the beaker volume with upwelling brine and allow-
ing gas to collect. Gases were transferred into previously evac-
uated 30 mL borosilicate glass vials using plastic syringes and
over-pressured to approximately triple the volume of the vessel.
Borosilicate vials prepared for alkanes (CH4, C;Hg, C3Hg, i-C4Hqg,
n-C4H1p) and inorganic gases (Hp, N2, Ar, O, He) were pretreated
with HgCly, evacuated to at least 60 mTorr vacuum, and sealed
with NaOH-boiled blue butyl rubber stoppers. Vials for COy) were
prepared similarly but sealed with black butyl rubber stoppers.

Aqueous samples were collected with a pre-cleaned, autoclaved
stainless steel and silicone packer system (Fig. 1) deployed in the
top 1-2 m of each borehole. Each packer was inflated to seal
off the borehole and minimize atmospheric contamination. Tem-
perature, conductivity (mS), and pH were determined with an
Oakton® handheld probe calibrated with NIST-traceable conduc-
tivity and pH standards. Aliquots for dissolved inorganic carbon
(3-C0zaq) = CO2(aq) + HCO3 ™ (5q) + CO32‘(aq)) were stored in evac-
uated borosilicate glass vials and sealed with black butyl rubber
stoppers. The Y COy.,q) samples were then acidified with H3PO4
to a pH <2. Aliquots for water isotopes 88020 and 82Huzo
were collected without headspace and stored in HCl-washed high-
density polyethylene (HDPE) Nalgene™ bottles. Total ammonium
(3>"NH4T(aq) = NHaT(aq) + NH3(aq)) samples were filtered with
0.22 pm polyethersulfone filters and stored frozen in 60 mL amber
glass vials pretreated with ZnCly. Samples for monomethylamine
(MMA; ZCH3NH2(aq) = CH3NHyaq) + CH3NH3+(aq)), dimethy-
lamine (DMA; Z(CH3)2NH(aq) = (CH3 )2NH(aq) + (CH3 )2NH2+(aq)),
and trimethylamine (TMA; } (CH3)3N(q) = (CH3)3N@aq) +
(CH3)3NH+(aq)) were acidified with 10N HCl to a pH of 3, mixed
with 120 mg of NH4Cl, and stored frozen in 2 L fired glass bottles
until analysis.

Aqueous samples for solvent extractable organic analysis were
collected with a peristaltic pump using solvent cleaned Clearflo 70
and copper tubing which was inserted into the top 1-2 m of each
borehole and filtered with a Sterivex 0.22 pm filter. Aliquots for
solvent extractable organic analysis were stored frozen in fired 1 L
glass bottles.

Water samples for major anion (Cl, Br, SO4) and cation (Ba, Ca,
Fe, K, Li, Mg, Mn, Na, Si, Sr) analyses were collected in sterile sy-
ringes and filtered through 0.2 pm PES membranes into 50 mL
plastic sample tubes. Cation samples were preserved with 10 pL
12 M hydrochloric acid per mL of solution. Water samples were
stored on ice after collection, then transferred to 5 °C storage until
analysis.

3.2. Analytical methods

A Hewlett Packer 5890 Series Il Gas Chromatograph equipped
with a flame ionization detector (GC-FID) was used to quantify
CHy4, CuHg, C3Hg, i-C4H19, and n-C4H1o with a Supelco 80/100 Po-
rapak Q 6 ft x 1/8 in x 2.1 mm stainless steel column. A He carrier
gas was set to a pressure of 20 psi while FID Hy and zero air pres-
sures were set to 29 psi and 37 psi, respectively. The oven was set
to an initial temperature of 30°C with a 2-minute hold time, fol-
lowed by heating with a temperature ramp of 12 °C per minute to
hold at a final temperature of 220 °C for 2 minutes. Inorganic car-
bon abundances, including COygy and ) COy,q) Were quantified on
a Hewlett Packer 5890 Series Il Gas Chromatograph equipped with
a thermal conductivity detector (GC-TCD) with a Supelco 80/100
Porapak Q 6 ft x 1/8 in x 2.1 mm stainless steel column and a
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Fig. 1. Map view of Soudan Mine Underground State Park, MN. (a) Image of the 27th level west drift where fluid and gas were sampled. (b) Arranged west to east are
DDH944, DDH951, and DDH932, approximately 50 m apart. Each downward-drilled borehole is angled slightly eastward and extends to depths up to 144 m below the mine
floor. (c) The mouth of legacy boreholes where artesian fluid and gas flow up to the surface of the drift. (d) Stainless steel packer systems are inserted into each borehole to

access upwelling anoxic waters and minimize atmospheric contamination.

He carrier gas set at 20 psi. The oven was held at an isothermal
temperature of 30 °C. Inorganic gases, Hy, Ny, Ar, Oy, and He were
quantified with an Agilent 7890B GC-TCD. An HP-Molesieve 30 m X
0.320 mm x 25 pm column was used with a He carrier gas at 2.5
mL/min to quantify O, N3, and Ar at an isothermal temperature
of 40°C for 10 minutes. N, carrier gas was used at 1.5 mL/min to
quantify H, and He at an isothermal temperature of 40°C for 10
minutes with the same column. All gas samples were run in tripli-
cate with uncertainties (20) of +5% for CHy, CoHg, C3Hg, n-C4Hqg,
COy(g), and N3, and £10% for i-C4H1g, Ha, O2, He, and Ar.

Concentrations of ) NHs*(,q) were determined by flow injec-
tion analysis (see SI for additional details). Samples were run in
triplicate with uncertainties (20°) of £5%. MMA, DMA, TMA were
quantified by solid-phase microextraction (SPME) via headspace
extraction (see SI for additional details). Samples were run in trip-
licate with uncertainties (10°) of +10%.

Stable isotope ratios are expressed in § notation in per mil units
(%o); e.g., for carbon:

R —R
813C _ |: sample standard ] % 1000(%0) (l )
Rstandard

where Rsample and Rstandard are the isotope ratios (13C/12C) of both
the sample and standard. Stable isotope values for §'3C of C;-C4
alkanes, Y COy(aq), and COy4) were determined via isotope ratio-
gas chromatography mass spectrometry at the Woods Hole Isotope

lab, MA, USA and standardized to the Vienna Pee Dee Belem-
nite scale (VPDB) with uncertainties (20') of +0.8% for 813Cc02(g),
£0.8%o for 8'3Cs co(aq), £0.5%0 for 8"3Cepa, +0.8%0 for §'3Ceane,
+0.6%0 for 8'3Ccspg, and +0.8%0 for 8'3Cucanio. Stable isotope
values for 82H of CH4 and C;Hg were determined via isotope ratio-
gas chromatography mass spectrometry at the Woods Hole Isotope
lab, MA, USA following the methods described in (Reeves et al.,
2012) with uncertainties (20) of +4.0%0 for 8°Hcps and £3.0%o
for 82Hcone. After azeotropic distillation, values of 8800 and
SZHHzo were measured with a Los Gatos Research-OA-ICOS Laser
System at the Environmental Isotope Lab Waterloo, Ontario. Values
of 88020 and §2Hpmo are standardized to VSMOW with uncer-
tainties (20') of £0.2%o for 8'80 and +0.8% for §2H.

For samples collected in November 2019, doubly substituted
‘clumped’ CHs4, A'3CH3D (%) values were determined via tunable
infrared laser direct absorption spectroscopy using previously de-
scribed methods in Ono et al. (2014) and Wang et al. (2015) at
the Massachusetts Institute of Technology. The value of A'3CH3D
is the measure of the excess abundance of '3CH3D over stochastic
distributions and was calculated based on:

1BCH3D  12CHy4
sy
12CH3D ~ 13CHy4

(Ono et al., 2014). The precision for A'*CH3D was 0.1%o to 0.3%o
(95% confidence interval).

ABGthm( >x1mm%) (2)
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Table 1

Borehole aqueous chemistry, isotope values, and flow rates in the Soudan Mine 27th level West Drift.
Borehole # DDH932 DDH932 DDH951 DDH951 DDH944
Date (02.26.19) (11.15.19) (02.26.19) (11.15.19) (02.26.19)
Temperature (°C) 115 115 121 121 119
pH 6.1 6.0 6.7 6.1 6.9
Conductivity (mS) 174 159 130 121 159
Water flow rate (mL/s) - - 33 34 11
Gas flow rate (mL/s) - - 0.36 - 0.18
Cl (mmol/kg) 2130 2150 1460 1470 1910
Br (mmol/kg) 5.16 4.79 3.83 337 437
S04 (mmol/kg) 127 1.09 116 1.00 117
Ba (umol/kg) 63.6 209 483 199 54.7
Ca (mmol/kg) 560 594 409 422 543
Fe (mmol/kg) 1.82 2.07 1.01 124 1.54
K (mmol/kg) 6.47 9.73 491 725 6.29
Li (umol/kg) 344 385 251 260 334
Mg (mmol/kg) 95.4 118 76.2 88.5 94.5
Mn (pumol/kg) 360 332 286 253 337
Na (mmol/kg) 525 625 388 421 512
Si (umol/kg) 155 3700 100 5530 83.7
Sr (mmol/kg) 5.20 8.51 4.01 5.42 512
NO3 (pmol/kg)* 143 - 28.6 - 143
> _COx(aq) (mmol/kg) - 0314 - 0.307 -
>"NHy(aq) (umol/kg) 35.0 49.6 324 20.7 395
3"(CH3)2NH (nmol/kg)" - - - 411 -
5‘3czco2<aq) (%0) —214 -19.8 —204 —18.6 -21.0
818020 (%0) -10.5 - -114 - -109
52Hp0 (%o) —61.2 - —68.4 - —63.8

“-" not determined.

4 Data from (Sheik et al., 2021), sampling from 2004-2013.
b >"(CH3)2NH samples were collected in April of 2021 for DDH951.

Anions were measured in triplicate on a Metrohm 850 Profes-
sional ion chromatograph using a 3.0 mM sodium carbonate mo-
bile phase and a 250 mm long, 4 mm internal diameter A Supp 5
column and guard. All anion measurements had a relative standard
deviation less than 2%. Major cations were measured in triplicate
on a Thermo Scientific iCAP 6500 ICP-OES using a Mira Mist PEEK
nebulizer. Yttrium was used as a standard to monitor internal con-
sistency. All major cation measurements had a relative standard
deviation less than 5%.

3.3. Geochemical modeling

Thermodynamic calculations were performed to assess the
affinity for potential chemical reactions occurring in the mine wa-
ters. The affinity, as expressed by the Gibbs Free Energy of a given
reaction (AG), determines which reactions are exergonic and thus,
reflect potential metabolic pathways for microorganisms. In this
study, the AG values of candidate metabolic reactions were as-
sessed for each of three legacy boreholes using measured aqueous
abundances and calculated activity coefficients, as described below.
The sign of each AG value (in k]J/mole units) can be used to de-
termine whether a chemical reaction can proceed spontaneously.
If a AG value is negative, the forward reaction is favorable (i.e.,
exergonic). If a AG value is positive, the reverse reaction is favor-
able (i.e., endergonic). A AG value of zero, or near-zero, identifies
a reaction at or near equilibrium.

Measured and dissolved volatile abundances, and water and
gas flow rates, were used to calculate dissolved concentrations of
volatiles in fluids, for use in AG calculations. The legacy bore-
holes sampled at the 27th level west drift are characterized by
fluid and gas geochemistry that is relatively stable on the timescale
of years (Schuler et al., 2022); therefore, AG calculations combine
several measurements from multiple sampling trips and boreholes.
For example, the abundance of ) COy(,q) was not determined for
samples collected in February 2019, so an average of the ) COy(,q)

abundance measured at DDH932 and DDH951 in November 2019
was assumed for DDH944. Furthermore, water and gas flow rates
were not determined at DDH932, so an average of the flow rates
measured at DDH944 and DDH951 was used.

The ratio of gas flow rate/water flow rate at each borehole
was used to calculate the concentration of dissolved volatiles that
would have been in solution when fluids and gases were subject to
an estimated ~100 bars lithostatic pressure at depth in the reser-
voir (Table S1). This assumption generates a maximum estimate of
aqueous gas abundances. If actual reservoir pressures were lower
than our estimate, aqueous gas abundances may be lower, and AG
values would shift accordingly.

Using measured and assumed dissolved concentrations, the ac-
tivities of reactants and products involved in studied microbial re-
actions were calculated. Due to high ionic strengths of the Soudan
brines, a semi-empirical base Pitzer/Harvie-Megller-Weare (HMW)
activity model was used to calculate the activity coefficients of
dissolved aqueous species. Calculated activities were compared to
standard state equilibrium values to derive thermodynamic affinity
or disequilibria for a given reaction (see SI for additional details).

4. Results
4.1. Temperature, conductivity, pH, and flow rates

The brines flowing from boreholes DDH932, DDH951, and
DDH944 are low temperature (11.5-12.1°C), high conductivity
(121.3-174.4 mS) fluids (Table 1) that are 3-5 times more saline
than seawater. These salinities are comparable to brines emit-
ted in other deep mines in the Canadian Shield (Frape et al,
1984; Schuler et al., 2022). The pH of the brines increase from
6.1 to 6.9 with distance from east to west down the 27th level
west drift. This near-neutral pH range coincides closely with the
acid dissociation constants (pKaj) of the ) COyaq) and Y H3S(aq)
(H2S(aq) + HS™ (aq)) systems. Thus, pH exerts an important influ-
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Table 2

Borehole gas chemistry and isotope values in the Soudan Mine 27th level West Drift.
Borehole # DDH932 DDH932 DDH951 DDH951 DDH944
Date (02.26.19) (11.15.19) (02.26.19) (1115.19) (02.26.19)
CHy (%) 83.0 811 72.6 69.3 76.1
CyHs (%) 1.95 1.94 1.36 144 1.60
C3Hs (%) 0.115 0.118 9.00 x 1072 9.80 x 1072 -
i-C4H1o (%) 6.00 x 1073 7.00 x 1073 5.00 x 1073 7.00 x 1073 -
n-C4H1g (%) 1.00 x 102 1.10 x 1072 6.00 x 1073 1.00 x 102 -
Ny (%) 10.8 119 24.6 23.2 16.4
H; (%) <0.05 <0.05 <0.05 <0.05 0.306
CO; (%) 0.156 - 0.049 - 0113
He (%) 0.351 0.365 0.966 0.984 0.839
Ar (%) 0.319 0.333 0.477 0.509 0.369
0, (%) 0.708 0.963 0.779 0.511 0.628
83Ccha (%0) —425 —421 —43.8 —439 —42.9
813Ccans (%o) —36.2 —38.0 -375 —37.7 —36.7
813Cc3ns (Yoo) —35.0 —349 —36.8 —36.7 —35.1
813Cncanto (Yeo) —33.8 —33.8 —35.3 —35.3 —33.7
813Ccon(g) (%0) —281 - —27.0 - —277
82Hcua (%o0) —417 —419 -390 —416 —408
82Heans (%o) —319 —322 —308 —320 —316
A3CH3D (%) - 42 - 41 -

“-" not determined.

ence on the dominant inorganic carbon and sulfide species at each
borehole. Water flow rates range from 1.1-3.4 mL/s with an uncer-
tainty (20) of 0.4 mL/s, while gas flow rates range from 0.18-0.36
mL/s with an uncertainty (20 ) of 0.16 mL/s (Table 1).

4.2. Alkanes and inorganic gases

The gas emitted from DDH932, DDH951, and DDH944 is dom-
inated by CH4, making up 69.3% to 83.0% of the total gas vol-
ume. The volume percent of C;Hg ranged from 1.36% to 1.95%,
along with <1% of C3Hg, i-C4H1g, and n-C4H1¢ (Table 2). These
alkane abundances are similar to those emitted from other mines
in the Canadian, Fennoscandian, and South African Shields (Sher-
wood Lollar et al, 1993b; Ward et al.,, 2004). There is no trend
in CH4 abundance with location along the west drift. However,
there are small, ~2-3% decreases in the relative abundance of CHy
balanced by slight increases of C;-C4 alkanes in November 2019,
compared to samples collected in February 2019. Gas compositions
determined in this study are similar to those measured in 2006 at
borehole DDH942, located west of DDH944 on the same level of
the Soudan mine, as reported in Sheik et al. (2021).

The second most abundant gas emitted is N», which comprises
10.8% to 24.6% of the total gas volume. Taken together, CH4 and N,
account for >95% of the total volume once gas budgets are normal-
ized to 100%. Measured COy) ranges from 0.049% to 0.156%. Free
molecular H, was 0.306% in DDH944 but was below the analytical
detection limit (<0.05%) in DDH932 and DDH951. H, was also be-
low detection in DDH942 (Sheik et al., 2021). Precambrian Shield
gases are known to exhibit wide variability in Hy content, rang-
ing from below detection to >10% by volume (Li et al., 2016). The
abundance of Ar and He ranged from 0.319% to 0.509% and 0.351%
to 0.984%, respectively. Any O, entrained in samples is assumed
to be atmospheric contamination due to anoxic conditions of the
fluids (Schuler et al., 2022). Measured O, ranged from 0.511%
to 0.963% by volume. Gas volume percent utilized in thermody-
namic models were recalculated to exclude O, and corresponding
atmospheric-derived N and Ar.

4.3. Aqueous species

Dissolved ) COy(,q) concentrations of 0.314 mmol/kg and
0.307 mmol/kg were determined in DDH932 and DDH951, re-

spectively. Abundances for ) NH4"(,q) for February 2019 sam-
ples ranged from 32.4 pmol/kg to 39.5 pmol/kg. However, bore-
hole DDH932 increased by 42% to 49.6 pmol/kg Y NH4T(4q) in
November 2019, while DDH951 experienced a 36% decrease to
20.7 pmol/kg Y NH4T(5q) over the same timeframe. These fluc-
tuations exceed analytical uncertainty, indicating that ZNH4+(aq)
abundances shifted over 9 months. The concentration of DMA was
411 nmol/kg in DDH951, while MMA and TMA were below de-
tection, <100 nmol/kg and <10 nmol/kg, respectively. Aqueous
> H,S abundances were too low to be directly measured. Rather,
HS~ activity was estimated to be 10~!! by assuming mineral-
fluid equilibrium with a hematite-pyrite-chamosite mineral buffer
assemblage at 12 °C, based on observations of these minerals in ex-
posed bedrock and legacy cores matched to the boreholes (Fig. S1).
This mineral assemblage would buffer fluid pH to a value slightly
below 7, in good agreement with our pH measurements ranging
from 6.0-6.9 (Table 1).

4.4. Solvent extractable organics

A variety of organic compounds were identified in the solvent
extracts including hydrocarbons, fatty acids (FA), and alcohols. The
hydrocarbons were dominated by alkenes with only trace amounts
of n-alkanes present. Fatty acids and trace amounts of alcohols
were identified by their trimethylsilyl (TMS) derivatives within the
derivatized samples. Trimethylsilyl FA n-Ci6.9 and n-Cig,¢ are the
most abundant FA, and the saturated FA show a strong even-over-
odd preference in all samples.

4.5. Water, carbon, and hydrogen isotopes

Water isotope values are similar across the three boreholes,
ranging from —114% to —10.5%c for 8800 and —68.4%o to
—61.2%o for 82Hyo. These values have been stable at these bore-
holes over the past several years (Schuler et al., 2022).

Consistent §'3Ccyy values are observed across the three bore-
holes, ranging from —43.9% to —42.1%o, while longer chain alkane
813C values range from —38.0%0 to —36.2%0 for C;Hg, —36.8%0
to —34.9%0 for C3Hg, and —35.3%0 to —33.7%¢ for n-C4H1g. Hy-
drocarbon stable carbon isotope values determined on February
2019 samples are indistinguishable from those collected in Novem-
ber 2019 except for CoHg in DDH932, which shifts by —1.8%o in
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November relative to February. Values of §2Hcys and 82Hcoug for
DDH932 were similar during both sampling trips, ranging from
—419%0 to —417% and —322% and —319%o, respectively. Val-
ues of §2Hcya and 82Heong for DDH944 and DDH951 in November
2019 were also similar at —408%o and —316%o, and —416%. and
—320%o, respectively. Gases collected in February 2019 at DDH951
had 82Hcys and 82Heome values of —390%0 and —308%c. Mea-
surements of 813C2c02(aq) are similar across the three boreholes,
ranging from —21.4%c to —20.4%0 in February 2019 and —19.8%
to —18.6%0 in November 2019. Values for §13Ccoy(g) range from
—28.1%0 to —27.0%.

Values of A'3CH3D for DDH932 and DDH951 are 4.2%o and
41%, respectively. Modeled equilibrium temperatures of A13CH3D
are based on the equation:

3 10003 1000
APCH3D(T) = ~0.11006 ( —— ) +1.04151( ——
1000
—0.55235 (T) 3)

where T is temperature in Kelvin. This equation is derived from
fundamental vibrational frequencies calculated using density func-
tional theory (Whitehill et al, 2017). The modeled equilibrium
temperatures of CHy in boreholes DDH932 and DDH951 are 84°C
and 89 °C, respectively.

5. Discussion
5.1. Isolation of the west drift brine

Deep crystalline bedrock fluids in Precambrian shield settings
are often isolated from meteoric surficial waters, as indicated by
8180y20 and 82Hypo values that do not align with typical global
and local meteoric water trends (Frape and Fritz, 1982) (Fig. 2.).
The causes of depletions in 180,50 or enrichments in 2Hpyyo are
not fully understood. Several hypotheses have been suggested to
explain these trends, including isotopic exchange during the for-
mation of secondary clays and equilibration with silicate minerals
and/or gases (e.g., CO, and H;) (Frape and Fritz, 1982).

Several brine reservoirs hosted in Precambrian bedrock have
5180120 and 8%2Hppo values that trend toward the Global Mete-
oric Water Line (GMWL) (Fig. 2), indicative of mixing between
fresh meteoric and highly saline endmembers. At Soudan, mete-
oric water incursion has been identified in borehole fluids in the
east drift on the 27th level (Schuler et al., 2022). These east drift
fluids are relatively less saline than those on the west drift, have
8180y20 and 82Hppo values that fall near the GMWL (orange cir-
cles; Fig. 2), and reflect mixtures of meteoric water and saline
brine. In contrast, the west drift brines presented here are char-
acterized by higher salinities and 88020 and §%Hypo values that
are more offset from the local meteoric water line (orange squares;
Fig. 2). A previous study demonstrates that higher salinity fluids at
Soudan correspond to larger offsets in §'80yy0 and §2Hpag from
the GMWL (Schuler et al., 2022). Similar trends between salinity
and water isotopes are also observed in other brines hosted in
the Precambrian Canadian Shield (Warr et al., 2021). The deviation
from the GMWL §'80p0 and 82Hyyo trendline in Soudan Mine
fluids is likely driven by 80 depletion rather than 2H enrichment
due to the absence of abundant H, in the boreholes. These re-
sults demonstrate that the DDH932, DDH951, and DDH944 brines
contain more saline endmember and have experienced little mix-
ing with surficial water sources. We infer that nutrients, carbon,
and energy are in limited supply in our fluids relative to reservoirs
with more connection to the surface hydrologic system.
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Fig. 2. Values of §'80y50 and 82Hypo in Precambrian bedrock brines compared to
those of the Global Meteoric Water Line (GMWL; solid black line) and Minneso-
ta’s Local Meteoric Water Line (LMWL) from (Kendall and Coplen, 2001; dashed
gray line). Water isotope data for Soudan are from this study (27th level west drift)
and studies from 2009-2011 (27th level west and east drift) (Schuler et al,, 2022).
Other data are from Kidd Creek (Li et al., 2016), Yellowknife, Thompson, and Sud-
bury (Frape et al., 1984), in the Canadian Shield and Beatrix and Tau Tona (Simkus
et al, 2016) from the South African Shield. Multicolor dashed lines represent the
line of best fit for each set of water isotopes. Error bars are smaller than plotted
symbols. (For interpretation of the colors in the figure(s), the reader is referred to
the web version of this article.)

5.2. Sources of energy for the deep continental biosphere

The anaerobic oxidation of CH4 (AOM) and longer-chain alka-
nes has been observed in diverse natural settings, including hy-
drocarbon seep sediments, hydrothermal vents, and other mine-
accessible Precambrian shield reservoirs (Bose et al., 2013; Teske
et al., 2002; Magnabosco et al., 2018). High CHg4, C;Hg, and C3Hg
at Soudan suggest that alkane oxidation by alternative electron
acceptors may represent a significant potential energy source in
this energy-limited landscape. To test this hypothesis, the thermo-
dynamic affinity of 11 reactions were determined, including ox-
idation of alkanes by SO42~ and NO3~, the reduction of SO4%~,
NOs;~, and Fe;03 by Hj, and methanogenesis via the reduction
of CO, by Hy and via the breakdown of DMA (Table 3). We have
not included TMA or MMA in these calculations, as both chemical
species were below analytical detection limits. However, microor-
ganisms at Soudan carry genes for the utilization of both TMA and
MMA, indicating that both can be used for methanogenesis (Sheik
et al, 2021).

A negative AG value in kJ/mole indicates that a reaction can
proceed to the right as written, and therefore represents a po-
tential microbial energy source (Fig. 3.). However, this standard
approach would not directly account for reactant limitations in the
Soudan fluids. We therefore take the calculation a step further and
use the concentration of the limiting reactant (Table 3) to also re-
port AG values for each reaction in units of J/kggmuiq (Fig. 4., see
details in SI, Table S2).

The oxidation of CH4 by SO42~ at Soudan represents one of
the least negative AG values in kJ/mole (Fig. 3); however, it has
the greatest potential energy source per mass fluid in the brines
of all reactions modeled, with AG ranging from —111 to —95.5
J/kgnuia (Fig. 4a). The oxidation of CHy4, CoHs, and C3Hg by NO3™
and oxidation of C;Hg and C3Hg by SO42~ are also energetically fa-
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Table 3
Candidate metabolic reactions.
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Reaction # Reaction Limiting reactant
1 CHy4 + S042~ — HCO3~ 4+ HS™ + H,0 S042~
2 CoHg + 1.75504%~ — 2HCO3 ™ + 1.75HS™ 4 H20 + 0.25H CoHs
3 C3Hg 4 2.5504%~ — 3HCO3~ +2.5HS™ + Hp0 4 0.5H C3Hs
4 CH4 4+ NO3~ + Ht — HCO3~ + NH4™ NO3~
5 CaHg + 1.75N0O3 ™~ + 0.75H,0 + 1.5H* — 2HCO3~ + 1.75NH4+ NO;~
6 C3Hg 4 2.5N03™ + 1.5H0 + 2HT — 3HCO3™ 4 2.5NHz™ NO3~ (932), C3Hg (951)
7 S042~ + 4H, + HT — HS™ 4 4H,0 H,
8 NO3~ +4H; 4+ 2Ht — NHs* + 3H,0 H,
9 CO, +4H, — CH4 + 2H0 Ha
10 Fe;03 +Hy +4Ht — 2Fe?t 4+ 3H,0 H,
11 (CH3);NH* + 1.5H,0 — 1.5CH4 + 0.5HCO3~ + NH4 ™ + 0.5H" (CH3),NH,
1900 Reactions: o(1) a(2) m(3) a(4) a(5) m(6) o(7) 8(8) =(9) a(10) o(i1) vorable and collectively range from —19.9 to —1.07 J/kgquiq. Using
previously created shotgun metagenome assemblies (Sheik et al.,
B 1000 | 202_1), organisms and genes indicative of CHy4 apd alkane degra}—
° dation were explored. There are several potential routes for bi-
L\E, ological anaerobic CH4 oxidation (AOM). However, no anaerobic
< methanotrophic (ANME) Archaea or Methylomirabilota (NC10 bac-
Q -500 4 teria) were detected in the metagenomes. Several ANME archaea
can oxidize CH4 with SO42~ or NO3~, while NC10 bacteria grow in
. . il |_|—| ‘ anaerobic environments but use O, produced intracellularly from

DDH932 DDH951 DDH944

Fig. 3. Calculated Gibbs Free Energy (AG) available in k]J/mole for reactions in Ta-
ble 3. Reactions plotted include the oxidation of CH4, C;Hg, and C3Hg by SO42~
via reactions 1, 2, and 3, respectively (orange tones), the oxidation of CH4, CyHg,
and C3Hg by NO3 ™~ via reactions 4, 5, and 6, respectively (blue tones), reactions in-
volving the reduction of SO42~ (yellow), NO3~ (teal), CO; (green), and Fe;03 (dark
gray) by H, via reactions 7, 8, 9, and 10 respectively, and methanogenesis from DMA

via reaction 11 (light gray).
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Fig. 4. Calculated Gibbs Free Energy (AG) available in 1 kg of fluid determined for
(a) reactions involving the oxidation of CHy, CHg, and C3Hg by SO42~ via Table 3
reactions 1, 2, and 3, respectively (orange tones) and NOs3~, via Table 3 reactions
4, 5, and 6, respectively (blue tones); and (b) reactions involving the reduction of
S042~ (yellow), NO3~ (teal), CO, (green), and Fe,03 (gray) by Hy via Table 3 reac-
tions 7, 8, 9, and 10 respectively. Note that the y-axis scale differs in panels (a) and
(b). Methanogenesis from DMA via reaction 11 is not shown because AG values for
this reaction in J/kgquiq units are near-zero.

NO3~ reduction to oxidize methane (see Chadwick et al., 2022
and references within). Additionally, alkyl succinate synthase genes
that anaerobic bacteria can use to degrade short to medium chain
alkanes were not detected. Given that C,-C4 alkane concentrations
are similar to those in other Precambrian Shield environments, it
is likely that microorganisms may not prefer to metabolize them
or that consumption does not outweigh production.

The potential energy per mass fluid for reactions involving re-
duction by H; is modeled in DDH944 (Fig. 4b), but not for DDH932
and DDH951, where H, was below detection. The potential ener-
gies for reduction of SO42~, NO3~, and Fe,03 by H, are —1.00,
—3.42, and —0.810 ]J/kggauiq respectively. The observation of free
molecular Hy only at DDH944 contrasts with the strong chemical
similarity that is otherwise observed across the three boreholes.
Two hypotheses that might account for the presence of H, in
DDH944 and absence in DDH932 and DDH951 are (1) microbes
are consuming H, at a rate exceeding its replenishment rate in
DDH932, and DDH951 (Sheik et al., 2021) and/or (2) Hy is inde-
pendently sourced to DDH944 through a fracture network that is
isolated from the other boreholes located further east along the
drift. Given the similarity in other chemistry, hypothesis (1) is the
most likely explanation.

The AG values that we determined for Soudan, in kj/mole units,
for alkane oxidation by SO42~ (reactions 1-3, Table 3) and SO42~
reduction by Hy (reaction 7, Table 3) are similar to analogous AG
values calculated at the Kloof mine in the Witwatersrand Basin
of South Africa (Kieft et al., 2005). In contrast, reactions involving
CH4 oxidation by SO42~ and NO3~ (reactions 1 and 4, Table 3)
and SO42~ and NO3~ reduction by H, (reactions 7 and 8, Table 3)
have greater energy potential at Soudan compared to the Sanford
Underground Research Facility (SURF) in South Dakota, USA (Os-
burn et al., 2014). Kloof and SURF are also hosted in Precambrian
aged bedrock and emit alkanes and fluids from legacy boreholes,
similar to the Soudan mine.

Values of AG as low as —10 kJ/mol have been suggested to
support microbial metabolism (Hoehler, 2004). All calculated AG
values in this study are more negative than this threshold, indi-
cating that minimum energy requirements are met in the Soudan
fluids (Fig. 3). More negative AG values imply that organisms can
mediate these reactions more favorably. However, thermodynam-
ics alone does not dictate substrate utilization but rather the en-
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ergy demand to process these reactions. The high potential energy
for specific reactions could also be evidence of a lack of active
metabolic pathways that utilize them. The integration of chem-
ical (e.g., thermodynamic) and biological (e.g., metagenomic and
culture) assessments is key to identifying which in situ microbial
processes are actively occurring in fluids.

Methanogenesis may be a pillar in the carbon cycle along
with other non-biological processes that produce alkanes in the
Soudan Mine. The calculated AG value for methanogenesis by
CO;, reduction with Hy via reaction 9 in Table 3 is exergonic
(AG = —87.8 KkJ/mol) (Fig. 3). Genomics assessments, however,
have not identified hydrogenotrophic methanogens that would me-
diate this reaction (Sheik et al., 2021). Instead, methanogens that
utilize methylated substrates were detected in the Soudan fluids
by Sheik and colleagues. Methyl-based methanogenesis produces
CHy4 via the breakdown of a methyl group (—CHs3) in an organic
compound, and thus differs fundamentally from hydrogenotrophic
methanogenesis which involves the reduction of inorganic carbon
(e.g., COy) by Hy. It has also been suggested that methyl-based
methanogens may actively cycle Hy, as observed in marine sedi-
ment experiments (Finke et al., 2007). While methylamines (MMA,
DMA, and TMA) have been quantified in several marine environ-
ments (Zhuang et al., 2017; Cree et al., 2018; Sun et al.,, 2019)
and have been utilized as substrates for methanogenesis in iso-
lated cultures from deep-sea coal beds, terrestrial shales, and shal-
low marine sediments (Finke et al., 2007; Vigneron et al., 2015;
Daly et al., 2016; Trembath-Reichert et al., 2017), this study is
the first to identify DMA in natural fluids hosted in Precambrian
bedrock. It is proposed that glycine betaine, a common osmolyte
for halobacteria (Sleator and Hill, 2001), may be converted to TMA
and subsequently demethylated to DMA and MMA to produce CHy4
in Soudan’s fluids (Sheik et al., 2021). The presence of DMA in
DDH951 provides support for this suggested pathway. TMA may
be demethylated rapidly through this process to concentrations
below detection (<10 nmol/kg), producing quantifiable DMA sim-
ilar to that found in methanogenic cultures when using TMA as
a substrate (Watkins et al., 2014). The reaction for methanogen-
esis via the breakdown of DMA (reaction 11, Table 3) is exer-
gonic (AG = —142 KkJ/mol) (Fig. 3) but with very low available
energy per mass fluid (—0.00635 ]J/kgquiq). These findings insin-
uate that methyl-based methanogenesis is favorable and the low
energy available per mass of fluid may be a manifestation of rapid
consumption of DMA as a reactant while concordantly producing
biological CHy4.

5.3. The origin of alkanes

Identifying the origin of CH4 and C,; n-alkanes in the Soudan
mine gas is a complex problem due to microorganisms that can
actively manipulate the C cycle. In turn, the kinetics for spon-
taneous ) COy,q) reduction via abiotic reactions are sluggish or
inhibited in low-temperature environments (<200°C) (McCollom,
2016). Alkane abiogenesis is proposed within deep crustal gas-
rich reservoirs in several mines in Precambrian Shield settings
(Sherwood Lollar et al., 2002; Kietdvdinen et al., 2017), and par-
allels are drawn to their abiotic synthesis in hydrothermal vents
(McDermott et al., 2015). Stable isotope measurements, such as
813Ccua, are a classic approach to determining the origin and cy-
cling of carbon species in natural systems. One difference between
the continental and marine environment is that presumed abiotic
813Ccua values are more '3C-depleted in continental settings (ap-
proximately —40%o to —30%.) compared to seafloor hydrothermal
fluids (approximately —20%o to —10%¢) (McCollom and Seewald,
2007). Values of §13Ccus at Soudan of —43.9%¢ to —42.1%o are
~5-10%0 more depleted than proposed abiotic signatures at Kidd
Creek (Sherwood Lollar et al., 2002) (Fig. 5). In general, values of
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Fig. 5. The ratio of C;/C,. alkanes plotted against 8'3Ccy4 in Precambrian Shield
brines. Dashed boxes represent typical microbial and non-microbial values from
(McCollom and Seewald, 2007). Colored ellipses encompass the cluster of data
points from each site. Data are from the Soudan mine (this study), the Kidd Creek
(Sherwood Lollar et al., 2002), Yellowknife, and Thompson mines (Sherwood Lol-
lar et al., 1993a) in the Canadian Shield, and the Beatrix, Evander, and Kloof mines
in the South African Shield (Ward et al., 2004). Error bars are smaller than plotted
symbols.

813Ccya produced via active methanogenesis are significantly de-
pleted relative to CH4 produced via thermogenic and abiotic pro-
cesses (Sherwood Lollar et al., 1993b; Ward et al., 2004) (Fig. 5).
Microbial §'3Ccyy values are typically <-50%o (Rice and Claypool,
1981) and are directly influenced by the §13C of the source of
carbon. Thermogenic alkanes exhibit a wide range of §!3C values,
which can also be attributed to differences in source materials and
thermal maturity (Rooney et al., 1995).

Trends in 8'3C values can also be assessed for longer chain
alkanes. C;-C4 alkanes produced through thermogenic processes
often show a positive enrichment of §'3C with increasing car-
bon number due to the preferential primary cleaving of '2C and
TH bonds forming CH,4 during organic pyrolysis (Clayton, 1991).
This enrichment trend is observed in Soudan’s gases (Fig. S2). In
contrast, isotopic ‘reversals’ between 813Ccya and more depleted
813Ccy+ are postulated to be produced abiotically (Sherwood Lol-
lar et al., 2002). However, several laboratory-based abiotic synthe-
sis studies produced alkanes with isotope enrichment trends that
mimic those classically associated with thermogenesis (McCollom,
2013 and refs. therein).

Further, abiotic C;-C3 alkanes in some natural seafloor hy-
drothermal fluids also show positive enrichment of §'3C values
with increasing carbon number (McDermott et al., 2015). Finally,
enriched §'3Ccys compared to depleted §13Ccy: has also been ob-
served in thermogenic settings due to the possible mixing of ma-
ture and immature gas in open systems with multiple sources
of organic material (Fiebig et al., 2019). Isotope trends alone are
therefore insufficient to identify non-biological organic synthesis
pathways unequivocally. Further study of natural abiotic synthesis
of alkanes is needed, particularly in continental environments.

In systems where methanogenesis is a dominant contributor to
the CH4 pool, high C;/Cy+ ratios are observed due to the high
abundance of microbial CH4 relative to Cp4 alkanes (Rooney et
al.,, 1995). Although the biological production of longer-chained
alkanes has been identified in marine sediments (Hinrichs et al.,
2006), the significance of biological C,4 production in deep con-
tinental environments remains unknown. Soudan’s Cq/Cp values
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Fig. 6. Modeled A'3CH3D formation temperature. The solid black line is derived
from fundamental vibrational frequencies calculated using density functional theory
(Whitehill et al., 2017).

are lower than those in settings that are thought to reflect purely
microbial-produced gas. However, the C;/Co, and 8'3Ccpg values
are trending away from typical non-microbial ranges, towards the
microbial field in Fig. 5. These values reflect a mixture of predom-
inantly non-microbial CH4 with lesser degrees of biological CHy
at Soudan. This conclusion closely aligns with gases collected in
the Evander mine in the South African Shield (Ward et al., 2004)
(Fig. 5).

It is plausible that methyl-based methanogenesis may be the
biological source of CH4, mixing with a non-microbial source and
depleting bulk 813Ccya at Soudan. Other processes such as the
anaerobic oxidation of methane (AOM) could concurrently influ-
ence isotopic and abundance values, enriching the §'3Ccyg val-
ues of the residual CH4 pool. However, if AOM were a dominant
control on CH4 abundance, one would expect Soudan's §'3Ccys
values (—43.9%0 to —42.1%0) to be more enriched than typical
non-microbial values (—40%. to —30%0¢) due to the residual en-
richment of §'3Ccys through methanotrophy.

Along with traditional 813C isotope signatures, rare doubly sub-
stituted ‘clumped’ isotopes of CHy4 (i.e., *CH3D) provide valuable
information that may be used to determine CH4 formation tem-
peratures or identify microbial influences (Ono et al., 2014; Stolper
et al, 2014; Wang et al, 2015). During the formation of CHg,
A3CH3D (equation (2)) can equilibrate at the formation temper-
ature (Fig. 6). Provided that A'3CH3D does not undergo further
isotopic exchange after post-formation changes in environmental
temperature (horizontal arrow, Fig. 7), the ‘clumped’ isotope may
be used as a geothermometer (Stolper et al., 2014). However, mi-
crobial manipulation of CHy4 can shift A'3CH3D values to a state of
disequilibrium, as demonstrated by cultures and natural samples
(Wang et al.,, 2015; Ono et al., 2021). Natural biological ‘clumped’
CH4 values have been observed to equilibrate at low environmen-
tal temperatures in some cases, as seen in the biodegradation of oil
by methanogens in the Gulf of Mexico (Stolper et al., 2014) (Fig. 7).
In other cases, several methanogenic cultures (H, and methyl-
based) and natural samples show ‘de-clumped’ A'3CH3D signals,
with apparent extreme high temperatures of 200 to >500°C (up-
ward arrow, Fig. 7) (Wang et al., 2015; Gruen et al., 2018). Abiotic
processes have also been postulated to slightly lower A'3CHsD
values in continental settings (Young et al., 2017), although not
to the extent of methanogenesis. Methanotrophic cultures have
also been observed to reverse this ‘de-clumping’ effect, resulting
in enriched A13CH3D values on the residual CH4 pool and shift-
ing modeled temperatures lower (downward arrow, Fig. 7), pos-
sibly lower than environmental temperatures (Ono et al., 2021).
Soudan A'3CH3D values of 4.1-4.2% point to formation temper-
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atures of 84°C and 89°C (Fig. 6). These formation temperatures
are warmer than present-day environmental temperatures of 11.5-
12.1 °C (Fig. 7), but below the typical threshold of ~100°C needed
to form natural gas (Rooney et al., 1995). These temperatures also
approach the known upper limit for microbial life (122 °C, Takai
et al., 2008). The difference between CH4 formation temperature
and environmental temperature may be due to the migration of
microbial A3CH3D equilibrated at warmer temperatures at depth.
However, a formation temperature of 84-89°C puts the estimated
depth of the water source at >6 km, assuming a thermal gradient
of 12-14°C/km (Artemieva and Mooney, 2001), much deeper than
the 0.7 km depth of the 27th level of the mine plus the extended
144 m of borehole depth (Fig. 1). Two other hypotheses that would
better explain this temperature discrepancy are (1) there is mixing
of microbial equilibrated A13CH3D at environmental temperatures
(11.5-12.1°C) and non-microbial A'3CH3D equilibrated at higher
formation temperatures; or (2) non-microbial A3CHs;D equili-
brated at higher formation temperatures, environmental temper-
atures cooled to allow for life to persist, then methanotrophic or-
ganisms consumed CHy, enriching the residual '*CH3D and draw-
ing A'3CH3D values closer to equilibrium. Values in Fig. 5 show
that mixing of microbial and non-microbial CHy is likely, which
is consistent with hypothesis (1). Hypothesis (2) is also compelling
due to the modeled exergonic reactions involving AOM (Figs. 3 and
4a). However, Soudan’s slightly depleted 8!3Ccpg values compared
to non-microbial sources suggest that this is not the case.

Distinguishing microbial and thermogenic ‘clumped’ CH4 signa-
tures from those that are abiotic remains a difficult task. Soudan’s
A3CH;3D values are similar to those of presumed abiotic CHy in
Kidd Creek Mine, Ontario (Fig. 7). The sites are chemically dis-
tinct (e.g., Kidd Creek contains >10% Hy, 813Ccpg4 values of ~-35%o
(Sherwood Lollar et al., 2002; Li et al., 2016)) but they nonetheless
occupy a similar space in Fig. 7, with a similar modeled temper-
ature for AT3CH3D. It is also interesting to note that, although
Soudan and Kidd Creek’s C;-C4 alkane 8'3C values do not over-
lap and display distinct trends with increasing carbon number
(Fig. S2), the 82Hchs and 82Heaps values determined in this study
(—419%0 to —390%0 and —322%c to —308%o) are indistinguish-
able from those measured at Kidd Creek (—419%0 to —390%. and
—321%0 to —299%0) (Sherwood Lollar et al., 2002). For abiogenesis
to occur, sufficient quantities of H, are needed. Unlike Kidd Creek,
Soudan lacks significant free H,, suggesting that abiotic production
of C1-C4 alkanes is unlikely. Soudan’s C;-C4 alkanes are therefore
likely sourced from a thermogenic origin mixed with a supply of
CH4 from microbial processes.

The trace Cyo4+ n-alkanes in Soudan’s fluids that are present in
the solvent extractable organic fraction are not sourced through
thermogenic precursors, but rather from non-thermally altered bi-
ological communities as indicated by their odd-over-even pref-
erence and non-unimodal distribution (Tissot and Welte, 1984).
This conclusion is further supported by the observed prevalence
of alkenes over n-alkanes and fatty acid (FA) distributions in the
solvent extractable organic fraction (Fig. $3). The prominent n-
Ci6:0 and n-Cyg.0 FA, which account for the major FA in all three
boreholes, are often the most abundant in many bacteria and eu-
karyotes (Thurman, 1985). The C;-C4 alkane thermogenic pool at
Soudan may thus be derived from an alternative source, such as
older high temperature gas generated by pyrolysis of organics, or
the migration of gases from an external thermogenic source. Al-
though the current temperature at the 27th level is 11.5-12.1°C,
the thermal history of its bedrock suggests that alteration of or-
ganic material would have been possible. Hydrothermal modifica-
tion of Soudan’s BIF at 150°C to >300°C is proposed to have oc-
curred post-deposition (>2.5 Ga) with several deformation events
occurring afterwards (Thompson, 2015). This temperature range
would support pyrolysis of organics that may have been trapped
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in the bedrock, possibly producing CH4 and volatile alkanes. Subse-
quent tectonic events may have also formed conduits for external
thermogenic CH4 to migrate to the Soudan fracture network.

6. Conclusions

Legacy boreholes on Soudan’s 27th level west drift expel chem-
ically and isotopically similar brines, indicating that they likely
tap one source fluid. Values of 8800 and 8%Hypo that de-
viate from global and local meteoric water lines indicate that
this saline endmember is largely isolated from surficial waters.
Therefore, chemotrophic interactions currently drive energy pro-
duction for subsurface microbial communities. The high abundance
of C1-C4 alkanes and negative AG values for alkane oxidation
by SO42~ and NO3~ demonstrate that these compounds are vi-
able energy sources. Reactions involving the reduction of oxidized
species by H, are exergonic in DDH944. The lack of detectable H,
in DDH951 and DDH932 may be due to its rapid consumption in
these boreholes due to the presence of non-methanogenic hydro-
gen oxidizing microbes (Sheik et al., 2021). Although methano-
genesis involving CO, reduction by H, is exergonic, an absence
of hydrogenotrophic organisms suggests that this pathway is not
active and is likely competitively excluded by the low H; con-
centrations. Instead, Sheik and colleagues identify methyl-based
methanogens that could utilize methylamines. The observation that
DMA methanogenesis is exergonic with very low available energy
per mass fluid supports these assertions. Methylamines may thus
be a key substrate for the biological production of CH4 in Soudan.
Hydrocarbon abundance ratios and 8'3C isotope signatures show
that mixing of CH4 of both microbial and non-microbial origin
is likely occurring. Results from doubly substituted ‘clumped’ CHy
(i.e., 3CH3D) also support mixed sources of CH4 due to the warm
modeled temperatures (84-89°C) that are well above Soudan’s
environmental temperatures but below thermogenic production
thresholds. Similar A'3CH3D values for ‘mixed’ CH4 from Soudan
compared to presumed abiotic CH4 from Kidd Creek demonstrates
the need for more examinations into ‘clumped’ CH4 signals across
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a diverse set of low temperature, natural continental settings. The
abundance of C, alkanes, coupled to minimal H, concentrations
in Soudan, point to a likely thermogenic origin, though an abi-
otic source of hydrocarbons cannot be entirely ruled out. This
study quantifies the availability of energy sources to chemotrophic
microbes in Soudan Mine in the present day. These findings il-
luminate a ‘hidden’ modern deep continental biosphere and set
the stage to model past and future habitability controls. These in-
vestigations can also aid planetary studies that seek to determine
biogeochemical conditions relevant to habitability on other bodies
in our solar system by using Earth-based systems as extraterres-
trial analogues.
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