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Introduction: Hydrothermal systems on Earth are
active centers in the crust where organic molecules can
be synthesized biotically or abiotically under a wide
range of physical and chemical conditions [1-3]. Not
only are volatile species (CO, CO,, H,, and hydrocar-
bons) a reflection of deep-seated hydrothermal altera-
tion processes, but they also form an important com-
ponent of biological systems. Studying carbon-bearing
fluids from hydrothermal systems is of specific im-
portance to understanding (bio-)geochemical processes
within these systems. With recent detection of methane
in the martian atmosphere [4-7] and the possibility of
its hydrothermal origin [8, 9], understanding the for-
mation mechanisms of methane may provide con-
straints on the history of the martian aqueous environ-
ments and climate.

The carbon isotopic compositions of methane and
other alkanes have long been used for recognition of
their origins. For example, to distinguish methane of
abiotic origin, one suggested criteria is 8"°C values
higher than -25%o (V-PDB) [10]. Another criterion is
“inverse correlation” of 8"°C and &°H values of n-
alkanes. 8"°C value of alkanes decreases and 5°H in-
creases with carbon numbers due to kinetic fractiona-
tion effect during polymerization reactions that pro-
duce abiotic hydrocarbons [10-12]. Recent studies,
however, showed that production of abiotic methane
during serpentinization reactions can result in very low
8"C values [13], which may overlap values typical for
bacterial methane, and “inverse correlation” of §°C
and 8°H values is not necessarily the case for abiotic
hydrocarbons [14-16]. Furthermore, there are several
secondary processes that may generate variations in
isotope compositions of methane: re-equilibration with
CO,, mixing with methane of other sources, and
oxidation. Therefore, using the above suggested crite-
ria alone is insufficient to identify the origin of me-
thane and other organics.

There are numerous hydrothermal fields within the
Great Basin of North America, some of which have
been exploited for geothermal resources. While me-
thane and other alkanes are also observed, in some
cases with high concentrations, the origin and for-
mation conditions of these organic compounds remain
unknown. Thus, studying hydrothermal springs in this

area provides us an opportunity to expand our
knowledge of subsurface chemical processes that gen-
erate organic compounds in hydrothermal systems, and
aid in future development and exploration of potential
energy resources as well.

Geological Settings: Surprise Valley Hot Springs
(41°32'N, 120°5'W), located in northeastern California,
is a terrestrial hydrothermal spring system of the Great
Basin. The Surprise Valley is regarded as a typical
basin and range province valley, bounded by the
Warner Range on the west that consists of Tertiary
volcanic and intrusive rocks, and the east-dipping Sur-
prise Valley Fault on the east [17]. Geophysical studies
in this area indicated the presence of clay-rich volcanic
and sedimentary rock of Tertiary age beneath the lava
flows in late Tertiary and Quaternary.

Results and Discussion: Water and gas samples
were collected from the Surprise Valley Hot Springs
(SVHS) for a number of chemical and isotope compo-
sition analyses, including in-situ pH, alkalinity, con-
ductivity, oxidation reduction potential (ORP), major
and trace element, and C and H isotope measurements.

Water chemistry The SVHS fluids are slightly al-
kaline, with the average pH value of 8.37. The meas-
ured alkalinity ranges from 19.74 to 26.32 mg/L as
CaCQs, with the average value of 22.70 mg/L.

The major anion in hydrothermal fluids is SO4*
with concentrations varying from 308 to 319 ppm.
Other anions are CI" of ~ 200 ppm, and F" in trace
amounts. The dominant anion is Na" with the average
concentration of 314 mg/L. Other major cations in-
clude SiO, and Ca®*, averaging 45.2 and 17.3 mg/L,
respectively. The concentration of K is low and less
than 8 mg/L. Metal elements detected in trace amounts
include Sr, As, Li, Mo, and W. Based on the high con-
tents of Na" and SO4> with previous results of other
springs in surrounding area, the fluid from SVHS can
be classified as Na-(Cl1)-SO, type [18, 19]. Thermody-
namic calculation using ORP and major element data
indicated that logf O, values are ~ -57.3. Under this
condition, sulfate is the most dominant sulfur species,
which is consistent with anion analysis results.

The concentrations of dissolved SiO,, Na*, K, and
Ca”" are used for estimations of aquifer temperatures at
depth by dissolved SiO, and Na-K-Ca geothermometer
calculations [18]. The average temperature of SVHS is



125.0 °C by the Na-K-Ca geothermometer, and 135.4
°C by dissolved SiO,. Both temperatures are higher
than the values measured at the orifice of spring which
are in the range of 77.3 to 90.0 °C.

Carbon and hydrogen isotopes. CO, and homologs
of alkanes (C;-Cs) were identified in gas samples. The
3"3C values of CO, range from -21.12 to -14.97%o (V-
PDB). In contrast, the data of alkanes showed less var-
iation. The average 8"°C value of methane is -48.41 +
0.34%o for 3 samples with the exception of a value of -
44.95%o (Fig. 1). Two isomers, iSO- and n-, were ob-
served for C4 and Cs. The straight chain (n-) isomers
always have higher 8"°C values than branched (iso-).
Overall, the carbon isotope value increases with car-
bon numbers for straight chain alkanes (Fig. 1). Hy-
drogen isotope values of C;-C; alkanes have shown
more uniform 8D values than C, and Cs. The 6D val-
ues of CH4 ranged from -247.75 to -229.65%o (V-
SMOW), and most values of C,Hgs and C;Hg were in
the range of -245.00 to -235.00%o.

The carbon isotope measurements of dissolved
carbon species were also conducted. Results showed
that 5"°C values of dissolved inorganic carbon (DIC)
were highly uniform, with the average of -9.14 +
0.08%0. Compared with gaseous alkane data, the dif-
ference in 8'°C between gaseous and dissolved alkanes
were small, most of which are < 1%o.. Dissolved CO,
has 8"3C values less than CO, gas, with the difference
of 0.02%o to 10.60%o. Both CO, phases are out of *C
equilibrium with DIC based on the theoretical predic-
tion of C isotope fractionation between HCO; and
CO, at ~ 90 °C [20].

The combination of 8*C and 3D values of methane
has been used to identify different sources of natural
gas [21]. Along with geological evidence obtained in
this and previous studies, the hypothesis regarding the
formation of carbon-bearing compounds in hydro-
thermal fluids might involve two processes: 1) Under
high heat flow conditions which are caused by regional
faulting and crustal extension, original high molecular
weight organic compounds (kerogens) in clay-rich
volcanic and sedimentary rock decomposed to gener-
ate methane and other alkane homologs. The isotope
values of these thermogenic hydrocarbons are con-
strained by several factors, including precursor organic
compounds, kinetic isotope effects during decomposi-
tion reactions, and temperature. 2) The SVHS area is
associated with outflow structures, and distant from
the heat source [18]. Anaerobic oxidation of methane
(AOM) at shallow depth (< 90 °C) is suggested as be-
ing responsible for the generation of CO, in SVHS.
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Fig 1. The "°C value increases with carbon number for n-alkane
homologs collected from SVHS in the Great Basin. Combined with
other evidence, the alkanes are likely of thermogenic origin.

Conclusions: Two processes accounting for the
observed isotope values of carbon-bearing compounds
in SVHS are proposed: thermogenic production of
alkane homologs and formation of CO, by AOM. In
addition to isotope measurements, the geological
background and fluid chemistry data are utilized to
support the proposed scenario. This knowledge may
prove useful to unravel the origin and history of
carbon-bearing gases in hydrothermal systems on
Earth and other planets.
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