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Abstract

Serpentinization-influenced hydrothermal systems, such as the Lost City Hydrothermal Field (LCHF), are considered as
potential sites for the origin of life. Despite an abundance of reducing power in this system (H, and CHy), microbial habit-
ability may be limited by high pH, elevated temperatures, and/or low concentrations of bioavailable carbon. At the LCHF,
the relative contribution of biotic and abiotic processes to the vent fluid composition, especially in the lower temperature
vents, remain poorly constrained. We present fluid chemistry and isotope data that suggest that all LCHF fluids are derived
from a single endmember produced in the hotter, deeper subsurface essentially in the absence of microbial activity. The stron-
tium isotope composition (87Sr/86Sr) of this fluid records the influence of underlying mantle and/or gabbroic rocks, whereas
sulfur isotope composition indicates closed-system thermochemical sulfate reduction. Conductive cooling and transport is
accompanied by continued sulfate reduction, likely microbial, and mixing with unaltered seawater, which produce second-
order vents characterized by higher 8**Syunde and lower 8*Sgurae values. Third-order vent fluids are produced by varying
degrees of subsurface mixing between the first- and second-order fluids and a seawater-dominated fluid. Additional biotic
and abiotic processes along different flow paths are needed to explain the spatial variability among the vents. Relationships
between sulfur geochemistry and hydrogen concentrations dominantly reflect variations in temperature and/or distance from
the primary outflow path. Methane concentrations are constant across the field which point to an origin independent of flow
path and venting temperature. At Lost City, not all vent fluids appear to have zero Mg concentrations. Thus, we propose an
extrapolation to a Sr isotope-endmember composition as an alternative method to estimate endmember fluid compositions at
least in similar systems where a two-component mixing with respect to Sr isotopes between seawater and endmember fluids
can be established.
© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/).
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1. INTRODUCTION

Serpentinite-hosted hydrothermal systems are typically
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2010; Monnin et al., 2014; Eickenbusch et al., 2019), theo-
retically providing twice as much energy for microbial
chemolithoautotrophy as basalt-hosted systems
(McCollom, 2007). These systems are thus often considered
as potential sites for the origin of the earliest metabolisms
on Earth and other planets (Schulte, et al., 2006; Russell
et al., 2010). Yet, despite the presence of abundant reducing
power, these systems typically have elevated temperatures,
extreme pH, and/or lack bioavailable carbon, which are
potential physiological barriers that limit microbial habit-
ability in the absence of substantial mixing with seawater
(Lang et al., 2018; Eickenbusch et al., 2019; Lang &
Brazelton 2020).

Since its serendipitous discovery in 2000 (Kelley et al.,
2001), the Lost City Hydrothermal Field (LCHF) remains
one of the most extensively studied serpentinite-hosted
hydrothermal systems. LCHF is located on the southern
wall of the Atlantis Massif, approximately 15 km west of
the Mid-Atlantic Ridge (MAR) at 30°N, near the intersec-
tion with the Atlantis Transform Fault (Fig. 1A, B,
Table 1). Moderately high temperature (up to 96 °C,
Seyfried et al. (2015) measured up to 116 °C), high pH flu-
ids vent from carbonate-brucite chimney structures that
tower as high as 60 m above the seafloor (Kelley et al.,
2001; Friih-Green et al., 2003; Ludwig et al., 2006;
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Seyfried et al., 2015). In addition to elevated concentrations
of H,, CH4, and HCOO", the vent fluids contain up
to ~ 4 mmol/kg of dissolved sulfate (SO3) (Kelley et al.,
2005; Proskurowski et al., 2006; Lang et al., 2010), provid-
ing energy and carbon sources that drive a microbial
ecosystem of methanogenic and methanotrophic archaea,
and sulfur-oxidizing and sulfate-reducing Dbacteria
(Schrenk et al., 2004; Brazelton et al., 2006; Gerasimchuk
et al., 2010; Lang et al., 2018). Sites that are actively venting
high temperature fluids are dominated by the methane-
cycling archaea Lost City Methanosarcinales (LCMYS);
while anaerobic methanotrophic archaea (ANME-1) are
found in the cooler, more diffusely venting portions of the
structures and in inactive chimneys (Schrenk et al., 2004;
Brazelton et al., 2006).

Systematic variations in dissolved sulfide (H,S), SO
and H, concentrations (see Section 3.2; Figs. 1C, D, 2;
Tables 2, 3) in the vent fluids have been used to suggest that
hydrogenotrophic microbial sulfate reduction (MSR) is a
major process in the LCHF subsurface (Kelley et al.,
2005; Proskurowski et al., 2006; Lang et al., 2012). More-
over, 16S rRNA gene sequencing of chimneys and vent flu-
ids provided evidence for sulfate reducing bacteria at Lost
City (Brazelton et al., 2006; Brazelton et al., 2010;
Gerasimchuk et al., 2010; Lang et al., 2018). Yet, variations
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Fig. 1. (A-B) The LCHF is a low-temperature system located at 30°N west of the MAR on the southern wall of the Atlantis Massif. The
system is fueled by serpentinization and lithospheric cooling that results in warm, high-pH fluids, rich in hydrogen, methane, and formate. The
Atlantis Massif is an oceanic core complex located in the inside corner of the intersection of the MAR and Atlantis Transform Fault. (C)
LCHEF sites that were included in this study. Sulfur geochemistry and hydrogen concentrations of the vent fluids define four vent groups: low
sulfide, moderate sulfide, high sulfide, and eastern wall vents. Symbols correspond to those used in subsequent figures. (D) Three-dimensional
view of the LCHF including the location of the vent sites (after Kelley et al., 2005). Massive pinnacles at the summit are composite, actively

venting edifices that make up the massive 60 m-tall structure Poseidon.
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Table 1

Location of vent sites investigated in this study.

Vent Latitude Longitude Depth (m)
Beehive 30° 7 26.1"” N —42°7 11.9 W 743
Camel humps 30° 7' 10.0” N —42°7 292" W 732
Marker 6 30°7 14.6" N —42°7 269" W 777
Sombrero 30° 7 11.0" N —42°7 28.0" W 762
Marker C 30°7 14.6" N —42° 7 27.6' W 780
Marker 3 30° 7 13.8" N —42°7 27.0" W 730
Marker 2 30° 7 13.8" N —42°7 27.5" W 763
Marker 8 30°7 13.7" N —42°7 297" W 801
Calypso 30° 7 28.6" N —42° 7 09.6" W 798
Vein on carbonate cap 30° 7' 29.8" N —42°7 07.7" W 741
Vein on wall NE of Marker 7 30° 7 09.1” N —42°7 27.5" W 864
Background seawater 30° 7 47.9" N —42° 7 20.0" W 849

in the sulfur geochemistry of serpentinites and gabbros
from the southern wall of the Atlantis Massif and near Lost
City have been shown to reflect the influence of both micro-
bial and thermochemical sulfate reduction (TSR) (Delacour
et al.,, 2008a,b; Liebmann et al., 2018). Discriminating
between MSR and TSR based on the concentration of reac-
tion products alone is difficult, if not impossible (Machel
et al., 1995; Machel, 2001). MSR and TSR occur in two
mutually exclusive temperature regimes: MSR generally
occurs at temperatures below ~ 80 °C (Postgate, 1984);
while TSR occurs at temperatures of at least ~ 80-100 °C
(Worden et al., 1995; Machel et al., 1995; Machel, 1998;
2001). In addition, reaction rates for TSR are considered
geochemically important only at temperatures above
200 °C and low pH (e.g., pH < 4) (Kiyosu, 1980; Ohmoto
and Lasaga, 1982). Even though the temperatures of fluids
exiting the Lost City chimneys are below the currently
known temperature limit of life (122 °C, Takai et al.,
2008), the highest measured vent temperature (~116 °C at
Beehive, Fig. 1C) and calculated temperatures of reaction
in the basement rocks (200 £+ 50 °C, Allen, & Seyfried,
2004; Proskurowski et al., 2006; Seyfried et al., 2015) are
above the temperature realm of MSR.

Both the vent fluids and basement rocks at Lost City
have been shown to be influenced by abiogenic as well as
microbial processes. The geochemistry of inorganic and
organic carbon in the Atlantis Massif serpentinites is attrib-
uted to both abiotic and microbially mediated processes
(Delacour et al., 2008c). Recent clumped isotope analyses
of CHy in the relatively high temperature vent fluids (vent-
ing temperatures of > 60°C) suggest that CH, is generated
abiotically at temperatures > 250°C (Wang et al., 2018;
Labidi et al., 2020). 8D equilibration in the lower tempera-
ture vents and A'?CH,D, re-equilibration (and partial
ABCH;D re-equilibration) in some of the > 60°C vents,
on the other hand, is possibly mediated by microbial
activity (Proskurowski et al., 2006; Labidi et al., 2020). Ear-
lier studies have shown that low molecular weight
hydrocarbons and the organic acid formate in the vent flu-
ids have abiogenic origins, while acetate is possibly a micro-
bial by-product (Proskurowski et al., 2008; Lang et al.,
2010). Although the vent fluid compositions at the
LCHF are likely influenced by both biotic and abiotic

processes, the relative contribution of these processes is
unknown.

Here we present new vent fluid chemistry and isotope
data to investigate the origin and fate of sulfur, as well as
to constrain fluid flow paths during the relatively low tem-
perature hydrothermal circulation at LCHF. Sulfur isotope
data, together with SO7, H,S, H,, and CH,4 concentrations
of the LCHF vent fluids, confirm previous studies (Allen
and Seyfried, 2004; Foustoukos et al., 2008; Lang et al.,
2012; Seyfried et al., 2015; Wang et al., 2018; Labidi
et al., 2020) suggesting that the highest temperature fluids
may be produced in the deeper, hotter serpentinite subsur-
face in the absence of microbial activity. The compositional
variability that we observe in the lower temperature vents
points to additional processes in the shallower subsurface
or within the porous chimney interiors.

2. METHODS
2.1. Sampling

Fluids were collected with the remotely operated vehicle
(ROV) Jason during R/V Atlantis cruise AT42-01 in 2018.
We use vent locality names (Fig. 1, Table 1) that have been
established over the course of 20 years of studying Lost
City. In some cases, the vents have names inspired by
mythology or are descriptive of the structure form, such
as Beehive and Sombrero; others are named after field
markers set out in 2003 (Kelley et al., 2005). The center
of the field is made up of composite, actively venting edi-
fices that form the massive 60-m high structure Poseidon
(Kelley et al., 2005; Fig. 1D). We also sampled two carbon-
ate veins in the serpentinite basement where active venting
was observed. The first vein is located NE of Marker 7, and
the second is a thick vein that cuts the carbonate cap sedi-
mentary sequences at the top of the massif (Kelley et al.,
2001) and is named ‘“‘vein on carbonate cap”. Not all vent
structures investigated in 2003 could be sampled again in
2018 (such as the Markers 7 and H vents), while Camel
Humps, Calypso, and Sombrero were sampled for the first
time in 2018. Vent fluids were collected using a custom-built
high-volume fluid sampler (referred to as the Hydrothermal
Organic Geochemistry or HOG sampler; Lang and Benitez-
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Table 2

Measured and endmember compositions of the LCHF vent fluids. Endmember concentrations were determined by extrapolating the measured values to an endmember Sr abundance and 87Sr/®¢Sr
value, while endmember isotopic compositions were calculated using isotope mass balance involving %SWs,. Mg, SO3", H,S and stable isotope data are obtained from the HOG samples (except for
Marker 6 data which are obtained from the major samples). Also shown are corresponding fraction of seawater obtained from Mg (%SWy, = measured Mg/seawater Mg x 100%) and Sr isotopes
(Eq. A(2)) and ASW (= %SWy, - %SWg,).

Vent Dive - Time Tmax PH@Tmax pH @22°C Mg Sr ¥Sr/%Sr SO H.S 80 S 9Saude  %SWig %SWe, ASW

Low sulfide vents

Beehive 1108-0606 95.7 10.8 0.1  0.092 070649 3.4 03 03 31.9 29.1 0.2 4+ 0.0 0.0 + 0.1 0.2
1108-0536 95.7 10.7 1.9 0092 070657 4.0 03 05 29.3 28.5 3.5+0.1 32 +0.6 0.3
1108-0546 95.4 10.8 09  0.092  0.70653 3.6 03 05 31.1 28.7 1.7 +0.1 1.0 +04 0.7
1108-0556 95.6 10.8 04 0092 070654 3.6 03 04 31.3 28.1 0.7 + 0.0 12404 0.5
Endmember 8.9 10.8 0.1  “0.092 0.70650 3.3 03 04 31.0 28.6

Camel 1111-0440 85.0 9.0 266 0.087 070770 147 01 02 23.0 28.4 495+ 15 481406 1.4

Humps 1111-0449 85.0 9.8 134  0.089 070709 9.0 02 03 24.8 nd 250+ 08 244405 0.6
Endmember 7.9 9.2 0.7  0.092  0.70650 2.4 03 04 25.5 28.4

Marker 6 1112-Major 1~ 65.8 10.6 48 0091 nd 04 nd nd nd 8.9 +£0.3 222 +0.1 6.7
1112-Major 2 65.8 10.2 130 0.089 nd 03 nd nd nd 242407  "18.6£0.3 5.6
Endmember 9.3 10.6 3.7 0.092 0.4

Sombrero 1111-2334 61.6 9.1 257 0.08 070759 143 02 02 22.7 30.3 478 +14 435406 43
1111-2306 56.8 9.1 252 0.087 070757 141 02 0.2 23.5 30.1 469+ 14 431406 3.8
1111-2315 56.7 9.2 241 008 070751 135 02 02 23.1 28.6 449 +13 409405 4.0
1111-2325 58.5 9.3 218 0.087 070741 126 02 0.2 23.5 31.4 406+12 365405 4.1
Endmember 8.3 9.2 37 0092 070650 3.1 04 04 24.7 30.1

Moderate sulfide vents

Marker C 1110-2212 79.7 10.1 5.9 0.090 0.70677 5.6 0.8 0.2 26.1 31.8 109 £ 0.3 11.3+0.5 -0.4
1110-2140 80.6 10.1 6.3 0.089 0.70679 5.7 0.9 0.3 26.4 31.3 11.7+ 04 11.9 £ 0.6 -0.2
1110-2152 80.0 10.0 11.1  0.088 0.70702 7.7 0.8 0.2 24.8 31.9 20.7 £ 0.6 21.0 £ 0.5 -0.3
1110-2202 79.6 10.0 9.3 0.089 0.70692 7.2 0.8 0.3 25.9 32.0 17.4 £ 0.5 17.4 £ 0.5 0.0
Endmember 8.6 10.1 0.0 0.092 0.70650 2.6 1.0 0.3 26.6 31.8

Marker 3 1107-1330 45.0 9.4 29.7  0.089 0.70787 16.8 nd 0.3 225 30.3 553+ 1.7 53.1 £ 0.6 22
1107-1344 44.5 9.2 32,5  0.089 0.70800 18.1 0.5 0.3 22.5 30.3 60.5 + 1.8 57.8 £ 0.6 2.7
1107-1357 55.1 9.3 28.2  0.088 0.70780 154 0.6 0.3 22.8 30.8 524+ 1.6 50.8 + 0.6 1.6
Endmember 9.1 10.1 2.5 0.092 0.70650 2.6 1.2 0.6 24.5 30.5

High sulfide vents

Marker 2 1107-1951 61.5 10.0 234 0.088 0.70758 132 nd 0.4 22.6 32.3 435+ 1.3 434 £ 0.6 0.1
1107-2006 62.4 10.2 5.7 0.095 0.70682 4.6 2.3 0.3 23.7 324 10.6 £ 0.3 99 + 0.4 0.8
1107-2016 63.9 10.2 3.1 0.095 0.70671 3.4 2.4 0.3 253 32.3 57+0.2 49+£03 0.8
1107-2025 58.3 10.1 21.8  0.088 0.70753 11.8 1.8 0.3 21.7 32.3 40.6 £ 1.2 414 £ 0.6 -0.9
Endmember 9.0 10.0 0.3 0.092 0.70650 1.7 2.6 0.5 23.9 32.3
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Marker 8 1110-0312 53.8 10.0 12.0  0.089 0.70707 7.3 2.6 0.1 233 32.6 223 4+0.7 21.6 £ 0.5 0.6
1110-0336 52.6 145 0.087 0.70719 8.5 2.5 0.2 22.3 32.6 269 + 0.8 2594+ 0.5 1.0
Endmember 9.4 9.2 0.7 0.092 €0.70656 1.5 34 0.2 23.4 32.6

Eastern wall sites

Calypso 1108-1853 31.8 9.3 333 0.086 0.70797 176 1.0 0.2 21.6 31.5 62.0 £ 1.9 58.1£0.7 39
1108-1813 26.2 9.3 36.3  0.085 0.70812 190 09 0.2 20.8 31.1 67.6 2.0 632+ 0.7 4.3
1108-1822 26.2 9.3 343 0.085 0.70803 182 0.6 0.2 21.2 31.4 638 +£1.9 59.6 £0.7 4.2
1108-1834 31.8 9.3 353 0.084 0.70810 0.0 0.9 0.2 21.2 31.6 65.7 + 2.0 62.3 + 0.6 3.5
1108-1843 329 9.4 31.4  0.085 0.70786 16.6 1.1 0.2 21.5 31.5 584 £ 1.8 53.1£0.6 5.3
Endmember 9.4 9.2 5.8 0.092 0.70650 2.6 2.2 0.6 21.6 314

Vein on 1109-0938 10.7 10.1 8.0 53.5  0.082 0.70913 283  bdl 0.1 21.4 nd 99.6 £+ 3.0 98.6 + 1.0 1.0

carbonate cap

Vein on wall 1111-1143 22.0 9.5 9.1 36.6  0.084 0.70814 190 09 0.1 21.8 31.4 68.1 £ 2.0 63.9 +£0.8 4.1
NE of Marker 7 Endmember 6.8 0.092 0.70650 1.8 2.4 0.5 23.2 31.4

Seawater 1109-1915 11.0 6.4 53.7  0.082 0.70917 28.6  bdl —-0.1 214 99.9 £ 3.0 100.0 £ 0.8 —0.1
Seawater 1109-1922 11.0 6.4 53.8  0.082 0.70917 28.6  bdl 0.0 21.3 100.1 3.0 1002 +09 —0.1

Concentrations are given in mmol/kg, vent temperatures in ° C, 8*S in %0 VCDT, and 8'%0 in %0 VSMOW. The estimated precision of the analyses is 3% for Mg and Sr, 2% for SOF", 4% for H,S
(all as relative standard deviation), and 0.00001 for 879r/30Sr (standard deviation).
nd = no data or no measurement made.
bdl = below detection limit of analysis.

# calculated by fitting measured Sr concentrations in a York regression (Reed, 2010).

° No ¥7Sr/%Sr measurements were done for Marker 6. Endmember Mg were calculated from the gas tight sample J1112-GT16. %SWs, for the major samples are then calculated from the %
SWy, taking into account the endmember Mg for this vent.

¢ This value is calculated specifically for Marker 8. If an endmember composition of 0.70650 is used, %SWy, < %SWs,, which suggests from Eq. A(2) that this vent has a slightly higher
endmember ¥7Sr/*°Sr endmember composition.
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Table 3
Measured and endmember compositions of the LCHF gas-tight samples. Also shown are fraction of seawater obtained from Mg and Sr isotopes and ASW (= %SWy, - %SWyg,).

Vent Dive - GT No. Tinax Mg Sr 87Sr/86Sr H, CH, %SWntg %SWs;, ASW

Beehive 1108-GT17 95.7 1.4 0.093 0.70653 9.4 +£0.5 1.1 £0.1 2.6% + 0.1% 1.3% £ 0.7% 1.4%
Endmember (Mg) 9.6 +0.5 1.1 £ 0.1
Endmember (Sr) 9.5+ 0.5 1.1 +0.1

Camel 1111-GT11 85.0 438 0.078 0.70856 2.0 +£0.1 0.2 £0.0 81.5% + 2.4% 79.6% + 0.9% 1.9%

Humps Endmember (Mg) 10.8 £2.3 1.3+03
Endmember (Sr) 98 £ 1.6 1.1 £0.2

Marker 6 1112-GT16 65.8 28.4 nd 0.70775 6.6 £0.3 0.8 £ 0.0 52.8% + 1.6% 50.2% =+ 0.7% 2.6%
1112-GT5 45.5 0.066 0.70847 23 +0.1 0.3 £0.0 84.71% =+ 2.5% 76.1% + 1.1% 8.6%
1112-GT17 44.9 0.080 0.70860 1.9 +0.1 02 +0.0 83.5% + 2.5% 80.8% =+ 0.8% 2.8%
Endmember (Mg) 143 +£ 0.7 1.6 £ 0.1
Endmember (Sr) 13.0 £ 0.9 1.5+ 0.1

Sombrero 1109-GT16 61.6 47.8 0.083 0.70882 1.1 £0.1 0.2 £0.0 89.0% + 2.7% 88.2% + 1.0% 0.7%
1109-GT10 51.9 0.081 nd 0.2 +0.0 0.0 £ 0.0 96.6% + 2.9% 996.4% + 3.1% 0.2%
Endmember (Mg) 10.5 £ 2.7 1.5+04
Endmember (Sr) 9.7+13 14 +£0.2

Marker C 1110-GT18 80.6 8.4 0.091 0.70687 69 +0.3 1.0 £ 0.0 15.7% + 0.5% 15.5% + 0.6% 0.2%
1110-TGT 222 0.087 0.70748 29 +0.1 0.4 £+ 0.0 41.3% + 1.2% 39.6% + 0.7% 1.7%
Endmember (Mg) 7.34+0.5 1.0 £ 0.1
Endmember (Sr) 724+04 1.0 £ 0.1

Marker 3 1107-GT11 55.1 384 0.062 nd 1.2 +0.1 0.2 £0.0 71.4% + 2.1% 470.0% =+ 2.2% 1.3%
Endmember (Mg) 42+ 0.6 0.8 £0.1
Endmember (Sr) 41+04 0.8 +£0.1

Marker 2 1107-GT12 63.9 22.5 0.088 nd 2.1+0.1 0.8 £0.0 41.8% + 1.3% “41.5% + 1.3% 0.3%
1111-GTI12 0.7 0.090 0.70662 3.1+02 1.1 £0.1 1.4% + 0.0% 2.6% + 0.3% —-1.2%
1107-GT9 4.6 0.095 0.70656 33+02 1.2 £0.1 8.5% + 0.3% 5.1% + 1.3% 3.3%
Endmember (Mg) 34+£02 1.2+ 0.1
Endmember (Sr) 34+02 12 +£0.1

Marker 8 1110-GT9 53.8 25.6 0.085 0.70754 1.5+0.1 0.8 £ 0.0 47.6% + 1.4% 40.4% =+ 0.6% 7.3%
1110-GT17 373 0.078 0.70827 0.8 +£0.0 0.4 £ 0.0 69.3% + 2.1% 68.5% + 0.9% 0.9%
Endmember (Mg) 29403 1.5 +0.1
Endmember (Sr) 2.6 +£0.2 1.3 +£0.1

® Endmember (Mg)

Low sulfide vents 9.7+05 1.1 £0.1

Moderate sulfide vents 7.6 £04 1.1 £0.1

High sulfide vents 33402 1.2+ 0.1

Concentrations are given in mmol/kg and vent temperatures in © C. The estimated precision of the analyses is 3% for Mg and Sr, 5% for H, and CHj, (all as relative standard deviation),
and<0.00002 for 87Sr/%Sr (standard deviation).
nd = no data or no measurement made.

4 No ¥’Sr/*Sr measurements were done for these samples. %SWs, are calculated from the %SW\, taking into account the endmember Mg for this vent.

® Calculated from data from Proskurowski et al., 2006 and this study.
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Nelson, 2021) and standard titanium major samplers
(~750 ml; Von Damm et al., 1985) mounted on the ROV
Jason (Table 2). Samples for volatile analyses were collected
using conventional (~150 ml) and a large volume
(~1500 ml, referred to as Titan) gas-tight samplers
(Table 3). Temperatures were measured using an in-situ
temperature probe connected to the HOG sampler’s tita-
nium intake nozzle. Upon arrival on deck, sample aliquots
were analyzed for pH, alkalinity, dissolved silica, and H,S.
Fluid subsamples for stable isotope analyses were immedi-
ately stored at 4 °C.

2.2. Analytical methods

We analyzed a total of 32 HOG samples, including two
background seawater samples collected near IODP Bore-
hole M0072B (Frith-Green et al., 2018), for Mg and S con-
centrations, and O, S, and Sr (87Sr/86Sr) isotope
compositions. H, and CHy4 concentrations were analyzed
on 15 gas-tight samples, 12 of which were also measured
for ¥’Sr/%Sr ratios. Sr, Mg, and H,S concentrations were
analyzed at the NOAA Pacific Marine Environmental Lab-
oratory using the methods described in Butterfield &
Massoth (1994). SO3 concentrations were measured using
a Dionex Aquion ion chromatography system (ThermoFis-
cher Scientific, Bremen) at the Department of Earth
Sciences, ETH Zurich. The estimated precision (1c) of
these analyses are 3% (Mg and Sr), 2% (SO7), and 4%
(H,S). Volatiles were vacuum extracted from the vent fluids
and sealed in gas ampoules on board ship and analysed for
H, and CH,4 concentrations at the University of Washing-
ton following the methodology described in Proskurowski
et al. (2008). The overall precision of the dissolved volatile
analyses is estimated to be about 5%. Calculations of pH at
in-situ temperatures were made using the Geochemist
Workbench® 14th edition SpecES program (Bethke et al.,
2020). This was done by first correcting the measured pH
for seawater contributions and modelling the corrected vent
fluid compositions and pH to the highest measured temper-
atures for each vent site.

For oxygen isotope analysis, 2 ml of vent fluids were
transferred into 12-ml exetainers and flushed with 2%
CO, in He, stirred and allowed to equilibrate for 24 h fol-
lowing the methods of Epstein & Mayeda (1953). The anal-
yses were conducted using a GasBench II coupled with a
Delta V isotope ratio mass spectrometer (IRMS, both
ThermoFischer Scientific, Bremen) at the Geological Insti-
tute, ETH Zurich. The procedure was calibrated using
waters with 3'%0 values of + 1.55%0 and —11.01%o, respec-
tively, which were calibrated against the international stan-
dards VSMOW and VSLAP. Reproducibility of the
measurements is & 0.1%o.

Samples for sulfur isotope analysis were collected in 50-
ml falcon tubes and spiked with 0.5 ml of a 0.4 M cadmium
acetate solution to precipitate sulfide. The solutions were
centrifuged at 4000 rpm for 30 min to separate the sulfide
fraction. To precipitate the sulfate fraction, 1.8 M BaCl,-
$2H,0 solution was added to the supernatant upon acidifi-
cation to a pH of about 34 with 5% HCI. The solutions
were then centrifuged for 30 min to collect the barium sul-

fate. The S isotope compositions were measured in an ele-
mental analyzer coupled to a Thermo-Fisher Delta V
isotope ratio mass spectrometer (EA-IRMS). The system
was calibrated using international standards NBS-127
(8**S = 420.3%0 VCDT) and IAEA-SO-5 (5**S = +0.5%0
VCDT) for sulfate, and IAEA-S-1 (8*S = —0.30%¢
VCDT), IAEA-S-2 (5**S = +22.7%c VCDT), and IAEA-
S-3 (8%S = —32.3%0 VCDT) for sulfide, with a reproducibil-
ity of 0.28%o.

Strontium isotope analysis was conducted on a
multicollector-inductively coupled plasma mass spectrome-
ter (Neptune Plus, ThermoFischer Scientific, ETH Zurich)
upon isolation of 500 ng of the element using Sr spec resin
(Deniel & Pin, 2001; de Souza et al., 2010) in about 3 ml of
2% HNOj;. Instrumental mass fractionation was corrected
using the exponential law and a %°Sr/*8Sr ratio of 0.11940
(Nier, 1938). Sample 3Sr/*°Sr ratios were renormalized to
the accepted value of Nist SRM 987 (¥7Sr/*®Sr = 0.710248,
Thirlwall, 1991). External errors estimated from repeated
Nist SRM 987 measurements during the three sessions cor-
responded to <24 ppm (2 SD, SRM 978 was run at least 15
times per session).

3. RESULTS
3.1. Measured vent fluid compositions

Measured sulfur concentrations and isotope composi-
tions of the Lost City vent fluids are presented in Tables
2 and 3 and plotted in Fig. 2. Measured SO3 values range
from 3.4 to 28.3 mmol/kg, roughly reflecting mixing
between seawater and endmember vent fluids with concen-
trations similar to or less than that of Beehive (Fig. 2A, B).
Measured H,S values are between 0.1 and 2.6 mmol/kg and
reflect mixing between seawater and Beehive, Marker C, or
Marker 2 endmember fluids (Fig. 2C). Although there is
significant scatter, measured S, uirare values also roughly
reflect mixing between Beehive endmember fluids and sea-
water (Fig. 2D). Beehive vent fluids have the highest
3 *Squitare Values (+29.3 to + 31.9%0) which decrease in
the other vents to seawater sulfate values (+21%o, Rees
et al., 1978) with increasing Mg and %7Sr/*°Sr. Measured
5**S.uinde values are lowest at Beehive (+28.1 to + 29.1%o0)
and highest at Marker 8 (+32.6%0) and do not show any
trend with Mg (Fig. 2E). The samples from the vein on car-
bonate cap have seawater sulfur chemistry and isotope
compositions.

3.2. Endmember sulfur, hydrogen, and methane compositions

Endmember compositions presented here were esti-
mated by using Sr isotopes (see Appendix A). These are
presented in Tables 2 and 3 and in Figs. 3 and 4. The end-
member sulfur and hydrogen compositions vary systemati-
cally with temperature and distance from the center of the
field (Figs. 3, 4A, B). Endmember H,S compositions are
between 0.3 and 3.4 mmol/kg and increase with decreasing
temperature and H, (Figs. 3A, 4A). In contrast, endmem-
ber SO3 concentrations range from 1.5 to 3.3 mmol/kg
and generally increase with temperature and H,
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Fig. 3. Endmember concentrations of hydrogen, sulfate, and sulfide in the Lost City vent fluids, calculated using the Sr isotope approach
(Appendix A), vary systematically from the central sites (low and moderate sulfide groups) towards the more peripheral sites (high sulfide
group). (A) The central sites (low sulfide group) have the lowest sulfide concentrations and high sulfate and hydrogen. Hydrogen and sulfate
concentrations decrease towards the lower temperature sites while sulfide concentrations increase. Dotted line shows the expected change in
concentrations from Beehive (vent fluid with the highest endmember sulfate concentration) based on the stoichiometry of sulfate reduction
(Equation (1)). This systematic variation has been previously used to suggest that microbial sulfate reduction is a major control in the vent
fluid compositions (Kelley et al., 2005; Proskurowski et al., 2006; Lang et al., 2012).

(Figs. 3B, C, 4B). Dissolved volatile concentrations (Table 3) collected in 2018 are generally consistent with previously
are 2.6-13.0 mmol/kg for H, and 0.8-1.5 mmol/kg for CH,. reported values (Table 4; Proskurowski et al., 2006; 2008;
The range of endmember concentrations of the samples Lang et al., 2012; Reeves et al., 2014; Konn et al., 2015;
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Table 4
Comparison of reported endmember sulfur, methane, and hydrogen concentrations at the LCHF.

o7y H,S H, CH, Vents investigated
This study 1.5t0 3.3 0.3t034 2.6 to 13.0 09to 1.5 see Table 2
Proskurowski et al. (2006, 2008) 0.5to 144 0.9 to 2.0 BH,2,3,6,7,8,C,H
Lang et al. (2012) 1.0 to 3.7 0.2t029 BH, 2,3,6,7,8, C,H
Reeves et al. (2014) 0.2t0 0.3 10.4 to 10.5 1.1 BH, 6
Konn et al. (2015) 7.8 0.9 BH
Seyfried et al. (2015)* 32t03.5 0.1t0 0.2 9.9 to 10.8 1.2t0 1.3 BH, 6

Concentrations are given in mmol/kg. Note: BH = Beehive; numbers and letters = Marker numbers from Kelley et al. (2005).

% Endmember defined as fluid with lowest Mg concentrations.
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Seyfried et al., 2015), which shows that compositions at
LCHF have remained relatively stable for more than a
decade.

The active vents can be subdivided into four groups
based largely on location and endmember SO3, H,S, and
H, concentrations:

(i) Low sulfide vents,

(i) Moderate sulfide vents,
(iii) High sulfide vents, and the
(iv) Eastern wall vents.

The low sulfide vents are located at the center of the
main field on the Poseidon structure extending towards
the eastern wall and include Beehive, Camel Humps, Som-
brero, and Marker 6 (Fig. 1C). They have the lowest H,S
(0.3-0.4 mmol/kg), highest SO7, (2.4-3.3 mmol/kg), and
highest H, endmember concentrations (9.5-13.0 mmol/kg)
(Tables 2, 3, Fig. 3). Venting from Beehive is the most vig-
orous, with the highest temperature fluid (96 °C) that is the
most representative of the unaltered, pristine endmember
vent fluid at Lost City. H, concentrations in this group lie
within a narrow range (between 9.5 and 9.8 mmol/kg)
except for Marker 6 with endmember H, concentration as
high as 13.0 mmol/kg (Table 3, Fig. 3). The moderate sul-
fide group encompasses vents at Marker C and Marker 3,
located in the central part of the field on Poseidon. Despite
their proximity, the moderate sulfide group has higher H,S
(1.0-1.2 mmol/kg), lower SO3 (2.6 mmol/kg), lower H,
(4.1-7.2 mmol/kg), and generally lower temperatures than
the low sulfide group. The high sulfide vents are located
in the western part of the field and consist of Marker 2
and Marker 8, both of which have generally lower temper-
atures (54-64 °C), low SO3 (1.5 — 1.7 mmol/kg), the highest
H,S (2.6-3.4 mmol/kg), and the lowest H, concentrations
(2.6-3.4 mmol/kg) in the LCHF system. The eastern wall
is an area with steep basement outcrops just below a north-
east trending ridge, north and east of the main vent field
towards the top of the Atlantis Massif (Fig. 1). This area
is characterized by carbonate veins and variably sized struc-
tures that grew directly on the basement serpentinites or
along the subhorizontal foliation in the rocks (Kelley
et al., 2005). This group includes the Calypso vent, a small
chimney located northeast of Marker 7, and a vein sampled
on the carbonate cap with diffuse fluids. These vents have
lower temperatures (~11-33 °C) compared to those in the
main field, high H,S (2.2-2.4 mmol/kg) and variable SO3
concentrations (1.8 — 2.6 mmol/kg).

3.3. Oxygen and sulfur isotope geochemistry

Endmember oxygen isotope compositions of the vent
fluids (+0.2 to + 0.6%o) are slightly higher than background
seawater (+0.1%o) (Table 2). We observe no general trend in
3'%0 with temperature or distance from the center of the
field. The highest 5'%0 value of + 0.6%o is observed in Mar-
ker 3 and Calypso while the vein NE of Marker 7 and Mar-
ker 2 are both at + 0.5%0. Samples from the low sulfide
vents have 8'%0 values of + 0.4%o. The fluid sample from

the vein on the carbonate cap has a 8'%0 close to back-
ground seawater (+0.1%o).

The endmember 5°*S of sulfate and sulfide in the vent
fluids are higher than seawater sulfate (3°*Sqypae: +21%0,
Rees ct al., 1978), with §>*Ssuirate values ranging from + 21.6
to + 31.0%0, and 8**Sgyide from + 28.4 to + 32.6%o (Table 2,
Fig. 4C-E). 8**Squifige 1s more positive than §>*Sgyiae in all
vents, except Beehive (Fig. 4C). Moreover, 8*S ugq. values
generally increase with increasing H,S concentrations and
distance from the center of the field, and broadly increase
with decreasing vent temperatures (Fig. 4A, D). The
83*S.uirare values, on the other hand, generally decrease
towards seawater 8>*Syyme values with decreasing vent
temperatures and SO3 concentrations (Fig. 4B, E). At the
eastern wall (Calypso), 8**Squirare values are very close to
seawater (Fig. 4D).

4. DISCUSSION
4.1. Mixing trends in the LCHF vent fluids

Mixing diagrams, which are plots of measured concen-
trations, are useful for calculating endmember composi-
tions and determining whether an element behaves
conservatively during mixing of seawater with vent fluids.
Most of the samples do not lie directly on the Beehive-
seawater mixing line when measured SOF compositions
are plotted against Mg (Fig. 2A). Instead, some of the lower
temperature vent fluids plot along the mixing line with a
zero-Mg, zero-sulfate endmember. The sulfate in these flu-
ids are enriched in **S compared to seawater, requiring that
these endmember fluids contain sulfate with a non-seawater
83*Squirate value (Fig. 2D). For a non-zero sulfate endmem-
ber fluid to plot along the same linear mixing line as a zero-
Mg, zero-sulfate endmember, it requires that the fluid also
contains a corresponding amount of Mg (Sakai et al., 1990;
Gamo et al., 1991; see Appendix A). When measured SO
compositions are plotted against ¥’Sr/%®Sr (Fig. 2B), sam-
ples from Sombrero, Marker 3, Camel humps, Calypso,
and vein NE of Marker 7 move closer to this mixing line,
supporting the idea that small amounts of Mg in these vents
may move the data points towards a zero-Mg, zero-sulfate
endmember (Fig. 2A). Several vents including Markers 2,
C, and 8 have measured SO7 that are below the mixing line
between Bechive-seawater but above the zero-sulfate line
when plotted against both 87Sr/3¢Sr and Mg (Table 2,
Fig. 2A, B, see Section 3.3), suggesting lower endmember
SO7 in these vents relative to Beehive.

As shown in Fig. 5, the ¥’Sr/®Sr ratio of the Lost City
vent fluids plotted against Mg or Mg/Sr define a mixing line
between seawater (87Sr/8(’Sr =0.70917, Palmer & Edmond,
1989) and a zero-Mg endmember vent fluid with a 3’Sr/*®Sr
of 0.70650. The strong correlation between 3Sr/*°Sr and
Mg/Sr (R* = 0.995) suggests that the LCHF vent fluids
were all formed from a primary endmember fluid with
878r/%Sr close to that sampled at Beehive. In contrast to
the Sr isotope vs. Mg/Sr plot (Fig. 5), the sulfur chemistry
of the LCHF vent fluids (Fig. 6) define three mixing lines
that broadly reflect variations observed in the four vent
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groups defined in Section 3.2. Within each group, the sulfur
chemistry can be explained by mixing between the highest
temperature vent and a fluid close to seawater. The sulfur
chemistry of the low sulfide vents can be explained by mix-
ing between seawater and an endmember fluid best repre-
sented by Beehive, while the moderate sulfide vents can
be explained by mixing between seawater and an endmem-
ber fluid with the composition of Marker C. Similarly, the
sulfur chemistry of the high sulfide and eastern wall groups
points to mixing between seawater and an endmember fluid

best represented by Marker 2 vent fluid. Closer examination
of each of these mixing lines reveals that the lower temper-
ature vents slightly deviate from these mixing lines, suggest-
ing that additional processes may influence vent fluid
compositions at lower temperatures.

4.2. Water-rock ratios (W/R) and reaction temperatures

Serpentinites from the basement rocks have Sr isotopic
signatures close to seawater values (0.70885 to 0.70918;
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Boschi et al., 2008; Delacour et al., 2008d), while gabbros
from the southern wall of the Atlantis Massif have lower
87Sr/%6Sr ratios between 0.70321 and 0.70642 (Delacour
et al., 2008d) closer to that of unaltered mantle (0.70269;
Workman & Hart, 2005). This indicates that serpentiniza-
tion occurred at very high integrated water-rock ratios
(W/R = 100 to 800; Boschi et al., 2008) but the hydrother-
mal fluids at the LCHF are still influenced by interaction
with the variably altered mantle and/or gabbroic rocks at
relatively lower water/rock ratios. Using our hydrothermal
endmember 37Sr/%°Sr ratio and Sr concentration and a pro-
tolith Sr content between 10 and 49 ppm (McDonough,
1990; Salters and Stracke, 2004), we estimate that the Lost
City vent fluids have experienced W/R = 3 to 13 (equation
11; Berndt et al., 1988). The use of a higher upper limit of
49 ppm for the average protolith Sr concentrations
(McDonough, 1990) resulted to a higher upper limit for
the calculated W/R ratios compared to the earlier calcula-
tions of Foustoukos et al. (2008). Using the mass-balance
equation described by Taylor (1977), an initial fluid with
3'%0 = 0 (i.e., seawater), and olivine and serpentine 5'*0
values reported in Rouméjon et al. (2018b), we obtain
W/R ratios between 4 and 18. These W/R ratios are in
strong agreement with those calculated from Sr geochem-
istry. In addition, using the temperature dependent
serpentine-water oxygen isotope fractionation of Saccocia
et al. (2009) and the serpentine 8'*0 values reported in
Rouméjon et al. (2018b), we estimate serpentinization reac-
tion temperatures of ~ 300 °C. Using a very similar
approach, Foustoukos et al. (2008) combined W/R ratios
obtained from 37Sr/3®Sr with previously reported 3'30 com-
position of the LCHF vent fluids (Kelley et al., 2005) and
calculated reaction temperatures of ~ 300 °C. This rela-
tively high reaction temperature for the LCHF basement
rocks is supported by other estimates. These include 5'*0
data from carbonate veins (up to 225 °C; Friih-Green

et al., 2003) and serpentinites from the basement (210 to
450 °C; Rouméjon et al., 2018b), thermodynamic modelling
of vent fluids (140-300 °C; Allen and Seyfried, 2004;
Foustoukos et al., 2008; Lang et al., 2012; Seyfried et al.,
2015), and more recently, thermometry based on clumped
isotopes in methane (apparent A'*CH;D temperatures
between 158 and 270°C, Wang et al., 2018; Labidi et al.,
2020). Finally, we compared our calculated in-situ pH
and measured exit temperatures (Table 2) with the theoret-
ical models of Foustoukos et al. (2008). Fig. 7 suggests that
the fluids venting at Beehive can be consistent with the con-
ductive cooling of a > 300 °C fluid at W/R > 1. Interest-
ingly, the pH of the fluids venting from the other vents
indicate higher W/R ratios relative to Beehive.

4.3. Sulfate reduction and addition of seawater sulfate

In the presence of electron donors (e.g., H,, reduced C
compounds), sulfate reduction can occur according to the
following reaction (written with H):

SO¥ 4+ 4H, — HS™ + OH™ + 3H,0. (1)

At Lost City, endmember H,S concentrations are lowest
in the central vents and increase towards the peripheral
high sulfide and eastern wall vents. In contrast, SOF and
H, concentrations decrease towards the peripheral vents
(Fig. 3). The overall change in the concentrations across
vent sites roughly corresponds to those expected during sul-
fate reduction (Equation (1), Fig. 3). This pattern has been
previously used to suggest that microbial sulfate reduction
(MSR) is an important control on the LCHF vent fluid
chemistry (Kelley et al., 2005; Proskurowski et al., 20006;
Lang et al., 2012). The fluid 5>*S signatures, however, can-
not be explained by a simple model that considers only sul-
fate reduction. With the exception of Beehive, all vent fluids
have 8>*Syuirde values that are higher than the correspond-
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90 ® Sombrero
T 8.0 4 A Marker C
. s e « Marker 3
] Marker 2
o0 m Marker 8
2011 Calypso
4.0 ] ; , : : : . mVein NE of Marker 7
0 50 100 150 200 250 300

Temperature (°C)

Fig. 7. Calculated in-situ pH vs. vent temperatures of the LCHF vent fluids plotted against theoretical models of Foustoukos et al. (2008).
Shown are pH evolution pathways during peridotite-seawater equilibrium at 500 bars and temperatures between 50 and 300 °C at water/rock
ratios (W/R) of 1, 5, and 10 (dotted and continuous lines). Dashed lines show the pH evolution during conductive cooling of seawater initially
equilibrated with peridotite at W/R =1 at 200 °C and 300 °C. The pH of fluids venting at Beehive can be consistent with conductive cooling of
seawater equilibrated at > 300 °C and/or W/R > 1 while the pH of the other vents suggests higher W/R ratios.
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ing 8**Syuiate (Table 2, Fig. 4C), whereas sulfate reduction,
whether open-system or closed-system, produces sulfide
that is depleted in **S relative to the reactant sulfate
(Brunner and Bernasconi, 2005).

All hydrothermal fluids are predominantly derived from
seawater (German and Von Damm, 2003), thus, compar-
ison of observed isotopic signatures with those of seawater
provides insights into the processes that produced these sig-
natures. Both 8**S.uisde and 8**Squirare in the LCHF vent flu-
ids are higher than that of seawater sulfate (+21%oc), which
points to closed-system Rayleigh fractionation as the dom-
inant process (Fig. 8). Unaltered peridotites have 5**S ulfide
values of —0.7 + 0.8%o (bulk rock §**S values = +0.3 +
0.5%0; Sakai et al.,1984; Shanks et al, 1995); whereas
hydrothermal sulfides originating by reaction with gabbroic
intrusions have 8*S values ranging from + 5 to + 10%o (Alt
et al., 2013). Hence, a contribution from these sources of
sulfur cannot increase the LCHF vent fluid 8**S to values
higher than that of seawater sulfate. Allen and Seyfried
(2004) and Lang et al. (2012) inferred that anhydrite solu-
bility at 140 to 190 °C buffers the chemistry of the vent flu-
ids at Lost City. However, the 8°*S data presented here is
not consistent with the hypothesis that anhydrite solubility
is the main or only control on the sulfur geochemistry of the
vent fluids. Anhydrite precipitating upon heating of seawa-
ter to temperatures above ~ 150 °C (German and Von
Damm, 2003) has 8*S values slightly higher (+22 + 0.7
%0) but very close to seawater sulfate (Raab & Spiro,
1991; Kuhn et al., 2003). Thus, neither residual fluids after
anhydrite precipitation nor contributions from anhydrite
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dissolution will significantly increase the 8°*Sgyae in the
vent fluids and will not produce 3*S-enriched sulfides.
Closed-system reduction of sulfate with 8**S = +21%o
(i.e., seawater sulfate), on the other hand, can explain the
3%*S of sulfide and sulfate in the Beehive vent fluids. As sul-
fate reduction proceeds towards completion, the residual
reactant sulfate and the instantaneous sulfide are progres-
sively enriched in **S (Fig. 8). The reduction of sulfate to
sulfide in a closed system will produce an increase in H,S.
The little to no H,S contents of these fluids suggest that sul-
fide produced is removed in the subseafloor, likely due to
precipitation as pyrite.

The associated equilibrium fractionation (&pyrite-ri2s)
during sulfide (pyrite) precipitation has been thought to
be a small positive value (+0.8%0 at 150 °C; +0.1%0 at
200 °C (Kajiwara and Krouse, 1971; Ohmoto, 1972);
+1.2%0 at 300 °C (Ohmoto and Rye, 1979)) although more
recent experimental study suggests an &pyrire-r2s value of the
opposite direction (-1.9%0 at 350 °C; Syverson et al., 2015).
Nevertheless, because of low equilibration rates typical of
mid-ocean ridge hydrothermal systems, a disequilibrium,
lower magnitude &,yrite-H2s €an be expected in natural sam-
ples (Syverson et al, 2015). In addition, e&pyrite-r2s
approaches zero during almost complete precipitation from
dissolved sulfide (see Sakai, 1968). Thus, it is possible for
precipitated sulfide to record a similar >*S to that of the
instantaneously produced dissolved sulfide.

The 3*S-enriched isotope signatures can be preserved in
the vent fluids or in sulfide minerals that precipitate from
these fluids during sulfate reduction provided that the reac-
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Fig. 8. Rayleigh fractionation modelling of Beehive and Marker 8 vent fluids using a fractionation factor (&syifate-suifide) Of (A) 2.6 and (B)
4.6%o. (A) Beehive 5>*S values but not concentrations can be produced via closed-system sulfate reduction starting from a seawater-like fluid
(28 mmol/kg sulfate, 5**Sgyrae = +21%0). Continued sulfate reduction can produce Marker 8 §**Sqypge but not 8**Sgyae. (B) Sulfate
reduction with a slightly higher eiae-sunde Value can produce sulfate with 8°*S and concentrations that match those observed at Bechive.
Note: inst = instantaneous, acc — accumulated; filled symbols = measured endmember values, open symbols = model values that do not
match with the measured values. Uncertainties are smaller than the symbol sizes.
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tion zone is a nearly closed system with respect to sulfate.
We hypothesize that anhydrite dissolution during cooling
can provide dissolved sulfate with seawater-like %S
(Raab & Spiro, 1991; Kuhn et al., 2003) while maintaining
generally closed-system conditions. Sulfate reduction is
then followed by rapid and quantitative removal of instan-
taneously formed dissolved sulfide through precipitation of
metal sulfides. Accumulated product sulfide formed during
closed-system sulfate reduction has &°*S values that do not
exceed the reactant seawater sulfate (Fig. 8). Closed-system
sulfate reduction may occur either in the shallower subsur-
face or in the deeper basement rocks. Evidence for closed-
system sulfate reduction in the subsurface is supported by
the presence of **S-enriched sulfide in the serpentinized
peridotites from the southern wall of the Atlantis Massif
(Delacour et al., 2008b; Liebmann et al., 2018). Closed-
system MSR was also invoked to explain two serpentinite
samples from the Iberian Margin which have 8**S.uifide val-
ues exceeding that of seawater (Alt and Shanks, 1998), sug-
gesting that this process is not uncommon. More recently,
Liebmann et al. (2018) attributed all 8**Sqypqe > 0% in
the Atlantis Massif serpentinites to thermochemical sulfate
reduction (TSR) and hydrothermal sulfide addition due to
heating of entrained seawater at temperatures > 200 °C,
which is more consistent with the metamorphic evolution
of the Atlantis Massif (e.g., Boschi et al., 2006; Rouméjon
et al., 2018a, 2018b).

4.3.1. Microbial versus thermochemical sulfate reduction

In Fig. 8, we use a Rayleigh distillation model to inves-
tigate the evolution of the &S of the reactant sulfate,
instantaneous sulfide, and accumulated sulfide during
closed-system reduction of sulfate with 3**S of + 21%.. A
fractionation factor (&gifate-suiide) Of 2.6%c can produce
the 5**S values for sulfide and sulfate in the Bechive vent
and the 5°*Sqynqe value for Marker 8 (Fig. 8A). Assuming
an initial SOF of 28 mmol/kg (i.e., seawater), a Egifate.
sulfide Value of 4.6%o can explain the sulfate **S and concen-
trations in Beehive (Fig. 8B). It is, however, not possible to
find a single &gyifatesuide Value that simultaneously repro-
duces the 8**S of sulfide and sulfate, and sulfate concentra-
tions observed in Bechive. Additional sources of
34S-enriched sulfide, an initial SOF" concentration greater
than 28 mmol/kg, and/or a non-constant €gyiate-suifige and
Epyrite-ti2s  (€.€., Ohmoto, 1972; Sakai, 1968; Syverson
et al., 2015) values over time may explain this discrepancy.
Moreover, the vent fluid dissolved sulfide concentrations do
not necessarily represent the instantaneous product sulfide
at the corresponding sulfate concentration (or residual frac-
tion) but reflects multiple processes over the residence time
of the fluids. Overall, gyifate-suiide Values between ~ 3 and
5%o can explain the sulfur geochemistry of the Beehive vent
fluid.

Sulfur isotope fractionations associated with MSR span
a wide range and depend on many factors such as bacteria
strain, availability of electron donors, growth rates, temper-
ature, and pH (e.g. Detmers et al., 2001; Kemp & Thode,
1968; Sim et al., 2011, Brunner & Bernasconi 2005). While
MSR typically leads to depletion in **S in the product sul-
fide with large fractionations of up to 75%c (Brunner &

Bernasconi 2005), relatively low sulfur isotope fractionation
has been reported for culture experiments using H, as an
electron donor at temperatures from < 35 °C to 80 °C
(1 to 9.7%0; Kemp & Thode, 1968; Hoek et al., 20006).
Unfortunately, culture experiments conducted at the rela-
tively higher temperature and higher pH conditions (e.g.
temperatures > 90 °C, pH > 9) characteristic of Beehive
are unavailable. While MSR cannot be excluded as the
source of the observed small fractionation, an alternative
is that it is produced by thermochemical sulfate reduction.
The isotope fractionation during TSR is about 20%o
at ~ 100 °C and decreases to about 5% at 350 °C
(Kiyosu and Krouse, 1990). TSR is thought to involve
the reduction of SOF with organic compounds and, to
our knowledge, experiments on TSR using H, are currently
unavailable. Experiments involving organic compounds
suggest that isotopic fractionation is generally independent
of the electron donor involved (Kiyosu and Krouse, 1990).
Overall, the fractionation factor observed in Beehive can be
reconciled with either microbial or thermochemical sulfate
reduction at high temperatures.

Temperature is likely the key control on whether the sul-
fate reduction process that produced the Beehive vent fluids
occurred via MSR or TSR. MSR is the dominant process at
temperatures below ~ 80 °C (Postgate, 1984) and have been
reported to occur at temperatures of up to 110 °C in deep-
sea hydrothermal vent sediments (Jorgensen et al., 1992;
Elsgaard et al., 1994). On the other hand, TSR is possible
only at temperatures exceeding ~ 80-100 °C (Worden
et al., 1995; Machel et al., 1995; Machel 1998; 2001) and
is thought to be significant in hydrothermal systems at tem-
peratures above 200 °C (Mottl et al., 1979; Ohmoto and
Lasaga, 1982). The temperatures observed at Beehive (up
to ~ 100 °C) are close to the temperature divide between
MSR and TSR. However, multiple lines of evidence point
to temperatures well above the range for MSR in the LCHF
subsurface (see section 4.2). If the high 8>S signatures in
the Bechive fluids are produced at depth, sulfate reduction
at higher temperatures via TSR is a more plausible explana-
tion. This interpretation is consistent with the generally
high 8*S values in the vent fluids, since the deeper and
likely less altered basement rocks are more representative
of a closed system than the shallower serpentinites or the
porous chimney interiors. As discussed above,
3S-enriched sulfides were also found in the serpentinites
from the Atlantis Massif, and their origin was attributed
to closed system-thermochemical sulfate reduction
(Delacour et al., 2008b; Liebmann et al., 2018).

4.3.2. Controls on S chemistry and isotopic compositions
With the exception of Beehive, the 534S of dissolved sul-
fate in the vents is significantly lower than that of the coex-
isting sulfide (Table 2, Fig. 4C). Closed-system sulfate
reduction alone cannot explain the sulfur isotope data,
because although it produces sulfide and sulfate isotopically
heavier than the initial seawater sulfate, the 83*S of sulfate
should be higher than that of sulfide. Fig. 8 shows that
closed-system sulfate reduction of a fluid with seawater
8**S can produce isotopically heavy sulfides characteristic
of both Beehive and Marker 8. The variability in 8**Squade
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in the Lost City fluids can be explained by the addition of
variable amounts of **S-enriched sulfide produced from
the residual sulfate, with the Beehive and Marker 8 vents
representing the lowest and highest extents of reaction,
respectively. This can be achieved if the vents with the
higher 5**S.uinde values have a longer flow path or a slower
fluid flow than Beehive at depth, allowing protracted sulfate
reduction under closed-system conditions. However, more
extensive sulfate reduction would also produce higher
**Squiare values in the vents, which is not the case
(Figs. 4C, 8). This requires addition of isotopically lighter
sulfate in some of the vents or the precipitation of isotopi-
cally lighter sulfide minerals. Precipitation of **S depleted
sulfide minerals, however, should result in lower dissolved
sulfide concentrations in the vents with higher 5**Sutfie val-
ues. We observe that 8°*Sgynge values generally increase
with increasing H,S concentrations (Fig. 9A). Moreover,
precipitation of sulfide minerals does not explain the 5**S,.
fate Values approaching seawater sulfate in the lower tem-
perature vents (Fig. 9B). Thus, we suggest that addition
of **S-depleted sulfate, for example, from seawater infiltra-
tion or anhydrite dissolution, in some of the vents can
explain the 8**Squnde > 8>*Ssuttace values.

Assuming that the rest of the vents are formed from Bee-
hive, Marker C, and Marker 2, respectively (Fig. 6), we can
evaluate the processes that control the variations in sulfur
chemistry and isotopes by comparing the endmember com-
position of each vent with the highest temperature vent
within each group (Fig. 9). For example, the low sulfide
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vents show an increase in 8**Sgypge at Sombrero relative
to Beehive and Camel Humps which can be produced by
a longer extent of sulfate reduction, while a decrease in
5**Squiare Would indicate a contribution of fresh seawater
sulfate or anhydrite dissolution. Camel Humps has the
same 8>*S.nge but lower sulfate concentrations and
5**Squirate than Beehive, suggesting consumption via active
sulfate reduction fueled by sulfate replenishment
(Fig. 9B). Marker 3 and Marker C (moderate sulfide group)
have higher H,S concentrations and 8**Sysqe than the low
sulfide group, which may be formed from a protracted
closed-system sulfate reduction (Fig. 9A). Marker 3 has
lower 8**Squinqe than Marker C, despite its lower tempera-
ture and slightly higher dissolved H,S concentrations. The
reaction rates for thermochemical sulfate reduction at these
relatively low temperatures are geochemically insignificant
(Kiyosu, 1980; Ohmoto and Lasaga, 1982). Thus, an addi-
tion of **S-depleted H,S to the Marker 3 vent fluid, likely
from open-system microbial seawater sulfate reduction,
can explain this. This complements the slight increase in
SO concentration and decrease in 8>*Syyee (Fig. 9B) at
Marker 3, which indicates incorporation of seawater sulfate
or anhydrite dissolution in an open system. Both open- and
closed-system sulfate reduction, as well as incorporation of
seawater sulfate are also recorded in the serpentinites from
the Atlantis Massif and support our interpretations
(Delacour et al., 2008b; Liebmann et al., 2018). The
3**Squimate values of the moderate sulfide group are signifi-
cantly lower than Beehive and comparable to those of

1 @ B
* %\){\'D&OQ s \\
b\) « ’ 6 \
4 < 1 @
k \-o(\o\){\& / “
30 T 9 h '
) ’bb f!)@ ,' 1
9 K ! !
B &0 h !
. 28 + s ,’ 1
g) 1 N " ,'
1 _— 1
9 DALy
o 26 [ ‘| : K
-g \‘ @ v A
£ N T
s 27 o e
LIJ I*!_——'\\ =
2 1 s S .
DT
o0 ‘ . Seawater sulfate
0 1 2 3 4
Endmember SO,2 (mmol/kg)
High sulfide Eastern Wall
Marker 2 Calypso
m Marker 8 m Vein NE of Marker 7

Fig. 9. Endmember sulfur concentrations and isotope compositions of the LCHF vent fluids. Variations reflect multiple processes that control
these compositions across the field. (A) Endmember H,S and 8**S,4q. broadly reflect addition of 3*S-enriched H,S from closed-system sulfate
reduction. Marker 3 and the eastern wall vents are an exception and reflect addition of **S-depleted H,S likely from open-system microbial
sulfate reduction. (B) Endmember SO and 8*Sy e compositions suggest integrated effects of sulfate reduction and addition of seawater

sulfate. Arrows show general direction of these two processes.

mochim. Acta (2022), https://doi.org/10.1016/j.gca.2022.06.027

Please cite this article in press as: Aquino K. A., et al. Multi-stage evolution of the Lost City hydrothermal vent fluids. Geochim. Cos-



https://doi.org/10.1016/j.gca.2022.06.027

16 K.A. Aquino et al./ Geochimica et Cosmochimica Acta xxx (2022) XXX—XXX

Camel Humps and Sombrero, implying an addition of
3S-depleted sulfate (Fig. 9B). The highest 8**Squage and
H,S and lowest SOZ concentrations of the high sulfide
group (Markers 2 and 8) indicate that they have experienced
the most extensive closed-system sulfate reduction (Fig. 9).
Lower 8**Squs4e and H,S concentrations in the eastern wall
vents points to a lower extent of sulfate reduction than the
high sulfide vents (Fig. 9A). Calypso and the vein NE of
Marker 7, sites that are furthest from the Poseidon structure
(Fig. 1) and have the lowest venting temperatures, also have
33S,uirate Values closer to seawater (Table 2, Fig. 9B) reflect-
ing a significant influence of seawater sulfate.

4.4. Methane and hydrogen geochemistry

Measured H, and CH4 plotted against measured Mg
concentrations for both the 2018 and 2003 data
(Proskurowski et al., 2006) are shown in Fig. 10 and listed
in Table 3. Mixing lines between endmember compositions
of several high-temperature vents (Bechive, Marker C,
Marker 2, Marker 6) with seawater are also shown. Despite
having the highest venting temperature, Beehive does not
have the highest endmember H, and CHy4 concentrations,
which are observed at Marker 6. In addition, mixing
between seawater and Marker 6 endmember fluids, instead
of Beehive, can account for the measured H, and CH, con-
centrations of the low sulfide vents (Fig. 10A, D). The high
H, and CHy4 concentrations observed at Marker 6 may
potentially be explained by its proximity to the serpentinite
basement where these volatiles are thought to be sourced
(Proskurowski et al., 2006; Wang et al., 2018; Labidi
et al., 2020). In contrast, Beehive is located high up on
the 60-m carbonate structure Poseidon and not directly on
the basement rocks (Fig. 1C). Nevertheless, a strong correla-
tion between measured H, and CH,4 concentrations of the low
sulfide vents, including both Beehive and Marker 6
(Fig. 10G), suggest a common flow path for this group.
Although there is some scatter in some of the vents, measured
H, and CH,4 concentrations in the moderate sulfide and high
sulfide groups (Fig. 10B-C, E-G) reflect mixing between sea-
water and either Marker C or Marker 2 endmember fluids,
as is also observed from the sulfur chemistry (Figs. 2, 6).

Endmember H, concentrations defined for each vent
group show a decreasing trend from the central low sulfide
vents towards the more peripheral high sulfide vents, while
the endmember CH,4 calculated from all the vent groups
(with the exception of the Marker 6 mixing line) are within
a narrow range of 1.1 + 0.1 to 1.2 + 0.1 mmol/kg (Fig. 10,
Table 3). The origin of volatiles at the LCHF has been dis-
cussed elsewhere (Proskurowski et al., 2006; Proskurowski
et al., 2008; Bradley and Summons, 2010; Wang et al.,
2018; Labidi et al., 2020). Nevertheless, this observation is
consistent with recent findings that CH, in hydrothermal
systems, independent of basement rock type and/or venting
temperatures, are formed abiotically at greater depths and
temperatures (~400°C), and may be stored in olivine-
hosted fluid inclusions over geological time scales prior to
venting (Kelley and Friith-Green, 1999; Kelley and Friih-
Green, 2001; McDermott et al., 2015; Wang et al., 2018;
Klein et al., 2019; Labidi et al., 2020).

4.5. Multi-stage evolution of the LCHF fluids

The Sr isotope compositions of the LCHF fluids clearly
suggest that all the vent fluids investigated are derived from
a single primary endmember (Fig. 5). However, the sulfur
and hydrogen geochemistry suggests a more complex evolu-
tion with compositions that roughly reflect temperature
and/or location. We propose a conceptual model (Fig. 11)
that integrates processes in the basement and in the shal-
lower subsurface which reflect a transition from a domi-
nantly closed to a dominantly open system with
increasing seawater influence.

4.5.1. First-order vent

Beehive, located at the center of the main vent field, dis-
charges the hottest (96 °C) fluids and can be considered the
first-order endmember fluid (Fig. 11A). Unlike the rest of
the vents, 8>*Squfue 18 higher than 5**S.uinde at Beehive, a
relative magnitude consistent with sulfate reduction. As this
fluid is predominantly derived from seawater, direct com-
parison of its composition with that of seawater gives us
information on seawater-rock interactions in the basement
and/or within the hydrothermal structures along the flow
path. Seawater Mg is removed through Mg mineral precip-
itation (e.g., serpentine and/or brucite), resulting in a zero
Mg composition (Allen and Seyfried, 2004; Foustoukos
et al., 2008; Seyfried et al., 2015). Beehive vent fluids con-
tain 3.3 mmol/kg SO3" and 0.3 mmol/kg H,S with distinctly
higher §°*S than seawater. As seawater is heated to
temperatures > 150°C, at least 25 mmol/kg of sulfate is
removed, most likely through anhydrite precipitation
(Sleep, 1991; Shanks, 2001) and incorporation into the ser-
pentinites during water-rock reactions in the basement
(Delacour et al., 2008b). Cooling to temperatures < 150°C
in a generally closed system results in the dissolution
of anhydrite, thermochemical sulfate reduction (see
Section 4.3) of sulfate sourced from dissolution of anhy-
drite, and subsequent removal by sulfide precipitation. Dis-
solved sulfide in the Beehive vent fluids is formed during
sulfate reduction and probably from the dissolution of ear-
lier formed sulfide minerals, consistent with the observed
depletion of sulfide-sulfur in the rocks from the southern
wall of the Atlantis massif, which was attributed to the
removal of sulfide-sulfur by circulating seawater over long
time scales (Delacour et al., 2008b).

4.5.2. Second-order vents

Marker C and Marker 2 are the high temperature end-
members of the other two mixing lines defined by sulfur
and volatile chemistry (Figs. 6, 10, 11B). The 80 °C Marker
C vent is located in the center of the field adjacent to Bee-
hive while Marker 2, which vents 62 °C fluids, is located in
the western part of the main field. Both vents have close to
zero Mg concentrations and have the highest 8°*Sirate
within their group (Table 2, Fig. 9B). The 5>*Squsde values
are higher than in Beehive and 84S uirate are lower, progres-
sively approaching seawater sulfate values (Fig. 9). These
second-order vents cannot be simple mixtures of seawater
and Beehive endmember fluid. We hypothesize that the end-
member fluids rise through the basement and migrate later-
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composition close to that of the Beehive vent. The composition of this primary vent fluid is a result of a combination of processes including
high temperature (at least 70°C) removal of Mg, closed-system thermochemical sulfate reduction (TSR) of seawater (SW) sulfate and
subsequent sulfide mineral precipitation, and leaching of volatiles produced by ongoing serpentinization reactions or released from olivine-
hosted fluid inclusions in the basement rocks. At Beehive, sulfate reduction (SR) produces 8**Sgupae > 8**Squfice- (B) Continued SR of the first
order-fluid in a partially closed system results in the addition of 3*S-enriched H,S in the second-order vents, Marker C and Marker 2. An
influx of seawater results in 8**Sgyirae lower than those observed in Beehive and 8**Sqyirae < 8°*Ssuiside, the inverse of what is expected from SR.
(C) Third-order vents are formed from subsurface mixing between the first- and second-order vent fluids with a SW-like fluid. 8**Squge is
affected by both open- and closed-system SR, which can be microbial in these low temperature vents, while S, ufute progressively approaches
seawater values (+21%o0) as temperature decreases. Notes and abbreviations: black arrows — seawater; dark blue arrows — first-order vent
(B = Bechive); blue, coarsely-dashed arrows — second order vents (Markers 2 & C); light blue, finely-dashed arrows — third-order vents
(CH = Camel humps, S = Sombrero, Cal = Calypso, V.. = Vein on carbonate cap, Vg7 = vein northeast of Marker 7). Numbers refer to
field marker numbers; 2* = hypothetical vent with compositions similar to Marker 2 that likely serves as a second-order vent for the eastern
wall vents. See Fig. 1 for vent locations and Section 2.1 for explanation of vent names. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

lower temperatures, leads to an overall decrease in SO?{
concentrations in the second-order vents (Fig. 9B).

ally in a still partially closed system, via diffuse flow or frac-
tures, and are then focused to produce the vents. Flow
paths for Marker 2 are either longer or have a slower flow

compared to those of Marker C, allowing Marker 2 vent 4.5.3. Third-order vents

fluids to experience, or to leach rocks that have experienced,
more extensive closed-system sulfate reduction. The differ-
ent flow paths of the second-order vents result in the addi-
tion of progressively isotopically enriched Sgygge. At the
same time, with increasing distance from the primary fluid
conduit and W/R ratios (Figs. 7, 9), these second-order
vents incorporate SOF with &S close to + 21%o, either
through admixture of seawater or via anhydrite dissolution.
Despite the addition of seawater sulfate, continued sulfate
reduction, likely mediated by microbial activity at these

The third-order vents are formed from subseafloor mix-
ing between the first- and second-order vents with seawater
(Figs. 6, 10, 11C). The sulfur geochemistry of these vents
reflects an influence of multiple processes including addi-
tion of seawater sulfate and H,S from both open- and
closed-system sulfate reduction. (Figs. 6, 9, see
Section 4.3.2). The third-order vents are characterized by
variable non-zero Mg endmember concentrations (Table 2).
This is consistent with the calculations of Lowell (2017)
indicating high Mg concentrations at Marker 3 relative to
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the observed temperature, which was attributed to local
entrainment of seawater. Mg is also possibly added via dis-
solution of brucite during mixing of relatively low pH sea-
water as the system transitions to open-system conditions
(Templeton and Ellison, 2020; Klein et al., 2020). To date,
no petrological studies have found brucite in the basement
rocks of LCHF (Friih-Green et al., 2018). The thermody-
namic models of Allen & Seyfried (2004) and Foustoukos
et al. (2008) predicted brucite to be part of the equilibrium
mineral assemblage at the basement of Lost City, while a
more recent work (Seyfried et al., 2015) suggested that bru-
cite is unstable. Even if brucite is currently precipitating at
the basement rocks of Lost City, a combination of higher
W/R, lower temperatures, and increasingly open-system
conditions in the third-order vents (Fig. 9) will render bru-
cite unstable allowing for its dissolution (Templeton and
Ellison, 2020; Klein et al., 2020).

Within the low sulfide group (Figs. 6, 10A, D), the third-
order vents include Camel Humps, Sombrero, and possibly,
Marker 6. There is, however, a possibility that Marker 6 is a
second-order vent because of its relatively high temperature
(66 °C, Table 2) and H,S concentrations (Fig. 6) and its
highest dissolved volatile concentrations (Fig. 10A, D).
Nevertheless, this confirms the work of Seyfried et al.
(2015) suggesting a common source fluid for Beehive and
Marker 6. Marker 3 represents the third-order vent for
the moderate sulfide mixing line. The third-order vents in
the high sulfide and eastern wall group include Marker 8§,
Calypso, Marker H (sampled only in 2003) and the carbon-
ate veins (Figs. 6, 11B, C), all of which are located at the
periphery of the field. We hypothesize that the eastern wall
vents are likely derived from fluids similar to Marker 2.

5. CONCLUSIONS

Hydrogen concentrations of the LCHF vents vary sys-
tematically with SO and H,S concentrations, as well as
S utfide (Figs. 4, 9A), pointing to sulfate reduction as a
major control on the vent fluid compositions. The vents
can be subdivided into four groups reflecting systematic
variations in H, and S chemistry, temperature, and location
within the field. Three groups are located in the main vent
field on the Poseidon structure: the (1) low sulfide vents, the
(2) moderate sulfide vents, and the (3) high sulfide vents.
The fourth group (4), the eastern wall vents, is located
along a steep northeast-southwest trending wall northeast
of the main vent field. 3’Sr/%¢Sr ratios of the fluids show
that all vents were formed from the modification of a single
endmember fluid with a composition close to that of the
Beehive vent. This first-order vent fluid has nearly zero
magnesium, 3 *Seutfide < 8 *Squimaes and has lost at least
25 mmol/kg of sulfate through anhydrite precipitation
and incorporation into the serpentinites. Subsequent cool-
ing results to the dissolution of anhydrite followed by ther-
mochemical sulfate reduction. The initial stages of water—
rock interaction take place in a dominantly closed system
at a relatively higher temperature allowing closed-system
thermochemical sulfate reduction to occur. The rest of the
vents are influenced by additional processes. Addition of
sulfate via infiltration of seawater or anhydrite dissolution

coupled with continued sulfate reduction result in the for-
mation of second-order vents. These fluids are modified in
an increasingly open system, where they experience incor-
poration of seawater sulfate, open-system microbial sulfate
reduction, and possibly addition of Mg, to produce third-
order vents. CH,4 concentrations are constant across the
field, which suggests an origin independent of vent temper-
atures and circulation and which is consistent with methane
being of deep origin (Kelley & Friith-Green, 1999; 2001;
Wang et al., 2018; Klein et al., 2019; Labidi et al., 2020).

Our results highlight that the composition of the pri-
mary endmember vent fluid at LCHF is produced in the
absence of microbial activity in the deeper, hotter serpen-
tinite subsurface in a dominantly closed system. The micro-
bial communities in the chimneys and vent fluids of LCHF
(Schrenk et al., 2004; Brazelton et al., 2006) likely thrive in
an environment characterized by substantial mixing of sea-
water with hydrothermal fluids (c.f., Amend et al., 2011;
Lang & Brazelton 2020).
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APPENDIX A. CALCULATION OF ENDMEMBER
COMPOSITIONS

Pure hydrothermal vent fluids in high temperature
(>300 °C) black smoker systems typically contain close to
0 mmol/kg Mg, while average background seawater con-
tains about 53 mmol/kg Mg (Bischoff & Dickson, 1975;
Mottl & Holland, 1978). During sampling of hydrothermal
vents, background seawater is inevitably entrained with the
hydrothermal fluids. Thus, measured compositions have to
be corrected for seawater entrainment during sampling.
This is conventionally done by plotting the measured com-
positions versus Mg and obtaining the composition where
the regression line intercepts Mg = 0 (e.g. Von Damm
et al., 1985). However, unlike in high temperature black
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smoker systems where Mg is quantitively removed by
basalt-water interaction (Bischoff & Dickson, 1975; Mottl
& Holland, 1978), the removal of Mg at lower temperature
hydrothermal systems (<65 °C) is incomplete and varies
with temperature (see Fig. 2B in Shalev et al., 2019). This
is important because some of the structures at Lost City
emit fluids with temperatures less than < 65 °C (Table 2).
If not all vent fluids have zero Mg compositions, either
because it is not fully removed or because it is reintroduced
during lower temperature circulation through the system,
calculation of endmember compositions by extrapolation
to a zero Mg endmember may overestimate the amount
of seawater entrained during sampling and lead to inaccu-
rate correction of the vent fluid compositions.

In the following, we evaluate the application of radio-
genic strontium isotope compositions as an alternative
method for calculating endmember vent fluid compositions.
In hydrothermal systems, endmember Sr isotope composi-
tions are obtained by plotting measured 3’Sr/%°Sr values
against Mg/Sr, and determining the *’Sr/36Sr ratio at Mg/
Sr = 0 (e.g., Albarede et al., 1981; Ludwig et al., 2006;
Fig. 5). Fig. 5 suggests a two-component mixing between
seawater with a *’Sr/*Sr ratio of 0.70917 + 0.00001
(Palmer and Edmond, 1989) and a vent fluid endmember
with a ¥’Sr/*%Sr ratio of 0.70650 & 0.00001, consistent with
previous studies of Ludwig et al. (2006). Although several
vents appear to have measured compositions that do not
plot along the seawater-hydrothermal endmember mixing
line, this can be best explained by the addition of Mg pos-
sibly via dissolution of brucite or seawater entrainment
(Sections 4.1 and 4.5.3). Carbonates from Lost City chim-
neys have ¥’Sr/*Sr ratios higher than 0.70650 (0.70760—
0.70913; Ludwig et al., 2006), thus, dissolution of carbonate
chimneys will bring the data points above the mixing line.
Anhydrite precipitation occurs at temperatures above
150 °C (German and Von Damm, 2003) and cannot occur
at the temperatures of mixing between seawater and
hydrothermal fluids (i.e., < 116 °C). Sr released during
anhydrite or carbonate dissolution, will decrease the mea-
sured Mg/Sr, and cannot be used to explain the observed
small deviations from the mixing line. Conversely, Sr incor-
poration during carbonate precipitation will increase the
Mg/Sr of the fluids without affecting the ¥’Sr/¢Sr ratios
(Coggon and Teagle, 2011). However, since the deviation
from the mixing line can be seen both in the 87Sr/%%Sr vs.
Mg and ¥’Sr/*®Sr vs. Mg/Sr plots (Fig. 5) we can conclude
that addition of Mg and not loss/gain of Sr can explain this
deviation. In addition, measured SO and Mg concentra-
tions for some of the lower temperature vents plot in a mix-
ing line between seawater and a zero-sulfate and zero-Mg
endmember even though 83*Squirare values for these vents
suggest a non-zero endmember sulfate concentration (Sec-
tion 4.1). Here, we can apply a similar explanation as
Sakai et al. (1990) and Gamo et al. (1991). In their work,
measured concentrations of the vent fluids from the moder-
ate temperature CLAM site also line up with a zero-Mg and

zero-sulfate endmember, but non-seawater 8>*Squue indi-
cates a sulfate component that is not derived from ambient
seawater. For the measured compositions to plot along the
zero-Mg, zero-sulfate mixing line, Sakai et al. (1990) sug-
gested that “the CLAM solution should also contain a cor-
responding amount of Mg and therefore its composition
cannot be estimated by simple extrapolation to Mg = 0”.
Here, we suggest the use of Sr isotope ratios to correct
for seawater entrainment during sampling. Sr isotopes
behave conservatively upon mixing between seawater and
LCHF endmember fluid and thus can be used as an alterna-
tive for Mg. All endmember vent fluid compositions pre-
sented in the manuscript, unless stated otherwise, are
corrected by extrapolation to an endmember ¥’Sr/%6Sr ratio
of 0.70650 (Table 2).

The Sr isotope ratio of any fluid sample, 87Sr/8(’Srsample,
can be described by the following mass balance relationship
(Faure, 1986):

SSr WS s [Sr] 5y (58, ) + (100 — %6SWs) S (5i,)

S0Srsw SOSrHT
86

Stsample ToSW s, [Sr]gy + (100 — %SW s, )[ST] 17

(A1)

where:

%SWg;, is the weight percent of seawater entrained in the
sample during sampling;

[Sr]gy is the Sr concentration of seawater;

[Sr],; is the Sr concentration of pure hydrothermal fluid;

878y

86Srsw
zszv;Hr is the Sr isotope ratio of pure hydrothermal fluid.
Equation A(1) can be re-arranged to solve for %SWg,

for any given sample:

is the Sr isotope ratio of seawater; and.

87 87
(ySW [Sr}HT (WgHT - Wg:sample)
0 Sr= 375, 875, 87 87
[SV]HT (W?rHT - 86?:‘.mmple) + [SF}SW( 86?; sample n Tg;SW)
x100%.

(A2)

Similar to the zero Mg approach, measured concentra-
tions can be plotted against calculated %SWs,., and end-
member compositions correspond to values where the
regression line intercepts%SWg,. = 0. Since two component
mixing lines of isotopic compositions are not linear when
plotted against concentrations or %SW (e.g., Fig. 2C),
except in the case where [Sr],, = [Sr],, endmember iso-
topic compositions were calculated using an isotope mass
balance approach.

If we compare the weight fractions of seawater derived
from Mg (%SWy) and those derived from Sr isotopes
(%SWs,) for the HOG samples (Table 2), we find that in
some vent fluids %SWy, is greater than or equal to %SWg;,
with differences (ASW) of up to 5%. This difference is more
pronounced in the vents with temperatures<70 °C. The
zero-Mg approach generates lower calculated concentra-
tions of endmember SOF than the Sr-isotope approach
(Fig. Al).
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APPENDIX B. SUPPLEMENTARY MATERIAL

Supplementary material to this article can be found
online at https://doi.org/10.1016/j.gca.2022.06.027.
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