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ARTICLE INFO ABSTRACT

Associate editor: Eva Stiieken The alkaline, Hy-rich vent fluids of the Lost City Hydrothermal Field (LCHF) have generally been attributed to

serpentinization of tectonically uplifted mantle peridotite. However, elevated concentrations of highly incom-
patible and fluid mobile trace alkali metals, Rb and Cs, indicate reaction with relatively unaltered mafic com-
ponents (Seyfried et al., 2015). Here, we present high-precision stable-K isotope analyses of LCHF vent fluids,
which provide new constraints on source-rock lithology and support more quantitative estimates of fluid:rock
ratio, providing a new constraint on heat and mass transfer processes. We find that 3*'K values of LCHF vent
fluids (0.03-0.07 %o) are distinct from local seawater (0.13 4 0.02 %o). In combination with near-seawater
concentrations of K (10.4 £+ 0.1 mmol/kg), these data are incompatible with hydrothermal alteration of peri-
dotite alone, which is highly depleted in K. Instead, K-isotope and concentration data are consistent with hy-
drothermal alteration of mafic rocks (e.g., gabbro or diabase) at a fluid:rock ratio of 6-26, a range that agrees
well with Rb, Cs, and 878r/%0Sr-based estimates of fluid:rock ratio, updated here to reflect derivation from mafic
source rocks.

Geochemical modeling of hydrothermal fluid-rock reactions indicates that LCHF vent fluids can be effectively
reproduced by a two-stage reaction in which seawater initially reacts at 200-300 °C with mafic rocks at in a fluid:
rock ratio of ~ 10 —as constrained by the above isotopic and trace-element systematics— and subsequently
reacts with peridotite at a fluid:rock ratio of ~ 30 at roughly the same temperature, pressure conditions. We also
note that LCHF vent fluids are ~ 2 % depleted in Cl compared to seawater, which may reflect admixture of a
vapor component derived from ongoing phase separation at higher (> 450 °C) temperatures. We thus propose
that the LCHF represents waning-stage hydrothermal activity initiated by a discrete off-axis mafic intrusion that
has subsequently cooled to intermediate temperatures conducive to olivine hydrolysis and production of alkaline
vent fluids. In this interpretation, alkaline Hy-rich vent fields occupy a narrow thermal window in the expected
evolution of hydrothermal activity associated with episodic off-axis mafic intrusions into tectonically exposed
ultramafic host rocks and are thus likely to be rare on the modern seafloor.
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1. Introduction

Crustal extension along slow-spreading mid-ocean ridges
—estimated to characterize ~ 50 % of the modern ridge axis and ~ 23 %
of the modern seafloor at full spreading rates < 40 mm/yr (Cannat et al.,
2010)— is accommodated by interspersed volcanism and tectonic
exposure of lower crustal and mantle rocks along long-lived, low-angle
detachment faults (Mutter and Karson, 1992; Dick et al., 2003). Tectonic
movement along these low-angle detachment faults can form off-axis
domal massifs known as oceanic core complexes (Cann et al., 1997;
Tucholke et al., 1998; MacLeod et al., 2009).

* Corresponding authors.

Seafloor hydrothermal vents associated with oceanic core complexes
exhibit diverse fluid chemistry ranging from high-temperature, highly
acidic, Hp-rich fluids that exhibit high Fe concentrations and high Fe:S
ratios, such as those discovered at the Logatchev (Batuyev et al., 1994;
Krasnov et al., 1995; Schmidt et al., 2007), Rainbow (Fouquet et al.,
1998; Charlou et al., 2002; Douville et al., 2002), Ashadze (Beltenev
et al., 2003), Niebelungen (Devey et al., 2005; Melchert et al., 2008;
Schmidt et al., 2011), Semenov (Beltenev et al., 2007), and Irinovskoe
(Beltenev et al., 2012) vent fields on the Mid-Atlantic Ridge, to lower-
temperature (< 116 °C), alkaline, Hy-rich, Si-, Fe-, and sulfide-poor
vent fluids discovered at the Lost City Hydrothermal Field (LCHF),
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also on the Mid-Atlantic Ridge (Kelley et al., 2001; 2005). High-
temperature, acidic, Si-, Hy—, Fe-, and sulfide-rich vent fluids have also
been discovered at the Kairei and Edmond vent fields on the Central
Indian Ridge (Gallant and Von Damm, 2006), and the Longqi Vent Field
on the Southwest Indian Ridge (Tao et al., 2021). The < 226 °C,
moderately acidic, Ho— and Si-rich, Fe-poor vent fluids discovered at the
Von Damm Hydrothermal Field on the Mid-Cayman Rise represent
another distinct vent fluid type (McDermott, 2015; McDermott et al.,
2015). Based on the occurrence of similar carbonate-brucite vent
structures, the weakly venting Old City site on the Southwest Indian
Ridge (Lecouevre et al., 2021) and the inactive (fossil) Ghost City and
Clamstone sites on the Rainbow Massif near the Rainbow Vent Field
(Lartaud et al., 2010; 2011) are proposed to have been formed by pro-
cesses similar to those currently active at the LCHF.

Despite these diverse and, in some cases, divergent chemical char-
acteristics, vent fluids collected from all these sites have been attributed
to hydrothermal alteration of ultramafic and mafic rocks, in various
proportions to each other and to seawater-derived fluids, and at
different reaction temperatures. For example, the acidic, metal-rich
fluids of the Rainbow Vent Field have been attributed to high-
temperature (> 400 °C) alteration of mixed ultramafic and mafic
rocks (Douville et al., 2002; Allen and Seyfried, 2003; Seyfried et al.,
2011; Debret et al., 2018), whereas the contrasting alkaline, metal-poor
fluids of the LCHF have been attributed to lower-temperature (200-300
°C) alteration of predominantly ultramafic rocks (Kelley et al., 2001;
2005), with minor mafic influence (Seyfried et al., 2015). It has also
been proposed that many of these diverse fluid types are linked by
geologic processes associated with different stages in the development of
oceanic core complexes, exhumation of lower crustal and mantle rocks,
and extensive fluid flow along the bounding detachment faults (McCaig
et al., 2007).

This study focuses on alkaline, Hy~ and CH4 —rich vent fluids
collected at the LCHF, which have typically been attributed to serpen-
tinization of mantle peridotite, tectonically uplifted to form the Atlantis
Massif (e.g., Kelley et al., 2001; Kelley et al., 2005; Seyfried et al., 2015).
This interpretation is supported by the results of numerous hydrother-
mal experiments involving olivine serpentinization reactions, which
invariably produce alkaline, Hy-rich fluids at moderate < 350 °C reac-
tion temperatures (Seyfried and Dibble, 1980; Janecky and Seyfried,
1986; Berndt et al., 1996; Seyfried et al., 2007; McCollom et al., 2016;
McCollom et al., 2020). Also supporting this interpretation are extensive
seafloor sampling (Blackman et al., 2002; Boschi et al., 2006; Karson
et al., 2006), shallow (< 20 m) drilling (IODP Expedition 357; Friih-
Green et al., 2017; 2018; Rouméjon et al., 2018; Liebmann et al., 2018),
and recent deep (1268 m) drilling (IODP Expedition 399, McCaig et al.,
2024; Lissenberg et al., 2024) of the underlying south wall of the Atlantis
Massif, which comprises variably serpentinized peridotite, primarily
harzburgite and dunite, and subordinate (~30 %) mafic rocks, including
gabbro, diabase, and minor basalt (Blackman et al., 2002; Boschi et al.,
2006; Karson et al., 2006; Rouméjon et al., 2018; McCaig et al., 2024;
Lissenberg et al., 2024). Recent sampling of the water column sur-
rounding the Atlantis Massif and fluids emanating from nascent drill
holes provides evidence for decentralized hydrogen production attrib-
uted to ongoing serpentinization within the Atlantis Massif, albeit
distinct from LCHF fluids, which contain elevated concentrations of both
Hy and CH4 (Lang et al., 2021).

Elevated concentrations of Rb and Cs, in contrast, have long been
interpreted to indicate subsurface reaction with plagioclase, presumably
within mafic rocks (Seyfried et al., 2015). Moreover, detailed petrologic
studies of Atlantis Massif seafloor- and drill core samples report Si-
metasomatism of serpentinized peridotite in the form of amphibole +
chlorite + talc veins and talc mineralization, and Ca-metasomatism of
altered gabbro indicative of prior stages of hydrothermal activity
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involving focused flows of high-temperature, low-pH, sulfur containing
mafic-derived fluids (Boschi et al., 2006; 2008; Rouméjon et al, 2018;
Liebmann et al., 2018; Whattam et al., 2022a, 2022b). Cross-cutting
relations and diabase dikes and sheets exhibiting chilled margins and
semi-brittle deformation textures indicate that at least some of this high-
temperature alteration postdates exhumation of the massif and perva-
sive serpentinization of the peridotite at shallow depths (Rouméjon
et al., 2018; Liebman et al., 2018). The relationship between past cir-
culation of these inferred acidic, mafic-derived hydrothermal fluids
within the Atlantis Massif and the alkaline fluids currently venting at the
LCHF remains unclear.

In this study, we use high-precision stable K isotope analyses as a new
tool to investigate the subsurface processes that generate LCHF vent
fluids. These stable K isotope data are considered in the context of
previous data on LCHF vent fluid chemistry and host-rock lithology and
complementary geochemical modeling. Vent fluids collected from the
LCHF contain near-seawater concentrations of K (K = 10.3-10.5 mmol/
kg; Seyfried et al., 2015), which has been previously assumed to derive
entirely from seawater (e.g., Allen and Seyfried, 2004). However, hy-
drothermal reaction of plagioclase, as indicated by elevated fluid Rb and
Cs concentrations (Seyfried et al., 2015), potentially mobilizes rock-
derived K with a K isotope signature distinct from seawater. Thus, K
isotope analyses of LCHF vent fluids promise to offer new insights into
the hydrothermal processes underlying the LCHF.

Results of previous stable-K isotope studies have indicated that
seawater (Hille et al., 2019) and oceanic crust (Wang et al., 2016)
exhibit homogeneous §"'K values. Analyses of mid-ocean ridge basalt
and ocean island basalt indicate that 8*'K values are unaffected by
partial melting or fractional crystallization (Tuller-Ross, 2019a, 2019b)
and reflect homogeneous 5*IK values in mantle source rocks (Hu et al.,
2021). However, the MK value of seawater (641KN15T314la =0.12 %o +
0.07 %o relative to the NIST 3141a standard; Wang et al., 2020) contrasts
with that of oceanic crust (841KNIST3141a =-0.45 + 0.05 %o; Wang et al.,
2016) and estimated mantle values (6" Kyigr3141a = -0.42 & 0.08 %o; Hu
et al,, 2021). The detectability of this natural isotopic contrast is
enhanced by increased analytical precision enabled by recent advances
in K stable-isotope techniques (e.g., Zheng et al., 2022a). On the other
hand, the relative mass balance of K in seawater (10.1 mmol/kg) and
average mid-ocean ridge basalt (MORB) (K20 = 0.14 wt%; K = 30
mmol/kg, Gale et al., 2013) is considerably more balanced than that of
other elements (e.g., Li, Sr) conventionally analyzed to differentiate
seawater- and crustal contributions to hydrothermal fluids. Together,
these facts indicate that K isotopes are potentially sensitive indicators of
hydrothermal reactions that inherently offer a more balanced perspec-
tive on seawater- and rock-derived components than isotopic systems
dominated by rock or seawater. Previous studies reported that §*'K
values of high-temperature acidic seafloor vent fluids typically span the
range between MORB and seawater, providing support for fluid K iso-
topes in tracing fluid-rock interactions (Zheng et al, 2022b; Ramos et al.,
2022). These studies primarily focused on global K cycles and did not
pursue detailed investigations of processes specific to individual vent
fields and did not report data on alkaline LCHF vent fluids.

2. Geologic Setting

The Lost City Hydrothermal Field (30° 07" N, 42° 07° W, 750-900 m
below sea level) is located 15 km west of the Mid-Atlantic Ridge
spreading axis on the south wall of the Atlantis Massif, an oceanic core
complex located at the inside corner of the Mid-Atlantic Ridge and the
Atlantis Fracture Zone (Kelley et al., 2001). The Atlantis Massif can be
subdivided into three geologically distinct zones: the eastern Hanging
Wall, the Central Dome, and the Southern Ridge, which hosts the LCHF
(Fig. 1). The eastern Hanging Wall is a volcanic terrain thought to be a
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Fig. 1. (A) Inset showing location of the Atlantis Massif in the Atlantic Ocean and (B) bathymetric map of the Atlantis Massif. Red circle indicates the location of Lost
City Hydrothermal Field (LCHF) on the Atlantis Massif. Open circles indicate the locations of IODP drilling stations, U1309D (Expedition 305, Ildefonse et al., 2006)
and U1601C (Expedition 399). (C) Detailed bathymetric map of LCHF from Kelley et al. (2005) showing the location of the “Poseidon” vent structure. (D) Sampling at
Beehive vent on the Poseidon vent structure (Seyfried et al., 2015). Background bathymetric map in (A) produced using GeoMapApp (https://www.geomapapp.org)
and bathymetry from Global Multi-Resolution Tomography, ver. 4.2.0. (Ryan et al., 2009). Bathymetric data in (C) are from Kelley et al. (2005). Geologic in-
terpretations in (A) and (C) follow those of Kelley et al. (2005), Blackman et al. (2011), and Lang et al. (2021).

detached segment of the detachment-fault hanging wall. The Central
Dome, which was the target of IODP Expeditions 304 and 305 (Ildefonse
et al., 2006; Blackman et al., 2006; 2011) comprises dominantly
gabbroic sequences, as evidenced by deep oceanic drilling to 1415 m
below seafloor during IODP Expedition 305 (Blackman et al., 2006),
deepened to 1498 m during Expedition 399 (McCaig et al., 2024), and
seismic tomography (Canales et al., 2008; Henig et al., 2012).
Morphologically offset from the Central Dome, the Southern Ridge
comprises variably serpentinized peridotite and subordinate (~30 %)
mafic, predominantly gabbroic, rocks, as evidenced by seafloor sam-
pling (Kelley et al., 2001; 2005; Blackman et al., 2002; Boschi et al.,
2006; Karson et al, 2006), shallow (< 20 m) drilling (IODP Expedition
357; Friih-Green et al., 2018; Rouméjon et al., 2018; Liebmann et al.,
2018), and deep (1268 m) drilling (IODP Expedition 399, McCaig et al.,
2024; Lissenberg et al., 2024). The morphologic offset between the
Central Dome and Southern Ridge has also been proposed to represent
tectonic faulting (Karson et al., 2006) and a resultant hydrologic
discontinuity (Titarenko and McCaig, 2016). Seismic tomography and
comparative drilling results confirm that the morphologic offset
observed at the seafloor continues to deeper depths and that the
Southern Ridge is geologically distinct from the Central Dome, though a
high seismic velocity zone similar to the Central Dome is also present in
the eastern Southern Ridge (Canales et al., 2008; Henig et al., 2012).
This high velocity zone has been proposed to represent predominantly
gabbroic lithology, compositionally similar but possibly morphologi-
cally separate from that underlying the Central Dome, that may have
been influential in the geodynamic development and current
morphology of the Atlantis Massif (Henig et al., 2012).

Active venting at the LCHF occurs on the south wall of the Southern
Ridge of the Atlantis Massif (Fig. 1C), along a > 200 m east-west line-
ament at 800-850 m water depth (Kelley et al., 2001; 2005). Vent fluids
from the main “Poseidon” vent structure are alkaline (pH (at 25 °C) =
10.1-10.5), Hy-rich (Hz = 9.9-11.5 mmol/kg) and enriched in Ca
(25.3-27.5 mmol/kg), Li (41-44 umol/kg), Rb (2.7-2.8 pmol/kg), and
Cs (13-20 nmol/kg) relative to seawater (Kelley et al., 2001; Seyfried
et al., 2015; Aquino et al., 2022). More recently, additional vents have
been discovered at 855-870 m water depth (Lang et al., 2021). The
chemistry of these more recently discovered vent fluids is attributed to a
multi-stage evolution of a common source fluid variably modified by
mixing with seawater and microbially mediated sulfate reduction prior
to venting (Aquino et al., 2022). The focus of this study is on the origin of
this source fluid, which is best represented at the seafloor by fluids
emanating from the “Poseidon” vent structure, especially the “Beehive”
and “Marker #6” vents (Seyfried et al., 2015; Aquino et al., 2022), and
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the relationship of this source fluid to underlying fluid-rock reactions.
3. Methods
3.1. Sample Collection

Samples of LCHF vent fluids and bottom seawater were originally
collected in 2008 from the Beehive (91-116 °C) and Marker #6 (53-78
°C) vents using isobaric gastight samplers (Seewald et al., 2002)
deployed on the Jason 2 remotely operated vehicle (KNOX1RR, R/V
Roger Revelle) (Seyfried et al., 2015). Elemental and isotopic analyses
were performed on archived acidified aliquots of these samples stored in
the original LDPE sample bottles at the University of Minnesota.

3.2. Elemental Analyses

Elemental analyses were conducted using a triple quadrupole
inductively coupled plasma mass spectrometer (Thermo Fisher Scientific
iCAP TQ, Waltham, MA, USA) at the University of Minnesota. Fluid
samples were diluted 100 x in 2 % HNOg3 prepared from trace metal
grade 70 % HNOj3 (RICCA Chemical, Arlington, TX, USA) and 18.2
MQecm deionized water and analyzed by method of standard addition
against NIST-traceable single- and multi-element standards (SPEX Cer-
tiPrep, Metuchen, NJ, USA) and Sc, Y, Ir in-line internal standards.
Comparison of these recent analyses with those published in Seyfried
et al. (2015) indicate water loss ranging from 0-50 % over the ~ 14
years of storage with most samples indicating 10-20 % water loss
(Supplemental Table S1). Such water loss is insufficient to induce min-
eral (halite or sylvite) precipitation and element ratios remain
conserved, typically exhibiting < 10 % difference compared to ratios
calculated from published results in Seyfried et al. (2015). For the
purposes of this study, the originally published concentration data of
Seyfried et al. (2015) were maintained.

3.3. Potassium Isotope Analyses

Potassium isotope analyses of LCHF vent fluids and local bottom
seawater were conducted at the University of Minnesota following the
method of Zheng et al. (2022a). Accordingly, a ~ 150 ul aliquot from
each sample was first evaporated completely in a Teflon beaker on a hot
plate at ~ 120 °C. After cooling down, 400 pl of 0.4 M HCl was added to
redissolve each sample, followed by ion-exchange chromatographic
separation that purified K from matrix elements. Three reference ma-
terials, including a natural seawater sample collected from the South
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China Sea and two USGS rock standards (AVG-2a and BCR-2), were
processed and analyzed in the same way as unknown samples.

A column separation using Bio-Rad AG 50 W-X8 cation exchange
resin (H' form, 200-400 mesh) was used in this study. Resin was packed
in 2 ml Poly-Prep columns. Samples were loaded onto columns in 400 pl
0.4 M HCI. Sodium was eliminated by passing 23 ml 0.4 M HCI through
column, and K was then quantitatively recovered in another 28 ml 0.4 M
HCL. Other major cations, such as Mg and Ca, were retained by the resin.
Potassium cuts were evaporated and then processed through columns a
second time using fresh resin and the same elution protocol. Purified K
samples were dissolved in 2 % HNOg prior to the K isotope measure-
ment. Optima grade acids, or distilled acids of comparable purity, and
ultrapure Milli-Q water (18.2 MQecm) were used throughout sample
preparation. The total procedural K blank is estimated to be < 20 ng,
which is negligible compared to the typical amount of K processed in a
sample (> 100 nug).

Stable K isotopes were analyzed by a multi-collector inductively
coupled plasma mass spectrometer (MC-ICP-MS, “Sapphire” from Nu
Instruments) at the University of Minnesota. Sample solution was
introduced into the instrument by an Apex Omega HF desolvating unit
and a ~ 100 pl/min PFA nebulizer. This instrument is equipped with a
hexapole collision cell, and the K isotope data reported here were
collected using the collision cell mode with helium (He) and hydrogen
(Hy) as collision/reaction gases. The use of the collision cell removed
argon and argon hydride interferences to a negligible level and, conse-
quently, high precision “'K/3°K analysis was achieved at low mass res-
olution and a normal RF power of 1300 W. Samples were analyzed by a
sample-standard bracketing protocol where NIST SRM 3141a was used
as the bracketing standard. All data in this study are reported against the
NIST 3141a scale. Typically, a solution K concentration of ~ 200 ppb
was used during the analysis, yielding > 200 V intensity on >°K. The
large %K signal was collected on a Faraday cup with a 10'%-ohm resistor.
Each sample was analyzed at least 4 times. The long-term reproduc-
ibility of our 41K /39K measurement is estimated to be 0.05 %o (2SD),
based on repeated analyses of seawater and USGS rock standards
(Table 1).

3.4. Modeling Potassium Isotope Systematics

Previous laboratory experiments (Seyfried et al., 1979) and field
studies (Wheat et al., 2000; Hulme and Wheat, 2019) indicate that hy-
drothermal fluids lose K during low-temperature (< 150 °C) recharge
reactions and gain rock-derived K at higher temperatures. To model
these processes and quantitatively interpret vent fluid 5*'K data, we
employ a two-box fluid-rock interaction model in which a mass of fluid
chemically and isotopically equilibrates with an incrementally intro-
duced mass of rock at sequential low-temperature (box 1) and high-
temperature (box 2) conditions. A similar modeling approach has been
previously used to study other isotope systematics, such as oxygen and

Table 1
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boron isotopes, in hydrothermal systems (e.g., Bowers and Taylor, 1985;
Magenheim et al., 1995).

3.4.1. Model derivation

Within each box, a certain mass of fluid, F, reacts with a certain mass
of rock R, iteratively introduced. The mass of rock introduced at each
interval is dR. Potassium (K) mass balance dictates that:

FIK); + K]} + dR[K)? = FIK]\"" + (R + dR)[K]"! o

r

where [K]} is the concentration of K in the fluid at interval i, [K]! is the

concentration of K in the rock, also at interval i, and [K]? is the initial K
concentration of fresh rock. Simultaneously, K isotope mass balance
dictates that:

F5*'K; +R5" K.+ dR6" K = F5* K" + (R + dR)5*' K: 2

where 6*'K}. is the 5*'K value of fluid at interval i and 5*'K. is the 5*'K

value of rock, also at interval i; §*'K? is the §*'K value of fresh rock.
Throughout this process, K partitions according to a constant partition
coefficient, expressed by the formula:

Dy =7 3

where Dy is the K partition coefficient. Isotope equilibrium between K
isotopes is also maintained such that:

AYK; = 5K — 5K} C))
where A“Kf,, is the equilibrium fractionation between fluid and rock.

The solution sets [[K]}, 641K}] of these equations for the fluid are defined
by:

= g (e | ®
and
S = (07K 57Ky )~ (67K + 37 070 Y| P

(6)

Importantly, these two formulas are linked by the common term:

Analyses of §*!K in vent fluids from Beehive (BH) Marker #6 (M6) vents, local bottom seawater, and standards. Data for Mg, Cl, and K are from Seyfried et al. (2015).

Mg Cl K Mg/K Measured 5*'K (%o) Endmember 5*'K (%o)
Sample mmol/kg mmol/kg mmol/kg mol/mol AVG 95 % C.I n AVG 2SD 2SD
Seawater 53.3 554 10.3 5.17 0.13 0.02 5 —- —- 0.02
J2-360-CGTR BH 3.6 542 10.5 0.34 0.04 0.03 5 0.03 0.05 0.04
J2-360-1GT2 BH 1.9 542 10.5 0.18 0.05 0.03 5 0.05 0.04 0.04
J2-361-I1GT5 BH 1.4 541 10.5 0.13 0.06 0.03 5 0.06 0.05 0.05
J2-361-1GT6 BH 1.1 543 10.4 0.11 0.04 0.02 5 0.04 0.04 0.03
J2-361-1GTB BH 6.6 543 10.5 0.63 0.08 0.03 5 0.07 0.05 0.04
J2-361-CGTWu BH 2.4 543 10.3 0.23 0.03 0.01 5 0.03 0.02 0.02
J2-362-1GT2 M6 1.6 541 10.5 0.15 0.05 0.02 5 0.05 0.03 0.03
J2-362-1GT4 M6 1.3 541 10.5 0.12 0.04 0.02 5 0.04 0.03 0.03
Standards
AVG-2a —0.45 0.02 8
BCR-2 —0.44 0.01 27
South China Sea Seawater 0.13 0.01 62
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Projected onto the K]}, 5K} plane, solution sets (K} s*K}] trace linear

trajectories in that extend from [[K]}), 541K})} at initial conditions, when &

is infinitely high, toward the theoretical endpoint [%,541@ + AMK; ],
when £ = 0, which represents fluid in equilibrium with an infinite rock
reservoir. The K concentration and isotope composition of fresh rock is
the same for both low- and high-temperature boxes. However, the par-
titioning coefficient, Dy, and the isotope fractionation factor, A*K;_,,
are temperature-dependent, albeit held constant within each box. Thus,
fluids evolve toward different rock-dominated endpoints under low- and
high-temperature conditions.

The K and K-isotope evolution of LCHF vent fluids is modeled as
starting from an initial seawater composition toward the low-
temperature endpoint ending at an unknown “altered seawater”
composition. This altered seawater then evolves toward the high-
temperature endpoint, passing through the composition of Lost City
vent fluids. If a solution exists, a unique altered seawater composition
may be determined corresponding to a unique set of low-temperature
and high-temperature fluid:rock ratios. Solutions for altered seawater
compositions were solved using code written in the MATLAB coding
language, included as a Supplementary File.

3.4.2. Model Parameters

The chemical and isotopic compositions of fluids in the proposed
two-box model are controlled by the parameters [K]?, Dxg, 541K§’ and
A‘”Kf,,. The K concentration of mafic rocks is estimated to be 20 mmol/
kg, based on oceanic drill cores of the Atlantis Massif that recover dia-
base and basalt of depleted mid-ocean ridge basalt (D-MORB) compo-
sitions (Godard et al., 2009) and the average D-MORB composition (K20
= 0.096 wt%; K = 20 mmol/kg) of Gale et al. (2013). The K concen-
tration of peridotite is estimated to be < 1 mmol/kg, based on analyses
of mantle harzburgite by Wang and Ionov (2023). The initial 'K value
of rock is set at —0.45 %o (Wang et al., 2016) and the initial 5*' K value of
seawater is set at 0.12 %o (Wang et al., 2020).

Estimates of K partition coefficients at low- and high-temperatures
are based on the experiments of Seyfried et al. (1979) and Evans et al.
(2023) (Table 2). Low-temperature K isotope fractionation factors are
based on Liu et al. (2021), who estimate a K isotope fractionation factor

Table 2
Results of basalt alteration experiments used to derive low-temperature and
high-temperature K partition coefficients.

Unit Method Seyfried et al. Evans et al.
(1979) (2023)
Temperature  °C 70 350
Pressure bar 1 500
Initial Condition
Fluid g gravimetric 200 40
Fluid K mmol/ gravimetric 10.1 0
kg
Rock g gravimetric 20 40
Rock K mmol/ ICP-MS 19 28.4
kg
Total K mmol calculated 2.40 1.14
Final Condition
Fluid K mmol/ ICP-MS 9.5 25.7
kg
Fluid K mmol calculated 1.9 1.0
Rock K mmol calculated 0.50 0.11
Rock K mmol/ calculated 25.1 2.7
kg
Partition Coefficient (Dg) calculated 2.65 0.11
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of a = 0.9995 (A*'K = 0.5 %) between aqueous fluid and low temper-
ature altered oceanic crust. Because these estimates are based on isotope
analyses of digested samples or whole rocks, the mineralogical controls
on these isotope fractionation factors are poorly known. For the pur-
poses of modeling, we explore low-temperature A‘”Kf,, values of
0.0-0.5 %o. Recent data on §*'K values in sheeted dike samples indicate
that high-temperature fluid-rock reaction leads to preferential extrac-
tion of light K into evolved hydrothermal fluids (Li et al., 2024). For
modeling purposes, we thereby explore high-temperature A‘”Kf,,
values of 0.0-0.2 %o.

3.5. Geochemical Modeling

Geochemical modeling of fluid-rock reactions and predicted fluid
compositions and alteration mineral assemblages was performed using
the React module of Geochemists’ Workbench (GWB, Bethke and Yea-
kel, 2014) and a 250-bar database generated using PyGeochemCalc
(Awolayo and Tutolo, 2022) with solid solutions enabled and clay
mineral solid solutions disabled. The relevant input, output, and data-
base files are included as Supplementary Material.

To model hydrothermal reactions, an initial fluid of roughly seawater
composition is first reacted with a mafic mineral assemblage comprising
60 wt% plagioclase (Anyy = Cag7Nag 3Al; 7Sis 30g), 30 wt% clinopyr-
oxene (DiggHedyy = CaMgp gFe( 2SiaO¢) and 10 wt% olivine (Fogy =
Mg ¢Fe(.4Si04) and subsequently reacts with a peridotite mineral
assemblage comprising 80 wt% olivine (Fogy = Mgj gFep 25i04), 15 wt%
orthopyroxene (Engg Mgo.oFe( 1Si03), and 5 wt% clinopyroxene
(DiggHed;p = CaMgp.oFe(.1Si20¢). The initial fluid is based on the
chemical composition of seawater and contains seawater concentrations
of Mg, sulfate, Ca, and Si. To match K-isotope systematics during low-
temperature hydrothermal reaction derived from K-isotope modeling
(Section 4.1.), the K concentration is lowered from seawater value of ~
10 mmol/kg to ~ 9 mmol/kg. The chlorinity of the input fluid is
adjusted to match Lost City vent fluid values, and Na is adjusted for
charge balance.

Modeled reaction fluids are transferred from mafic to peridotite re-
actions using the “pickup” function, which copies the calculated
elemental composition of model output fluid to the model input. Fluid
pH at 25 °C is determined using the same “pickup” function and
numerically modeling conductive cooling to 25 °C with all mineral
precipitation reactions suppressed.

Model chemical compositions of minerals are based on electron
microprobe analyses of olivine, orthopyroxene, plagioclase, and clino-
pyroxene in samples from the U1309D drill core by Drouin et al. (2009).
Clinopyroxene is only a minor component of Atlantis Massif peridotite
(McCaig et al., 2024), but is included in the model to account both for
the presence of clinopyroxene, as well as the Ca component of ortho-
pyroxene, for which appropriate solid solution data are not available.
Endmember LCHF vent fluids contain ~ 3 mmol/kg sulfate despite high
Ha concentrations (Seyfried et al., 2015). Accordingly, the sulfide-
sulfate redox reaction is decoupled in the model.

In the absence of appropriate thermodynamic data for K substitution
into plagioclase solid solution, the K component of mafic rocks is rep-
resented by 5.5 g K-feldspar per 1 kg rock (K,0 = 0.096 wt%), consistent
with the D-MORB composition of Gale et al. (2013) and data indicating
that plagioclase is the predominant mineral host of K in oceanic crust
that has undergone high-temperature hydrothermal alteration (Li et al.,
2024). The inclusion of K-feldspar in the model is intended to approxi-
mate the effect of K as a component of plagioclase solid solution, not the
presence of K-feldspar as a modal mineral.

Reactions are modeled at 250 °C and 250 bar, following previous
estimates of LCHF reaction temperatures (Allen and Seyfried, 2004;
Blackman et al., 2006; Reeves et al., 2012; Seyfried et al., 2015) and
application of the 113 °C/km thermal gradient observed during drilling
of the Atlantis Massif Central Dome (Blackman et al., 2014).
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Conceptually, these reactions occur ~ 1.7 km below the 0.8 km-deep
seafloor. Input, output, and database files for an alternate 350-bar model
are included in Supplementary Material.

4. Results
4.1. Potassium Isotope Analyses

Lost City vent fluids exhibit a narrow range of measured 5*!K values
between 0.03 %o & 0.03 %o and 0.08 %o 4= 0.03 %o (Table 1) Local bottom
seawater has a §*'K value of 0.13 + 0.02 %o (Table 1), confirming the K
isotope homogeneity of global seawater (Hille et al., 2019; Wang et al.,
2020). To account for seawater contamination during sampling,
measured vent fluid compositions were extrapolated to a zero-Mg/K
endmember (Zheng et al., 2022b; Ramos et al., 2022). Because of the
low Mg concentrations inherent to the samples, this correction is < 0.01
%o. Endmember §*'K values range between 0.03 + 0.05 %o and 0.07 +
0.05 %o, with an average of 0.05 £ 0.02 %o (Table 1). The variability
between individual LCHF vent fluid samples is thus within the calcu-
lated error of the analyses, which, along with other chemical parame-
ters, which similarly extrapolate to consistent endmember values
(Seyfried et al., 2015), indicates that individual fluid samples are
effectively replicates of the same vent fluid. The 5*'K values of LCHF
vent fluids are resolvably lower than seawater (6MK=0.13 =+ 0.02 %o)
and substantially higher than MORB (§*'K=-0.45 %o), thus revealing a
clear imprint of fluid-rock reactions despite near-seawater K
concentrations.

Modeling of K isotope systematics indicates that the observed 5*'K
and K concentrations in LCHF vent fluids cannot be simultaneously
explained by hydrothermal reaction of peridotite alone because fluid-
—peridotite reaction that gives rise to fluid §*'K similar to our mea-
surements could only produce fluid K concentrations less than 10 mmol/
kg (Fig. 2). Alternatively, the K concentration and isotope composition
of LCHF vent fluids can be reproduced by fluids reacting with mafic
rocks of D-MORB composition (Fig. 2). Calculated fluid:rock ratios
consistent with this scenario range from 6 to 26 (Table 3). These results
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Fig. 2. Modeled evolution of K concentrations and isotope values. Original
seawater (A) evolves toward low-temperature gabbro endpoint (B), becoming
altered seawater (C) designated by open circles. Subsequent evolution toward
high-temperature gabbro endpoint (D) results in Lost City vent fluids at a fluid:
rock ratio of 6-26. Labeled fluid:rock ratios correspond to low-temperature
fractionation factor of A*'K; , = 0.5 %o and a resulting fluid:rock ratio of
6.5. Notably, fluid evolution toward the high-temperature peridotite endpoint
(E) would result in K depletion relative to seawater, opposite what is observed.
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Table 3

Potassium-isotope derived estimates of high-temperature fluid:rock ratios
calculated by assuming different K isotope fractionation factors (A*'K¢.) during
low-temperature (columns) and high-temperature (rows, labeled in first col-
umn) fluid-rock reactions.

AMK Low-Temperature (%o)

0.0 0.1 0.2 0.3 0.4 05

High-Temperature A*'K 0.0 257 232 203 167 123 65
(%o) 01 256 232 202 166 122 6.4
02 255 231 201 166 121 6.3

imply that low-temperature hydrothermal alteration causes a slight
depletion in the K concentration of circulating fluids (7.5-9.7 mmol/kg)
relative to seawater (10.1 mmol/kg).

4.2. Alternative Estimates of Fluid:Rock Ratio

LCHF vent fluids are enriched in trace alkali metals, Rb and Cs
(Seyfried et al., 2015). Assuming complete extraction, and D-MORB
composition of underlying rocks, a fluid:rock ratio of 8.6 is estimated
based on Rb and 7.7 for Cs (Table 4). Water:rock ratios previously
estimated from Sr isotope data for LCHF also fall in this range (2-4,
Foustoukos et al., 2008; 3-13, Aquino et al., 2022). Using this same
method (Berndt et al., 1988) and D-MORB Sr concentrations (Sr = 111
mg/kg = 1.27 mmol/kg, Gale et al., 2013) results in a calculated water/
rock ratio of 27 (Table 4; see Supplement for details and caveats).

4.3. Geochemical Modeling

Modeled reaction of seawater with mafic rocks (60 wt% plagioclase,
30 wt% clinopyroxene, 10 wt% olivine) at 250 °C, 250 bar at a fluid:rock
ratio of 10 —broadly consistent with the above fluid:rock ratio
estimates— is predicted to produce a mildly acidic (pH at 25 °C = 5.9),
Na-depleted (Na = 420 mmol/kg), Ca-enriched (Ca = 57.7 mmol/kg),
Si-enriched (Si = 2.4 mmol/kg) fluid (Table 5). The predicted alteration
mineral assemblage comprises 38 wt% secondary clinopyroxene, 41 wt
% paragonite, 16 wt% vermiculite, 4 wt% andradite, and 3 wt% anhy-
drite. If the precipitation of Na-bearing alteration minerals, paragonite
and analcime, is suppressed, estimated Na (Na = 490 mmol/kg) and Ca
(Ca = 24.4 mmol/kg) concentrations closely reassemble those of LCHF
vent fluids and the predicted alteration mineral assemblage comprises
27 wt% vermiculite, 23 wt% montmorillonite, 23 wt% epidote, 21 wt%
prehnite, 3.5 wt% anhydrite, and 2 wt% secondary clinopyroxene
(Table 5). Subsequent reaction with peridotite (80 wt% olivine, 15 wt%
orthopyroxene, 5 wt% clinopyroxene) produces fluids with pH and Hy
concentrations (pH (at 25 °C) = 11.0; H, = 10.7 mmol/kg) consistent
with those of LCHF vent fluids (pH (at 25 °C) = 10.6; Hy = 10.8 mmol/
kg) at a fluid:irock ratio of ~ 30. The predicted alteration mineral

Table 4

Fluid:rock ratios based on LCHF vent fluids and depleted mid-ocean ridge basalt
(D-MORB, Gale et al., 2013). Rock-derived Rb and Cs concentrations are based
on elemental enrichments relative to seawater. Fluid:rock ratios are then
calculated by assuming that Rb and Cs are quantitatively partitioned into the
fluid (e.g., Von Damm et al., 1985). Fluid:rock ratios based on Sr and 875y /%08y
are based on the analyses of Foustoukos et al. (2008) and Aquino et al. (2022)
using the methods of Berndt et al. (1988) and additional calculations performed
here that account for higher Sr concentrations in mafic rocks (see Supplement).

Seawater  Lost City Rock- D- Fluid:Rock

Vent Derived MORB Ratio

Fluid (8f1uid/ 8rock)
K mmol/kg  10.1 10.5 —- 20 6-26
Rb  pmol/kg 1.4 2.8 1.4 12 8.6
Cs nmol/kg 2.3 17 15 113 7.7
S pmol/kg 82 92 38 1267 27
878r/50sr 0.70917  0.7065 0.70269
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Table 5
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Results of geochemical modeling indicate that LCHF vent fluid compositions can be effectively reproduced by two-stage hydrothermal reaction involving (1) mafic and
(2) ultramafic rocks. Geochemical modeling was performed using the React module of Geochemists’ Workbench (Bethke and Yeakel, 2014) and a 250-bar database
created using PyGeochemCalc (Awolayo and Tutolo, 2022). Inclusion of K-feldspar in the model is intended to approximate the effect of a K component of plagioclase
solid solution, for which appropriate thermodynamic data are currently lacking. Sulfide-sulfate redox was decoupled. supp. = precipitation suppressed; mont. =

montmorrilionite.

Parameter unit Initial Fluid Stage 1 Mafic Stage 1 Mafic supp: paragonite, analcime Stage 2 Ultramafic LCHF Vent Fluids
Pressure bar 250 250 250 250 70
Temperature C 250 250 250 250 <116
Mineral Reactants Total (g) 100 Total (g) 100 Total (g) 31

g Any, 60 Anyo 60 Fogo 25

g DiggHedyo 30 DigoHedso 30 Engg 4.7

g Fogp 10 Fogo 10 DigoHed o 1.6

g K-feldspar 0.4 K-feldspar 0.4
Fluid:Rock g'g 10 10 32
Fluid g 1000 1000 1000 1000 1000
pH in situ 7.2 6.0 6.0 7.3 6.9
pH at 25 °C 8.0 5.9 8.1 11.0 10.6
H,0 969 966 965 961 969
Cl mmol/kg 541 543 543 545 541
Na mmol/kg 464 420 490 490 494
Ca mmol/kg 10 57.7 24.4 27.5 27.4
K mmol/kg 9 10.5 10.5 10.5 10.5
H, mmol/kg 0 0.05 0.05 10.7 10.8
S0% mmol/kg 28 2.9 8.8 8.8 3.2
H,S mmol/kg —- — — —- <0.2
Mg mmol/kg 53 0.01 0.0 0.0 0.0
Si umol/kg 24 2376 3043 4.8 <73
Al umol/kg 1 2.3 5.2 5.2 —-
Fe umol/kg 0.001 0.5 0.0 0.0 <18.4
Mineral Products Total (g) 105 Total (g) 107 Total (g) 36

g paragonite 43 vermiculite 29 lizardite 31

g DigoHedzo 33 prehnite 23 magnetite 3.0

g DiyoHedsq 5 mont. 25 brucite 0.4

g vermiculite 17 epidote 25 monticellite 0.6

g andradite 4 anhydrite 3

g anhydrite 3 DigoHed; 2

assemblage for this second stage of reaction comprises 89 wt% lizardite,
8.6 wt% magnetite, 1.7 wt% monticellite, 1.1 wt% brucite (Table 5).
Calculated fluid chemistry for reactions at 350 bar are broadly similar to
those produced at 250 bar. At 350 bar, the Stage-1 alteration mineral
assemblage is predicted to include andradite and secondary clinopyr-
oxene instead of montmorillonite and epidote.

5. Discussion

Stable K isotope data provide a new constraint on the origin of LCHF
vent fluids, supplementing previous data on vent fluid pH, major-ion
and dissolved volatile (Hp, HyS, COs, CH4) concentrations (Kelley
et al., 2001; 2005; Foustoukos et al., 2008; Seyfried et al., 2015; Aquino
et al., 2022), B concentrations, HB, 6180, and ®7Sr/%0sr isotope values
(Foustoukos et al., 2008), alkali metal concentrations (Seyfried et al.,
2015), and methane isotopologues (Wang et al., 2018). Other important
aspects of LCHF vent fluids previously reported include the concentra-
tions and isotopic signatures of short chain hydrocarbons (Proskrowski
et al., 2006) and organic acids (Lang et al., 2010), which are influential
in understanding abiotic organic synthesis processes at the LCHF and
geologic sources of energy and organic carbon for associated microbial
communities (Lang et al., 2018). Likewise influential are studies of
pervasive shallow serpentinization (Boschi et al., 2008; Delacour et al.,
2008), sulfur cycling (Liebmann et al., 2018), and decentralized Hy
production (Lang et al., 2021). Such processes have been proposed to
support an extensive subsurface biosphere at Atlantis Massif, while also
demonstrating that pervasive serpentinization, near quantitative sulfate
reduction, and decentralized Hy production are distinct from LCHF
venting and occur at much higher integrated water-rock ratios (typi-
cally > 100) (Boschi et al., 2008; Delacour et al., 2008; Liebmann et al.,
2018). Here, we examine the implications of K isotope data for deter-
mining the origin of the LCHF source fluid in the context of underlying
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fluid-rock reactions and previously reported geochemical data.

5.1. Potassium Isotope Systematics

Potassium isotope analyses reveal a rock-derived component of K in
LCHEF vent fluids. In the absence of isotopic data, LCHF vent fluid K was
assumed to be entirely derived from seawater (e.g., Allen and Seyfried,
2004). This newly recognized rock-derived K component of LCHF vent
fluids and previously recognized enrichment in Rb and Cs point to
involvement of relatively unaltered mafic rocks (e.g., gabbro or dia-
base), which contain elevated concentrations of K and other alkali
metals, in the generation of LCHF vent fluids. In contrast, hydrother-
mally altered gabbro, metadolerite, and serpentinized peridotite (harz-
burgite and dunite) collected from the south wall of the Atlantis Massif
are highly depleted in K and other trace alkali metals (Frith-Green et al.,
2018). The lack of K enrichment in fluids derived from hydrothermal
alteration of peridotite has also been confirmed experimentally (Sey-
fried and Dibble, 1979; Grozeva et al., 2017). Stable K isotope data
additionally constrain estimated fluid:rock ratios to relatively high
values (6-26), whereas enrichments in alkali metal concentrations could
be alternatively accommodated by very low fluid:rock ratios and mantle
compositions (e.g., fluid:rock = 0.6-0.9, Seyfried et al., 2015).

5.2. Geochemical Modeling

Geochemical modeling results indicate that LCHF vent fluids can be
effectively reproduced by a two-stage reaction involving (Stage 1) mafic
and (Stage 2) ultramafic rocks. Magnesium depletion, Ca enrichment,
and alkali metal enrichment occur in the first stage reaction of seawater
with mafic rocks, while the alkaline, Hy-rich, (Si-poor) fluid chemistry
characteristic of LCHF vent fluids develops in the second stage of reac-
tion with peridotite. Throughout these reactions, temperature plays an
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important role, as experimental studies indicate that rates of olivine
hydrolysis are maximized at 200-300 °C (McCollom et al., 2016), which
coincides with the estimated temperature range of LCHF fluid-rock re-
actions (Allen and Seyfried, 2004; Blackman et al., 2008; Reeves et al.,
2012; Seyfried et al., 2015; Wang et al., 2018). Thus, comparatively
little peridotite is needed to produce alkaline, Hy-rich vent fluids at these
optimal temperatures. Models predict that alteration mineral assem-
blages following Stage 1 comprise various clay minerals and prehnite,
whereas alteration mineral assemblages following Stage 2 comprise
serpentine and magnetite. These alteration mineral assemblages are
broadly similar to those recovered from drilling of the south wall, where
static alteration of gabbroic rocks includes replacement of plagioclase by
secondary plagioclase, chlorite, prehnite, and zeolite, replacement of
pyroxene by amphibole, talc, chlorite and clay minerals, and replace-
ment of olivine by amphibole, talc, serpentine, magnetite, clay minerals
(McCaig et al., 2024). Relatively abundant serpentine-magnetite veins
are also reported (McCaig et al., 2024).

To summarize, accurate reproduction of LCHF vent fluids in all
previously reported chemical aspects requires hydrothermal alteration
of previously unaltered mafic rocks (e.g., gabbro or diabase) comprising
plagioclase and clinopyroxene, and additional reaction with olivine.
Incompatible fluid-mobile elements, K, Rb, and Cs, are available in late-
stage mafic intrusions, but not in abyssal peridotite or lower crustal
gabbro previously subjected to hydrothermal alteration and fluid flow.
From the perspective of fluid chemistry alone, the requisite olivine may
be present in ultramafic wall rocks or intrinsic to the mafic intrusion.
However, a two-stage model involving hydrothermal reaction of
seawater and mafic rocks and subsequent reaction with peridotite better
fits reported alteration mineralogy and results of recent drilling that has
recovered peridotite containing abundant relict olivine from the south
wall of the Atlantis Massif (McCaig et al., 2024; Lissenberg et al., 2024).
While this two-stage model is necessarily a simplification of the true
Atlantis Massif petrology, where numerous cm- to m-scale gabbroic in-
trusions occur in variably serpentinized peridotite (Lissenberg et al.,
2024), we believe that this model best captures the essential geochem-
ical reactions leading to the development of LCHF vent fluids.

5.3. Linkages between the LCHF and Off-Axis Mafic Intrusions

Previous studies have emphasized the role of peridotite serpentini-
zation in generating the alkaline, Hy-rich vent fluids at LCHF (Kelley
et al., 2001; 2005; Foustoukos et al., 2008; Seyfried et al., 2015; Aquino
et al., 2022). Mafic intrusions, which have been implicated to support Si-
metasomatism earlier in the geologic history of the Atlantis Massif
(Frith-Green et al., 2018; Rouméjon et al., 2018; Liebmann et al., 2018),
have been generally perceived as being incidental to actively venting
fluids, even as some mafic-derived components of these vent fluids have
been explicitly (Rb, Cs, Si) or implicitly (Ca, Sr) recognized (Foustoukos
et al., 2008; Seyfried et al., 2015; Aquino et al., 2022). Additionally,
several studies have long implicated a role for mafic intrusions in
providing the heat necessary to drive hydrothermal circulation, albeit as
one of several possibilities (e.g., Allen and Seyfried, 2004; Seyfried et al.,
2015).

Based on the analysis of our K isotope data and complementary
geochemical modeling results, we propose that LCHF vent fluids are
derived from off-axis intrusions of relatively unaltered mafic rock (e.g.,
gabbro or diabase) into olivine-rich mantle peridotite. Such off-axis in-
trusions inherently provide the external heat necessary to achieve esti-
mated subsurface reaction temperatures of 200 + 50 °C (Allen and
Seyfried, 2004; Foustoukos et al., 2007; Reeves et al., 2012; Seyfried
et al., 2015) or 270 *140/_68 °C (Wang et al., 2018). Moreover, mafic
rocks of essentially D-MORB composition result in consistent fluid:rock
ratio estimates across multiple trace element (Rb, Cs) and isotopic
methods (3K, 87Sr/%0Sr), as well as multicomponent fluid-rock reac-
tion models (Tables 4, 5). Alternative models that do not invoke
magmatic heat sources instead require deep (~8 km) circulation of
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hydrothermal fluids and contrasting geothermal gradients beneath the
Southern Ridge and Central Dome (Titarenko and McCaig, 2017) or
extremely low fluid flux (e.g., 0.08 kg/s, Lowell, 2017), which is at odds
with direct observation of extensive seafloor venting.

To summarize, we propose that LCHF vent fluids represent the
waning stages of a hydrothermal system that involves hydrothermal
alteration of an off-axis mafic intrusion and adjacent ultramafic wall
rock at 200-300 °C. These temperature conditions optimize olivine
hydrolysis reactions, which serve as a key pH constraint and Hy gener-
ation mechanism, while relatively unaltered mafic rocks provide the
noteworthy source of dissolved alkali metals. Such a model agrees well
with genetic models of oceanic core complexes that point to preferential
uplift of deeply emplaced gabbro intrusions relative to abyssal peridotite
followed by periodic (10-100 kyr) off-axis magmatic intrusions
(lldefonse et al., 2007; Olive and Crone, 2018). The frequency of these
intrusions and mode of emplacement provides an important control on
the thermal regime of the massifs, including the depths and tempera-
tures of hydrothermal circulation (Chen et al., 2022). At the initial
stages of intrusion, high-temperature alteration of emplaced mafic in-
trusions, dikes, and sills leads to production of acidic hydrothermal
fluids, leading to the observed amphibole + chlorite + talc veining and
Si-metasomatism of intruded ultramafic units. These initial fluids are
expected to be generally similar to those collected at the Rainbow Vent
Field and other acidic hydrothermal systems developed on oceanic core
complexes, which are attributed to amphibolite + chlorite + talc equi-
libria (Seyfried et al., 2011) reminiscent of the amphibolite + chlorite +
talc veins and talc mineralization observed in Atlantis Massif drill cores
(Frith-Green et al., 2018; Rouméjon et al., 2018; Liebmann et al., 2018;
Whattam et al., 2022a, 2022b). Hydrothermal cooling and progressive
penetration of circulating fluids eventually leads to reaction at lower (<
350 °C) temperatures and a switch from acidic to alkaline vent fluids.
This shift in fluid pH would be accompanied by numerous other changes,
including much decreased Fe-, sulfide-, and CO, concentrations, which
are precipitated under alkaline, lower-temperature conditions. The
depletion of all of these components is a well-recognized attribute of
LCHF vent fluids.

Further evidence for the role of magmatic intrusions in driving the
LCHF system is provided by the previously enigmatic observation that
LCHF vent fluids are 2 % depleted in Cl relative to seawater (Seyfried
et al., 2015). At the time, phase separation effects were ruled out
because estimated reaction temperatures were insufficient to achieve
phase separation at the proposed depths (Seyfried et al., 2015). How-
ever, with the recognition that LCHF vent fluids can be effectively
reproduced by hydrothermal alteration of mafic rocks and peridotite at
elevated fluid:rock ratios, we propose that this 2 % depletion reflects
admixture of an (acidic) Cl-depleted vapor that forms in the immediate
vicinity of a residual hot core of the mafic intrusion with alkaline,
seawater-salinity fluid formed by reaction with solidified mafic rocks
and peridotite at the proposed 200-300 °C reaction temperatures.
Because the bulk of the hydrothermal fluid arises from lower-
temperature reaction, the originally acidic vapor is effectively titrated,
and Cl concentrations mix toward seawater values. Even at modest
pressure, constrained by the subseafloor depth of the putative gabbro
body, temperatures in excess of 450 °C are likely needed to account for
the observed salinity depletions of the LCHF fluids—higher pressures
leading to more saline vapors and accordingly a greater vapor-derived
fraction of LCHF vent fluids.

Alternatively, it has been proposed that the observed Cl depletion
reflects Cl uptake into serpentine during olivine hydrolysis (e.g., Sey-
fried et al., 2015). However, detailed mineralogical and 5%7cl isotope
studies of marine serpentinites indicate that the majority of Cl present in
these samples occurs as interstitial water-soluble phases, such as halite
or bischofite, the presence of which is indicative of highly concentrated
saline pore water developed during effectively closed-system mineral
hydration reactions (Sharp and Barnes, 2004; Barnes and Sharp, 2006).
Results of peridotite serpentinization experiments likewise indicate that
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fluid Cl concentrations increase during serpentinization (e.g., Seyfried
etal., 2007), in contrast to the Cl depletion observed in LCHF vent fluids.
Recognition that relatively unaltered off-axis mafic intrusions are an
essential component of the LCHF system and that the chemical charac-
teristics of LCHF vent fluids most clearly represent a temperature effect
on the relative reactivities of plagioclase and olivine leads to two
important conclusions. First, that oceanic core complexes can be ex-
pected to host geochemically diverse hydrothermal vent fields, which, in
order of decreasing reaction temperature, include: (1) high-temperature
acidic vent fields such as the Rainbow Vent Field, (2) higher-Si, lower Hy
vent fields such as the Von Damm Hydrothermal Field (McDermott,
2015), and (3) alkaline, Ho-rich vent fields such as LCHF. Second, that
LCHF-type hydrothermal systems may not be common in the modern
ocean, nor a direct analog for early-Earth or extraterrestrial hydrother-
mal systems. Distinct from the model of McCaig et al. (2007), which
likewise proposes a genetic connection between Rainbow and Lost City
vent fields, we emphasize the role of progressive cooling and hydro-
thermal reaction of discrete, episodic off-axis mafic intrusions, which
has implications for vent field exploration. As an example of these
processes, evidence for fluid evolution from high-temperature acidic
fluids to lower-temperature alkaline fluids associated with intrusion of
an oceanic core complex by MORB gabbro has also been reported in an
Apennine ophiolite (Alt et al., 2018).

5.4. Implications for Hydrothermal Vent Exploration

Alkaline, Hp-rich hydrothermal vent fields conceptually similar to
the LCHF have been identified as promising sites for prebiotic chemistry
and early life evolution (Martin and Russell, 2007), supported by evi-
dence from the LCHF for abiotic organic synthesis (Proskurowski et al.,
2008; McDermott et al., 2015) and extant microbial communities
dominated by metabolically ancient methanogenic archaea (Brazelton
et al., 2006; Lang et al., 2018; Brazelton et al., 2022). Thus, the inter-
pretation that LCHF vent fluids derive from peridotite serpentinization
reactions (Kelley et al., 2001; 2005; Seyfried et al., 2015) has had a
profound effect on the search for habitable early-Earth or extraterrestrial
environments, motivating exploration of hydrothermally altered ultra-
mafic rocks on Mars (Tutolo and Tosca, 2023), Europa, and Enceladus
(Zolotov and Shock, 2004; Vance et al., 2007; Glein and Waite, 2020,
McCollom et al., 2022).

In contrast, the model supported here suggests that vigorously
venting alkaline Hy-rich vent systems as exemplified by the LCHF are
more likely to be associated with mafic intrusions, which may them-
selves contain the necessary olivine, than with peridotite alone.
Accordingly, exploration strategies targeting alkaline hydrothermal
systems should prioritize identification of subaqueous heat sources.
Furthermore, petrologic search criteria, especially remote sensing
criteria, which are more likely to be optimized toward major rather than
minor mineral phases, should be expanded to include mafic as well as
ultramafic rock types.

In the modern-Earth ocean, Hy-rich, typically acidic, hydrothermal
vents have been found along slow- and ultraslow spreading ridges (e.g.,
Batuyev et al., 1994; Charlou et al., 2002; Douville et al., 2002; German
etal., 2010; Pedersen et al., 2010; McDermott et al., 2018; German et al.,
2022), where crustal extension is accommodated by tectonic movements
and episodic magmatic intrusions (Mutter and Karson, 1992; Dick et al.,
2003). Previous interpretations of the LCHF have generally proposed
that hydrothermal activity is driven by continuous processes such as
exothermic chemical reaction (Kelley et al., 2005), tectonically driven
deep fluid circulation (Titarenko and McCaig, 2017), or slot convection
(Lowell, 2017). In contrast, our analyses suggest that the LCHF is the
result of episodic, possibly discrete off-axis mafic intrusions and there-
fore represents a transient, waning stage of hydrothermal activity. Such
a conclusion is in line with other investigations of hydrothermal activity
along slow and ultraslow spreading ridges, which have led to renewed
recognition of the importance of magmatic heat in driving hydrothermal
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systems. For example, a water-column survey of the Gakkel Ridge, the
slowest spreading ridge system on Earth (full spreading rate = 6-13
mm/yr), identified hydrothermal plumes originating from 9 to 12
distinct hydrothermal plumes, all associated with volcanic centers
(Edmonds et al., 2003; German et al., 2022). High-temperature vent
systems on the Mid-Atlantic Ridge (Douville et al., 2002), Mid-Cayman
Rise (German et al., 2010; McDermott et al., 2018), and Southwest In-
dian Ridge (Tao et al., 2012) are likewise associated with ongoing or
recent magmatic activity.

Hydrothermal activity associated with discrete magmatic intrusions
must likewise be discontinuous in nature and proceed according to a
lifecycle ultimately governed by gradual cooling of the emplaced
magma body. In the case of olivine-bearing rock types, such cooling
leads to a dramatic change in fluid chemistry from acidic, metal-rich
vent fluids at high (> 350 °C) reaction temperatures to alkaline,
metal-poor vent fluids at lower (< 350 °C) reactions temperatures (Allen
and Seyfried, 2003; Seyfried et al., 2010). With reference to known vent
fields, we propose that emplacement of a mafic intrusion at a slow- or
ultraslow spreading ridge initially leads to high-temperature water—rock
reactions that produce acidic vent fluids, as currently observed at the
Rainbow-, Ashadze-, Logatchev-, Niebelungen, Semenov, and Irinovskoe
vent fields. As the intrusion cools, lower-temperature reactions produce
alkaline vent fluids such as those at LCHF, possibly passing through a
thermally and chemically intermediate stage represented by the Von
Damm Hydrothermal Field. The revealing existence of Cl depleted va-
pors in LCHF vent fluids, however, provides evidence of a still active
magmatic heat source. When magmatic heat is exhausted, weak low-
temperature fluid flow may persist, as currently observed at the Old
City Hydrothermal Field (Lecoeuvre et al., 2021). The Rainbow Massif,
which hosts the inactive Ghost City and Clamstone sites (Lartaud et al.,
2011) as well as the highly active Rainbow Vent Field (Douville et al.,
2002), represents both ends of this lifecycle. Because the alkaline, Ho-
rich vent fluids observed at LCHF occupy a narrow thermal window in
the geologic evolution of hydrothermal activity associated with episodic
off-axis mafic intrusions, we anticipate that such systems are likely to be
rare in the modern ocean.

6. Conclusions

This study demonstrates the utility of stable K-isotope analyses in
generating insights about processes underlying seafloor hydrothermal
systems that could not otherwise be determined. Here, high-precision K-
isotope measurements and analyses of K-isotope systematics indicate
that LCHF vent fluids cannot be derived from hydrothermal alteration of
mantle peridotite alone. Instead, we propose a two-stage reaction
involving mafic and ultramafic rocks at 200-300 °C. We thus propose
that LCHF represents a transient waning stage of hydrothermal circu-
lation initially induced by an off-axis magmatic intrusion, although one
still sufficiently hot to generate a vapor-phase fluid, the importance of
which cannot be over-emphasized in terms of the temporal evolution of
such systems, now, and throughout Earth history. We additionally pro-
pose that episodic magmatic intrusions along slow-spreading ridges will
lead to a succession of hydrothermal vent fluids proceeding from acidic
fluids produced at initial high reaction temperatures to alkaline fluids
produced at lower reaction temperatures. In this context, the LCHF
represents a particular stage in this evolutionary sequence rather than a
quasi-ubiquitous class of alkaline hydrothermal vent inevitably pro-
duced by geologic uplift of ultramafic mantle rocks to the seafloor.
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