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Abstract Carbonate-brucite chimneys are a characteristic of low- to moderate-temperature, ultramafic-
hosted alkaline hydrothermal systems, such as the Lost City hydrothermal field located on the Atlantis Massif at
30°N near the Mid-Atlantic Ridge. These chimneys form as a result of mixing between warm, serpentinization-
derived vent fluids and cold seawater. Previous work has documented the evolution in mineralogy and
geochemistry associated with the aging of the chimneys as hydrothermal activity wanes. However, little is
known about spatial heterogeneities within and among actively venting chimneys. New mineralogical and
geochemical data (*’St/*°Sr and stable C, O, and clumped isotopes) indicate that the brucite and calcite
precipitate at elevated temperatures in vent fluid-dominated domains in the interior of chimneys. Exterior zones
dominated by seawater are brucite-poor and aragonite is the main carbonate mineral. Carbonates record mostly
out of equilibrium oxygen and clumped isotope signatures due to rapid precipitation upon vent fluid-seawater
mixing. On the other hand, the carbonates precipitate closer to carbon isotope equilibrium, with dissolved
inorganic carbon in seawater as the dominant carbon source and have &'*C values within the range of marine
carbonates. Our data suggest that calcite is a primary mineral in the active hydrothermal chimneys and does not
exclusively form as a replacement of aragonite during later alteration with seawater. Elevated formation
temperatures and lower 87S1/%°Sr relative to aragonite in the same sample suggest that calcite may be the first
carbonate mineral to precipitate.

Plain Language Summary At the Lost City hydrothermal field, warm alkaline fluids are discharging
out of uplifted mantle rocks. When vent fluids mix with seawater at the seafloor, carbonate and brucite minerals
form spectacular towers up to 60 m high. Systems like Lost City are important because the reaction between
water and rocks provides carbon and energy sources for microbial life. However, we still do not fully understand
what controls the mineralogy and geochemistry of the Lost City hydrothermal chimneys. In this paper, we
suggest that the extent of mixing between the hydrothermal fluids and seawater influences the mineralogy and
geochemistry of the chimneys. Calcite, which was previously thought to form only during alteration of aragonite
by seawater, can also form during seawater-hydrothermal fluid mixing. Both calcite and brucite form in the
interior of the chimneys where vent fluid is more dominant. Aragonite, on the other hand, forms in the exterior
of the structures from seawater-rich fluids. Lastly, because minerals precipitate rapidly during fluid mixing, the
stable isotope geochemistry of the carbonates mostly records the composition and temperature of seawater and
not the mixed fluid. Thus, care should be exercised in interpreting mineral geochemical data from similar
systems.

1. Introduction

Since the discovery of the Lost City hydrothermal field (LCHF; Kelley et al., 2001), carbonate-brucite deposits
associated with low to moderate temperature serpentinite-hosted hydrothermal systems are increasingly being
recognized in different tectonic settings and are possibly widespread components of serpentinizing environments
on the seafloor. Carbonate-brucite deposits occur at or near slow- and ultraslow-spreading mid-oceanic ridges
(Kelley etal., 2001; Lartaud et al., 2011; Lecoeuvre et al., 2020), in subduction forearc regions (Ohara et al., 2012;
Okumura et al., 2016), in magma-poor continental margins (Klein et al., 2015; Schwarzenbach, Friih-Green,
et al., 2013), and they are also associated with continental ophiolitic settings (Launay & Fontes, 1985; Monnin
et al., 2014; Pisapia et al., 2017). High-temperature, black-smoker hydrothermal systems in slow- and ultraslow-
spreading environments that are hosted in both mafic and serpentinite basement rocks, such as the Rainbow and
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Logachev hydrothermal fields, are generally characterized by acidic (pH 2-6), metal- and sulfide-rich vent fluids
(Charlou et al., 2002; Diehl & Bach, 2020; Douville et al., 2002; Friih-Green et al., 2022; German & Sey-
fried, 2013; Hannington et al., 2005; Von Damm, 1990). In contrast, fluids derived from Lost City-type systems
are relatively cool (~30-120°C), alkaline (pH 9-11), metal- and CO,-poor, and are rich in dissolved volatiles
such as H,, CH,, and other short chain hydrocarbons (Cipolli et al., 2004; Eickenbusch et al., 2019; Hannington
et al., 2005; Kelley et al., 2005; Lang et al., 2010; Monnin et al., 2014; Proskurowski et al., 2006, 2008;
Schwarzenbach, Lang, et al., 2013; Seyfried et al., 2015). Instead of sulfide structures typical of black-smoker
systems, delicate carbonate-brucite chimneys form in zones where serpentinization-derived hydrothermal
fluids mix with oxygenated, Mg- and CO,-rich seawater (Frith-Green et al., 2003; Kelley et al., 2001; Ludwig
et al., 2006; Okumura et al., 2016; Pisapia et al., 2017):

Mg  +20H- - Mg(OH),

seawater vent fluid brucite M
Ca’* + OH~ +HCO; - CaCO; + H,0. @
vent fluid  seawater ~ Ca — carbonate
Serpentinization occurs when seawater reacts with the mineral olivine to form serpentine (Moody, 1976):
olivine + H,O — serpentine = brucite + magnetite + H,. 3)

The alteration of olivine is associated with the oxidation of Fe** to Fe** coupled with the reduction of H,O to H,,
liberating OH™ ions and producing highly alkaline and reduced fluids that characterize serpentinizing systems
such as the LCHF (e.g., Abrajano et al., 1988; Kelley et al., 2001; Lecoeuvre et al., 2020; Neal & Stanger, 1983).

H, derived from water-rock reactions during serpentinization may promote the synthesis of some organic mol-
ecules from inorganic carbon that may have different sources (Berndt et al., 1996; Lang et al., 2010; McCollom &
Seewald, 2007; Proskurowski et al., 2008; Shock & Schulte, 1998; Steele et al., 2022). Abiotic organic com-
pounds including CH, may be produced from CO, reduction via Fischer-Tropsch-type or Sabatier-type reactions
(Charlou et al., 2002; Holm et al., 2015; McCollom & Seewald, 2007; Proskurowski et al., 2008). More recent
work emphasizes the formation of CH, within olivine-hosted fluid inclusions at depth, which can later be released
into the vent fluids during hydrothermal circulation (Grozeva et al., 2020; Kelley & Friih-Green, 1999, 2001;
Klein et al., 2019; Labidi et al., 2020; McDermott et al., 2015; Wang et al., 2018). Overall, serpentinization
reactions can provide both carbon and energy sources for chemoautotrophy (Amend et al., 2011; Dick &
Shock, 2021; Friih-Green et al., 2004; Lang & Brazelton, 2020; McCollom, 2007; McCollom & Seewald, 2007),
are likely to have been widespread in the early Earth (Sleep, 2010), and could potentially be occurring in other
planetary bodies such as Enceladus and Europa (Glein et al., 2015; McKay et al., 2008; Waite et al., 2017).
Therefore, systems like the LCHF can improve our understanding of the geochemical evolution of life on Earth
and elsewhere.

The LCHF is the first documented and remains the best studied example of such low temperature marine hy-
drothermal systems to date. It is located approximately 15 km west of the Mid-Atlantic Ridge (MAR) at 30°N at
the inside corner of the intersection with the Atlantis Transform Fault (Figure 1). The field is at the top of a terrace
on the southern wall of the Atlantis Massif at about 700-800 m below sea level. At least 30 carbonate-brucite
structures (Figure 2), up to 60 m high, span across the approximately 500 m? vent field and include actively
venting and inactive spires, pinnacles, parasitic flanges, and veins (Kelley et al., 2001). Ludwig et al. (2006, 2011)

Figure 1. Location of the Lost City hydrothermal field (LCHF) and the vent sites investigated in this study. (a) Overview of the LCHF situated on the southern wall of the
Atlantis Massif at 30°N west of the Mid-Atlantic Ridge (Blackmann et al., 2002). (b) 3-Dimensional map of the LCHF (after Kelley et al. (2005)) including the vents
studied here. The massive 60-m structure Poseidon is a composite of multiple active vents in the center of the field. Active vents are also found along the northeast
trending escarpment called the eastern wall. Carbonate veins were collected close to the eastern wall and west of Marker 8. Also shown are inferred vent fluid flow paths
showing the relationship between vent sites after Aquino et al. (2022): thick solid line, first order vent—Beehive; thin solid line, second order vents—Marker C and
Marker 2; thin dashed lines, third order vents.
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Figure 2. Dive images of vent sites investigated. (a) Marker 3 located at the top of the Poseidon structure. (b) Location of
active venting at what used to be the Beehive structure. White box indicates the general location of the Beehive structure
and inset shows the structure in 2005 (Kelley et al., 2005). (c) Marker C flange. (d) Marker 2 or IMAX flange. (¢) Marker 8
flange. (f) Carbonate veins or fissure-filling deposits located west of Marker 8. (g) Carbonate spires along the eastern wall.
(h) Calypso spire, located along the eastern wall. White arrow points to the spire collected as sample 1108-2002. (i) Top of
the Sombrero structure. (j) Marker 6 spire. Images courtesy of S. Lang, UofSC/NSF/remotely operated vehicle Jason/2018
© WHOL
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Figure 3. Mineral abundances of samples collected at each site. (a) Subsamples representative of the bulk sample. (b) Chimney interior. (c) Chimney exterior.

(d) Inactive chimneys. Notes: Number of samples analyzed for each site is shown in parentheses. Blue = aragonite; orange = brucite; yellow = calcite. Dark and light
shades represent minimum and maximum mineral abundances, respectively. Data from Aquino et al. (2024). Samples classified as “inactive” from the active structures
Beehive and Marker 3 are older parts of the chimney that are yellowish and show a higher degree of induration and form the substrate for new bright white chimney

growth.

extensively studied the mineralogical, geochemical, and textural transformation during aging of the chimneys
from nascent to inactive and extinct structures. They documented that young, active chimneys precipitate pre-
dominantly as aragonite and brucite, characterized by low %’Sr/*®Sr and low trace element contents. Progressive
reaction with seawater results in the conversion of aragonite to calcite and dissolution of brucite, as well as in-
creases in ¥’Sr/*°Sr and trace element concentrations (Ludwig et al., 2006). In addition to heterogeneities
attributed to aging of the chimneys, spatial variabilities in temperature, chemistry, and microbial activity across
the field as well as within a single structure were documented at the LCHF (Brazelton et al., 2006; Schrenk
et al., 2004). Active vents in the central part of the field have higher temperature, higher H, and SO,>~ con-
centrations, and lower H,S and lower amount of biomass than those found at the periphery (Lang et al., 2012;
Proskurowski et al., 2006). Previous studies have reported systematic differences in terms of mineralogy and
geochemistry between the interior and rim of a single chimney (Ludwig et al., 2006, 2011; Vogel, 2016). In our
companion paper (Aquino et al., 2024), we show that calcite is associated with brucite and occurs in the interior of
actively venting spires as well as the downward-facing side of flanges. In contrast, aragonite generally comprises
the exterior of the chimneys (Figure 3). The mechanism behind these observed spatial heterogeneities in the
mineralogy remains uncertain.

The objective of this study is to understand the controls on the spatial variations observed in the mineralogy of the
active chimneys. Our geochemical data show that heterogenous precipitation conditions (e.g., pH, temperature,
Mg/Ca ratios) at Lost City are largely controlled by the variability in mixing proportions of vent fluid and
seawater, which affects the mineralogy and geochemistry of the resulting hydrothermal chimneys. Stable carbon
and oxygen isotope data suggest that during the very rapid precipitation of carbonate upon fluid mixing, the
dissolved inorganic carbon (DIC) behaves as a closed system preventing equilibration between DIC, which is
mostly sourced from seawater, and H,O or OH™. As a result, the carbonates record oxygen and clumped isotope
compositions that do not reflect the temperature of the formation fluid.
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2. Sampling Sites

The locations of the sampled vent structures are shown in Figure 1 and listed in Table S1 of Supporting Infor-
mation S1. Here we briefly summarize the morphology of the structures which has been discussed in previous
studies (Friith-Green et al., 2003; Kelley et al., 2001, 2005; Ludwig et al., 2006). We use location names described
in earlier studies and names of field markers deployed during previous sampling campaigns (e.g., Kelley
et al., 2005, Figure S1 in Supporting Information S1; Lang et al., 2010; Ludwig et al., 2006; Proskurowski
et al., 2006). Carbonate-brucite chimneys occur in a wide variety of morphologies. The central and most
prominent part of the field is the 60-m high Poseidon structure, which is a composite of actively venting towers
and spires including Marker 3 and Camel humps, and parasitic vent structures forming cone- and flange-like
morphologies (Figures 1 and 2). The Beehive vent is a ~1-m high, cone-like parasitic structure that vents the
hottest fluid (up to 96-116°C; Table S1 in Supporting Information S1), which can be considered the primary,
unaltered endmember fluid at LCHF (Aquino et al., 2022; Kelley et al., 2005; Ludwig et al., 2006; Seyfried
et al., 2015). The structure itself was no longer present during our sampling in 2018, but we were able to collect
chimney samples from a venting orifice, presumably representing the interior of the former structure (Table S2 in
Supporting Information S1, Figure 2b). Marker C and Marker 2 (also called IMAX flange), are parasitic flanges
on the Poseidon structure, which include horizontally growing structures that trap warm vent fluids (Figures 2c
and 2d). In some cases, chimney spires grow on the top of these flanges. We also sampled Marker 8 (Figure 2e),
another parasitic flange west of Poseidon, as well as several veins or fissure filling carbonate-brucite deposits
located west of Marker 8 (Figure 2f).

The eastern wall is a steep escarpment where carbonate veins and morphologically diverse chimney structures
(Figure 2g) grow directly along faults or subhorizontal foliations in the serpentinites (Kelley et al., 2005). It is
located along a ridge extending toward the northeast from the main vent field (Figure 1). We sampled several
structures, including actively venting spires such as Calypso (Figure 2h), and others that showed no evidence of
venting at the time of sampling. Veins that crosscut the relatively flat-lying carbonate-cap sedimentary sequences
at the top of the southern Atlantis Massif (Kelley et al., 2005) were also sampled. Marker 6 and Sombrero are two
sites located east of Poseidon and close to the eastern wall. Sombrero is an actively venting spire with fresh
growth at the top of the structure (Figure 2i). The structure on Marker 6 on the other hand is a small, delicate,
actively venting spire that grew atop the rubble of inactive chimneys (Figure 2j). Despite their location away from
Poseidon at the center of the field, these vents are thought to share a common flow path with Beehive (Figure 1b;
Aquino et al., 2022; Seyfried et al., 2015).

3. Materials and Methods
3.1. Samples

Grab and suction (slurp) samples of hydrothermal chimneys and fissure-filling veins were collected with the
remotely operated vehicle (ROV) Jason during the Lost City 2018 Return expedition (R/V Atlantis cruise AT42-
01). Chimney samples were mostly obtained in sites where active venting, recognized primarily by shimmering
water and increased water temperatures, was observed. During six dives (Dives 1107 to 1112), we sampled sites
that had been previously investigated (Figure 1), such as Bechive and sites named after field markers laid out in
2003 (e.g., Marker 2, Marker C; Kelley et al., 2005). Most of these vents are associated with the massive Poseidon
structure at the center of the field (Figure 1). Other active vents along the eastern wall were sampled for the first
time in 2018. A total of 31 chimneys and 6 vein samples were collected and described macroscopically. These
samples were assigned a unique ID including the Jason dive number, the date and time of collection, and the
sample type (e.g., J.1109.19Sep.0756 CHIM for a chimney sample collected on 19 September 2018, 07:56 GMT
during Jason Dive 1109). In this paper, we use a shortened version of the sample ID, which includes the dive
number and time of collection (e.g., 1109-0756). Each sample was subdivided onboard into aliquots and
distributed among the science party members. Each of these samples was assigned a unique cruise ID (e.g.,
sample 1109-0756 is further subdivided into samples with cruise ID LC01349, LC01353, etc.). Specimens that
exhibited heterogeneities such as distinct colors, textures, or layers were subsampled to analyze their mineralogy
and geochemistry (e.g., LC01349a, LC01349b). Samples representing a general average or bulk composition of a
chimney or vein were also analyzed separately. Mineral separation via hand picking was carried out on selected
samples to determine texture- and/or mineralogy-specific isotopic compositions.

AQUINO ET AL.

6 of 22

85UBD17 SUOLULLIOD) DA 1181 a|ced ! |dde a3 Ag pausienoh afe sapiLie YO ‘asn Jo sajni 104 AkliqiauluQ AS|IM UO (SUOTIPUOD-PUR-SWLIBYWOD A3 1M Alelq 1B JUO//:SANY) SUOIPUOD pUe SWwd 18Ul 88S *[7202/20/0z] uo Arigiauliuo A|im ‘Auewss suelydod Aq TTOTT0DDEZ02/620T OT/10p/wod A 1m Azeid i putiuo'sgndnBe//sdny wouy papeojumoq ‘Z ‘20z ‘220252ST



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geochemistry, Geophysics, Geosystems 10.1029/2023GC011011

3.2. Analytical Methods

A total of 76 samples from 31 chimneys and 6 carbonate veins were analyzed for mineralogy, chemistry, and
stable C and O isotope compositions, 33 for 8Sr/*®Sr ratios, and 24 for carbonate clumped isotopes (A 47)- 14 and
12 mineral separates were also measured for their 87Sr/%Sr and A, values, respectively. For major and trace
element analyses, powdered samples were washed with distilled water and centrifuged several times to remove
salt and dirt, and subsequently freeze dried. 300 pg of sample material were then dissolved in 300 pl of 2% HNO4
and measured on an Agilent 8800 Triple Quadrupole inductively coupled plasma mass spectrometer (ICP-MS) at
the Geological Institute, ETH Ziirich.The precision of the analyses is better than ~5% (RSD) based on repeated
analyses of standards.

Carbon and oxygen isotope analyses were conducted on 90-140 pg of carbonates (powdered and washed) using a
GasBench II system coupled with a Delta V isotope ratio mass spectrometer (IRMS, Thermo Fischer Scientific,
Bremen, Germany) at the Geological Institute, ETH Ziirich following the methodology of Breitenbach and
Bernasconi (2011). Results are reported in the conventional delta notation relative to the Vienna Pee-Dee
Belemnite (VPDB). The average standard deviation of repeated measurements of standards during different
sessions is less than 0.1%o for both '%0 and 8'°C. Carbonate oxygen isotope thermometry is a widely used
technique to determine the temperature at which carbonate minerals precipitate based on the temperature-
dependent fractionation between carbonate and water. Given the 8'0 of the formation water and the
measured 8'30 of the carbonate, the temperature of precipitation may be estimated (Urey et al., 1951). Here, the
5'80-based precipitation temperatures were calculated using the calibration of O’Neil et al. (1969) as recalculated
by Friedman and O’Neil (1977).

Carbonate clumped isotope thermometry is a powerful geochemical method to estimate the temperature of
formation of carbonate minerals. This technique is based on the temperature-dependent abundance of '*C-'%0
bond within the carbonate lattice and is thus independent of the isotopic composition of the formation water,
unlike the oxygen isotope thermometer (Ghosh et al., 2006; Schauble et al., 2006). Carbonate clumped isotope
analyses were performed using a Kiel IV carbonate device coupled to a 253Plus IRMS (both Thermo Fisher
Scientific) at the Geological Institute, ETH Ziirich as described by Meckler et al. (2014) and Miiller
et al. (2017). The carbonate samples reacted with three drops of 104% H;PO, at 70°C via the Kiel IV device.
The CO, gas released from this reaction was then purified in a custom-built Porapak Q resin held at —40°C to
remove potential isobaric contaminations. Samples were measured with a maximum of three replicate mea-
surements per sample and session, which generally consists of 24 measurements of 100-120 pg sample
carbonate interspersed with 5 replicates each of the carbonate standards ETH-1, ETH-2 and 10 replicates of
ETH-3 (Bernasconi et al., 2018, 2021). The samples were analyzed in LIDI mode with 400 s of integration of
sample and reference gas. Raw data processing and background corrections were performed using the
Easotope software (John & Bowen, 2016). Sample compositions are reported as the excess abundance
of the CO, isotopologue with mass 47 relative to the abundance expected from a random distribution of
isotopes:

R47

Ay = 1’ 4

where R*” is the ratio of the abundance of the CO, isotopologue with mass 47 relative to the abundance of the
most common CO, isotopologue with mass 44 and R*’* is the ratio expected from a random distribution
calculated from the measured 8'°C and §'0 values. Sample A,, measurements were converted to the A,
Intercarb-Carbon Dioxide Equilibrium Scale (Bernasconi et al., 2021) using the ETH-1, ETH-2 and ETH-3
carbonate standards described previously (Bernasconi et al., 2018; Meckler et al., 2014; Miiller et al., 2017)
with the community-derived A, values reported by Bernasconi et al. (2021). A,,-based temperatures were
calculated using the calibration of Anderson et al. (2021).

Radiogenic Sr isotope and Sr concentration analysis were performed at the Institute of Geochemistry and
Petrology, ETH Ziirich. Twenty to thirty mg of powdered carbonate (bulk samples, separated aragonite or calcite)
was first reacted in 5 ml of ammonium acetate buffered to pH 5 to leach the carbonate fraction. Leached sample
fractions were subsequently dried down and measured dilute for Sr concentrations by ICP-MS (Element XR,
Thermo Fisher Scientific). 200-500 ng of Sr was separated from the carbonate matrix using Sr spec resin
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following the methods of de Souza et al. (2010) and Deniel and Pin (2001). Strontium isotope ratios &Sr/2%sr)
were measured at Sr concentrations of ~100 ppb on a multicollector ICP-MS (Neptune Plus, Thermo Fischer
Scientific). Instrumental mass fractionation was corrected using the exponential law and %6Sr/%Sr of 0.11940
(Nier, 1938). The uncertainty of the measurements estimated from repeated measurements of NIST SRM 987 is
<24 ppm (2 SD, n = 15 per session). Sample 'Sr/*°Sr values were renormalized to the accepted value of NIST
SRM 987 (*'Sr/**Sr = 0.710248, Thirlwall, 1991).

3.3. Geochemical Calculations

Calculations were performed to simulate the effect of mixing of endmember hydrothermal vent fluids and
seawater using the Geochemist's Workbench React Program (Bethke et al., 2020). We used the default ther-
modynamic database (thermo.tdat), which is based on the LLNL thermochemical database developed at the
Lawrence Livermore National Laboratory (Delany & Lundeen, 1990). In the model, the precipitation of calcium
carbonate and brucite was simulated as seawater was gradually mixed with 1 kg of hydrothermal fluid. The
compositions of the vent fluid and seawater used in the calculations are listed in Table S5 of Supporting Infor-
mation S1. The calculations done here do not account for the kinetic inhibitions to calcite precipitation by Mg ions
(Bischoff, 1968) and thus cannot be used to determine which carbonate polymorph precipitates; both calcite and
aragonite precipitate when the formation of the other mineral is suppressed in the calculations. We used the
calculated fluid Mg/Ca ratio to qualitatively infer the carbonate mineralogy (see Section 5.2 for more details).

4. Results

The mineralogy of the samples, summarized in Figure 3, is discussed in detail in the companion paper (Aquino
et al., 2024). The Lost City chimneys are composed of variable mixtures of aragonite, brucite, and calcite
(Figure 3a). In general, the interior of these chimneys is composed mostly of brucite and minor calcite/aragonite
(Figure 3b), while the exterior is dominated by aragonite (Figure 3c). Scanning electron microscopy of samples
from the interior of the chimneys highlighted the spatial association between brucite and calcite (Aquino
etal., 2024). Several samples from relatively high temperature vents (e.g., Beehive and Sombrero) as well as from
eastern wall sites (Calypso and carbonate veins) contain significant amounts of calcite (>20%). Many samples
exhibit flow textures preserved as brucite mineral membranes upon which aragonite or calcite may precipitate on.
In the following section, we compare the results of our geochemical analyses (Tables S2 and S3 in Supporting
Information S1) with the mineralogical study presented in Aquino et al. (2024).

4.1. Major and Trace Elements

The major and trace element compositions of the samples are shown in Figure 4. In general, variations in Ca, Mg,
and Sr concentrations (Figures 4a and 4b) roughly reflect the relative proportion of carbonate and brucite in the
chimneys, consistent with previous studies (Ludwig et al., 2006; Vogel, 2016). The brucite-rich chimney interiors
contain up to 40 wt% Mg, whereas the carbonate-rich exteriors and inactive chimneys contain up to 45 wt% Ca
(Figure 4a). Brucite does not appear to incorporate significant Sr because the Sr contents of the brucite-rich
(>95 wt% brucite, >30 wt% Mg) samples are low (70-237 ppm). In comparison, the chimney exteriors have
more than 4,000 ppm Sr, reflecting a higher proportion of aragonite (Figure 4b). Inactive structures contain even
more elevated amounts of Sr (up to about 19,000 ppm). Interestingly, most carbonate veins and samples from the
eastern wall and Beehive show elevated Si and Al contents (>6,000 ppm and 1,000 ppm, respectively) relative to
samples from other sites (<5,000 ppm Si, <1,000 ppm Al). These values are similar to the average marine
carbonate sedimentary rock and lower than those of the average marine unlithified carbonate sediments
(Figures 4c¢ and 4d). Most trace element (Cr, Mn, Ni, Fe, Zn, Pb) concentrations are significantly lower than those
of the average marine carbonate rock and sediments (Figure S1 in Supporting Information S1). On the other hand,
Sr, Cd, U, P, and Si have similar or slightly higher concentrations relative to the average marine carbonate rock
and carbonate sediments (Figure S1 in Supporting Information S1). Ba, U, P, and S show a generally increasing
trend with decreasing Mg, while Zn roughly increases with Mg (Figure S1 in Supporting Information S1).

4.2. Oxygen Isotopes

The Lost City chimney carbonates are isotopically variable and show within-sample heterogeneity at the
100 pg sample size used for the measurements (Figure 5). The 8'80 of mixed calcite and aragonite bulk
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Figure 4. Major element concentrations versus Mg of active carbonate chimneys and fissure filling veins, including data from Ludwig et al. (2006) and Vogel (2016).
(a) Variation in Ca and Mg generally reflects the relative proportions of carbonate and brucite in the samples. Note that the interior of the chimneys are generally Mg-rich
relative to the exterior. (b) Sr contents increase with increasing Ca and decreasing Mg concentrations. Active structures have significantly lower Sr contents than the
inactive chimneys. (c and d) Most samples have minor amounts of Si and Al except for a few samples from the eastern wall and Beehive. Data for marine carbonate
sedimentary rock and unlithified marine carbonate sediments are from Turekian and Wedepohl (1961).

samples of active chimneys span a wide isotopic range from —12.45 to 4.67 %o (111 analyses of 35 samples)
whereas the veins have a narrower range from 1.99 to 5.29 %o (116 analyses of 10 samples) (Figure 5a; Table
S2 in Supporting Information S1). Beehive, Sombrero, and Marker 6, which belong to the vent group with the
lowest dissolved sulfide concentrations of 0.3-0.4 mmol/kg (Aquino et al., 2022), have the lowest and most
variable bulk 8'%0 values (—12.45 to +3.49%o; 62 analyses of 10 samples). The interior of the chimneys and
veins from the same site have similar or lower §'%0 than the bulk, whereas samples from the exterior have
similar or higher 8'%0 than the bulk (e.g., Figure 5; Figures S2b, S2e, and S2f in Supporting Information S1).
The 5'%0 of inactive structures are generally similar to those of the active ones (Figures S2a, S2e, and S2i in
Supporting Information S1). The &'%0 of calcite crystals and aggregates separated by hand picking ranges
between —12.0 and +2.5%0 (n = 54) whereas aragonite 880 values are —3.8 to +4.0%0 (n = 85) (Tables S3
and S4 in Supporting Information S1; Figures 5b and 5c). Within each site, calcite §'30 values are generally
lower than or similar to the values of the mixed samples (Figures S2a, S2b, S2d, and S2e in Supporting
Information S1). 8'80 values of separated aragonites are mostly similar to or slightly higher than the bulk
compositions (Figures S2a—-S2g in Supporting Information S1). Except for a few fissure-filling deposits, the
oxygen isotope composition of samples collected in 2018 is similar to those reported previously (Figure 5c)
(Friih-Green et al., 2003; Vogel, 2016).
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active samples) and previous work (active, inactive, fissure filling) (Friih-

Green et al., 2003; Vogel, 2016).

4.3. Carbon Isotopes

The bulk 8'3C of the active chimneys (0.15-2.46%o; n = 101, Figure 5, Table
$2 in Supporting Information S1) lie within a narrower range than the 8'%0.
Although the inactive chimneys generally have slightly higher bulk 8"*C
values (1.52-2.26%o; n = 25), these isotope compositions still lie within the
range of active chimneys (Figures S2a, S2e, and S2i in Supporting Infor-
mation S1). Most of the veins (0.94-2.91%0; n = 102) have §'°C values very
similar to the chimneys except for one vein west of Marker 8 (average
8'>C = —1.06%0; Table S2 in Supporting Information S1, Figure 5a, and
Figure S2j in Supporting Information S1). As with §'®0, for samples from the
same site, subsamples from the interior of the chimneys have similar or
slightly lower 8'3C than the bulk, while subsamples from the exterior of the
chimneys have similar or slightly higher 8'>C values than the bulk (Figures
S2b, S2e, and S2j in Supporting Information S1). Both pure calcite and
aragonite have 8'°C values that lie in a relatively wide range between —1.1
and +2.0%0 (n = 54) and between —0.3 and +2.0%0 (n = 85), respectively.
The average 8'°C for calcite is lower than for aragonite (Tables S3 and S4 in
Supporting Information S1). The carbon isotope composition of LCHF
samples reported in earlier studies spans a wider range than those of samples
collected in 2018 (Figure 5c¢) (Frith-Green et al., 2003; Vogel, 2016).

4.4. Clumped Isotopes

The bulk A4, values of the chimneys vary from 0.611 to 0.702%0 which
correspond to temperatures of —7 to 20°C (Table S2 in Supporting Infor-
mation S1, Figures 6a and 6b). Aragonite from these samples have A, values
that lie within a slightly lower but similar range (0.604-0.690%o; —3 to 22°C).
Calcite, on the other hand, has generally lower A, than the bulk samples and
aragonite (0.471-0.653%0; 7-78°C) (Tables S2 and S3 in Supporting Infor-
mation S1, Figures 6a and 6b). Samples from Beehive have the lowest and
most variable A,; while the carbonate veins have the highest and least vari-
able A,; values. In samples where both aragonite and calcite could be
measured individually, calcite has consistently lower A,; than aragonite
(Table S3 in Supporting Information S1, Figure 6a).

4.5. Sr Isotopes

Strontium concentrations and %’Sr/*’Sr ratios of bulk chimney and vein
samples are listed in Table S2 of Supporting Information S1 and plotted in
Figure 6¢ together with literature data (Ludwig et al., 2006; Vogel, 2016).
87Sr/%0Sr isotope ratios ranging between 0.70732 and 0.70900 broadly in-
crease with Sr concentrations (Figure 6¢). Not all samples were analyzed for
Sr geochemistry; nevertheless, we observe that samples from the interior have
among the lowest concentrations and generally have low *’Sr/*®Sr and Sr
concentrations (e.g., Sombrero, eastern wall chimney Table S2 in Supporting
Information S1, Figure 6c). The opposite is true for the exterior of the

chimneys, which have among the highest #’Sr/*¢Sr and Sr concentrations (e.g., Marker 2, Figure 6¢). There is no
clear relationship between the Sr geochemistry of chimneys and veins and their location within the LCHF, and
samples taken from each of the vent groups have overlapping ranges of 87Sr/%0Sr and Sr concentrations. One

sample taken further away from the site of active venting at Beehive (LC02454b) has a significantly higher
878r/%6Sr and Sr concentration (*”Sr/*Sr = 0.70878, 3,889 ppm Sr) than the samples collected directly at the vent
®7Sr/%°Sr = 0.70732 to 0.70785, 808—1,246 ppm Sr). Aragonite separates generally have higher 8'Sr/*®Sr ratios
(0.70722-0.70899) and Sr concentrations (2131-9,988 ppm Sr) than calcite separates (0.70661-0.70789; 77—
1,552 ppm Sr) (Tables S3 and S4 in Supporting Information S1).
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Figure 6. Carbonate clumped isotope compositions and Sr geochemistry of the Lost City chimneys and veins. A, values plotted against (a) oxygen isotope compositions
and (b) formation fluid oxygen isotope compositions calculated from carbonate clumped isotope compositions. (c) #Sr/*Sr values and Sr concentrations of selected
Lost City carbonate samples. Also shown are the range of marine calcite and aragonite from Kinsman (1969). Note: For bulk samples, carbonate Sr contents plotted here
are estimated from measured Sr concentrations and the relative abundance of carbonates versus brucite (Table S3 in Supporting Information S1).

5. Discussion

Our results show that the mineralogy and the isotope and element geochemistry of the Lost City hydrothermal
chimneys vary spatially within individual chimneys and among different vent sites. In the following section, we
first discuss the effect of varying proportions of vent fluid to seawater on the mineralogy of the chimneys and
veins. Then, we discuss how rapid and instantaneous precipitation during fluid mixing controls the carbonate
carbon, oxygen, and clumped isotope compositions.

5.1. Variable Mixing of Vent Fluid and Seawater

In general, the interior of the chimneys from active vents is brucite(+calcite + aragonite)-rich, with our scanning
electron microscopy data highlighting a spatial association between brucite and calcite (Aquino et al., 2024). The
chimney interiors displayed lower ®’Sr/*®Sr values and Sr concentrations than the aragonite-rich exteriors
(Figures 3 and 6). This gradient in Sr concentrations and isotopic composition reflects the dominant mineral
phases and their affinity to incorporate Sr. The Sr partition coefficient of calcite is lower than that of aragonite
(Kinsman, 1969); therefore, the aragonite-dominated chimney exterior is expected to incorporate more Sr
(Figure 6¢). Moreover, the 3'Sr/%®Sr values of carbonates record the 37Sr/%Sr of the fluids from which they
precipitate (Coggon & Teagle, 2011). Given that both the endmember hydrothermal fluid (¥’Sr/*®Sr = 0.70650,
Aquino et al., 2022; Ludwig et al., 2006) and seawater (*’Sr/**Sr = 0.70917, Palmer & Edmond, 1989) com-
positions are known, the strontium isotope composition of the carbonates can be used to calculate the mixing
proportion of these two fluids during mineral precipitation. Since the temperatures of the vents and seawater are
also known, the temperature of the mixed fluid can be estimated (see Section 5.3.1). *’Sr/%*Sr compositions of
bulk chimneys and veins suggest mixing of 13%—69% vent fluid with seawater (n = 22). Carbonates from the
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Figure 7. Mixing calculations involving the addition of seawater to 1 kg of Beehive vent fluids. (a) Mixing results in the
supersaturation of brucite and calcium carbonate. Brucite solubility is highly sensitive to pH and brucite is saturated only at
low seawater fractions <30%. Calcite is stable at lower Mg/Ca ratios whereas aragonite is stable at higher Mg/Ca ratios.
(b) Gradients in temperature, pH, and Mg/Ca ratios during mixing. Seawater and Beehive endmember fluid compositons are
listed in Table S5 of Supporting Information S1.

chimney interiors generally formed from higher proportions of vent fluid (32%—65% vent fluid; n = 4) compared
to the exteriors (6%—46% vent fluid; n = 4). Calcite is formed from a solution containing 48%-96% vent fluid
(n = 5) while aragonite is formed with a relatively lower vent fluid contribution (7%—73%; n = 9).

To investigate the effect of varying proportions of vent fluid and seawater on chemistry (e.g., Mg/Ca), tem-
perature, pH, and mineral saturation during mixing of seawater and LCHF vent fluids, we calculated a mixing
model (Figure 7) using the Geochemist's Workbench® (Bethke et al., 2020). The modeling results show that
brucite, aragonite, and/or calcite are supersaturated during the mixing of up to 3 kg of seawater with 1 kg of
Beehive vent fluids (up to 75% seawater). Brucite, whose solubility is highly sensitive to pH (Pokrovsky &
Schott, 2004), is supersaturated only at <30% seawater where the pH of the solution is predicted to be greater than
8. Note that pH decreases with increasing temperature because of the temperature dependence of the dissociation
constant of water (White, 2009). Thus, the actual in situ pH of Beehive vent fluids is lower (8.9) than the pH
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measured in the laboratory at 22°C, which is the value commonly reported in the literature (10.8, Table S5 in
Supporting Information S1; Aquino et al., 2022; Kelley et al., 2005; Lang et al., 2012). Calcium carbonates, on the
other hand, are supersaturated at higher seawater mixing proportions, 0-~50% for calcite, and ~35-~75%
seawater for aragonite. This calculation yields comparable results to other studies, which predict the precipitation
of brucite at lower seawater fractions and increasing calcium carbonate precipitation with continued seawater
admixture (Allen & Seyfried, 2004; Palandri & Reed, 2004).

5.2. Carbonate Mineralogy

The mixing calculation (Figure 7) is consistent with the observation that brucite is generally more abundant in the
interior of the structures, while calcium carbonate (Figure 3) is dominant in the exterior. Our petrographic ob-
servations suggest that calcite is an early precipitate. In the companion paper (Aquino et al., 2024), we provide
mineralogical and textural evidence that the interior of at least some of the chimneys contains significant calcite,
whereas their exterior is dominated by aragonite, where a higher proportion of seawater is dominant. Calcite is in
most cases intimately associated with brucite and occurs as euhedral, well-formed crystals (Aquino et al., 2024).
These mineralogical observations are in agreement with the Sr isotope composition of calcite, which is generally
lower (and closer to vent fluid compositions) than those of aragonite (Tables S3 and S4 in Supporting
Information S1).

Temperature and fluid Mg/Ca are the main controls on the calcium carbonate polymorph that precipitates from
seawater (Berner, 1975; Davis et al., 2000; Morse et al., 1997, 2007; Sun et al., 2015). At 25°C, calcite precipitates
when Mg/Ca is below 1.4 + 0.1 (Morse et al., 1997), while concurrent precipitation of aragonite and calcite is
possible at Mg/Ca of around 2 (Sun et al., 2015). This threshold Mg/Ca value for calcite precipitation decreases to
about 1 at temperatures >30°C. Based on these considerations, we estimate that for Beehive, co-precipitation of
the two calcium carbonate polymorphs is possible at Mg/Ca ratios between ~1 and 1.5 (Figure 7a). Below this
Mg/Ca, at very low vent fluid/seawater ratios, calcite can coexist with brucite (Figure 3). With increasing
seawater contribution, the Mg/Ca ratio of the fluid is higher than the threshold for calcite precipitation and
aragonite precipitates.

The model results are broadly supported by the lower *’Sr/*®Sr values of calcite (Figure 6¢), which imply that
calcite precipitates from solutions with more vent fluid, and higher temperatures (calculated from 8'%0 and A,,)
than the solutions leading to aragonite formation (Tables S3 and S4 in Supporting Information S1). Overall, the
geochemistry and the petrography of calcite in the interior of the chimneys (Aquino et al., 2024) are consistent
with calcite being the first carbonate mineral to precipitate in the actively venting structures. The occurrence of
primary calcite is not uncommon in hydrothermal chimneys and veins. For example, the interior of active hy-
drothermal chimneys from the Shinkai Seep Field in the southern Mariana forearc have also been reported to
contain more calcite than aragonite (Okumura et al., 2016), and brucite-calcite hydrothermal veins were inferred
to form in a fluid-mixing zone at a Lost City-type hydrothermal system at the Iberian Margin (Klein et al., 2015).
Furthermore, chimneys from the Old City hydrothermal field (Southwest Indian Ridge), like those from the
LCHF, are composed of variable mixtures of brucite, calcite, and aragonite including a sample from an active
structure comprising brucite and calcite (Lecoeuvre et al., 2020).

Calcite is also abundant in chimneys from the eastern wall and in veins (Figure 3). Veins have calcite contents of
up to 39%, while samples from Calypso and other small chimneys in the eastern wall contain up to 24% and 58%
calcite, respectively (Table S2 in Supporting Information S1). We suggest that the relatively low vent temper-
atures (~30°C for Calypso, 11°C for the vein on the carbonate cap) may explain the abundance of calcite. Mixing
small amounts of cold seawater with these relatively low temperature vent fluids will bring the fluid temperatures
to <30°C at which the minimum Mg/Ca ratio for aragonite precipitation is higher (Morse et al., 1997).

In addition to the effects of the variation in the mixing proportions of seawater and hydrothermal fluid, carbonate
mineralogy and Sr geochemistry in the hydrothermal chimneys are affected by the aging of the structures. Ob-
servations from both active and inactive chimneys indicate that aragonite in young, active chimneys is converted
to calcite by reaction with seawater over time (Aquino et al., 2024; Ludwig et al., 2006). Ludwig et al. (2006) and
Vogel (2016) have shown that active chimneys have generally lower 87Sr/%°Sr and Sr concentrations (average
6,328 ppm) than inactive structures where Sr concentrations increase (average 9,015 ppm) and ®Sr/*Sr ratios
approach those of seawater.
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Figure 8. Effect of seawater mixing and temperature on the equilibrium oxygen isotope and clumped isotope compositions. Expected (a) 8'%0 and (b) A, values of
carbonate produced by mixing seawater and Beehive vent fluids assuming equilibrium conditions. Also shown are §'*0 and A, values of aragonite, calcite, and bulk
samples from Beehive plotted against the fraction of seawater estimated from ’Sr/*°Sr in the carbonates. Note that for both 5'®0 and A, samples from Beehive do not
appear to have precipitated in equilibrium. (c) Oxygen isotope fractionation (1000Inc) between carbonate and water (vent fluid-seawater solution) of the Lost City
carbonate samples plotted against estimated temperature during carbonate precipitation (T,). Also shown are equilibrium fractionation lines between calcite and
various dissolved inorganic carbon (DIC) species and water. S refers to the overall oxygen isotope fractionation between the sum of the DIC species and water at the pH
and temperature of the background seawater at Lost City. (d) Carbonate clumped isotope composition of the Lost City samples plotted against estimated temperatures
(T,)- Also shown are A, values at equilibrium. Temperature is estimated from 8Sr/*°Sr derived vent fluid fractions and measured vent temperatures (T, see
Section 5.3.1). “Upper and lower limits for the calcite-water fractionation are from Coplen (2007) and O’Neil et al. (1969), respectively.

5.3. Multiple Controls on 8">C, §'%0, and A, Values

Dissolved inorganic carbon (DIC) in the carbonate system exists in three main forms: CO,,q, (aqueous carbon
dioxide), HCO, ™~ (bicarbonate), and CO,>~ (carbonate ion), with the relative proportion of these species changing
with pH (Zeebe & Wolf-Gladrow, 2001). The oxygen isotope fractionation between each species and water is
different for each DIC species and is dependent on temperature (Figure 8c) (Beck et al., 2005). Therefore, the
overall oxygen isotope fractionation between the sum of the DIC species (denoted as S, Figure 8c) and water is a
function of both pH and temperature (Zeebe, 2007). At Lost City, carbonates are formed during mixing of
seawater and vent fluids with different endmember pH, temperature, and chemistry (Kelley et al., 2005; Lang
et al., 2012; Ludwig et al., 2006; Proskurowski et al., 2006). Therefore, multiple factors, including variable

AQUINO ET AL.

14 of 22

85UBD17 SUOLULLIOD) DA 1181 a|ced ! |dde a3 Ag pausienoh afe sapiLie YO ‘asn Jo sajni 104 AkliqiauluQ AS|IM UO (SUOTIPUOD-PUR-SWLIBYWOD A3 1M Alelq 1B JUO//:SANY) SUOIPUOD pUe SWwd 18Ul 88S *[7202/20/0z] uo Arigiauliuo A|im ‘Auewss suelydod Aq TTOTT0DDEZ02/620T OT/10p/wod A 1m Azeid i putiuo'sgndnBe//sdny wouy papeojumoq ‘Z ‘20z ‘220252ST



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geochemistry, Geophysics, Geosystems 10.1029/2023GC011011

mixing proportions of vent fluid and seawater, and the initial pH, temperature, and stable isotope compositions of
the vent fluid are expected to affect the compositions of the carbonates.

5.3.1. Estimation of the Temperature of the Mixed Fluid

The carbonates show a large range in 8'®0 and A, values (Figures 5 and 6). Precipitation temperatures calculated
from clumped and oxygen isotope analysis range from —7-78°C to —1-76°C, respectively (Tables S2 and S3 in
Supporting Information S1). These calculated temperatures are below the measured vent fluid temperatures
(Table S1 in Supporting Information S1), which is expected as the carbonates precipitate from a mixture of vent
fluid and seawater (Ludwig et al., 2006; see Section 5.1). However, a significant number of samples yield pre-
cipitation temperatures below that of ambient seawater (~10°C; Aquino et al., 2022; Ludwig et al., 2006) and
even below zero, indicating precipitation under disequilibrium conditions. We can estimate the temperature of the
mixed fluid that produced each carbonate (T,) by combining the *Sr/**Sr- derived seawater and vent-fluid
fractions (see Section 5.1) with the measured exit temperatures of the vent fluids and the temperature of
ambient seawater (Figure 6¢, Table S1 in Supporting Information S1). For veins and chimneys where venting was
not observed, we used a venting temperature of 22°C, measured in an eastern wall vein northeast of Marker 7
(Aquino et al., 2022). Using this approach, we calculated the expected 8'%0 and A,; of a carbonate that
precipitated in equilibrium with this mixed fluid (black line in Figures 8a and 8b for Beehive). Beehive carbonates
have 6'%0 and A, values that are much higher than expected at equilibrium (Figures 8a and 8b). Calcite,
however, appears to precipitate closer to equilibrium than aragonite and the bulk sample.

The oxygen isotope fractionation between the carbonates and water (1000Inac,cos-120); calculated from the
580 of the vent fluids and background seawater, Aquino et al., 2022) and A, values versus T, for the samples
with ¥’Sr/*°Sr data are shown in Figures 8c and 8d. Also shown are the equilibrium oxygen isotope fractionation
curves between water (i.e., mixture between seawater and vent fluids) and the different DIC species, the sum of all
species (S), calcite, and aragonite. Most samples have oxygen and clumped isotope compositions far from the
expected equilibrium values of calcite at their estimated formation temperature (Figures 8c and 8d). For
1000Ina coco3-120), MOst of the data fall between the equilibrium HCO;™ and CO,>~ compositions at 10°C, the
temperature of background seawater at Lost City. Exceptions to this are several calcite samples from Beehive and
Marker C, which show lower values. A similar observation is made for A, but for fewer samples.

5.3.2. Disequilibrium Precipitation

Calcium carbonate minerals often precipitate under non-equilibrium conditions in laboratory and most natural
settings and thus display 8'%0 values that deviate from equilibrium (Daéron et al., 2019; Tripati et al., 2015;
Watkins et al., 2013). Disequilibrium, kinetic isotope effects are due to crystal growth reactions as well as the
slow isotope exchange between DIC species and water relative to mineral precipitation (Daéron et al., 2019;
Watkins et al., 2013; Zeebe et al., 1999). Carbonate minerals at Lost City precipitate very rapidly, whereas isotope
equilibrium between DIC and H,O may take hours to several days to be achieved, especially at higher pH (Dietzel
et al., 2009; Watkins et al., 2013; Zeebe & Wolf-Gladrow, 2001; Zeebe et al., 1999).

Oxygen atoms that are incorporated into the carbonate minerals at Lost City are sourced from seawater DIC and/
or vent fluid-derived OH™ 4y

CO, + OH sHCOj,

seawater vent fluid Q)
HCO; + OH™ 5 CO3™ + H,0,

seawater vent fluid (6)

Ca’* + CO¥ — CaCO;. )

As described above, the carbonates record oxygen and clumped isotope compositions that are mostly higher than
the equilibrium values for calcite (Figures 8c and 8d). Kinetic isotope effects during CO, hydroxylation
(Equation 5) reported in terrestrial hyperalkaline systems (including natural springs and laboratory experiments)
where atmospheric CO, is the principal source of carbon produce strong depletions in '#0 and '*C (Clark
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etal., 1992; Schwarzenbach, Lang, et al., 2013), which is the opposite of what we observe at Lost City. In contrast
to terrestrial hyperalkaline springs, seawater DIC which is mostly in the form of HCO;™ is the principal source of
carbon at Lost City.

Quantitative precipitation of seawater DIC at 10°C and pH = 7.8 produced a carbonate with a 1000Inac,co3-n20)
value of 34.5 (Figure 8c). A number of samples, especially from relatively low temperature vents (e.g., eastern
wall, Calypso, Marker 8), seem to record the 5'%0 of DIC of background seawater with little variability in
1,000Inacycos-n20y across many vents (Figure 8c). The addition of warm (~20-96°C) Ca-OH vent fluids to
isotopically equilibrated seawater at 10°C will increase the temperature and pH of the solution and will promote
the forward reaction in Equation 6 forming CO32_ that can be rapidly incorporated into a growing crystal prior to
isotope equilibration at the new fluid temperature. Our data show, especially for the samples from the lower
temperature vents, that seawater DIC behaves as a generally closed system, and that there is no or very limited
reaction between DIC and H,O or OH™ preceeding carbonate precipitation. In addition, since Ca concentrations
(10-40 mmol/kg) are significantly higher than DIC contents (0—2 mmol/kg), quantitative precipitation of the DIC
may occur. Thus, the carbonates may directly record the 5'0 and A, composition of the starting seawater DIC.

The samples from the relatively higher temperature vents (e.g., Beehive, Sombrero), on the other hand, display
lower values which can be explained by a combination of multiple processes (Figure 8c). Carbonates forming
at relatively higher temperatures generally also form at relatively higher pH (Figure 7b). At higher pH, the
oxygen isotope fractionation between DIC and water decreases (Zeebe, 2007) and the equilibration time for
oxygen isotopes in DIC increases (Figure S3 in Supporting Information S1; Watkins et al., 2013; Zeebe, 1999).
However, the time required for oxygen isotope equilibration also decreases with increasing temperature
(Watkins et al., 2013). At 96°C and pH = 8.9 (e.g., Beehive vent fluid), the oxygen isotope equilibration time
is relatively short and may take about 17 s (Figure S3 in Supporting Information S1). We suggest that the
carbonates from higher temperature and higher pH vents have formed at conditions closer to equilibrium,
which explains the overall lower 8'%0 compositions, especially for calcite formed from vent fluid-rich fluids.
In contrast, carbonates formed at lower temperatures, either because they are from lower temperature vents or
they formed from extensive mixing with seawater, need more time to achieve equilibrium (Figure S3 in
Supporting Information S1).

In contrast to oxygen isotopes, carbon isotopes achieve equilibrium at time scales on the order of less than 30 s
(Zeebe & Wolf-Gladrow, 2001). Serpentinite-hosted systems such as the Lost City are characterized by fluids that
are DIC-poor because of the precipitation of carbonate minerals along the flow paths at depth due to the increased
pH and/or reduction to hydrocarbons (Cipolli et al., 2004; Delacour et al., 2008; Kelley et al., 2005; Monnin
et al., 2014; Proskurowski et al., 2008; Ternieten et al., 2021a, 2021b). Thus, upon mixing with seawater, C is
dominantly sourced from seawater DIC. As a result, carbonates collected from actively venting structures at Lost
City predominantly record 8'>C within the range of marine carbonates (—2%o to +2%.; Wefer & Berger, 1991);
(Table S2 in Supporting Information S1; Figure 5). However, 8'°C values as low as —7%o and as high as 4+13%o
have been previously reported from samples collected near the eastern wall (e.g., active chimney from Wall
Marker H; vein near Marker 7; Frith-Green et al., 2003; Kelley et al., 2005; Vogel, 2016). We did not observe such
low 8'3C values, instead our samples from the eastern wall generally record the highest 8'*C and 5'®0 values.
Low &'3C values observed in some carbonate samples have been explained by methane oxidation and/or
incorporation of mantle-derived carbon (Frith-Green et al., 2003; Vogel, 2016).

An interesting aspect of the data is the strong correlation between &'%0 and A, values (R* = 0.75), which in-
dicates a similar control on these isotope systems. As discussed above, most of the samples record the oxygen and
carbon isotope composition of seawater DIC. In contrast, most of the samples have A, values that are higher than
seawater bicarbonate A,,;, dominating the clumped isotope signal. We do not have an explanation for these
elevated A ;. A significantly lower background seawater temperature than what has been measured for more than
a decade at Lost City (~10°C, Aquino et al., 2022; Lang et al., 2012; Ludwig et al., 2006), is unlikely. It is worth
noting that the A4, of the individual DIC species, especially HCO;™, are not very well constrained. In particular,
experimentally derived A,; values for HCO;™ determined by Tripati et al. (2015) are 0.03%o higher than values
predicted from theory in the same study. Other factors may also affect the temperature dependence of the
equilibrium A4 values of the DIC species. For example, the presence of cations may slightly increase equilibrium
clumped isotope compositions (Hill et al., 2020). Uchikawa et al. (2021) also noted a discrepancy in A, values of
up t0 0.106 and 0.081%o for HCO,™ and CO,>~, respectively, between values derived from ab initio calculations
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by Hill et al. (2020) which consider the presence of Na™ in the solution and experimental results of Tripati
et al. (2015). Overall, despite uncertainties in the clumped isotope composition of DIC, our data indicate that a
large number of our samples record a similar A,; composition which may imply a common DIC source pool for
most samples, just like for §'%0 and §'*C.

5.3.3. Other Effects

There is no significant difference in 8'>C between aragonite and calcite, although calcite tends to be slightly
depleted in '3C relative to aragonite (Tables S3 and S4 in Supporting Information S1; Figure 5b). This can be
attributed to the lower isotopic fractionation between calcite and DIC compared to aragonite (Lécuyer
et al., 2012; Romanek et al., 1992). Similarly, calcite records lower 8'30 and A, values than aragonite (Tables
S3, S4, Figures S2a, S2b, and S2e in Supporting Information S1), reflecting higher temperatures of precipitation.
Calcite and aragonite crystals taken from the same sample show very heterogeneous isotopic compositions.
Individual calcite crystals from Beehive have 8'®0 ranging from —12.0 to —3.1%. and &'>C between —1.1 and
2.0%o (Figure S2a in Supporting Information S1). In general, there is a positive correlation between 5'%0 and
8'3C, especially in calcite (Figures S2a, S2b, S2d, and S2e in Supporting Information S1). We attribute this
correlation to local Rayleigh fractionation during progressive carbonate precipitation. Carbonates generally have
a lower 8'%0 and 8'C than the DIC from which they precipitate, resulting in a slight enrichment in the isotopic
composition of the remaining DIC. Carbonate crystals that subsequently precipitate from this residual mixed
fluid are then slightly enriched in 8'%0 and §'*C relative to the earlier-formed carbonate. However, we observed
a significantly larger variation in &' 80 relative to 8'>C (~9 vs. ~1%o) in calcite. Vent fluids from Beehive have a
pH of 10.7 at 25°C, which is equivalent to about 0.45 mmol/kg of OH™. We estimate that mixing with less than
20% of seawater is enough to consume the vent fluid-derived OH™ and can locally decrease the pH. The oxygen
isotope fractionation between seawater and DIC increases with decreasing pH (Tripati et al., 2015;
Zeebe, 2007). Overall, Rayleigh fractionation combined with a local decrease in pH during progressive car-
bonate precipitation may explain the trend observed in the composition of the mineral separates collected from
the same sample.

5.4. Relationship Between Mineralogy and Geochemistry of the Lost City Chimneys

Here, we link our geochemical results with previous mineralogical and textural investigations of the Lost City
chimneys (Aquino et al., 2024; Ludwig et al., 2006). The chimneys and veins are characterized by channel wall
flow structures which serve as paleofluid flow paths. These mineral channel walls have been shown to be initially
composed of brucite in young and active chimneys (Figure 9a; Aquino et al., 2024; Ludwig et al., 2006). Brucite is
stable at relatively higher pH (Pokrovsky & Schott, 2004) and precipitates only from solutions dominated by vent
fluids predominantly in the interior of the chimneys (Figures 3 and 7). With continued addition of seawater,
carbonates may precipitate on the pre-existing brucite layer. Calcite will form at lower Mg/Ca ratios, that is, from
high proportions of vent fluid, in the interior of chimney structures and/or channel walls (Figures 7 and 9). The
coprecipitation of brucite and calcite from vent fluid-rich solutions is consistent with the observed association of
these minerals at multiple vent locations (Aquino et al., 2024). Aragonite, in contrast, precipitates from solutions
with higher Mg/Ca ratios and nucleates more commonly toward the exterior of brucite mineral channel walls from
a seawater-dominated fluid (Figure 9a). Our interpretation that primary calcite and aragonite precipitate from
distinct solutions is supported by the textural investigation of a fresh spire from the active venting site Calypso. In
this sample, both aragonite and calcite were observed to be present, but they precipitated on opposite sides of the
brucite channel walls (Figure 9a). Mineral separates were unavailable for this sample because of the small size of
the crystals (<50 pm). Nevertheless, calcite in most samples has overall lower *Sr/*¢Sr, §'%0, and A, values,
indicating formation from generally more undiluted hydrothermal fluid at higher temperatures compared to
coexisting aragonite (Figures 5b and 6). Overall, these suggest that the channel walls separate the chimney
structure into distinct domains which may allow solutions of different compositions to flow and distinct carbonate
minerals to precipitate.

Aquino et al. (2024) also reported brucite minerals that nucleated upon earlier-formed aragonite or calcite
crystals. As brucite is supersaturated only at vent-fluid rich solutions, this brucite may form from a new influx of
vent fluid (Figure 9b), showing a dynamic fluid circulation through the chimneys. The mineral channel walls
thicken as mineral precipitation continues with the mineral assemblage being controlled by the changing
composition of the fluid (Figure 9c). Overtime, as hydrothermal activity wanes, brucite and calcite are no longer
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Figure 9. A conceptual model of mineral precipitation in young, active chimneys modified from Aquino et al. (2024). (a) Chimneys initially form brucite mineral
membranes that bound fluid flow paths. Carbonate minerals precipitate on these channel walls. In vent fluid-dominated zones, calcite is the carbonate mineral that
forms, while aragonite precipitates in seawater-dominated zones. (b and ¢) Multiple venting events and mixing with seawater lead to the thickening of the channel wall
by the precipitation of brucite on earlier formed aragonite or continued aragonite precipitation, depending on the vent fluid-seawater mixing proportions. Box shows the
approximate area drawn in (a) and (b). Lower row shows corresponding scanning electron images from Aquino et al. (2024).

thermodynamically stable and only aragonite precipitates. After hydrothermal fluid circulation ceases, the pre-
viously formed aragonite is converted to secondary calcite (Ludwig et al., 2006).

6. Conclusions

Hydrothermal chimneys collected from actively venting structures at the LCHF are composed of variable mix-
tures of brucite, calcite, and aragonite. Brucite is the first mineral to form upon mixing of the hydrothermal fluid
with seawater forming an intricate channel system bounded by mineral membrane walls. During continued
formation of the chimney, carbonate minerals precipitate on the preexisting channel walls from fluids of varying
composition that impart a strong inhomogeneity to the mineralogy and isotope geochemistry of the towers. The
mineralogy of the precipitating carbonate depends on the Mg/Ca ratio of the mixed fluid which is controlled by
variation in the amount of vent fluid and seawater in the mixed fluid, which can be estimated using 878r/30Sr. Vent
fluid-dominated solutions have low Mg/Ca ratios and primarily precipitate brucite and calcite. In contrast, in
seawater-dominated environments, chimney structures are often dominated by aragonite. Most carbonates,
especially those from relatively lower temperature vents, record the 8'%0 of seawater bicarbonate at background
seawater temperature (~10°C) and have 8'>C compositions within the range of marine carbonates. The clumped
isotope compositions, on the other hand, are within a narrow range above the composition of seawater bicar-
bonate. Overall, our stable isotope data suggest that at Lost City, DIC is often quantitatively precipitated during
fluid mixing, and oxygen isotope equilibration between DIC and H,O or OH™ does not occur. As a result, the
carbonates record oxygen and clumped isotope compositions that do not reflect the temperature of the formation.
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