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Abstract

A large part of hydrated oceanic lithosphere consists of serpentinites exposed in ophiolites, which constitute reactive chemical
and thermal systems and potentially represent an effective sink for CO2. Understanding carbonation mechanisms is almost
exclusively based on studies of outcrops, which can limit the interpretation of fossil hydrothermal systems. We present stable
and radiogenic carbon data that provide insights into the isotopic trends and fluid evolution of peridotite carbonation in ICDP
Oman Drilling Project drill holes BA1B (400 m deep) and BA3A (300 m deep). Geochemical investigations of the carbonates
in serpentinites indicate formation in the last 50 kyr, implying a distinctly different phase of alteration than the initial oceanic
hydration and serpentinization of the Samail Ophiolite. The oldest carbonates (731 to over 50 kyr) are localized calcite,
dolomite, and aragonite veins, which formed between 26 to 43 degrees Celcius and are related to focused fluid flow. Subsequent
pervasive small amounts of dispersed carbonate precipitated in the last 1000 yr. Macroscopic brecciation and veining of the
peridotite indicate that carbonation is influenced by tectonic features allowing infiltration of fluids over extended periods of time
and at different structural levels such as along fracture planes and micro-fractures and grain boundaries, causing large-scale
hydration of the ophiolite. The formation of dispersed carbonate is related to percolating fluids with 8180 lower than modern
ground- and meteoric water. We also show that radiocarbon investigations are an essential tool to interpret the carbonation

history and that stable oxygen and carbon isotopes alone can result in ambiguous interpretations.
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Key Points:

e Two carbonate occurrences are observed: localized dolomite, calcite, and aragonite veins

and pervasive dispersed carbonates.

e Carbonate precipitation in the peridotite occurred in the last 50 kyr at moderate
temperatures, post-dating ocean-floor serpentinization.

e The oxygen isotope composition of dispersed carbonates indicates precipitation from
highly 180-depleted fossil groundwater.
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Abstract

A large part of hydrated oceanic lithosphere consists of serpentinites exposed in ophiolites, which
constitute reactive chemical and thermal systems and potentially represent an effective sink for
COz. Understanding carbonation mechanisms is almost exclusively based on studies of outcrops,
which can limit the interpretation of fossil hydrothermal systems. We present stable and radiogenic
carbon data that provide insights into the isotopic trends and fluid evolution of peridotite
carbonation in ICDP Oman Drilling Project drill holes BA1B (400 m deep) and BA3A (300 m
deep). Geochemical investigations of the carbonates in serpentinites indicate formation in the last
50 kyr, implying a distinctly different phase of alteration than the initial oceanic hydration and
serpentinization of the Samail Ophiolite. The oldest carbonates (~31 to > 50 kyr) are localized
calcite, dolomite, and aragonite veins, which formed between 26 to 43 °C and are related to focused
fluid flow. Subsequent pervasive small amounts of dispersed carbonate precipitated in the last
1000 yr. Macroscopic brecciation and veining of the peridotite indicate that carbonation is
influenced by tectonic features allowing infiltration of fluids over extended periods of time and at
different structural levels such as along fracture planes and micro-fractures and grain boundaries,
causing large-scale hydration of the ophiolite. The formation of dispersed carbonate is related to
percolating fluids with 680 lower than modern ground- and meteoric water. We also show that
radiocarbon investigations are an essential tool to interpret the carbonation history and that stable

oxygen and carbon isotopes alone can result in ambiguous interpretations.

Plain Language Summary

Water-rock interactions in biological and economically important settings has gained increasing
interest of late. Carbon, stored in the atmosphere, terrestrial biosphere, oceans, and lithosphere, is
profoundly affected by these exchange reactions. Carbon is an essential element for various abiotic
and biotic reactions and, as CO2 and CHj4, contributes to greenhouse gases. Unraveling water-rock
reactions provide information for a solution to reduce global warming by transforming
atmospheric CO- into carbonates and to better evaluate the potential for life within the lithosphere.
This study uses samples recovered by drilling mantle sequences of the Wadi Tayin Massif and
presents chemical data to evaluate carbon sources, speciation, and transformations. The Wadi
Tayin Massif is located in the Samail Ophiolite and comprises mantle rocks. Mantle rocks react in

contact with water to form serpentine and create an environment that promotes the transformation
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of CO: into carbonates. Our results demonstrate large-scale carbonization of the Wadi Tayin
Massif and a dominance of pervasive dispersed carbonate formation below the surface. The
isotopic signal shows unique characteristics and organic carbon signatures similar to oceanic
settings. Our study provides insights into the carbon cycle and will help to evaluate the potential

of mantle rocks to store carbon and sustain life.
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1 Introduction

Serpentinites make up a large part of the hydrated oceanic lithosphere and are exposed on
the ocean floor and in ophiolites on continents, constituting highly reactive chemical and thermal
systems. The alteration of oceanic lithosphere by hydrothermal fluids is the primary driver of
hydrosphere — lithosphere volatile exchange and has significant consequences for rock physical
properties and planetary-scale element fluxes (Beinlich, John, et al., 2020; Lister, 1972; Wheat &
Mottl, 2004). Carbon — as one of the most important elements on Earth — is stored in ultramafic
rocks in the form of gaseous CO2, and CHg in fluid inclusions, as solid inorganic carbonate and
graphite, and as organic compounds that can be abiotically or biotically produced (Delacour, Friih-
Green, Bernasconi, Schaeffer, et al., 2008; Kelley & Friih-Green, 2001; McCollom & Seewald,
2006). C-bearing species have multiple origins and can persist in ancient mantle domains over
extended periods. Previous studies have shown that the speciation, concentration, and isotopic
composition of carbon provide information about the chemical and physical conditions of the
reservoir and the dominant physical, chemical, and/or biological processes in the system (Arai et
al., 2012; Charlou et al., 2002; Delacour, Friih-Green, Bernasconi, & Kelley, 2008; Kelley et al.,
2005; Schwarzenbach, Frih-Green, et al., 2013; Shanks et al., 1995).

Recent studies have shown that microbial life can be sustained within the lithosphere by
fluid-mediated chemical reactions that provide utilizable energy resources, which implies that the
deep subsurface biosphere may be the largest microbial habitat on Earth (Barry et al., 2019;
Colman et al., 2017; Fullerton et al., 2019). For example, hydrothermal circulation of fluids have
been postulated to liberate CHs-rich fluids from intrusive rocks in the oceanic lithosphere (e.g.,
Labidi et al., 2020; Wang et al., 2018) and redox reactions during the formation of serpentine from
mantle olivine and pyroxene generate substantial amounts of H> (McCollom & Bach, 2009).
Production of H by serpentinization has been identified at mid-ocean ridges (Cannat et al., 2010;
Frih-Green et al., 2004; Kelley et al., 2005; Konn et al., 2015), as well as on-land (Etiope &
Sherwood Lollar, 2013) and in the shallow forearc of subduction zones (Mottl et al., 2003; Ohara
et al., 2012). Metagenomic studies of serpentinization-fueled hydrothermal deep-sea vents and
continental fluid seeps provide evidence for microbial H> and CHs utilization in these harsh
environments where nutrient and electron acceptor availability may be limited by high pH, which
in turn depends on the temperature of the system (Brazelton et al., 2012; Curtis et al., 2013; Ohara
etal., 2012; Schrenk et al., 2013).
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Hydration of mantle peridotites can also be associated with the storage of carbon in large
carbonate deposits. Serpentinization at temperatures below approximately 200 °C produces fluids
with high Ca?* concentration and high pH, which can lead to carbonate precipitation (Frost &
Beard, 2007; Palandri & Reed, 2004). Natural carbon uptake in thermodynamically stable
carbonate may represent a means for permanently removing CO. from the atmosphere (Kelemen
& Matter, 2008) and may help stabilize atmospheric greenhouse gas concentrations over long
timescales. The carbon uptake potential is particularly strong in the ultramafic part of the oceanic
lithosphere that has previously equilibrated under dry high-temperature conditions and has high
concentrations of divalent metal ions required for carbonate mineral formation (Kelemen et al.,
2011). The resulting carbonate minerals are typically accompanied by secondary silicates and Fe-
oxide, hydroxide, and/or sulfide phases. An extreme endmember of carbonation is listvenite, which
forms where extensive infiltration of CO- rich fluids alter ultramafic rocks and where almost the
entire inventory of Mg and Ca cations are incorporated into carbonate minerals (Halls & Zhao,
1995).

To better evaluate the potential of ultramafic rocks as long-term storage for COg,
quantitative information on the sources and sinks of carbon is necessary. One critical factor
contributing to continuing uncertainty is the difficulty in obtaining samples directly from
subsurface environments near mid-ocean ridges. Consequently, most estimates are based on
information inferred from analysis of hydrothermal fluids discharged at the seafloor. One
possibility to bypass this problem is to study ophiolites. One of the largest and best explored
carbonated ophiolite complexes is the Samail Ophiolite in the Sultanate of Oman and the United
Arab Emirates, which includes massifs in the south that represent relics of a mid-ocean ridge
(Chavagnac et al., 2013; Clark & Fontes, 1990; Falk et al., 2016; Falk & Kelemen, 2015; Hanghoj
et al., 2010; Kelemen & Matter, 2008; Mervine et al., 2014; Nasir et al., 2007; Neal & Stanger,
1983, 1985; Paukert et al., 2012; Stanger, 1985; Streit et al., 2012).

The Samail Ophiolite comprises a complete sequence of the oceanic lithosphere from the
upper mantle through to the oceanic crust, all of which have recently been the target of
comprehensive drilling and subsequent analysis of rock core, logging, hydrological and microbial
sampling in the course of the Oman Drilling Project (OmanDP) (Kelemen, Matter, Teagle, et al.,
2020). We present petrographic and carbon and oxygen isotope analyses from two holes, Holes

BA1B and BA3A of the OmanDP, which recovered serpentinized dunites and harzburgites that
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are variable carbonated, to better constrain the conditions and reaction pathways driving alteration
and carbonation at a large scale. Mineralogy, isotopic trends, carbon sources, and speciation are
discussed to constrain critical reaction parameters and chemical equilibration during natural large-
scale hydration and carbonization. In addition, our study aims to characterize biogenic and
abiogenic processes controlling carbon cycling within the Samail Ophiolite and evaluate the

potential for long-term storage for CO..

I Wehzlite and dunites

. I Low T harzburgite [[1] Lower gabbro
Samall mass [ ]High T harzburgite [l Upper gabbro
B Sheeted dikes
M Lavas

[] Hawasina formation

[ ] Undifferentiated
sedimentary formations

2304

Figure 1. Geological map of the Samail and Wadi Tayin Massifs, Samail ophiolite, modified
after Nicolas et al. (2000) and Hanghoj et al. (2010) showing the locations of the study sites BA
(active serpentinization) and CM (crust-mantle boundary) of the Oman Drilling Project - Phase I1
(red circles) (Kelemen, Matter, Teagle, et al., 2020).

2 Geological Setting and Sampling

The Samail Ophiolite consists of approximately 15 massifs and is the most extensive and
best-exposed cross-section through the oceanic lithosphere (Figure 1). The ophiolite comprises an

intact stratigraphy of Penrose-type layered oceanic crust and mantle composed of pelagic
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allochthonous sediments, overlying pillow basalts, a sheeted dike complex, gabbros, and upper
mantle peridotite (Coleman, 1981; Searle & Malpas, 1980). The metamorphic sole underneath the
ophiolite sequence consists of metaphyllites, greenschist facies metabasalts, and minor
amphibolites of the Haybi Complex (Searle & Malpas, 1980). The metamorphic sole is underlain
by Permian to Late Cretaceous pelagic sediments, meta-volcanic rocks, and shelf-facies limestone
of the Hawasina Group, which appear as tectonic windows between the ophiolitic massifs (Figure
1) (Coleman, 1981; Nasir et al., 2007; Searle et al., 2015; Stanger, 1985).

The oceanic lithosphere formed most likely at a medium- to fast-spreading ridge like the
East Pacific Rise (EPR) or the Juan de Fuca Ridge (Nicolas, 1989; Tilton et al., 1981). U-Pb dating
of magmatic zircon and “°Ar/**Ar ages of mica and hornblende from the metamorphic sole indicate
that thrusting of the Samail Ophiolite onto the autochtonous Proterozoic to Mesozoic sedimentary
Arabian continental margin occurred between 95 Myr and 71 Myr (Cowan et al., 2014; Gnos,
1998; Hacker, 1994; Hacker et al., 1996; Hacker & Gnos, 1997; Hacker & Mosenfelder, 1996;
Lanphere, 1981; Rabu et al., 1993; Rioux et al., 2016, 2012, 2013; Tilton et al., 1981; Warren et
al., 2005). During this time, the ophiolite was repeatedly under shallow seawater or emerged above
sea level caused by oscillating transgression-regression cycles (e.g., Coleman, 1981).

2.1 Samail and Wadi Tayin Massif

The southern massifs of the Oman ophiolite complex, known as the Samail and Wadi Tayin
Massifs, were formed primarily via a MORB-like, single-stage process at a submarine spreading
ridge (Godard et al., 2003). Outcrops of the crustal and mantle sequence can be found at both
massif; however, the structural thickness of the mantle section differs between the Samail and the
Wadi Tayin Massif with 4 km and over 10 km, respectively (Hanghoj et al., 2010; Nicolas et al.,
2000). The extensive mantle sequence at the Wadi Tayin Massif is overlain by a 5 to 7 km thick
crustal gabbro section, sheeted dikes, and pillow lavas (Figure 1). The mantle section of the
southern massifs comprises mainly harzburgite and minor lherzolite that host 5 to 15 % dunites

and contains multiple mafic intrusions (Boudier & Coleman, 1981, Pallister & Knight, 1981).

The harzburgites record ‘near fractional’ partial melt extraction and are geochemically
similar to abyssal peridotites (Godard et al., 2000; Kelemen et al., 1995; Le Mée et al., 2004;
Monnier et al., 2006). Dunites represent channels of focused melt transport through the

harzburgites, with a thickness of < 1cm to 100 m or more, and were formed by melt-rock
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interaction between MORB-like melts and harzburgite (Braun, 2004; Braun & Kelemen, 2002;
Kelemen et al., 1995). Gravity anomalies (Ravaut et al., 1997) suggest that the Samail and Wadi
Tayin Massifs are composed of 30 — 60 % (locally reaching 100 %, Falk & Kelemen, 2015)
serpentinized mantle peridotite, extending up to 5 km below the present-day surface. In addition,
listvenites are observed at the base of the ophiolitic mantle section, which are formed at high
temperatures during subduction by the reaction with CO»-rich, sediment-derived fluids (Falk &
Kelemen, 2015). However, there is still debate whether the southern massifs were formed at a
‘normal’ mid-ocean ridge (Braun, 2004), in a supra-subduction zone setting, or via unique
processes during ophiolite obduction (Hanghoj et al., 2010; Kelemen, Matter, Teagle, et al., 2020).
For instance, there are some differences compared to typical spreading ridges, such as slightly high
Th/Nb and SiO2 in some lavas (Hanghoj et al., 2010) and higher spinel Cr-number in some
peridotites (Dick & Bullen, 1984) of the Wadi Tayin Massif.

Tectonic uplift and erosion of the southern massif mantle rocks lead to extensive ongoing
serpentinization of the peridotite by groundwaters (Kelemen et al., 2011; Kelemen & Matter, 2008;
Paukert et al., 2012). The reaction of groundwaters with peridotite at low temperatures forms (i)
medium pH ~8, Mg-HCOs" -rich, oxidized fluids in the near-surface (defined as Type | fluids by
Barnes & O’Neil, 1969; Bruni et al., 2002; and Dewandel et al., 2005) and when isolated from the
atmosphere at greater depth, (ii) high pH ~12, Ca-OH -rich, highly reduced fluids with no dissolved
carbon or Mg?* (Type Il fluids) are formed (Neal & Stanger, 1985). These fluids mixed with
dissolved inorganic carbon (DIC: COz@q) + HCO3 + CO3%) or in contact with atmospheric COz)
can lead to a large volume of carbonates. Previous studies showed that travertine and vein
formation occurred at 20 to 60 °C and that their **C ages ranged from modern to > 50 kyr with an
average of about 26 kyr (Clark & Fontes, 1990; Kelemen et al., 2011; Kelemen & Matter, 2008;
Streit et al., 2012).

2.2 The Oman Drilling Project — Phase 11

Phase Il of the OmanDP drilled nine boreholes (from 300 to maximum 400 m deep) at two
sites in the Wadi Tayin Massif and targeted the crust-mantle transition zone (CM) and an active
alteration zone (BA) in mantle peridotites (Figure 1). The OmanDP aims to establish a multi-
borehole observatory to address a spectrum of questions that connect the deep mantle and the

ancient ocean floor with modern hydrology and ongoing biogeochemical reactions in the
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mountains and wadis of the Samail Ophiolite. Our study focuses on the active alteration Site BA,
which targets hydration and carbonization at temperatures < 50 °C and provides an excellent
opportunity to better understand how alteration and serpentinization are coupled to the carbon

cycle.

Drilling at Site BA included three diamond cored (BA3A, BA1B, and BA4A) and two
rotary drill holes (BA1C and BALD). Drill cores of the OmanDP — Phase 11 are described in detail
in Kelemen, Matter, Teagle, et al. (2020). We focus on the two Holes BA1B and BA3A from the
mantle section of the ophiolite (Figure 2). The ultramafic rocks from Site BA reveal a high and
heterogeneous degree of serpentinization, several pyroxenite and gabbroic dykes, in parts extended
oxidation zones, and local rodingitization (Kelemen, Matter, Teagle, et al., 2020). Contacts
between ultramafic and mafic domains are marked by chlorite, prehnite, talc, and hydrogrossular,
indicating metasomatism on a millimeter scale. A recent in-situ oxygen isotope study of the
serpentinites from Hole BA1B defined three distinct stages of hydration (Scicchitano et al., 2020):
(i) seafloor serpentinization at temperatures of up to approximately 190 °C, followed by (ii)
serpentinization caused by infiltration of meteoric water with 520 value of ~ -7 %o at 32 °C, and
(iii) ongoing serpentinization also at 30 to 33 °C by ground- and/or meteoric water with 60 value
of ~ -0.7 %o. Carbonate-rich zones occur in the upper 150 m and are characterized by a distinct
decrease in vein abundance with depth. Cores had 100 % recovery; in BA1B, they consist of ~55
% harzburgite, ~35 % dunite and ~10 % mafic dykes and alluvium, and in BA3A, ~97 %

harzburgite and less than 3 % mafic dykes and alluvium were recoverd (Figure 2).

3 Materials and Methods

Isotopic investigations were made on 26 harzburgites and nine dunites from Holes BA1B
and BA3A, covering the diversity of rock types and alteration. In addition, we measured clumped
isotopes on 21 carbonate veins from 19 serpentinized peridotites. Petrographic investigations were
made on 20 doubly polished thin sections of representative samples from Hole BA1B. Detailed
information on the samples is given in Tables 1 and 2. A simplified lithostratigraphy is shown in
Figure 2. Samples are named after ICDP guidelines: Expedition_Site, Hole (Chikyu Hole)_Core,
Coretype_Section_Interval incm; (e.g., 5057_BA1B (5B) 75Z 1 39-90). For simplicity, we have
removed the expedition number "5057," which is the same for all samples, and the Chikyu Hole
information (the example above is thus reported as BA1B_75Z 1 39-90). The depth below the
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223 present-day surface is given in meters and defined as the Chikyu Adjusted Depth (CAD). Details
224  of the depth computations are given in Kelemen, Matter, Teagle., et al. (2020), Methods, and
225  explanatory notes.
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228  Figure 2. Simplified downhole logs (meters Chikyu Adjusted Depth = m CAD) of the dominant
229 lithologies and tectonic features recovered in Holes BA1B and BA3A of the OmanDP containing
230  serpentinized peridotites. BA1B consist of 160 m of dunite on top, followed by 240 m of

231 harzburgite. BA3A contains 300 m of harzburgite. Both holes are cut by multiple gabbroic

232 intrusions (modified after Kelemen, Matter, Teagle, et al., 2020). The white dots indicate

233 locations of MBio samples, and the black dots indicate locations of standard ICDP samples

234 (sampled under non-sterile conditions).

235
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3.1 Sample Preparation

Sample preparation depended on whether the samples were aliquots of samples used for
microbiological studies and were collected under sterile conditions (denoted as MBio samples)
used for whole-rock analyses or whether the samples were obtained using standard ICDP protocols
(denoted as standard ICDP samples) for analyses of carbonate veins and petrographic studies. In
the field, the MBio dedicated cores were washed on the outside with ultraclean deionized water
and cut using a diamond blade saw lubricated with deionized water. For subsampling, the subcore
was transferred onto combusted foil and crushed using an ethanol-washed hammer, chisel, and
tweezers. Finally, the MBio subsamples were transferred into a N2 glovebox, washed twice with
N2-purged deionized water, wrapped in foil, sealed into mylar bags flushed with N2 together with
an O2-scrubbing sachet (BD GasPak 260001), and stored at 4 °C. A description of sample handling
procedures during the OmanDP can be found in the OmanDP methods in Kelemen, Matter,
Teagle., et al. (2020). In our laboratory, the MBio samples (rock chips or core pieces) were cleaned
in the first step by ultrasonication in 100 ml dichloromethane (DCM) for 5 min at room temperature
and subsequently dried for 24 h at room temperature in a pre-combusted glass container covered
with combusted aluminum foil. The rock chips were then crushed, centerpieces collected and

ground by hand using an agate mortar cleaned with DCM to obtain a homogenous powder.

We conducted whole-rock analyses to determine concentrations of total carbon (TC), total
inorganic carbon (TIC), and total non-carbonate carbon (NCC), and the isotopic compositions
(63C and 6'0) of TIC, total carbon (6*3Crc), and total non-carbonate (acid-insoluble) carbon
(6**Cncc). TIC represents all inorganic carbon from a whole-rock powder (including potential
carbonate veins) that reacts at room temperature within 24 h with 6M hydrochloric acid (HCI).
Total NCC represents all remaining acid-insoluble carbon phases, including organic compounds,
amorphous carbon, graphite, etc.; this carbon fraction is commonly reported collectively as total

organic carbon (TOC) (e.g., Delacour, Friih-Green, Bernasconi, Schaeffer, et al., 2008).

The NCC and 6"*Cncc were determined on 200 mg aliquots decarbonated with 3 ml of 6M
hydrochloric acid (HCI). The remaining material was rinsed several times with Milli-Q water,
dried at 70 °C overnight, and re-homogenized by hand using an agate mortar. 9 carbonate veins in
samples obtained using standard ICDP protocols (denoted as samples) were used for clumped

isotopes and radiocarbon dating. In a first step, the standard ICDP samples were cleaned with 2-

10
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propanol and compressed air. Later, the surfaces of the veins were removed and discarded,
followed by sampling of the veins with a hand-held drill. Additionally, 12 samples of loose
carbonate crystals were hand-picked from larger carbonate veins, cleaned by ultrasonication in
100 ml dichloromethane (DCM) for 5 min at room temperature, and subsequently dried for 24 h
at room temperature in a pre-combusted glass container covered with combusted aluminum foil.

The carbonate samples were homogenized by hand using an agate mortar cleaned with DCM.

3.2 Powder X-ray Diffraction

Crystallographic analyses were made using a Bruker AXS D8 Advance Powder X-ray
Diffractometer (XRD) equipped with a Lynxeye superspeed detector (Bruker Corporation,
Billerica, United States) with Cu Ka radiation, a voltage of 45 kV, and a current of 40 mA, with
20 ranging between 10° to 60° with a step size of 0.01°, and measurement time of 1 s per step.
Quantification of the mineralogy was carried out using the program PowDII (Kourkoumelis, 2013)
and the RRUFF database (Lafuente et al., 2015).

3.3 Optical Microscopy

Petrographic analyses were conducted using a polarizing microscope (Carl Zeiss
Microscopy GmbH, Goéttingen, Germany) and with a cold cathode cathodoluminescence (CL)
CL8200 Mk5-2 (Cambridge Image Technology Ltd, Hertfordshire, UK). CL operating conditions
were an accelerating voltage of 15 kV with a beam current of 250 to 300 pA.

3.4. Carbon Content and Isotopic Composition

TC and NCC contents and isotopic compositions were determined by combustion of 40 to
60 mg of a sample using a FlashEA 1112 Elemental Analyzer (EA) interfaced via a Conflo 1V to
a Delta V Plus Isotope Ratio Mass Spectrometer (MS) (all ThermoFisher Scientific, Bremen,
Germany). The carbon content was calculated using two standards (Bodenstandards No.5; 0.141
%C, HEKAtech, Wegberg, Germany, and nicotinamide; 59.01 %C, ThermoFisher Scientific,
Milan, Italy). Empty tin capsules were measured for blank correction. Analytical reproducibility
of 5™Crc and 6*Cncc is = 0.11 %o (1o). The detection limit for a reproducible carbon isotope
measurement is about 1 g C. Carbonate contents determined as total inorganic carbon, TIC, were

calculated by mass balance using Equation 1.

11
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(frc * crc) = (fric * cric) + (fnce * enee)  (Eq.1)

SBC and 60 of TIC were measured on a GasBench Il connected to a Delta V mass
spectrometer (both ThermoFisher Scientific, Bremen, Germany), as described in detail in
Breitenbach & Bernasconi (2011). The average long-term reproducibility based on replicated
standards is + 0.10 %o for 63C and 0.11 %o for 630 (15). The instrument is calibrated with the
international standards NBS19 (63C = 1.95 %o and &80 = -2.2 %o) and NBS18 (5*3C = -5.01 %o
and 620 = -23.01 %o). Samples as small as ~20 pg TIC can be analyzed with confidence and the
precision mentioned above and are reported as replicates. We performed several test runs on
cryptocrystalline magnesite collected at the Wadi Tayin Massif to guarantee a complete reaction
of the carbonates in the bulk rock samples.

A subset of carbonate veins was analyzed for clumped isotopes (A47) on a Kiel 1V
carbonate device interfaced with a ThermoFisher Scientific MAT253 isotope ratio mass
spectrometer following the methodology described in detail in Meckler et al. (2014), and Muller
et al. (2017). Briefly, 100 to 110 pg of carbonate were reacted with three drops of 104 %
phosphoric acid (H3sPO4) at 70 °C. The evolved CO. was purified on a custom-built Porapak Q
trap held at -40 °C and measured on a MAT253 in micro-volume mode using the LIDI Protocol
(Hu et al., 2014; Muller et al., 2017). The results are converted to the Carbon Dioxide Equilibrium
Scale (CDES) using the carbonate standards ETH-1, ETH-2, and ETH-3 as described in
Bernasconi et al. (2018). Dolomite values are reported for a reaction temperature of 70 °C, the
same temperature used to establish the calibration of Muller et al. (2019), and calcites are projected
to 25 °C. With 8 to 10 replicate analyses, the margins of error are = 3to 5 °C at the 95 % confidence
level (CL) (Fernandez et al., 2017). 6°C and 6'®0 of TIC and &C of TC and NCC are reported

in conventional delta notation with respect to the Vienna Pee Dee Belemnite (VPDB) standard.

Clumped isotopes allow the calculation of the 60 of the fluid equilibrated with the
carbonate vein. We used the calibration of Grossman & Ku (1986) for aragonite, O’Neil et al.
(1969) corrected by Friedman & O’Neil (1977) for calcites, and Mdller et al.,(2019) for dolomites.
The uncertainty for the calculated water 580 depends strongly on the number of possible replicate

measurements, which control the uncertainty of the clumped isotope temperatures.
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3.5 Radiocarbon Ages

Radiocarbon ages of decarbonated samples were measured by combustion with an
Elemental Analyzer interfaced to a MICADAS Accelerator Mass Spectrometer (AMS) (Synal et
al., 2007) equipped with gas-ion source at the Laboratory of lon Bean Physics, ETH Zurich (Ruff
etal., 2010; Wacker et al., 2010). Whole-rock TIC and carbonate veins were measured by reaction
with phosphoric acid reaction in vacutainers that were previously purged for 10 minutes with He,
followed by direct injection of the produced CO: into the ion source of the AMS. The results are
normalized against standard Oxalic Acid 1l (NIST SRM 4990C) and corrected with a radiocarbon
blank COz (IAEA C-1). In addition, IAEA-C2 and coral CSTD were measured in each run to test
the accuracy of the measurement. The precision was better than £ 5 %o on a modern standard.
Radiocarbon data are expressed as F*C (fraction of modern carbon) and conventional **C ages,
according to Reimer et al. (2004). F*C of the TIC was calculated by mass balance using F**C and

content of total carbon and total non-carbonate carbon.

4 Results

One of the main differences between the two studied boreholes is the distinct amounts of
dunite and carbonate veins (Figure 2). Hole BA1B drilled through 160 m of dunites at the top,
followed by a 240 m thick harzburgite sequence. Hole BA3A drilled through 300 m of harzburgites
without a major dunite sequence. The serpentinized dunites from Hole BAL1B contain complex
networks of distinct generations of aragonite, calcite, and dolomite veins. In Hole BA3A,

carbonate veins were found only in the uppermost ~5 m.

4.1 Carbonate Occurrences

Carbonates in the mantle rocks from the Wadi Tayin Massif occur as (i) veins, (ii) as
replacement of serpentine after pyroxene and olivine (Figure 3), (iii) and as finely dispersed grains
in the serpentinites. Carbonate veins were observed in both mafic and ultramafic rocks within the
dunitic sequence of Hole BA1B, where they can make up to ~ 30 vol% of a rock sample in some
shallow and oxidized rocks (Figure 3a). An example of the size of a sample from the rock cores is

given in Figure 3b.
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(e) carbonatc [}
replacing Px [

Figure 3. Core scan and photomicrographs showing typical host lithologies and carbonates in the
BAL1B drillcore. (a) The core of fully serpentinized dunite with multiple carbonate veins in a
highly oxidized domain. The top of the core is less oxidized and contains fewer carbonate veins
(sample BA1B_14M_3 68-82). (b) Large euhedral calcite crystals in a fracture of fully
serpentinized dunite (BA1B_10Z_3_4-6). (c) Aragonite and Mg-rich calcite veins in
serpentinized dunite. (d) Close-up of Fig. 2c showing serpentinized dunite crosscut by aragonite
veins, which contain an earlier Mg-rich calcite vein generation (sample BA1B_4Z 4 12-17). (e)

CL-image of the serpentinized dunite from Fig. 2d showing non-luminescent aragonite and
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calcite with a strong orange CL. (f) Carbonates replace serpentine after pyroxene within a
serpentinized peridotite and calcite reactivating serpentine vein (BA1B_17Z 1 17-22, PPL). (g)
CL-image of carbonates replacing highly altered pyroxene within serpentinized peridotite and
calcite reactivating serpentine vein. Abbreviations: Arg, aragonite; Cal, calcite; Px, pyroxene;

Srp, serpentine.

Carbonate veins are typically less than 1 cm wide, dissect grain boundaries, have kinked
to irregular shapes, and show crosscutting or, more rarely, branching geometries. They crosscut
all other textures, indicating a late stage of formation (Figures 3b - €), and are composed of
aragonite, calcite, and dolomite in variable proportions. In some samples, at least two generations
of carbonates coexist in the same rock (Figures 2c - e). Dolomite veins are < 2 mm wide and are
found only in the top 25 m and 5 m of the Holes BA1B and BA3A, respectively. Calcite veins are
more common, are a few mm wide (Figures 3b - g), and occur in the top 110 m at Hole BA1B.
The most abundant and volumetrically dominant carbonate type are up to 1 cm wide aragonite
veins in the top 33 m of Hole BA1B. The aragonite occurs in veins that crosscut the primary rock
fabric (Figures 2c - d), postdate all secondary fabrics, and are the last carbonate vein to form.

Carbonates replacing serpentine mesh cores after pyroxene and olivine occur in the top 33
m of Hole BA1B; these are dominantly calcite and have an average grain size < 20 um (Figures
2f - g). Dispersed carbonates could not be identified microscopically but are indicated by whole-
rock concentration and isotopic measurements and occur throughout the cores of both drill holes.

4.2 Carbon Isotopes
4.2.1 Bulk Rock Carbon in the Basement Rocks

The studied rocks show a wide range of total carbon contents, mainly reflecting varying
carbonate abundance. Total carbon ranges from 215 ppm to 1.4 wt% with 5=Crc values from -
15.9 t0 -5.8 %o (Table 1, Figures 4 and 5).
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(a) (b) (c) (d) (e) ()
TIC [ppm] O"C . [%o] (vPDB) 60, [%o] (VPDB) NCC [ppm] 0C. [%0] (VPDB)
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Dunite Carbonates Aragonite
I Gabbro and olivine gabbro 3 Serpentine
- Harzburgite Tectonic structures

— Uncomformity

P wehrlite
_& Breccia

Figure 4. (a) Lithological profile of Hole BA1B, detailed information in Fig. 3 (modified after
Kelemen, Matter, Teagle, et al., 2020). Variations in (b) total inorganic carbon (TIC) content, (c)
S3Cric values, (d) 5*%0ric values (e) total non-carbonate carbon (NCC) content, and (f) 6**Cnce
values with Chikyu Adjusted Depth (CAD) from serpentinized dunite and harzburgite whole-rock
samples and carbonate veins from the Wadi Tayin Massif. Carbon isotope composition of four
calcite veins plot outside Figure 3c, two samples show more **C depleted values and two are more

13C enriched. Data are given in Table 2.

Samples from Hole BA1B have slightly less TC than Hole BA3A, with an average

concentration of ~786 ppm and higher concentrations observed in the upper 40 m. 5*3Crc values
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of Hole BA1B range from -15.9 to -7.2 %o. TC contents in serpentinites from Hole BA3A are
homogenous and have an average value of ~1065 ppm, with one outlier with less than 700 ppm
TC (=200 m). The &5™Crc values in Hole BA3A have a smaller range as in BA1B and lie between
-9.5 10 -5.8 %o.

(a) (b) (c) (d) (e) ()
TIC [ppm] OPC L [%o] (VPDB)  8"0 . [%o] (VPDB) NCC [ppm] OBC . [%o] (VPDB)
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o o O p o™ e o &
50 m] O o n3 O
s o O O o o
% 100 [m] O 0 (w} E o 0 o o
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E 150 ] O m] u] m]
‘é [m] (m] m] a m]
= 200 O O O g o™ O O O g
O O u] O O
2501 b o (m] ] O m]
o n] O m} O
300 [m] ju] u] 1 [m]
Lithology Alteration Whole-rock lithology
Alluvium Oxidized O Serpentinized harzburgite
Anorthosite Rodingitized
I Clinopyroxenite i+1+ Serpentinized
Orthopyroxenite Veins
Dunite Carbonates
I Gabbro and olivine gabbro X Serpentine
. Tectonic structures
I Harzburgite

— Uncomformity

- Wehrlite
:}g{ Breccia

Figure 5. (a) Lithological profile of Hole BA3A, detailed information in Fig. 3 (modified after
Kelemen, Matter, Teagle, et al., 2020). Variations in (b) total inorganic carbon (TIC) content, ()
SCric values, (d) 50ric values () total non-carbonate carbon (NCC) content, and (f) 6**Cncc
values with Chikyu Adjusted Depth from serpentinized harzburgite whole-rock samples from the
Wadi Tayin Massif at the Samail Ophiolite.
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The serpentinized peridotites have a wide range of TIC contents, varying from 191 ppm to
1.4 wt%, with 6**Cric values from -15.0 to -4.7 %o (Figures 4b - ¢, and 5b - ¢). The majority of the
rocks from Hole BA1B have TIC contents around ~798 ppm, except for one sample from the
uppermost oxidized section of the core with 1.4 wt%. The isotopic compositions of TIC in Hole
BA1B range between -15.0 and -7.6 %o, which is slightly more *3C depleted than in BA3A. The
dunite samples close to the dunite-harzburgite boundary show the most $3C-depleted values with -
13.4 %o within the dunitic sequence (Figure 4c). The harzburgites scatter around an average value
of -10.9 %o and also show the most *3C-depleted values close to the dunite-harzburgite boundary
(Figure 4c). The harzburgites from Hole BA3A have homogenous TIC content ranging from 703
ppm to 0.1 wt%, with one outlier with less than 700 ppm (at ~200 m). The 6*3Cric values vary
between -12.8 and -4.7 %o and generally decrease with increasing depth from 100 to 280 m (-4.7
to -11%o, Figure 5c).

The non-carbonate carbon concentrations in both cores are low and range from 126 to 479
ppm, with 5*3C values ranging from -29.6 to -21.6 %o, typical of organic carbon fractions measured
previously in oceanic serpentinites (Frih-Green et al., 2004; Delacour et al., 2008; Schwarzenbach
et al., 2013) (Figures 4e - f, Figures 5e - f). In Hole BA1B, NCC content is around ~220 ppm and
shows slightly more variation, higher concentrations, and overall lower 6-*Cncc values in the
harzburgite sequence in the lower part of the hole. 5**Cncc in Hole BA1B ranges from -29.6 to -
24.1 %o, with one outlier at -19.5 %o (Figure 4f). The serpentinized harzburgites from BA3A have
the highest NCC concentrations and show an increase in NCC with depth in the first 100 m. Below
this depth, there is a distinct bimodal distribution with peaks at ~190 and ~460 ppm, whereby the
peak at approximately 190 ppm overlaps with the average NCC content in Hole BA1B (Figure
5e). A difference in 5" Cncc is also seen between the top 100 m, with 6C of ~ -23.5 %o, and the
deeper section with 5*3C of ~ -26.3 %o (Figure 5f). However, no distinct bimodal distribution

compared to the NCC content at this depth interval is observed.
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4.2.2 Carbon Isotope Geochemistry of the Veins

Carbon isotope compositions of the veins are given in Table 2. Dolomite (n = 2) and
aragonite (n = 10) were only found in the shallow part of Hole BA1B, and their 53C lie in a narrow
range from -11.7 to -9.2 %o.. The calcite veins (n=9) can be divided into three distinct groups with
depth (Figure 4c). The deepest calcites at 105 m have *C-enriched values of ~ +5.7 %o, calcites at
61 m have highly 3C-depleted values of ~ -23.6 %o, and the shallowest calcites at 56 m lie in a
narrow range from -15.5 to -13.9 %e.

4.3 Radiocarbon Dating

Five carbonate veins and the inorganic and non-carbonate carbon of six whole-rock
samples show *C ages from 50,464 to 293 yr (Table 3, Figure 6). Carbonate veins yield *C ages
ranging from 50,464 to 30,811 yr. Because the veins often consist of multiple carbonate
generations, C values can represent a mixed-age rather than a single precipitation phase. The
dolomite vein formed 39,886 yrs ago, and calcites ages range from 42,386 to 30,811 yr (Figure 6).
The aragonite vein has the oldest *4C age with 50,464 yr.

The whole-rock samples have much younger formation ages and show a distinct variation
between the boreholes. In Hole BA1B, **C values of TIC decrease from 29,750 yr in the first 10
m to 293 yr at ~260 m depth, whereby the oldest age of whole-rock TIC (29,750 yr) coincides with
the latest carbonate vein formation with 30,811 yr (Table 3). In general, NCC in Hole BA1B
displays older 1*C ages than the TIC, except for a shallow sample in the first 10 m. Like TIC, *C
ages of the non-carbonate carbon progressively decrease with increasing depth from 13,574 to
2738 yr (Table 3). The inorganic and non-carbonate carbon from Hole BA3A are more

homogenous and yield *C ages of ~699 and ~9088 yr, respectively.

4.4 Oxygen Isotopes

The overall bulk rock oxygen isotope composition of dispersed carbonate is relatively
homogenous, with variations only seen in in the top 10 m of Hole BA1B, where two samples have
a 6%0Tic of -2.8 and -2.0 %o (VPDB) (Figures 4d); below this depth in Hole BA1B 5Orc lies in
a narrow range between -15.8 to -11.3 %o. Variability is slightly higher in the serpentinized dunites.

The 6'®0ric of the bulk rocks from Hole BA3A lie in a similar and narrow range from -15.1 to -
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467  11.5 %o as in Hole BA1B (Figures 5d). Erosion and replacement of the first couple of meters with

468 alluvium may have removed the shallow more *80-enriched carbonates at Hole BA3A.

469 The 680 of the veins in Hole BA1B vary from -5.1 to -1.3 %o (Figures 4d and 6), similar
470 to the 510 of the bulk samples of the first 10 m. Dolomites have 60 values from -3.9 to -1.3 %o,

471 calcites from -4.8 to -2.2 %o, and aragonites show uniform 60 values within a narrow range of -
472 3.9 t0 -3.5 %o, With one outlier at -5.1 %eo.

473
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475  Figure 6. 5*3Cric versus 6®0ric values of carbonate in serpentinized dunite and harzburgite

476  from Hole BA1B and BA3A from the Wadi Tayin Massif of the Samail Ophiolite. Whole-rock
477 samples are compared with isotope values of calcite, aragonite, and dolomite veins from Hole
478  BAIB. 1C ages are given for five veins (color-coded according to carbonate phases) and six

479 bulk rock samples distinguishing total inorganic carbon (black number) and total non-carbonate
480  carbon (blue). Estimated temperatures are shown as dashed and dotted lines using average

481 modern ground- and meteoric water 5'8Ogig Of -0.25 %o and the average calculated 6*®Oriig Of -

482 9.3 %o, which would have been necessary for carbonate formation temperature of ~35 °C for the

483  dispersed carbonates.
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4.5 Carbonate Precipitation Temperatures

4.5.1. Oxygen Isotope Thermometry of TIC in Whole Rock Samples

Because of the low carbonate concentrations, it was not possible to measure clumped
isotopes of the bulk dispersed carbonate. Carbonate formation temperatures were thus estimated
using the oxygen isotope fractionation equation for calcite of O’Neil et al. (1969) corrected with
Friedman & O’Neil (1977) and the equation of Miller et al. (2019) for dolomite. As radiocarbon
dating indicates a recent formation age of these carbonates, to calculate 6*8Orig, We used the
two endmembers of -3.0 %o and +2.5 %0 (VSMOW) measured on modern groundwater and
alkaline springs in the Samail Ophiolite as reported by Falk et al. (2016), Miller et al. (2016), and
Nothaft et al. (2020). Temperature estimates with 5*®Orid = -3.0 %o result in lower values. The
calculated temperatures of formation range from 9 to 133 °C, assuming that all carbonates are
calcite, and from 30 to 204 °C, assuming they are dolomite. The TIC concentration in whole-
rock samples is below the detection limit of XRD, which limits identification of the predominant
carbonate phase. Due to the lack of dolomite and aragonite veins below 33 m and the measured
Type Il fluid in deeper parts of wells at the Samail Ophiolite (Kelemen, Matter, Teagle, et al.,
2020), we assume that calcite is the main carbonate phase in the bulk rock samples.

The carbonates in the two shallow samples from Hole BA1B formed between 9 and 40 °C
(Table 1), which is consistent with the mean modern recharge temperature at shallow depth (< 50
m) of ~32 °C (Paukert VVankeuren et al., 2019). Dispersed carbonates below 10 m at Hole BA1B
consistently have higher calculated temperatures between 57 and 133 °C with no downhole trend.
In Hole BA3A, dispersed carbonates exhibit a similar temperature range as in Hole BA1B with
values from 59 to 127 °C (Figure 6). These calculated formation temperatures are unrealistic high,
considering the relative young formation ages of less than 1000 C yrs. Therefore, we have to
assume that an 8O-depleted fluid or disequilibrium processes rather than high formation
temperatures cause the 80O-depleted signatures of the dispersed carbonates. Assuming a mean
modern recharge temperature of 35 °C and using the oxygen isotope fractionation equation of
O’Neil et al. (1969) corrected with Friedman & O’Neil (1977), the estimated 5*30riid range from
-11.5t0 -7.0 %o (avg. -9.3 %o, Figure 6).
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4.5.2 Clumped Isotope Temperatures of Carbonate Veins

Clumped isotope temperatures vary from 26 to 43 °C (Table 2), which are in the range of
the 180-based temperatures of shallow bulk rocks of Hole BA1B. Dolomites have clumped isotope
temperatures of Tas7 = 29 to 43 °C. The calcites show T 47 of 28 to 39 °C, and the aragonite veins
yield Tas7 of 26 to 39 °C. Calculated oxygen isotope values of the fluid in equilibrium with the
carbonates are ~ 0 %o = 2 %o. Fluids in equilibrium with dolomite veins have a restricted range of
-1.3 to -1.0 %o, whereas fluids forming the calcite veins have more variable values from -1.7 to
+1.3 %o, with no distinction between different depths. Similarly, the 60 of the fluids that

precipitated aragonites lie in a range of -1.8 to +0.6 %e.

5 Discussion

Our observations and data suggest that the studied rocks in the Wadi Tayin Massif were
affected by two distinct phases of carbonate formation during the last 50 kyr (or longer): (i)
carbonate vein formation during focused fluid flow, at temperatures between 26 to 43 °C, from 30
kyr to over 50 kyr before present, which is limited to the dunitic sequence of BA1B and with
variable DIC sources. (ii) Pervasive disperse carbonization precipitated from an 80-depleted fluid
at moderate temperatures, with *3C-depleted carbon likely derived from the respiration of OM.
Scicchitano et al. (2020) reported different stages of serpentinization and provided evidence for
early seafloor hydration and alteration from samples of Hole BA1B. Similarly, Noél et al. (2018)
suggest seawater derived-fluids leading to the earliest carbonate formation in samples from Wadi
Dima, Wadi Tayin Massif, north-west of the OmanDP Site BA. However, our study found no
evidence for carbonate formation during the oceanic phase of serpentinization of the Samail
Ophiolite. In the following, we discuss the evolution of carbonate formation in the Wadi Tayin
Massif and then discuss the implications for organic carbon storage in ultramafic rocks.

5.1 Carbonate Vein Precipitation and Focused Fluid Flow

Macroscopic brecciation and veining of the peridotite indicate that hydration and
carbonization were facilitated by deformation. The infiltration of fluids was likely controlled by
continuous fracture planes and micro-fracturing caused by serpentinization, forming permeability
pathways and channeling the fluids along specific domains of the mesh-textured peridotite. We

argue that focused fluid flow leads to the formation of carbonate veins in the more permeable
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dunitic sequence of Site BA, with Ta47 indicating precipitation temperatures of 26 to 43 °C (Table
2).

The clumped isotope temperatures of Hole BA1B carbonate veins are in the same range as
those previously reported for young carbonate veins (clumped isotope temperatures between 23
and 43 °C) formed during present-day weathering in the Samail Ophiolite (Streit et al., 2012). In
addition, our data complement earlier thermometry estimates in the ophiolite that indicated slightly
higher oxygen isotope-based temperatures of 20 to 60 °C for calcite veins in peridotite from
outcrops and roadcuts with *4C ages from 8 kyr to > 50 kyr (Kelemen et al., 2011; Mervine et al.,
2014) and clumped and oxygen isotope temperatures between ambient and 60 °C for modern to >
45 kyr old travertine (Clark et al., 1992; Falk et al., 2016; Kelemen et al., 2011; Mervine et al.,
2014). Our *C data suggest that the formation of the carbonate veins and the TIC of two shallow

samples, with high amounts of veins, ranged from 30 kyr to > 50 kyr.

While the overall range of carbonate formation temperatures is similar to carbonates
sampled in outcrops, their ages are restricted to a shorter period of time. We propose that low-
temperature alteration by focused fluid flow was predominant in the shallow dunitic sequence and
changed over time to pervasive alteration without the formation of carbonate veins below the
present-day surface. However, as previously observed by Noél et al. (2018), carbonate veins can
represent multiple phases of formation. Thus, the 1*C values can also represent a mixture of ages
> 50 kyr and modern carbonates and would be consistent with previously reported ages of
carbonates within peridotites at the Samail Ophiolite. Carbonates from listvenite and the
metamorphic sole formed at much higher temperatures (clumped isotope temperatures between 52
and 247 °C, (Beinlich, Plumper, et al., 2020; Falk & Kelemen, 2015) during the Cretaceous and

are related to different processes.

The range in 6°C of -24.0 to +6.9 %o of the carbonate veins of Hole BA1B only partly
overlaps with that reported for outcrops of the Samail Ophiolite (Figure 7a). In the uppermost 33
m, aragonite and dolomite veins lie in a similar but slightly more *C-depleted range. Deeper
calcite veins only overlap with a single measurement from Noél et al. (2018). The comparison with
literature data from different ophiolites worldwide (Figure 7b) shows a similar pattern, whereby
the carbonate veins from the top 60 m of Hole BA1B coincide with previously reported values,

including the shallower calcite veins. The higher variability in 680 reflects the variability of the
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oxygen isotope composition of meteoric waters with latitude, distance from the vapor source, and

amount of rainout (Rozanski et al., 1993) which explains the more enriched values at Oman.

The generally negative carbon isotope composition of the carbonates suggests a
contribution from 3C-depleted carbon likely derived from biologically mediated respiration of
organic matter. Two veins show an elevated 63C (Figure 7a) which we attribute to a contribution
of carbon from methanogenesis. A range of 6°C from -15 to -8 %o in carbonates in Oman has
previously been attributed to the respiration of organic matter in soils (Clark et al., 1992), which
is a similar range as that measured in dolomite, aragonite, and in most of the calcite veins. These
values represent a mixture of 3C-depleted carbon from organic matter respiration, atmospheric
CO2 (6°C = ~ -7 %o, Clark et al., 1992) and possibly bicarbonate from the dissolution of
limestones. These carbon isotope compositions of the veins are in the same range as those of the
DIC in Type I fluids (Mg?* - HCOgz) in several wells in the Wadi Tayin Massif (-13.9 to -10.9 %o,
Nothaft et al., 2020).

Biological mediated respiration of OM can occur ex-situ, and 3C- depleted carbon can be
transported via the percolating fluid to the system and in-situ by organisms inhabiting the
ultramafic rocks. Recent microbiological and metagenomic studies showed that microbial life can
be sustained within the lithosphere and that microbial utilization of Hz, CH4, and formate may be
common in different serpentinization systems (Brazelton et al., 2012; Curtis et al., 2013; Daae et
al., 2013; Etiope & Sherwood Lollar, 2013; Lang et al., 2018; Ohara et al., 2012; Schrenk et al.,
2013). Recent rRNA and lipid biomarker analyses of carbonate veins, travertine, and altered
peridotites from the Samail Ophiolite provided evidence for the existence of a common core
serpentinization microbiome (Newman et al., 2020). This microbiome has been previously
described at the submarine, serpentine-hosted Lost City hydrothermal field (LCHF) (Bradley et
al., 2009; Lincoln et al., 2013; Méhay et al., 2013). Specifically, microorganisms include sulfate-
reducing and ammonia-oxidizing bacteria, methanogens, and methanotrophs. Therefore, it is
possible that biologically mediated respiration of OM within the basement mixed with atmospheric
CO. dissolved in the meteoric waters could be the predominant carbon sources for the carbonate

veins.
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Figure 7. Whole-rock 6™Cric values versus 6'80ric of serpentinized peridotites from Hole

BA1B and BA3A, plotted together with isotope values of calcite, aragonite, and dolomite veins

from Hole BA1B from the Wadi Tayin Massif. Isotopic compositions of carbonates of this study

are compared with results from previous studies on samples from (a) the Samail Ophiolite, (b)

ophiolites worldwide, and (c) oceanic serpentinite. (a) The range from listvenites (Beinlich,

Plimper, et al., 2020; Falk & Kelemen, 2015) and travertine/carbonate crusts from alkaline

springs (Clark et al., 1992; Falk et al., 2016; Mervine et al., 2014) are marked as yellow and

orange fields, respectively, and data of carbonate veins within serpentinized peridotites from
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Clark et al. (1992), Mervine et al. (2014), Miller et al. (2016), Noél et al. (2018), and Streit et al.
(2012) are plotted. (b) The range from listvenites is indicated by a yellow field and is defined by
values from Fig. 7a and additional from the Appalachians and Advocate Listvenite in Canada
(Auclair et al., 1993; Menzel et al., 2018), Linnajavri and Leka Ophiolite in Norway (Beinlich et
al., 2012; Bjerga et al., 2015), and the Birjand Ophiolite in Iran (Boskabadi et al., 2020). The
range for oceanic serpentinites is defined by values from the Northern Apennine ophiolites in
Italy (Schwarzenbach, Friih-Green, et al., 2013) and for travertine deposits by values from Fig.
7a, the Voltri Massif and different deposits in California (O’Neil & Barnes, 1971;
Schwarzenbach, Lang, et al., 2013), indicated by blue and orange fields, respectively. Values
from carbonate veins are plotted from the Red Mountains and New Idria in California (Barnes et
al., 1973; O’Neil & Barnes, 1971), Gogolow-Jordanow serpentinite massif in Poland (Jedrysek
& Sachanbinski, 1994), from the New Caledonia peridotite nappe in New Caledonia (Quesnel et
al., 2013, 2016) and various ophiolites located in Greece (Gartzos, 2004). (c) Isotopic
composition of sub-seafloor ultramafic hosted hydrothermal carbonates (Alt & Shanks, 2003;
Bach et al., 2011; Schroeder et al., 2015; Ternieten et al., 2021) and inorganic carbon from
oceanic serpentinites and gabbro-intruded impregnated ultramafic rocks from the Iberian Margin
and the Atlantis Massif (Schwarzenbach, Friih-Green, et al., 2013; Ternieten et al., 2021) are

shown.

The two calcite veins at about ~61 m depth have highly 3C- depleted values (6*3C = ~ -24
%o, Figures 4c and 6), which may indicate a stronger influence of Type Il fluids (Ca?* - OH") that
have a reported DIC composition of -30 %, (NSHQO4, Nothaft et al., 2020), or a higher input of
13C-depleted inorganic carbon from anaerobic oxidation of methane. Nothaft et al. (2020) reported
16S rRNA data that showed the presence of microbes capable of CH4 oxidation, which produces
highly *3C-depleted inorganic carbon (e.g., Drake et al., 2015; Pedersen et al., 1997). Alternatively,
the more 3C-depleted carbonate veins could also be explained by a Rayleigh distillation of the
DIC in the fluid caused by progressive carbonate precipitation. After removal of about 90 % DIC
with a 6"*C of -20 %o by carbonate precipitation with a fractionation factor between DIC and

calcite of 2 %o (i.e., with the calcite being 2 %o heavier than the DIC), the residual DIC in solution
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reaches 5°C of approximately -25 %o. This residual DIC could result in precipitation of carbonates

with 63C = ~-23 %o, leading to the range we measure in the carbonate veins.

The two veins with strongly positive 6°C can be related to methanogenic activity.
Methanogenic archaea reduce CO> to methane leading to extreme isotopic enrichment of the
residual DIC (Deppenmeier et al., 1996). Recent sequencing studies provided evidence for a
widespread occurrence of the 16S rRNA gene affiliated with methanogens in well waters close to
Site BA (Nothaft et al., 2020). However, both veins that show highly enriched *C compositions
(63C = ~ +6 %o) are located below 100 m (BA1B), which in combination with highly alkaline
conditions may limit the ability of micro-organisms to thrive in this environment, but does not
exclude it. We propose that most of the *C-enriched DIC is transported with the percolating fluid

and in-situ production only contributes to a minor amount.

Assuming that the carbonates were precipitated in isotopic equilibrium, we can calculate
the 680 of the fluid using clumped isotope temperatures. Calculated 6*8Oruiq lie in a range from -
2 to +1.3 %o + 2 %o, overlapping previously reported values of -3.0 to +1.9 %o from modern ground-
and well waters (Miller et al., 2016; Nothaft et al., 2020; Paukert Vankeuren et al., 2019). We
propose that late post-obduction serpentinization leads to the formation of low-temperature
carbonates caused by a fracture-controlled fluid circulation comparable to modern groundwater of
Type | and Type Il. Additionally, the carbonate mineralogy shows a distinction between shallow
areas (top 33 m) with dolomite and aragonite and deeper areas (52 to 106 m) with calcite only,
which is consistent with a change from an Mg?*-rich Type I to a Ca?*-rich and Mg?*-poor Type Il
fluid at approximately 50 meters below the surface. Previous studies have proposed that Type |
fluids mixed with DIC lead to the formation of magnesite and dolomite and Type |1 fluids exposed
to the atmosphere to the precipitation of calcite (Barnes et al., 1967, 1978; Barnes & O’Neil, 1969;
Bruni et al., 2002; Cipolli et al., 2004; Kelemen et al., 2011; Neal & Stanger, 1985; Paukert et al.,
2012). In addition, previous geochemical and isotopic data of the Al Khwad fan in northern Oman
also observed distinct aquifers: a deep aquifer below 300 m depth containing old groundwater; an
intermediate aquifer between 50 and 300 m containing mixed groundwater; and a shallow aquifer

filled with recently infiltrated groundwater (Weyhenmeyer et al., 2000, 2002).

The precipitation of low-temperature dolomite is still poorly understood. Previous studies
showed that abiotic formation of dolomite at low temperatures is inhibited by slow reaction
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kinetics (Sibley et al., 1987) caused by a lack of nucleation sites (Bosak & Newman, 2003), cation
desolvation (Brady et al., 1996), sulfate inhibition (Baker & Kastner, 1981), and lack of solution
supersaturation (Arvidson & Mackenzie, 1999). Microbial activity, however, has been shown to
catalyze dolomite formation by sulfate reduction, methanogenesis, methanotrophy, sulfide
oxidation, and aerobic respiration (Kenward et al., 2009; Moore et al., 2004; Moreira et al., 2004;
Sanchez-Roman et al., 2009; Vasconcelos et al., 1995). Newman et al. (2020) and Nothaft et al.
(2020) reported rRNA gene sequences and lipid biomarker that suggest that sulfate-reducing
bacteria, methanogens, and methanotrophs are widespread in the aquifer at the Wadi Tayin Massif.
However, we propose that a high Mg/Ca ratio of a Type | groundwater (ranging between 7 and 66,
Nothaft et al., 2020) possibly coupled with microbial activity leads to dolomite formation. More
analyses of the influence of microbial activity in forming Mg-rich carbonate in these rocks are
necessary to evaluate the potential effect of microbial metabolism on dolomite precipitation in

ultramafic rocks.

5.2 Recent Dispersed Carbonate Precipitation

The influx of groundwater during later alteration of the peridotites occurs via a fine
network along grain boundaries and micro-fractures, which leads to the formation of dispersed
carbonates with progressive hydration of the entire Wadi Tayin Massif. Dispersed carbonates are
the predominant carbonate occurrence and are not limited to specific lithology, depth, or cores,
which suggest that pervasive fluid flow and alteration is the predominant carbonization mechanism
at the Wadi Tayin Massif. 1*C ages between 1050 and 290 yrs indicate that dispersed carbonates
precipitation is recent and thus that hydration and carbonization of the ultramafic rocks is an
ongoing process. This is consistent with the presence of highly alkaline spring- and well waters,
which demonstrate ongoing serpentinization in the Samail Ophiolite today (Kelemen et al., 2011,
Kelemen & Matter, 2008; Neal & Stanger, 1985).

Dispersed carbonates have, similar to the carbonate veins, an isotope signature indicating
a 13C-depleted DIC source (6C from -15.0 to -4.7 %o, Figure 6) from biologically mediated
respiration of OM mixed with atmospheric CO- (see section 5.1 for more details). The dispersed
carbonates are characterized by variable 53C that show no correlation with TIC content, 24C ages,
and/or oxygen isotope composition. However, they show a distinct shift in composition before or
after unconformities and highly brecciated zones at ~180 and ~206 m (BA1B) and ~70 m (BA3A)
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(Figures 4c and 5c¢). This suggests that the percolating fluid is heterogeneous and with a variable
contribution of biologically-derived carbon. Thus, we propose that fluid mixing is a common
process at the Wadi Tayin Massif and that fluids can infiltrate the basement at different times and
structural levels such as fracture planes, micro-fractures, and grain boundaries, causing highly

heterogenous signatures controlled by tectonic features.

When assuming a modern groundwater oxygen isotope composition, calculated oxygen
isotope temperatures of the dispersed carbonates range from 57 to 133 °C. These temperatures are
unrealistically high, considering the relatively young formation ages, shallow depths, and lack of
any apparent heat source. Paukert Vankeuren et al. (2019) estimated a mean modern recharge
temperature of 32 °C at depths < 50 m in the peridotite aquifers of Oman. The highly ¥0-depleted
compositions in carbonates can be either caused by (i) isotopic disequilibrium precipitation during
rapid carbonate formation in the high pH fluids or by (ii) precipitation from a much more 8O-

depleted fluid than present-day groundwater.

(i) Clark & Fontes (1990) described a substantial depletion in *C and 80 of travertines in
the Samail Ophiolite during precipitation of carbonates caused by CO> uptake from the atmosphere
and carbonate precipitation at the air-fluid interface under high pH condition. A strong kinetic
isotope fractionation on the order of 19 to 24 %o at 25 °C occurs by the unidirectional reaction of
CO2(ag) With OH", which are isotopically lighter than H.O molecules (Zeebe, 2020), leading to
strongly 80 and 3C depleted carbonates. Previous studies from Miura et al. (2011) provided
evidence for the presence of H> and CHs together with H2O in inclusions in olivine and
orthopyroxene in harzburgites from the northern Samail Ophiolite. In addition, Nothaft et al.
(2020) concluded that a higher amount of fluid inclusions are necessary to explain the isotopic
signature of CH4 in the well waters of Site BA. If our samples contained a higher amount of
aqueous fluid inclusions, they might have reacted with atmospheric CO. during crushing and
sample preparation, leading to carbonate precipitation with a highly depleted 530 composition.
Thus, the *C ages (1050 to 290 yr) could represent a mixture of predominantly modern
precipitated contamination and only a minor contribution of older carbonates formed during
hydration of the Wadi Tayin Massif.

However, the carbon isotope signature is not as negative as commonly observed in

carbonates precipitated from high pH fluids (Travertine range in Figures 7a and b) (Clark et al.,
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1992; Falk et al., 2016; Mervine et al., 2014). Furthermore, previous analyses performed in the
same laboratory (Geologisches Institute, ETH Zurich) on MBio-type samples recovered from the
Atlantis Massif, Mid-Atlantic Ridge, addressing similar questions, have not reported conspicuous
180-depleted carbonates (Ternieten et al., 2021). Therefore, we conclude that contamination of
carbonates during sample preparation is unlikely to explain the highly depleted 80 carbonates or

only contribute a negligible influence on the isotopic signal.

(ii) Another explanation is that the dispersed carbonates formed from a much more 80
depleted fluid than present-day groundwater. Assuming calcite as the dominant carbonate phase
and a mean formation temperature of 35 °C, the 50 of the percolating fluid would be between -
11.5 to -9.3 %o. Scicchitano et al. (2020) reported in-situ oxygen isotope analysis of serpentine
minerals from Hole BA1B and proposed three serpentinization stages with fluids with distinct 20
values. Their Stage Il serpentinization by meteoric water that formed late banded chrysotile veins
required a fluid with a 580 of ~ -7 %o, much lower than modern groundwater. Other evidence of
meteoric waters with more depleted 60 values are from speleothem fluid inclusions from the last
interglacial period (~ 125 kyr), from a cave in northern Oman with %0 values of ~ -7.8 %o
(Fleitmann et al., 2011; Nicholson et al., 2020). In addition, Streit et al. (2012) reported calculated

6180 of the fluid in equilibrium with magnesite veins of -7.7 %o.

These previous studies suggest that 80 depleted fossil groundwaters are possible within
the Samail Ophiolite and that the dispersed carbonates may have precipitated from a fluid that has
led to late-stage serpentinization. Thus, the dispersed carbonates may represent a mixture of older

and younger carbonates with fossil and modern ground and spring water components.

5.2.1 Dispersed Carbonates as Products of Deeper Fluid Circulation?

The carbon and oxygen isotope signatures of the dispersed carbonates are distinct from
those of carbonate veins from our study and other localities in the Samail Ophiolite. Previous
studies include carbonate veins in peridotites formed during present-day weathering (Mervine et
al., 2014; Streit et al., 2012) from outcrop and drilled samples of listvenite and the metamorphic
sole (Beinlich, Plimper et al., 2020; Falk & Kelemen, 2015), and travertines (Clark & Fontes,
1990; Falk et al., 2016, and reference therein) (Figure 7a). However, the dispersed carbonates in

our study show similar compositions to the early dolomite veins from Noél et al. (2018) and matrix
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carbonates from drill cuttings of the wells NSHQO04 and NSHQ14 at Site BA (Miller et al., 2016)
(Figure 7a). The dolomite veins have been attributed to pervasive fluid flow at high-temperature
conditions at the seafloor in the Jurassic (Noél et al., 2018). However, the radiocarbon ages of our
samples exclude such an early formation for the dispersed carbonate at Site BA. The same
observation is made by comparing the dispersed carbonates with carbonates from other ophiolites
(Figure 7b). Dispersed carbonates have distinct compositions, except for listvenites from
Newfoundland (Auclair et al., 1993), but they are similar to listvenites from the Samail Ophiolite,
related to different chemical processes. The isotopic compositions of the investigated dispersed
carbonate overlap with those formed during ocean-floor serpentinization at the Atlantis Massif
(Figure 7¢, 8**Cric = -14 t0 -2 %o; 680ric = -17 t0 -6 %o; Ternieten et al., 2021). However, the 14C
ages exclude an early ocean-floor serpentinization-related origin of the dispersed carbonates.
These results provide evidence that radiocarbon analyses are essential for a correct interpretation
of the origin of carbonates.

The results of our study suggest that dispersed carbonates precipitated from meteoric water
and are enriched in 3C- and *0- depleted bicarbonate due to potential mixing with deeper fossil
groundwater. They occur throughout the entire Wadi Tayin Massif indicating large-scale hydration
and represent the most recent carbonate formation, whereas older generations may have been
dissolved. Serpentinized peridotites in outcrops and surface samples often contain high amounts
of carbonate veins, which may overprint lower amounts of dispersed carbonates. This could
explain the low number of previously reported carbonates with *3C- and 0-depleted signatures
at the Samail Ophiolite. We suggest that micro-fracturing caused by serpentinization provides the
percolating fluid pathway and that they probably became one of the main natural hydraulic
plumbing systems contributing to modern wadis and alkaline springs in the Samail Ophiolite. The
occurrence of relatively young carbonates provides further evidence for the ongoing weathering
and active serpentinization in the mantle section of the Samail Ophiolite. However, further
investigations of the carbonate formation are necessary to understand the evolution from initial to

recent carbonization.

5.4 Serpentinites as a Microbial Habitat and Sink for Organic Carbon?

Recent studies have shown that the ultramafic basement can sustain microbial life (Barry
etal., 2019; Colman et al., 2017; Fullerton et al., 2019). The isotopic composition of carbonates in
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our study shows that *3C-depleted carbon is a significant contributor to carbonate precipitation in
the system. Serpentinites from the wells NSHQ14 and NSHQO04 have very variable TOC
concentrations of < 0.01 - 0.37 wt% (Miller et al., 2016), whereby the high values may be
overestimated due to residual magnesite in the samples. The highest NCC content measured in our
study is ~500 ppm, and both holes show distinct trends that can be correlated to unconformities,
fractures, and heavily brecciated zones. Hole BA1B shows a shift to slightly higher NCC
concentrations and lower 5*3Cncc at the transition from dunites to harzburgites (Figures 4e and f).
A similar change to more 3C-depleted values can also be observed at Hole BA3A below the
unconformity at ~80 m (Figure 5e). The total concentration at BA3A shows an increase in NCC
with depth above the unconformity and only locally higher concentrations below.

We propose that the observed changes in the carbon isotope composition of NCC at
unconformities and highly brecciated zones reflect changes in the hydrology of the system and that
a higher fluid flow can lead to either removal or addition of organic carbon. The dunites have a
higher permeability than the harzburgites (Katayama et al., 2020), potentially leading to higher
fluid fluxes, which could have led to the removal of previously present NCC. This may also be
true for the uppermost highly oxidized 10 m of BA3A that show a lower NCC content than deeper
sections. Higher fluid flow is, in general, correlated to a potentially higher in-situ production due
to more favorable nutrient cycling and, consequently, higher organic carbon contents. However,
at Site BA, parts of the organic carbon may have been removed by the present-day percolating
groundwater, oxidation and carbonate precipitation. The *C values of NCC suggest that the
accumulation of the non-carbonate carbon occurred post-obduction between 14 kyr to 3 kyr, which
is older than the dispersed carbonates. This would indicate an early emplacement and later removal
of the non-carbonate carbon, possibly by the same pervasive fluid that leads to dispersed carbonate
formation. Nevertheless, these ages are based on whole-rock investigations, and we have to

consider that they represent a mixture of older and modern non-carbonate carbon.

The isotopic composition of NCC in the serpentinites from the Wadi Tayin Massif (6**Cncc
= -29.6 t0 -21.6 %o) differ from the isotopic compositions of organic compounds previously
analyzed in well waters from NSHQO04 and NSHQ14 at Site BA (6*3CcHa, short-chain hydrocarbons = -6.7
to +6.8 %o, Nothaft et al., 2020). Nothaft et al. (2020) suggest a combination of mantle carbon
leached from fluid inclusions and microbial activity of methanogens leads to the *C-enriched
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compositions. In contrast, the isotopic composition of NCC from the Wadi Tayin Massif coincides
with the 6C of oceanic NCC from serpentinized peridotites from the Atlantis Massif, host of the
LCHF, which ranges from -28.3 to -19.8 %o (Ternieten et al., 2021). Additionally, recent rRNA
and lipid biomarker analyses of carbonate veins, travertine, and altered peridotites from the Samail
Ophiolite (Newman et al., 2020) provide evidence for the existence of a similar serpentinization
microbiome compared to the one occupying the serpentine-hosted Lost City hydrothermal field
(Bradley et al., 2009; Lincoln et al., 2013; Méhay et al., 2013). These results provide evidence
supporting the hypothesis of a specific serpentine inhabiting community occurring in oceanic and
continental environments. However, based on our results, we cannot distinguish whether microbial
production of organic compounds occurs in-situ or whether they are transported via percolating
fluids. In addition, fluid inclusions have been reported previously from the mantle peridotites of
the Samail Ophiolite (Miura et al., 2011), and we have to consider leached CH4 from inclusions as
a potential contribution. However, the measurable *C ages of NCC indicate that mantle carbon

only contributes to a minor amount.

To summarize, we suggest a mixture of microbial production combined with minor mantle
carbon leached from volatiles and transported via the infiltrating fluid as the NCC source in the
mantle rocks from the Wadi Tayin Massif. It is later removed in the shallow subsurface and dunitic
sequence by more recent pervasive fluid flow, causing dispersed carbonate formation controlled
by micro-fractures that may represent one of the main natural hydraulic plumbing systems within

the Samail Ophiolite today.

5 Conclusions

Oman Drilling Project Holes BA1B and BA3A drilled through 400 and 300 m of
serpentinized peridotite, respectively, containing several mafic intrusions, fractures, and
unconformities. Carbonate occurrences show no record of initial ocean-floor hydration and
serpentinization of the Samail Ophiolite. Clumped isotope thermometry of selected veins indicates
a carbonation temperature range between 26 to 43 °C, which corresponds with mean modern
recharge temperatures and post-obduction formation ages of the carbonates. The measured carbon
and oxygen isotopes are in part similar to previously investigated carbonates from the Samail

Ophiolite but also show distinct characteristics.
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We argue that the available data are best explained by a model where focused fluids similar
to modern ground- and meteoric water were locally channeled and reacted with the surrounding
rock leading to the formation of calcite, dolomite, and aragonite veins in more permeable sections
of the ophiolite from ~50 kyr to ~30 kyr. This first recorded phase of carbonization is followed by
pervasive infiltrating fluids leading to dispersed carbonate precipitation within the entire Wadi
Tayin Massif characterizing the large-scale hydration and alteration of the Samail Ophiolite from
30 kyr until at least 300 yr ago. Apparent correlations between heterogenous carbon isotopes of
the dispersed carbonates and various tectonic features point to infiltration of the reactive fluids at
different times and structural levels like fracture planes caused by deformation, micro-fractures
from serpentinization, and grain boundaries. Such a model could also explain the highly *2O-
depleted composition of the dispersed carbonates. The pervasive nature of the later infiltrating
fluid may lead to mixing with low amounts of fossil groundwater with 50 values of -7.8 %o
(Nicholson et al., 2020). Proportions of mixing may be determined by the relative access that the

percolating fluids have to fossil groundwater within the serpentinized peridotites.

These observations also show the importance of a multifaceted approach for creating a
conceptual model for heterogeneous alteration and carbonization. Stable oxygen and carbon
isotope investigations by themselves can be ambiguous, but including *C ages of even small
amounts of carbon are essential for more realistic constraints on the system and can provide
information about the impact of infiltrating fluids on the Semail Ophiolite. The observation of low
amounts of recent carbonate precipitation provides no evidence for extensive fluid flow within the
drilled 300 and 400 m, although highly alkaline properties of the well waters (Kelemen, Matter,
Teagle, et al., 2020) indicate active serpentinization. This observation is relevant not only for the
application of serpentinites as artificial CO> storage but also provides information about the

potential for microorganisms to thrive within the ultramafic basement.

Our study suggests that post-obduction deformation facilitated repeated advective fluid
infiltration into the ophiolite, followed by diffusive transport through the interconnected nano-
scale serpentinite pore network that may represent one of the main present-day natural hydraulic
plumbing systems within the Samail Ophiolite. Given the increasing appreciation of water-rock

interactions in biological and economically important settings, insights into the carbon cycle may
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aid in studies of the origin of life and the evaluation of the potential of mantle rocks to store carbon

and reduce CO; emission in the future.
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