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Abstract — We report the formation of minerals from the tochilinite-valleriite group (TVG)
during laboratory serpentinization experiments conducted at 300°C and 328°C. Minerals in the
TVG are composed of a mixture of sulfide and hydroxide layers that can contain variable
proportions of Fe, Mg, Cu, Ni and other cations in both layers. Members of this group have been
observed as accessory minerals in a number of serpentinites, and have also been observed in
association with serpentine minerals in meteorites. To our knowledge, however, TVG minerals
have not previously been identified as reaction products during laboratory simulation of
serpentinization. The serpentinization experiments reacted olivine with artificial seawater
containing >*S-labeled sulfate, with a small amount of solid FeS also added to the 300°C
experiment. In both experiments, the predominant reaction products were chrysotile serpentine,
brucite, and magnetite. At 300°C, these major products were accompanied by trace amounts of
the Ni-bearing TVG member haapalaite, Ni,Fe-sulfide (likely pentlandite), and anhydrite. At
328°C, wvalleriite occurs rather than haapalaite and the accompanying Ni,Fe-sulfide is

proportionally more enriched in Ni. Reduction of sulfate by H, produced during serpentinization
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evidently provided a source of reduced S that contributed to formation of the TVG minerals and
Ni,Fe-sulfides. The results provide new constraints on the conditions that allow precipitation of

tochilinite-valleriite group minerals in natural serpentinites.

Keywords: Tochilinite, valleriite, haapalaite, serpentinization, sulfate reduction.
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INTRODUCTION

Tochilinite and valleriite are the most common representatives of a structurally related
group of minerals that are composed of alternating sulfide and hydroxide layers (referred to
herein as the tochilinite-valleriite group, or TVG; Organova et al., 1971; Makovicky and Hyde,
1981; Zolensky, 1987; Beard, 2000). Minerals in this group have a nominal composition of
2(Fe,Cu,Ni) Se1.67(Mg, Fe)OH,, although TVG minerals exhibit substantial variability in the
relative abundances of Fe, Mg, Ni, and Cu and, in many instances, include additional
components such as Al, Ca, Cr, and COs (e.g., Huhma et al., 1973; Zolensky, 1987; Beard, 2000;
Miicke, 2017; Mikhlin et al., 2022a). Several compositional endmembers within the group have
been defined (e.g., Evans and Allmann, 1968; Organova et al., 1971; Huhma et al., 1973), but the
extent of solid solution among these endmembers remains poorly understood.

A number of studies have reported TVG minerals as accessory components of serpentinite
(Chamberlain and Delabio, 1965; Jambor, 1969; Clark, 1970; Organova et al., 1971; Harris and
Vaughan, 1972; Huhma et al., 1973; van de Vusse and Powell, 1983; Matsubara and Kato, 1992;
Alt and Shanks, 1998; Beard, 2000; Beard and Hopkinson, 2000; Dietze and Kontny, 2011;
Boschi et al., 2017; Miicke, 2017; Mikhlin et al., 2022b; note that in some early studies TVG
minerals were identified as “fibrous Fe sulfide”). In at least some cases, TVG minerals are
sufficiently abundant to be considered as rock-forming minerals or to be the predominant
reservoir of S in serpentinite (e.g., Beard, 2000). Tochilinite, the Fe-rich endmember of the
group, is also a common secondary alteration component of carbonaceous chondrite meteorites,
where in many cases it occurs in close association with the Fe-rich serpentine mineral
cronstedtite (e.g., Zolensky, 1987; Zolensky et al., 1993; Palmer and Lauretta, 2011; Pignatelli et
al., 2017).

Few experimental studies have investigated the circumstances under which TVG minerals
precipitate in geologic environments, and these have primarily examined formation of tochilinite
during alteration of native metal alloys relevant to meteorite parent bodies (e.g., Peng et al.,
2007; Peng and Jing, 2014; Vacher et al., 2019). To our knowledge, formation of TVG minerals
has not previously been reported during experimental serpentinization of ultramafic rocks or
their constituent minerals. As a consequence, current experimental data provide only very

limited insight into the circumstances under which TVG minerals form in natural serpentinite.
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Here, we report precipitation of the TVG minerals haapalaite and valleriite during
experimental serpentinization of olivine following reaction with artificial seawater at 300°C and
328°C. The results provide insight into possible pathways for formation of TVG minerals in
serpentinite. The experiments were part of a series designed to investigate the temperature
dependence of sulfate reduction rates during serpentinization. The present communication
focuses only on documentation of the occurrence of TVG minerals and the circumstances under
which they form. Evaluation of sulfate reduction rates during this series of experiments will be

the subject of a future communication.

METHODS

Two laboratory experiments were conducted by heating finely powdered olivine with
artificial seawater at either 300°C or 328°C (designated SO4red300 and SO4red328,
respectively). Both experiments were conducted at 35 MPa, with SO4red300 heated for 4001 h
(167 d) and SO4red328 for 4028 h (168 d). The elevated pressure was used to nominally
represent conditions during serpentinization of rocks within the oceanic crust, where most TVG
mineral-bearing serpentinite is formed.

The artificial seawater solution was composed of 455 mmol kg'1 NaCl, 31.5 mmol kg'1
MgCl,, 21.3 mmol kg MgS04, 9.7 mmol kg" KCI, 9.2 mmol kg CaCl,, and 2.3 mmol kg
NaH'">COs, and had a room-temperature pH (pHasec) of 8.5. Because the primary objective of
the experiments was to examine sulfate reduction rates, the fluid also included 5.5 mmol kg‘1
Na,SO4 containing 90% S in order to provide an isotopic label to track the fate of added
sulfate. A small amount of FeS powder (500 ppmw) was also included in the SO4red300
experiment because previous studies have found that initiation of sulfate reduction is promoted
by small amounts of reduced sulfur (e.g., Toland, 1960; Zhang et al., 2008), presumably because
the first step in the reduction involves formation of intermediate oxidation state compounds such
as thiosulfate or native sulfur. No FeS was included in SO4red328. SO4red300 initially
contained 14.0 g olivine, 7 mg FeS, and 38.1 g fluid, while SO4red328 contained 14.1 g olivine
and 37.6 g fluid.

The experiments were conducted in a flexible-cell hydrothermal apparatus using a gold
reaction cell with titanium fittings (Supplemental Fig. S1; Seyfried et al., 1987). The reaction
cell was contained within a stainless-steel pressure housing, with water used as the external

pressurizing medium. The flexibility of the gold reaction cell allows the fluid to be sampled
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without loss of pressure, and eliminates the presence of a vapor headspace so that reactions are
confined to the aqueous phase. The titanium fittings that were exposed to reactants during the
experiments were heated in air for more than 24 hours at 450°C prior to use in order to form a
relatively inert TiO, surface layer.

The experiments used olivine from San Carlos, Arizona, which has an approximate
composition of Mg s;Feo18Si04 (Fogy; Table 1). The olivine powder was prepared from
polished crystals >5 mm in diameter purchased from Excalibur Minerals (Charlottesville, VA,
USA), with separate batches of olivine powder prepared for each experiment. Only clear olivine
crystals that were free of mineral inclusions or weathering products during inspection under a
binocular microscope were selected for use in the experiments. The crystals were rinsed with
deionized water and then crushed using a ceramic mortar and pestle, always avoiding the use of
metal tools that might result in contamination of the reactants with particles of metal. Because
one of the primary objectives of the experiment was to rapidly generate H, in order to observe
reduction of sulfate on a reasonable time scale, the olivine was sieved to obtain a fine powder
(<53 pum) to promote rapid serpentinization (Supplemental Fig. S2a,b). Fine-grained FeS
powder (-100 mesh, <125 um) was purchased from Alfa Aesar, and analysis of this synthetic
material by X-ray diffraction (XRD) produced a pattern consistent with pyrrhotite. The
abundance of sulfur in the prepared olivine as well as the isotopic composition of sulfur in the
olivine and FeS were determined using methods described in the Supplemental Materials.

The prepared olivine reactant was examined for impurities using scanning electron
microscopy coupled with electron dispersive X-ray spectroscopy (SEM/EDS). Extensive
inspection of the olivine used in SO4red328 in back-scattered electron mode to identify high-
contrast minerals revealed only a single grain that contained S, which was a Cu-sulfide
(Supplemental Fig. S2d). Trace amounts of Fe- and Fe,Ti-oxides, spinel, and orthopyroxene,
and a few clusters of Cu-oxide minerals were also observed sparsely scattered across the sample
(Supplemental Fig. S2¢). No Cu-bearing phases were found in the olivine used in SO4red300.
Other than olivine, no Ni-bearing minerals were identified during analysis of the reactants for
either experiment.

At several intervals during the experiments, multiple fluid aliquots (0.3-1 g each) were
obtained through the sample valve directly into gas-tight glass syringes. The aliquots were

analyzed for the abundance of: (1) dissolved H», (2) total dissolved CO, (2CO; = COxaq) +
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HCO5 + COs%), CHs, and C,-C hydrocarbons, (3) room temperature pH (pHasec), (4) total
dissolved sulfate (XSO4) and H,S (XH,S = HxSag) + HS), (5) dissolved SiO,, (6) major cations
and, for a few samples, (7) Cl. In one instance, the headspace of a sample obtained with a gas-
tight syringe containing a small amount of phosphoric acid was injected into a benchtop gas
chromatograph-mass spectrometer (GC-MS) to evaluate the isotopic composition of exsolved
2H,S. The isotopic composition of £SO, was also measured for the starting solution and for the
fluid recovered after termination of SO4red328. Details of the analytical methods used to
quantify aqueous species are provided as Supplemental Materials.

At termination of the experiments, the reacted solids were recovered and rinsed several
times with ethanol in an effort to remove remaining fluid. A variety of analytical methods were
employed to characterize the solid products; details of the analytical methods are provided in the
Supplemental Materials and briefly summarized here. The morphology of mineral products was
evaluated with SEM/EDS using a Hitachi SU3500 Scanning Electron Microscope equipped with
an Oxford Instruments energy-dispersive X-Ray Spectrometer. Solids were examined both as
grains mounted on Al stubs with carbon tape and as polished thin sections embedded in epoxy
and coated with carbon, using an accelerating voltage of 15 kV. Analysis of the products by X-
Ray diffraction (XRD) was performed using a Terra instrument (Olympus, Inc.) with Cu Ka
radiation. Electron microprobe analysis (EMPA) of polished thin sections was performed on a
JEOL 8230 electron microprobe using a beam energy of 15 keV, a beam current of 10 nA, and a
1 micrometer beam diameter. Raman Spectroscopy was performed using a Horiba LabRAM HR
confocal spectrometer with either a 633 nm laser (chrysotile and brucite) or 532 nm laser
(valleriite and haapalaite).

Thermogravimetric analysis (TGA) was conducted using a Thermal Analysis Instruments
SDT Q600 instrument, with samples placed in an alumina crucible and heated from room
temperature to 1100 °C at 10 °C per minute while monitoring the change in mass and heat flow.
Maossbauer spectroscopy (MS) was performed at room temperature using a conventional
constant-acceleration spectrometer (model MS6, SeeCo, USA) in transmission geometry with a
>’Co/Rh source. A vibrating sample magnetometer (Model 3900, Princeton Corporation
Measurements) was used to obtain room-temperature hysteresis parameters on the reacted solids,

including the saturation magnetization (M;). The weight percent of magnetite in the reacted
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solids was then determined from the M; of the sample and the known value for pure magnetite

(M=92 Am?/kg) with the equation:

Weight percent magnetite = Msample) 5 10, (1)

s (magnetite)

The sulfur isotopic compositions of dissolved sulfate and solid materials were analyzed
using a Thermo Delta C Plus isotope-ratio mass spectrometer (IRMS). The isotopic composition
of dissolved sulfate was performed by addition of barium chloride to a fluid aliquot followed by
combustion of the resulting barium sulfate, using a set of calibration standards prepared by
diluting the initial 34S-labeled artificial seawater solution with natural abundance sulfate. The
olivine and FeS used as reactants were combusted with a Costech ECS 4010 Elemental Analyzer
and the products measured using thermal conductivity for sulfur abundance and using IRMS for
sulfur isotopic composition. After completion of the experiments, remaining sulfate minerals
were removed from the solid products and the chromium-reducible sulfur (CRS) component of
the solids was extracted and purified as silver sulfide following methods described in Houghton
et al. (2022). The isotopic composition of the silver sulfide yield was analyzed by IRMS using
the same calibration methods as the **S-labeled barium sulfate precipitates. Sulfur isotope
compositions are expressed in standard delta notation as permil (%o) deviations from the Vienna
Canyon Diablo Troilite (VCDT) standard.

Calculations to estimate in situ pH were performed with the computer program EQ3
(Wolery and Jarek, 2003). The calculations involved two steps. First, fluid speciation
calculations were performed at 25°C using the measured fluid compositions including the room
temperature pH, and adjusting for charge balance with Na. The total dissolved Na calculated at
25°C was then used with other measured concentrations to respeciate the fluid at the reaction
temperature, with charge balance determining the in situ pH. The calculations were performed
for a pressure of 35 MPa using the customized database described in McCollom and Bach

(2009).

RESULTS

Fluid composition
Changes in fluid compositions during the experiments are illustrated in Figure 1, with
complete measurements listed in Table 2. Also included in Figure 1 for comparison are results

from previous olivine-only serpentinization experiments performed at comparable temperatures
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using the same methods, but with a NaCl solution rather than artificial seawater as the reactant
fluid (McCollom et al., 2016). Because these previous experiments did not include dissolved
sulfate or added sulfide minerals among the reactants, they are essentially sulfur free. The

previous experiments also utilized olivine with a larger particle size (53-212 pm) resulting in

somewhat slower rates of serpentinization.

The onset of heating resulted in steep decreases in XSO, and Mg concentrations in both
experiments, and Ca concentrations also decreased sharply to ~2.5 mmol kg™ in the early stages
of SO4red328 (Figs. 1c and 1g; Table 2). The decreased concentrations of these components are
likely attributable to precipitation of anhydrite and magnesium hydroxide sulfate hydrate
(MHSH) during heating, as reported in other serpentinization experiments performed under
similar conditions (e.g., Janecky and Seyfried, 1986). The concentrations of £SO4 and Mg (and
Ca in SO4red328) remained low during the remainder of heating, but then increased sharply after
the experiments were ended and returned to room temperature (Figs. 1c and 1g). These increases
can be attributed to dissolution of sulfate minerals that formed earlier in the experiments as the
reaction vessel cooled. At 300°C, dissolved Na, Ca, and K all maintained levels close to their
original concentrations throughout the experiment, while Fe increased from below detection to
0.2 mmol kg™ with increased reaction time (Table 2). At 328°C, dissolved Fe initially increased

sharply to 2.3 mmol kg™ and then steadily decreased to 150 pmol kg™ (Table 2). Nickel was at

or below the detection limit of 2 pmol kg'1 in all samples.

Molecular hydrogen (H,) is a characteristic by-product of serpentinization reactions (e.g.,
McCollom et al., 2016, 2020), and generation of H, began immediately with the onset of heating
for both experiments (Figs. 1a and le). However, in contrast to the steadily increasing H, levels
observed in other olivine experiments performed without SO, present, the measured H;
concentrations decreased after 813 h in SO4red300 and after 1004 h in SO4red328. The
decreasing H, concentrations in these experiments are largely attributable to consumption of H;
during reduction of dissolved sulfate to H,S, most of which subsequently precipitated as sulfur-
bearing minerals. The concentration of XH,S was below detection in the first couple of fluid
samples from SO4red300 but rose to detectable levels as the experiment progressed, attaining a
final concentration of 270 pmol kg (Table 2). Increasing levels of £H,S were also observed as

the reaction progressed in SO4red328, attaining a somewhat higher final concentration of 770

umol kg™ (Table 2).
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The £SOy in the reactant solution was purposely enriched in **S, with an initial isotopic
composition of 4749 + 5% and 4790 + 5%o in SO4red300 and SO4red328, respectively (Table
2). When the reaction vessel was cooled following termination of SO4red328, the isotopic
composition of dissolved XSO4 was confirmed to be 4719 + 20%0 (Table 2). To assess the
degree to which the label was incorporated into £H,S, the headspace from a gas-tight syringe
obtained during the final fluid sample of SO4red328 at 4028 h was injected into a GC-MS, with
results displayed in Figure 2. Comparison of the experiment sample with a calibration gas
standard containing natural abundances of S isotopes shows that the XH,S from SO4red328 had
substantially higher abundances of ions with mass-to-charge ratios (m/z) of 33 and 34 than the
standard, indicating substantial enrichment of the sample in H,**S from the labelled sulfate (Fig.
2). Although the results are semi-quantitative, calculations based on the GC-MS results suggests
that the ZH,S from SO4red328 had roughly the same proportion of **S as the dissolved £SO,.

The concentration of £Si0, in SO4red300 increased sharply to 410 umol kg™ during the
first day of heating, but then deceased to much lower levels (30+10 pmol kg™ for the remainder
of the experiment (Fig. 1b). A similar pattern was observed in SO4red328, where the XSiO,
concentration initially increased to 610 pmol kg'1 before leveling off between 33 and 65 pmol
kg' (Fig. 1f). In both cases, the low XSiO, were similar to those observed in other, sulfate-free
olivine serpentinization experiments (Figs. 1b and 1f).

The room temperature pH (pHazsec) became mildly acidic in the early stages of SO4red300,
but became less acidic with continued heating (Fig. 1d). The calculated in situ pH (pHin situ) was
also mildly acidic early in the experiment, but approached circumneutral conditions during the
latter stages (neutral pH at the experimental conditions is 5.5). Both pHzs:c and pHin sty Were

mildly acidic in SO4red328 as well (Fig. 1h).

Solid products

The solids recovered from both experiments after reaction are dominated by serpentine
together with relict olivine (Fig. 3; Supplemental Fig. S3). Magnetite and brucite are also
present as minor secondary products in both experiments. The serpentine has a fibrous texture,
suggesting that it is mainly chrysotile, and it yielded Raman spectra similar to chrysotile from
other laboratory experiments performed under comparable conditions (Supplemental Fig. S4).
Analysis of the reaction products by EMPA (Table 1) indicated that the serpentine from both
experiments have a similar composition with an Mg# = 96 [Mg#=100 x Mg/(Mg+Fe), molar
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basis]. Brucite primarily occurs as dispersed clusters of crystals with a thin, tabular habit with
diameters commonly >100 pum and thickness <4 um (e.g., Fig. 3c; Supplemental Fig. S5), which
is similar to brucite observed in other serpentinization experiments conducted under comparable
conditions (e.g., McCollom et al., 2016, 2020). The brucite from SO4red300 has a Mg# = 98
while that from SO4red328 has an Mg# = 99. In both of the experiments, the serpentine and
brucite are depleted in Fe relative to the olivine reactant (Mg# = 90), reflecting the partitioning
of some Fe into magnetite. Based on magnetization measurements, magnetite comprises 0.68
wt.% of the reacted solids in SO4red300 and 0.71 wt.% in SO4red328.

Examination of the reacted solids recovered from both experiments by SEM also revealed
trace amounts of thin, tabular minerals with hexagonal terminations (Fig. 4). The habit of these
minerals resembled that of brucite, albeit with much smaller dimensions than the brucite present
in the reacted solids (i.e., diameters <20 pum for the platy minerals versus >100 um for brucite;
compare Figs. 3e and 4). In contrast to brucite, however, initial analysis of the smaller tabular
minerals by EDS indicated that they contained substantial amounts of S as well as much higher
amounts of metallic elements than the coexisting brucite. Subsequent analysis by EMPA
revealed that the tabular minerals have chemical compositions that require the presence of both
sulfide and oxide/hydroxide components in the mineral structure (Table 1). These compositions
are consistent with members of the tochilinite-valleriite group (Table 1; Supplemental Table S1).
More specifically, the tabular minerals in SO4red300 have Fe- and Ni-rich compositions
consistent with the mineral haapalaite, while those in SO4red328 have Fe- and Cu-rich
compositions consistent with valleriite (Table 1, Supplemental Table S1). The tabular,
hexagonal crystal habit is also consistent with haapalaite and valleriite (e.g., Huhma et al., 1972;
Mikhlin et al., 2022a). Peaks corresponding to TVG minerals are not apparent in XRD patterns
of the reaction products (Supplemental Fig. S3); however, this is not unexpected given that the
trace amounts of these minerals present in the reacted solids would be well below the detection
limit for that method (~3 wt.%).

Because the distribution of cations between the sulfide and hydroxide layers of the TVG
minerals could not be uniquely determined from EMPA alone, it is not possible to assign a
precise chemical formula to these minerals. However, the results indicate the minerals in
SO4red328 have a molar (Fe + Cu + Ni):S ratio of about 1.04 and while those in SO4red300

have a ratio of ~1.12, both of which are greater than the ratio near one expected for the sulfide

10
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layer of TVG minerals (Table 1, Supplemental Table S1). It is therefore likely that some fraction
of the Fe, and possibly some of the Cu and Ni, resides in the hydroxide layers rather than the
sulfide layers. The measured compositions also included small and variable amounts of SiO,
(Table 1), although this could be at least partially attributable to chrysotile intergrown with the
TVG minerals (e.g., Zolensky and MacKinnon, 1986). Assuming that: (i) The X(Fe+Cu+Ni):S
ratio in the sulfide layer is equal to one, (ii) the SiO; resides in chrysotile impurities intergrown
with the TVG minerals, and (iii) all of the Mg and Al are limited to the hydroxide layers, mass-
balance calculations indicate that the measured composition of the valleriite in SO4red328 is
consistent with a chemical formula of 2(FegssCug31Nig11)S*1.53(Mgos1FeoosAlo.11)OH, while
that of haapalaite in SO4red300 is 2(Feg ssNig42)Se1.50(Mgo.77Feo.16Alp.07)OH,. In both cases,
the hydroxide layers appear to contain substantially higher Fe contents than coexisting brucite
(which has compositions near (Mg 9sFeo 02)OH> in both experiments).

Table 3 compares the molecular formulas of the minerals from the experiments with those
reported for valleriite and haapalaite from several natural occurrences, most of which are in
serpentinites. The composition of minerals from SO4red328 is consistent with natural samples
of valleriite, albeit the experimental products contain somewhat lower Cu and higher Ni than
those reported from natural settings. Valleriite from natural serpentinites exhibit substantial
variability in chemical composition (see also Miicke, 2017). The lower Cu and higher Ni in the
products from SO4red328 appears to be an extension of that variability, which most likely
reflects a somewhat different chemical environment in the experiment than in the natural
systems. Fewer data are available for Ni-rich TVG minerals in natural settings, but the
composition of the minerals from SO4red300 is very similar to that of haapalaite from the type
locality in Finland (Table 3).

Raman spectroscopy was employed to further assess the identity of the experimental
products (Fig. 5). The Raman spectrum for the tabular minerals from SO4red328 is very similar
to a reference spectrum for natural valleriite from the RRUFF database, and resembles even
more closely a Raman spectrum for synthetic valleriite (Fig. 5; note that the synthetic valleriite
shown in the figure has Fe:Cu ratio close to one and a mixture of Mg and Al in the hydroxide
layer, similar to the SO4red328 products). Both the minerals from SO4red328 and the reference
spectra exhibit two broad, prominent maxima at ~283 cm™ and ~336 cm™. The similarity in

Raman spectra, combined with the chemical composition and crystal morphology, indicates that
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the experimental products from SO4red328 can be identified as valleriite with a high degree of
confidence. To our knowledge, there is no alternative to valleriite that could possibly account
for the combination of chemical composition, morphology, and Raman spectrum observed for
the minerals from SO4red328.

No reference Raman spectrum could be found for haapalaite. The Raman spectra for tabular
minerals from SO4red300 exhibit two broad, prominent maxima, analogous to the two prominent
maxima that dominate the spectra for valleriite and tochilinite (Fig. 5). The positions of the
maxima for the SO4red300 products, however, have a substantially lower Raman shift than
valleriite, and are intermediate between those of valleriite and tochilinite. The maxima in the
Raman spectra for TVG minerals are evidently attributable to vibrations of metallic element-S
bonds (e.g., Mikhlin et al., 2022a), hence it is reasonable to expect that the position and shape of
the maxima may vary as a function of the relative abundances and oxidation states of Fe, Cu, and
Ni in the sulfide layer (note that the reference tochilinite spectrum shown in Fig. 5 evidently
represents a pure Fe endmember; see similar spectra in Vacher et al., 2017). The lower Raman
shift of the maxima observed for the SO4red300 products relative to valleriite may therefore
reflect differences in the relative abundances of Ni, Cu, and Fe that led to variation in the
structure of the sulfide layer. If the tabular minerals from SO4red300 are indeed haapalaite (as
indicated by the chemical composition, morphology, and overall similarity to the valleriite from
SO4red328), then the Raman spectrum shown in Figure 5 may represent the first published
spectrum for this mineral. Lastly, it is worth noting that despite the presence of brucite-like
hydroxide layers in the structure of TVG minerals (e.g., Organova et al., 1971, 1974; Mikhlin et
al., 2022a), none of the minerals from this group exhibits an OH stretch feature at ~3650 cm™
like that observed for brucite (Fig. 5).

For the most part, the TVG minerals observed in the experimental products were small
tabular crystals embedded among the other products of serpentinization, with thicknesses mostly
~1 pm and diameters up to about 15 um across (Fig. 4a-e). In SO4red328, however, a few much
larger valleriite crystals precipitated on the titanium closure piece of the reaction cell with
diameters up to several hundred pum (i.e., Fig. 4g). While the majority of the crystals throughout
the sample had a tabular habit, a couple of the valleriite crystals found on the closure piece had
an acicular habit and, in one case, appeared to be transitioning from tabular to acicular

morphology (Fig. 4h,i). Tochilinite is known to have both tabular and acicular habits (Organova
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et al., 1973, 1974; Zolensky and MacKinnon, 1986), although the tabular habit appears to be
more common in natural serpentinite. Although the larger crystals found on the closure piece
were not analyzed by EMPA, there was no detectable difference in the composition of these
crystals and those found in the bulk solids using EDS.

Confirmation that S in the TVG minerals was present in a reduced state (i.c., sulfide rather
than sulfate) was obtained by measuring the centroid of the S Ka emission line via wavelength
dispersive X-ray spectroscopy (WDS) scans. The energies of X-rays emitted from S-bearing
minerals and glasses have been shown to vary systematically as a function of the formal valence
of sulfur (Caroll and Rutherford, 1988; Wallace and Carmichael, 1994). This is illustrated in
Figure 6, which shows beam-current normalized WDS scans for the mineral identified as
haapalaite from SO4red300 compared with pentlandite and anhydrite standards. The S Ka peak
centroid for the pentlandite standard occurs at 2307.4 eV while that for anhydrite occurs at
2308.8 eV. The energy of the S Ka centroid for the haapalaite is nearly identical to that of the
pentlandite standard, confirming that S is present in the S" oxidation state.

As an aside, it should be noted that the chemical compositions of TVG minerals listed in
Table 1 represent only the best quality EMPA results. The small size (mostly ~1 pum thick; Fig.
4) of the TVG crystals as well as their close spatial association with chrysotile or other minerals
precluded accurate determination of their compositions for most crystals, resulting in low totals
and high SiO, contents. Although lower quality data are excluded from the average
compositions listed in Table 1, in all cases the lower quality analyses were consistent with the
compositions shown in the table and there was no indication that there was significant
compositional variability of the TVG minerals within the individual experiments.

Other trace minerals found sparsely distributed among the reacted solids included sulfides,
prismatic Ca-sulfate minerals (presumably anhydrite; Supplemental Fig. S6), and Mg-Ca
carbonates (presumably dolomite; e.g., Fig. 4i). In SO4red300, the sulfides included both
individual crystals that contain predominantly Fe and others that contain substantial amounts of
Ni and Co in addition to Fe. The very small size of the sulfides (predominantly <1 pm diameter)
precluded accurate determination of their identity by Raman spectroscopy or of their
composition by EMPA. However, the most reliable measurements for the Ni-bearing sulfides in
SO4red300 resulted in an approximate chemical formula of Nis 4Fe; 2Coo5Sg (Table 1). Based on

this composition, the Ni-bearing sulfide in that experiment is most likely pentlandite (cf., Klein
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and Bach, 2009). The pentlandite contains proportionally greater amounts of Ni and Co than the
sulfide layers of the haapalaite in the same experiment (see molecular formula above).

The Fe-sulfides found in SO4red300 could be remnants of the pyrrhotite included among
the initial reactants. However, low-temperature magnetization measurements (20-300K)
detected the magnetic transition for magnetite (Verwey transition at ~120 K) but did not show
evidence for the magnetic association associated with pyrrhotite (Besnus transition at ~34 K) at a
detection limit of ~0.01 wt.%, suggesting that most of the original pyrrhotite reacted during the
experiment. Furthermore, the size of the Fe-sulfides in the reaction products is significantly
smaller than the added reactant FeS. Accurate compositional analyses of the Fe-sulfide particles
in the reaction products could not be obtained by EPMA, so their identity is uncertain.

The Ni-bearing sulfides in SO4red328 had significantly higher Ni:(NitFe) and lower
(Nit+Fe):S ratios than the pentlandite found in SO4red300, and Co levels were substantially
lower (Table 1). Based on a (Ni+Fe):S value close to one and Ni:(Ni+Fe) =~ 0.87, these minerals
could be crowningshieldite or millerite rather than pentlandite. =~ However, because the
identification is uncertain, this phase is referred to here as (Ni,Fe)-sulfide. In a number of
instances, (Ni,Fe)-rich sulfides were observed to be enshrouded by larger magnetite crystals (Fig.
4f; Supplemental Fig. S7). A few particles of an Fe,Zn-sulfide were also observed in
SO4red328, but no pure-Fe sulfides were found in this experiment. In addition, a few crystals of
a Cu-sulfide mineral with a Cu:S ratio near one were found during inspection of the reaction
products of SO4red328 (Supplemental Fig. S8).

In some instances, sulfide minerals and magnetite were observed in close proximity to the
TVG minerals in both experiments (Figs. 4 and 7). In other cases, however, TVG minerals were
found with no adjacent sulfides or magnetite, and many sulfide and magnetite crystals were not
associated with TVG minerals. Thus, there is no consistent evidence that the TVG minerals
were produced by alteration of preexisting sulfides or magnetite; rather, all of these minerals
appear to be co-precipitating from solution.

The isotopic composition of the chromium-reducible sulfur (CRS) fraction of the bulk
solids, which presumably reflects the bulk reduced S in the reaction products, was 2159 £ 176%o
in SO4red300 and 3266 + 256%0 in SO4red328. These values reflect contributions from both the
labeled sulfate added to the reactant solution (8348504 ~ 4749 or 4790%o, respectively) and a

natural abundance sulfur source. In the case of SO4red300, the pyrrhotite added to the initial
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reactants had an isotopic composition of 8°*Sges = 14.2 + 0.3%o. In addition, the powdered
olivine used in the experiments was found to contain a small amount of S (0.018 wt.%), of which
26% is recoverable in CRS with a 8**Sjivine value of 0.4 % 0.3%o. Since SO4red328 lacked added
FeS, the source of the natural abundance sulfur is most likely the trace reduced S in the olivine
reactant. The very heavy isotopic compositions of the CRS fractions from the reacted solids
indicate a substantial contribution of **S from the labeled 2SOy to the reduced S fraction.

Thermogravimetric analysis (TGA) of the reacted solids showed mass losses attributable to
serpentine and brucite (Supplemental Fig. S9; cf. Klein et al., 2020). The TGA results indicate
that the reacted solids from SO4red300 contain 13.0 wt.% chrysotile and 0.75 wt.% brucite
which, combined with the magnetite abundance, equates to reaction of about 12.8% of the
original olivine during the experiment (Table 4). The products of SO4red328 contain 14.8 wt.%
chrysotile, 0.79 wt.% brucite, and 0.71 wt.% magnetite (Table 4), which equates to 14.3%
reaction of the reactant olivine. These results indicate that a comparable amount of olivine
reacted in both experiments. There was no weight loss evident in the TGA results for either
experiment that could be attributed to TVG minerals, probably because of their low abundance
or because the dehydroxylation temperature for these minerals might overlap with that of brucite.
Hence, the calculated abundance of brucite from TGA could be slightly overestimated.

Mossbauer spectroscopy (MB) was performed on the reacted solids to place additional
constraints on the Fe bearing phases. Prior to MB analysis, the solids were treated to remove
some of the olivine and magnetite in order to reduce the signal from these components to focus
on other secondary products, particularly chrysotile. The treatment involved sonicating a portion
of the bulk sample with ethanol in a glass vial, and pipetting off the fine-grained suspended
fraction for the MB analysis (see supplemental materials). During this process, magnetite was
removed by placing a strong magnet next to the vial while pipetting off the ethanol. Despite this
treatment, a substantial amount of olivine remained in the treated solids.

The resulting MB spectra for both experiments were fit with three doublets, two assigned to
Fe' and one to Fe'" (Table 5; Supplemental Figs. S10 and S11). The Fe" doublets with
quadrupole shift (QS) = 3.1 and isomer shift (IS) =~ 1.14 are assigned to olivine, and the other
Fell doublets with QS = 2.9 and IS = 1.13 are assigned to chrysotile. However, because the
hyperfine parameters for olivine and chrysotile are very similar to one another (Supplemental

Figs. S10 and S11) and the chrysotile from the experiments has very low Fe contents, there may
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be some overlap in the peaks assigned to these minerals and the resulting estimates for relative
areas assigned to each mineral have relatively high uncertainties (Table 5). The parameters for
the Fe'' doublet are similar to tetrahedral site in serpentine, although there may be some
contribution from the octahedral site as well (Supplemental Fig. S11). There were no doublets
observed for brucite or TVG minerals, which likely reflects the low abundances of these

components as well as the low Fe content of brucite.

DISCUSSION

Pathway for TVG mineral formation

To our knowledge, this is the first instance where members of the tochilinite-valleriite group
have been reported as reaction products during laboratory simulation of serpentinization. It
seems likely, however, that minerals from this group have formed in other sulfur-bearing
serpentinization experiments conducted under comparable conditions, but that they went
unrecognized owing to their sparse distribution and morphological similarity to brucite. In this
respect, the high contrast of the metal-rich TVG minerals when examined by SEM in back-
scattered electron mode was crucial in their identification (Fig. 4), and the use of similar methods
to inspect the solids from future laboratory serpentinization studies may reveal a more common
occurrence.

The TVG minerals and the accompanying sulfides likely precipitated through reaction of
dissolved H,S with cations supplied primarily from dissolution of olivine. Reduction of sulfate
made a significant contribution to the H,S that precipitated in these minerals, as indicated by: (1)
the relatively low amount of H, accumulated in the experiments compared with the amounts
generated in sulfate-free experiments conducted at the same conditions (Fig. 1), (2) the
increasing concentration of £H,S as the experiments proceeded, and (3) the incorporation of the
34§ label from dissolved sulfate into reduced S in the solids and into ZH,S (Fig. 2). These

observations are consistent with sulfate reduction according to the reaction:
HSO; + 4H, + H* - H,S + 4H,0. 2)

The dissolved H,S then combined with cations derived from dissolution of the reactant minerals
(Fe, Ni, Cu, and Mg) to precipitate the TVG and sulfide minerals.
Additional evidence that sulfate reduction contributed to the formation of secondary

minerals comes from Ni mass balance. The Ni present in the TVG minerals and in Ni,Fe-

16

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502

This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America.

The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2022-8625. http://www.minsocam.org/

sulfides most likely came from dissolution of olivine, since there are no other identified sources
of Ni in the experiments. Based on the amount of olivine initially included in SO4red300 (14 g),
the extent of reaction (12.8%), and the Ni content of olivine (0.38 wt.% NiO), the amount of Ni
released from the reactants was ~91 umoles. For a Ni:S ratio of one, the Ni alone would have
exceeded the amount of S originally added to the experiment as FeS (77 pmoles), so that addition
of reduced S from sulfate reduction was required to account for the secondary minerals. For
SO4red328, dissolution of olivine released ~103 pmoles Ni. Given the absence of added FeS for
this experiment, even greater amounts of sulfate reduction are required to explain the
precipitation of secondary minerals.

It is somewhat more problematic to determine the source of Cu for the formation of
valleriite in SO4red328. Although trace amounts of Cu-bearing minerals were found as
contaminants during inspection of the reactant by SEM (Supplemental Fig. S2), it is not certain
that these were present in sufficient amounts to account for the valleriite. Other possible sources
include nanoscale Cu minerals that went undetected during inspection of the reactant olivine or
trace amounts of Cu present in the olivine itself, either within the mineral matrix or as very small
inclusions. Because the thread lubricant (Jet-Lube SS-30) used in preparation of the reaction cell
contains native Cu, it also is possible that the experiment was somehow contaminated with
lubricant during set-up and that this contributed to the precipitation of valleriite. Prior to the
experiments, lubricant is applied to the threads of the titanium closure piece of the reaction cell
(Supplemental Fig. S1) and, conceivably, some of this lubricant could have gotten into the cell
itself. However, because the lubricant was carefully applied to the threads with a cotton swab
and the threads are external to the sealing surface of the reaction cell, it is unlikely that any
significant contamination could have occurred. In addition, the interior of the reaction cell is
cleaned with 6 N HCI between experiments, so carryover from a previous experiment is unlikely.

At this time, it is unclear why valleriite precipitated as the TVG mineral in SO4red328 while
haapalaite precipitated in SO4red300. One possibility, however, is that the higher temperature
and lack of added pyrrhotite in SO4red328 favored greater partitioning of Ni from olivine into
secondary sulfide minerals, as reflected by the higher Ni:(Ni+Fe) ratio in the sulfides present in
SO4red328 than in SO4red300 (Table 1). This may have resulted in less Ni being available to
partition into TVG minerals, leading to precipitation of valleriite rather than haapalaite.

Alternatively, the difference could reflect variation in the thermodynamic stability of TVG
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minerals as a function of temperature and activities of H, and H,S. Other explanations are also
possible, and additional experimental work will be needed to better understand what factors

control the composition of TVG minerals during serpentinization.

Potential pathways for TVG mineral formation in serpentinites

There have been numerous reports of TVG minerals in natural serpentinites suggesting that
their occurrence is widespread, although they are typically present in only small amounts
(Jambor, 1969; Clark, 1970; Organova et al., 1971; Harris and Vaughan, 1972; Huhma et al.,
1973; van de Vusse and Powell, 1983; Matsubara and Kato, 1992; Alt and Shanks, 1998; Beard,
2000; Beard and Hopkinson, 2000; Dietze and Kontny, 2011; Boschi et al., 2017). Tochilinite
and valleriite are the most commonly reported TVG minerals in serpentinite, but haapalaite has
been reported in a few localities (Huhma et al., 1973; Matsubara and Kato, 1992; Beard, 2000).
The chemistry of this mineral group has received little study and, consequently, the potential for
solid-solution mixing and the compositional boundaries between endmembers are poorly
defined. Neevertheless, from the data currently available for natural samples and the
experimental results, it is evident that considerable solid solution mixing is possible within this
mineral group, particularly with respect to Fe, Ni, Cu, and Mg contents (e.g., Beard, 2000;
Mikhlin et al., 2022a).

Despite their low abundance, TVG minerals have the potential to supply useful information
about the local chemical and physical environment at the time they precipitated. At present,
however, the conditions leading to precipitation of TVG minerals in serpentinite are poorly
constrained. Based on setting and mineralogical associations, some studies have inferred that
conditions for formation of TVG minerals include low temperatures, relatively oxidizing
conditions, and alkaline pH (e.g., Chamberlain and Delabio, 1965; Boschi et al., 2017). In many
cases, TVG minerals in serpentinites are found in close proximity to sulfide minerals, leading
some authors to suggest that the TVG minerals formed through replacement of primary sulfides
(Harris and Vaughn, 1972; van de Vusse and Powell, 1983; Zolensky and MacKinnon, 1986;
Matsubara and Kato, 1992; Beard, 2000). In still other studies, the TVG minerals are found in
association with secondary magnetite, where they have sometimes been interpreted to be
replacing the magnetite under relatively oxidizing conditions (Chamberlain and Delabio, 1965;
Matsubara and Kato, 1992); however, other authors have interpreted the associated magnetite to

form after TVG mineral precipitation as a consequence of a transition to more oxidizing
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conditions (van de Vusse and Powell, 1983). In contrast to serpentinites, the Fe-rich tochilinite
found in meteorites is generally thought to form through alteration of Fe-Ni alloys under highly
reducing conditions at relatively low temperatures (<100 °C) and neutral-to-alkaline pH (e.g.,
Zolensky et al., 1993; Peng and Jing, 2014; Pignatelli et al., 2017; Vacher et al., 2019).

The results of the present experiments demonstrate that TVG minerals can precipitate during
serpentinization of olivine-rich ultramafic rocks at elevated temperatures, circumneutral pH, and
strongly reducing conditions, potentially expanding consideration of the range of conditions
under which these minerals form in natural serpentinites. In addition, there is no indication that
the haapalaite and valleriite formed as an alteration product of pre-existing sulfides or magnetite
as inferred for some occurrences of TVG minerals in serpentinite. Although pyrrhotite was
initially present in the SO4red300 experiment, it is unlikely that direct replacement of this
mineral was involved in haapalaite formation since: (i) the haapalaite was never observed
spatially associated with pyrrhotite, and (ii) alteration of pyrrhotite would not account for the
elevated Ni and Co contents of the haapalaite. Furthermore, there was no pyrrhotite included in
the reactants for SO4red328, so it could not have been a precursor to valleriite. Instead, the
association of TVG minerals with sulfides and magnetite in our experiments (Figs. 4 and 7)
appears to result from concurrent precipitation of these secondary phases rather than from
replacement. This observation raises the possibility that, in some instances, the association of
TVG minerals with sulfides and magnetite in natural samples might arise from simultaneous
precipitation as serpentinization progressed rather than as a replacement of pre-existing sulfides
or oxides.

The results also suggest a possible alternative pathway for TVG mineral formation during
serpentinization that involves reduction of seawater-derived sulfate. In seafloor hydrothermal
systems, much of the sulfate in seawater is removed from circulating fluids through precipitation
of anhydrite or other sulfate minerals as the temperature of the fluid increases (Bischoff and
Seyfried, 1978). Nevertheless, some sulfate may persist in the fluids as they circulate through
the hydrothermal system (just as some dissolved sulfate persisted throughout the experiments;
Fig. 1), and this sulfate could undergo reduction to H,S when the fluids penetrate into actively
serpentinizing rocks at elevated temperatures. Indeed, there is isotopic evidence that reduction
of seawater sulfate has occurred in some seafloor serpentinites (e.g., Alt and Shanks, 1998),

although it is possible that this is biotic rather than abiotic. The resulting H,S may then react
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with dissolved Fe, Mg, Ni, and Cu released from olivine, pyroxene, or other minerals to form
TVG minerals.

Based on the experimental results, such processes could potentially occur at elevated
temperatures at least as high as 328°C and at circumneutral to mildly acidic conditions. Similar
reactions might be possible at lower temperatures and alkaline pH; however, the rate of sulfate
reduction may be much slower under these circumstances, so this possibility needs to be
investigated experimentally. In any event, it appears plausible that the TVG minerals observed
in some natural serpentinites may have precipitated as the rocks were actively undergoing
serpentinization, with reduction of seawater sulfate contributing to the reduced S. Analysis of
the sulfur isotopic composition of minerals from this group in future studies of natural samples

would allow this possibility to be tested.

IMPLICATIONS
Although tochilinite-valleriite group minerals are relatively sparse components of
serpentinites, they have the potential to provide useful constraints on the environmental
conditions present when they formed (fluid composition, sulfur source, temperature, etc.). In
turn, this information may provide new insights into processes and reaction pathways during
serpentinization of ultramafic rocks. As the first report of minerals from this group to be
identified in a laboratory serpentinization experiment, the results provide initial constraints on

conditions for their formation that can be expanded upon in future studies.
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Figure captions

Figure 1. Evolution of fluid compositions during (a-d) SO4red300 and (e-h) SO4red328. In (a),
(b), (e) and (f), results for other olivine serpentinization experiments that lacked sulfate are
shown for comparison, while other panels show only results for the present experiments. (a,e)
Dissolved concentrations of H,. (b,f) Total dissolved SiO,. (c,g) Dissolved Mg and £SO,. Last
measurements were acquired after the experiments were cooled to room temperature (quench;
indicated by dashed black lines). (d,e) Measured room temperature pH (pHazsec) and calculated in
situ pH (pHin siy). Data for Oliv300 and Oliv320 are from McCollom et al. (2016).

Figure 2. Relative abundances of fragments with different mass/charge ratios (m/z) produced
during gas chromatography-mass spectrometry analysis of XH,S from SO4red328 compared
with those from an H,S calibration standard analyzed with the same method. Results of both
samples are normalized to the abundance of the m/z = 34 fragment. The sample was obtained
after 4028 h of reaction.

Figure 3. Back-scattered electron images of reacted solids from experiments. (a) Reaction
products from SO4red300, including relict olivine (light gray; Ol) embedded in mat of chrysotile
(dark gray; Ctl). Bright haapalaite crystals (Ha) are labeled, with one crystal associated with
pentlandite (Fig. 4c). Most other bright spots are magnetite. (b) Reaction products from
SO4red328, with dense mat of chrysotile fibers and magnetite surrounding partially reacted
olivine. (c) Cross-section of large, tabular brucite crystals (medium gray; Brc) from SO4red328.
Note that because the brucite occurs as thin, platy minerals (e.g., Supplemental Fig. S5), they
appear acicular in this cross-section.

Figure 4. Back-scattered electron images showing examples of TVG minerals and sulfides
formed during the serpentinization experiments. (a-d) Haapalaite (Ha) formed in SO4red300.
Note pentlandite (Pn) adjacent to haapalite crystal in (c); see Fig. 2a for context of this image.
(e) Cluster of valleriite crystals (Val) from SO4red328. The arrow points to small inclusions of
Ni,Fe-sulfide in the wvalleriite (bright spots). (f) NiFe-sulfide crystal embedded within
magnetite. Elemental maps corresponding to this image are provided as Supplemental Fig. S7.
(g,h,i) Valleriite crystals precipitated on closure piece of reaction cell. In (g), the valleriite
precipitated directly onto a large brucite crystal (Brc). Images (h) and (i) show acicular habit of
some valleriite crystals, with inset in (i) showing an expanded view where the valleriite appears
to transition from tabular to acicular morphology. The length of the valleriite crystal in (h) is
~600 um. Images (a,b,g,h,i) are from grains mounted on carbon tape while (c-f) show minerals
in cross-section from polished thin-sections. Carb = carbonate minerals.

Figure 5. Raman spectra of TVG minerals and brucite from the laboratory experiments with
reference spectra shown for comparison. The reference spectra include natural valleriite and
tochilinite from the RRUFF database and a synthetic valleriite from Mikhlin et al. (2022a). No
reference spectrum could be found for haapalaite. Additional Raman results for serpentine and
brucite are shown in Supplemental Figure S4. Raman data for the experimental products are
provided as Data Set 1.
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Figure 6. Wavelength dispersive X-ray spectroscopy scan for the mineral identified as
haapalaite from SO4red300 compared with those for Astimex standards pentlandite and
anhydrite.

Figure 7. Element distribution maps obtained using EDS. (a) Haapalaite (Ha) from SO4red300
with associated pentlandite (Pn) and magnetite (Mag). Note enrichments in Ni and Co in the
pentlandite relative to the haapalaite. (b) Valleriite (Val) from SO4red328 with associated
Ni,Fe-sulfide and magnetite. These minerals are embedded in a mat of chrysotile fibers along
with relict olivine. Scale bar in (b) is 5 um.
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Table 1. Chemical compositions of minerals as determined by electron microprobe analysis.

Oxide SC SO4red300  SO4red300 SO4red300 SO4red300 SO4red328 SO4red328 SO4red328  SO4red328
(Wt.%) Olivine Chrysotile Brucite Haapalaite = Pentlandite =~ Chrysotile Brucite Valleriite ~ Ni,Fe-sulfide
(n=09) (n=6) (n=4) (n=1)" (n=11) (n=2) (n=4) (n=1)"

Si0, 406  29.4(1.1) 0.13(0.09)  4.7(2.7) 1.4 299(1.4) 3.0 1.8 (1.1) 0.3
TiO, b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.
ALO; 0.03  0.51(0.16) b.d. 1.4 (0.2) b.d. 1.0 (0.1) b.d. 2.7(0.7) b.d.
Cr,04 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.
FeO 8.9 2.1(0.1) 2.8(0.2) 28.1(1.2) 27.1 1.9 (0.4) 1.0 27.1 (3.7) 9.5
MgO 50.1 28.8(2.5)  70. (5) 18.3 (3.0) 1.8 29.1(1.5)  6l. 16.8 (2.6) 2.1
MnO 0.14  0.03(0.02) 0.19(0.04) b.d. b.d. - - - -
CaO 0.07  0.06(0.02) b.d. b.d. b.d. b.d. b.d. b.d. b.d.
Na,O - 0.16 (0.09) b.d. b.d. b.d. b.d. b.d. b.d. b.d.
K,0 - b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.
NiO 0.38 0.06 (0.04) b.d. 18.6 (0.8) 49.1 0.09 (0.04) b.d. 5.1(2.4) 67.4
CoO b.d. b.d. b.d. 0.14 (0.05) 4.2 b.d. - b.d 1.0
Cu,0 b.d. b.d. b.d. 0.35 (0.05) b.d. b.d. - 13.2 (2.4) b.d.
S - b.d. b.d. 18.4 (1.1) 30.8 0.21 (0.05) 0.3 19.1 3.1 35.1
Cl - 0.69 (0.19) b.d. 0.19 (0.05) b.d. - b.d. - -
Total 100.1 62 (5) 73 (5) 89.97 (4.4) 1157 62 (3) 65 86" (11) 1157
Mg# 91 96 98 (0) - - 96 99 - -
(Mg+Fe)/Si* 2.0 1.5 - - - 1.5 - - -
(Fe+Ni+Cu - - - 1.12 1.1 - - 1.04 0.95

+Co)/St

11313

= not measured or not applicable. “b.d.” = Below detection limit of approximately 0.05 wt.%. *Owing to the small crystal size (<1 um) and
close association with other phases, it was difficult to obtain reliable EMPA results for pentlandite and Ni,Fe-sulfide. The compositions shown
here represent what appear to be the most reliable individual analyses. "The totals for pentlandite and Ni,Fe-sulfide exceed 100 wt.% because Fe,
Ni, Cu, and Co are reported in the table as oxides although they are present as sulfides in the mineral. Similarly, the totals for haapalaite and
valleriite are likely to be high since no correction is made for the amounts of metals that are present in the sulfide layers rather than the hydroxide
layers. *Molar ratios. SC = San Carlos.



729  Table 2. Fluid compositions during the experiments.

Time Temp H, CO, CH, Na Cl SO, &%S XH,S SiO, Mg Ca K Fe Cu Ni pH If Fluid"
M © m m @ M M M SO, @ W M M M @ @ w e0O o 0
Experiment SO4red300
Initial 18 0 2.3 0 462 543  26.6 4750 0 0 5292 93 0 0 0 8.2 - -
0 Sart of experiment at 300 °C
21 300 064 5.5 18 - 475 12.6 - b.d. 410 - - - - - - 4.0 54 38.1
813 300 4.1 5.5 83 - 463 3.2 - b.d. 37 - - - - - - 2.5 3.2 34.7
3165 300 2.8 3.5 73 442 478 3.7 - 100 46 22 11 11 64 12 <2 5.6 53 30.3
3981 300 2.5 5.6 120 436 467 3.0 - 270 21 21 10 10 200 5 <2 5.6 5.3 25.9
4001 Experiment terminated and cooled to room temperature
4025 20 - - - 437 470 245 - - - 31 10 10 35 2 <2 8.0 - 18.1

Experiment SO4red328

Initial 18 0 2.3 0 462 543 26.6 4790 0 0 5292 93 0 0 0 8.2 - -
0 Sart of experiment at 328 °C

43 328 054 5.1 48 411 - 3.9 - bd. 610 23 95 98 2300 <2 <2 51 4.5 37.6
1004 328 096 41 211 472 - 1.6 - 400 65 20 27 12 270 19 <2 59 4.9 31.8
2156 328 0.10 42 287 457 - 1.4 - 700 33 19 27 12 140 <2 <2 56 5.0 29.4
4028 326 0.03 4.6 361 442 - 1.4 - 770 63 17 24 11 150 9 <2 5.7 5.0 24.0
4030  Experiment terminated and cooled to room temperature
4044 20 - - - 441 - 24.8 4720 - 110 35 11 11 70 18 <2 - - 17.0

730 Concentrations in mmol kg (m) or umol kg™ (). “b.d.” = below detection limit. “-* = not determined. "Amount of fluid in reaction cell prior to sampling.
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733  Table 3. Comparison of molecular formulas for valleriite and haapalaite from laboratory experiments
734 compared with minerals in natural serpentinites.

Experiment or Locality Formula Referencet
Valleriites
SO4red328 2(Feo.50Cu30Nig.11) S« 1.53(Mgo.s1Fep.08Alo.11)OH, This study
Del Norte, California 2(Fe0,67Cu0_33) Se 1.49(Mg0.68Feo‘18A10‘16)OH2 1
Kaveltorp, Sweden 2(Fegs7Cugas) S » 1.49(Mgg77Aly23)OH, 2
Kaveltorp, Sweden 2(FepssCugaz) S * 1.68(Mgp72Aly25)OH, 2
Kaveltorp, Sweden 2(F60'60C110.40) Se 156(Mg0 g3FCo_17)OH2 3
Kingash, Siberia 2(Fe0,53Cuo_47) Se 1.47(Mg0.64Feo‘24A10‘12)OH2 4
Loolekop, South Africa 2(Fe47Cugs3) S » 1.92(Mgg s4Feo 0sAlg27)OH, 2
LOOICkOp, South Africa 2(Feo,53Cu0,47) Se 1.53(Mg0.68A10‘32)OH2 5
Palabora, South Africa 2(F60'48CUO_52) Se 1.67(Mg0.75Fe0<16A10<09)OH2 3
I0ODP Hole 1068A, Iberia margin 2(F€0'59C110,38Ni0'04) Se 2.76(Mg0_53Feo.41Al(),()())OHz 6
Yukon, Canada 2(Feo40Cuoe0) S * 1.64(Mgo 71Feq 06Al923)OH, 7
Akagane Mine, Japan 2(F60'42C110.58) Se 1.76(Mg0.82A10‘18)OH2 8
Noril’sk, Siberia 2(Feg50Cugso) S » 1.47FeOH, 5
Haapalaites

SO4red300 2(FeossNig42) S * 1.50(Mgo.77Feo.16Al0.07)OH, This study
Outokumpu, Finland* 2(F€0_63Ni0_37) Se 1.63(Mg0A83FeoA16A10A01)OH2 9
IODP Hole 1068A, Iberia margin 2(F60'74Ni0'26) Se 1.86(Mg0_70Feo_15A10_16)OH2 6
IODP Hole 1068A, Iberia margin 2(Feg7sNiga2) S » 1.84(Mgg 74Fe0.00Aly17)OH, 6

735  Data sources: (1) Harris and Vaughan (1972); (2) Evans and Allmann (1968); (3) Springer (1968); (4)
736  Mikhlin et al. (2022b); (5) Harris et al. (1970); (6) Beard (2000); (7) Petruk et al. (1971); (8)
737  Matsubara and Kato (1992); (9) Huhma et al. (1973). *Type locality.



739 Table 4. Results of thermogravimetric analyses for the
740  experiments.

SO4red300 SO4red328

TGA weight loss (%):

Serpentine 1.64 1.88

Brucite 0.22 0.24
Secondary minerals (wt.%):

Serpentine 12.8 14.6

Brucite 0.71 0.79

Magnetite” 0.68 0.71
Total reaction (%) 12.6 14.3

741 "From magnetization measurements. "Estimated percent of original olivine
742  reacted, by mass. See Supplemental Materials for methods.
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Table 5. Room-temperature hyperfine magnetic Mossbauer
parameters for the treated experiment samples.

Sample QS IS %" Assignment
(mm/s) (mm/s)
SO4red300 3.07 1.14 49 Fe" (O1)
2.88 1.13 47 Fe'' (Ctl)
0.39 0.31 4 Fe'' (Ctl)
SO4red328 3.10 1.15 34 Fe'' (O1)
2.90 113 63 Fe" (Ctl)
0.49 0.27 3 Fe'' (Ctl)
SC olivine” 3.00 1.18 100 Fe'

“Relative abundances of Fe" and Fe'™. *Data for SC olivine from
McCollom et al. (2016). “OI” = olivine, “Ctl” = chrysotile.
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