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Abstract

Serpentinization plays a fundamental role in the biogeochemical and tectonic evolution of the
Earth and perhaps many other rocky planetary bodies. Yet, geochemical models still fail to
produce accurate predictions of the various modes of serpentinization, which limits our ability to
predict a variety of related geological phenomena over many spatial and temporal scales. Here,
we utilize kinetic and reactive transport experiments to parameterize the brucite silicification
reaction and provide fundamental constraints on SiO; transport during serpentinization. We
show that, at temperatures characteristic of the sub-seafloor at the serpentinite-hosted Lost City
Hydrothermal Field (150°C), the assembly of Si tetrahedra onto MgOHj (i.e., brucite) surfaces is
a rate-limiting elementary reaction in the production of serpentine and/or talc from olivine.

Moreover, this reaction is exponentially dependent on the activity of aqueous silica (as;0, (aq))

such that it can be calculated according to the rate law:

Rate = 2.3 x 107 a3}, (4q) (mol/m’/s) .
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Calculations performed with this rate law demonstrate that both brucite and Si are surprisingly
persistent in serpentinizing environments, leading to elevated Si concentrations in fluids that can
be transported over comparatively large distances without equilibrating with brucite. Moreover,
applying this rate law to an open-system reactive transport experiment indicates that advection,
preferential flow pathways, and reactive surface area armoring can diminish the net rate of Si
uptake resulting from this reaction even further. Because brucite silicification is a fundamentally
rate-limiting elementary reaction for the production of both serpentine and talc from forsterite,
our new constraints are applicable across the many environments where serpentinization occurs.
The unexpected but highly consequential behavior of this simple reaction emphasizes the need
for considering serpentinization and many other hydrothermal processes in a reactive transport
framework whereby fluid, solute, and heat transport are intimately coupled to kinetically-

controlled reactions.

1. Introduction

As seawater infiltrates exhumed mantle rocks, a variety of chemical and physical
processes ultimately convert mafic minerals (i.e., olivine and pyroxene) to serpentine and
accessory phases (Evans et al., 2013; O’Hanley, 1996). For most of Earth’s history, this process,
known generally as “serpentinization,” has played a central role in the long-term evolution of
atmospheric, oceanic, and lithospheric properties. Serpentinites and serpentinite-hosted
hydrothermal systems host unique, microbial ecosystems (Kelley, 2005; Schrenk et al., 2013),
and figure prominently in chemical scenarios for the origins of life on Earth (Martin et al., 2008;
Sleep et al., 2011; Sojo et al., 2016) as well as in models for the early chemical evolution of the
atmosphere (Kump and Barley, 2007). At a broader level, serpentinizing systems strongly

modify the strength and rheological characteristics of the oceanic crust (Escartin et al., 2001),
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which, once subducted, influences both the oxidation state and water content of Earth’s mantle
(e.g., Riipke et al., 2004). Because the principal reactants and drivers are thought to be common
across a range of planetary bodies, some view serpentinization as a fundamental process
influencing planetary evolution more generally (e.g., Oze and Sharma, 2005; Sleep et al., 2011;

Waite et al., 2017).

Nonetheless, in spite of decades of dedicated research into serpentinization and its wide-
ranging implications, the various modes of serpentinization cannot yet be quantitatively
predicted from a process-oriented point of view. This, in turn, limits the confidence with which
we can extrapolate our knowledge of serpentinization over geologically relevant scales of space

and time.

An important example illustrating the disparity between theoretical predictions and field
measurements for serpentinizing systems involves the reaction between brucite and dissolved
silica (SiOz(aq)). Considering only the magnesian end-members, the isochemical

serpentinization reaction may be written:

2 olivine + 3 H,O = brucite + serpentine .
2 Mg28104 +3 HzO = Mg(OH)Z + Mg381205(OH)4 (1)

However, silica sourced from adjacent pyroxene or plagioclase often either precludes brucite

formation through a contemporaneous reaction:

3 olivine + SiO,(aq) +4 H,O =2 serpentine ,
3 Mg,Si04 + SiOx(aq) + 4 H,O = 2 Mg3Si,0s(OH)4 (2)

or silicifies brucite through later-stage infiltration or a fracture reactivation event:

3 brucite + 2 SiOy(aq) = serpentine + H,O .
3 Mg(OH); + 2 SiO,(aq) = Mg3Si,05(OH)4 + H,O 3)
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Through either pathway, the extreme reactivity of brucite across a broad range of SiO,
concentrations dictates that either SiO, should be quantitatively removed from solution (if
brucite is the excess component) or brucite should be quantitatively converted to serpentine (if
Si0; is the excess component) (Fig. 1a). However, although petrographic studies have
demonstrated the operation of reactions 1-3 and their higher ag;0, (qq), talc-producing analogues
during oceanic serpentinization (e.g., Katayama et al., 2010; Klein et al., 2009), recent
measurements of Lost City fluids (Seyfried et al., 2015) suggest that elevated levels of SiO»(aq)
can persist in serpentinizing environments, even after flowing through brucite-bearing fractures
and massive brucite chimney structures (Ludwig et al., 2006). This, in turn, suggests that “Lost
City-type” hydrothermal fluids are not always in equilibrium with their geologic surroundings,
and, indeed, that fluid and solute transport in concert with kinetically-controlled geochemical

reactions—i.e., reactive transport—govern fluid compositions observed at the seafloor.

Reactive transport models have long shown promise for the quantitative prediction of
hydrothermal processes, but this ultimate functionality has, to date, remained elusive. Amongst
the grand challenges in the continually evolving field of reactive transport modelling, perhaps the
most difficult to reconcile involves the estimation of the surface area within a particular rock that
will participate in a reaction, which is a function not only of the mineral’s intrinsic surface area
but also other factors such as flow path geometry (e.g., Helgeson et al., 1984; Noiriel et al., 2009;
White and Peterson, 1990). Because this fundamental parameter ultimately dictates the overall
pace and extent of geochemical reactions within a particular system, the accuracy of reactive
transport simulations hinge largely upon the accuracy of the utilized reactive surface area

estimate. This is particularly evident in serpentinizing systems, where most of the reactive
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surface area within the rock is generated through feedbacks associated with flow paths generated

by the serpentinization reaction itself (Tutolo et al., 2016).

The brucite silicification reaction (reaction 3) presents a tractable yet realistic opportunity
to experimentally examine reactive transport processes during serpentinization and illustrate the
effects of reactive surface area estimates on predicted results. Here, we utilize both closed- and
open-system reactive transport experiments to examine the rates and evolution of this reaction at
150°C, a temperature characteristic of the subsurface at the Lost City Hydrothermal Field
(Seyfried et al., 2015), where upwelling hydrothermal fluids are interacting with serpentinized
oceanic crust (Frith-Green et al., 2016). We show that, although this reaction is rapid at 150°C, it
is orders of magnitude slower than the rates of olivine dissolution and brucite precipitation.
Surprisingly, strong reactive surface area feedbacks can decrease the net rate of this reaction
even further, in spite of continued kinetic and thermodynamic drive in its favor. This interesting
behavior implies that brucite and elevated SiO»(aq) concentrations can be surprisingly persistent
in serpentinizing systems, which helps to explain the elevated SiO,(aq) concentrations measured
at LCHF, and in turn, implies unexpected alteration phase assemblages and, potentially, limited

amounts of H, production in some serpentinizing systems

2. Methods
2.1 Characterization procedures
Mineral reactants for experiments were characterized by both Fourier transform infrared
(FTIR) spectroscopy and powder X-ray diffraction (XRD) to determine mineralogical
composition, and chemical composition of experimental fluids and solids were determined using
inductively coupled plasma-optical emission spectroscopy (ICP-OES). FTIR spectra were

acquired in transmission mode on optically translucent KBr disks, which were prepared by first
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mixing ~2 mg of sample into 200 mg of dried (at 200°C) KBr powder, and then compressing the
mixture under vacuum to 7 tons in a hydraulic press. XRD measurements were performed at the
University of Oxford using a Panalytical Empyrean Series 2 outfitted with a spinning reflection-
transmission stage. Samples were mounted on polished silicon background substrates and
analyses were performed using a Co Ka source at 40 kV and 40 mA. 5-point Brunauer-Emmett-
Teller (BET) specific surface area was measured with N, gas on the brucite powder (dried at
60°C) used in the closed-system experiments at the University of Oxford Begbroke Science
Park. The measured specific surface area, 5.41 £ 0.06 m?/ g, was used to calculate the silica
uptake rate in the closed-system experiments.

Mg, Ca, Na, and SiO; concentrations in selected fluid samples and the solid brucite ore
used in the open-system reactive transport experiment were analyzed by ICP-OES at the Scottish
Universities Environmental Research Centre in Glasgow, UK (for the closed-system
experiments) and in the University of Minnesota Department of Earth Sciences (for the reactive
transport experiment). In the closed-system experiments, Ca concentrations were below the
detection limit and variations in Na concentration were smaller than analytical errors and hence
neither element is reported. In several samples from the flow-through experiment, SiO, was
measured spectrophotometrically using the molybdate blue method with metol as the reducing
agent (Mullin and Riley, 1955) in order to supplement data provided by ICP-OES. Solution pH
was measured using a Thermo Scientific™ Orion™ 8103BN ROSS™ Combination semi-micro
(Oxford) or micro (Minnesota) pH electrode, calibrated using NIST-traceable 7 and 10 pH
buffers. X-ray computed tomography (XRCT) imaging was performed on the core assembly
described below in the University of Minnesota XRCT laboratory in order to infer extents of

physical and chemical evolution that occurred over the course of the flow-through experiment.
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The core assembly was imaged in a dry state prior to the experiment, and subsequently imaged in
a water-saturated state directly after the experiment and again after it had been flushed with
deionized water and dried at 60°C. The dry core images showed significantly better grayscale
contrast than the water-saturated images without any noticeable difference in other volume
features and are thus used exclusively in experimental interpretations below. In addition, pre-
and post-experiment subsamples of the fracture fill material were analyzed using a Scanning
Electron Microscope (SEM) coupled to an Energy Dispersive Spectrometer in the
Characterization Facility at the University of Minnesota.

2.2 Experimental Methods

The goal of this study is to provide insight into the reactive transport process of
serpentinization using experimental observations of the elementary brucite silicification reaction.
Because no data exist within the literature to calculate the rate of this reaction in even ideal
conditions, we first present a series of well mixed, closed-system experiments to quantify its rate.
The measured evolution of fluid chemistry as a function of time during these closed-system
experiments permits the derivation of a rate law for calculating the rate of silica depletion during
brucite silicification as a function of brucite surface area and the activity of aqueous silica.
Subsequently, we present an open-system reactive transport experiment that inherently
incorporates reactive transport processes, such as surface area armoring and preferential flow
pathways. The parameterization derived from the closed-system experiments enables the
quantitative interpretation of surface area evolution during the open-system reactive transport
experiment. Together, these experimental results provide direct insight into serpentinization in

natural systems.

2.2.1 Closed-system experiments
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Reactant fluid in all experiments was prepared to match seawater chloride concentration
(0.547 mol Cl/kg solution) by addition of reagent grade NaCl. Consistent with the absence of
measurable Mg in LCHF vent fluids (Seyfried et al., 2015), the experimental solutions contained
no Mg and were hence undersaturated with respect to the reactant brucite. Other species typical
to seawater and the LCHF vent fluids, such as Ca, K and SO,, were also left out of reactant
solutions because they are not expected to impact the progress of the focus brucite silicification
reaction.

Closed-system reactor experiments were performed at the University of Oxford in a 100 mL
pressure vessel manufactured by the Parr Instrument Company (Model 4793). All internal
wetted parts are constructed of inert Ti, which were heated in air at 350°C for ~4 hours prior to
the experiments in order to produce a thin, oxidized surface coating. A flat PTFE gasket creates
a seal between the upper and lower portions of the reaction vessel, which was heated by an
external band heater coupled to a K-type thermocouple inserted into a Ti well in direct contact
with the reactant fluid. Internal pressure is equilibrium steam saturation pressure, ~4.8 bar.
High-purity (95%) brucite (102 mg and 105 mg for Expts. 3 and 4, respectively) and a PTFE-
coated stir bar were loaded into the vessel prior to sealing. Once sealed, the vessel was secured
in an upright position on a magnetically controlled stirrer, the experimental fluid (75.75 g and
75.43 g in Expts. 3 and 4, respectively) was injected through a port in the top of the vessel, and
the temperature controller was set to 150°C. Total time between fluid loading and reaching
150°C was ~20-25 minutes. Throughout the experiments, fluid samples (~1 mL) were obtained
through a Ti dip tube fitted with a 10 um Ti filter positioned within the reactant fluid in order to
observe the real-time evolution of fluid chemistry within the vessel. Each fluid sample was

preceded by a ~1 mL rinse sample in order to clear stagnant fluid from within the dip tube prior
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to sample acquisition, causing the total mass of reactant fluid to decrease by ~2 mL after each
sample and the fluid/solid ratio to decrease accordingly. Rate calculations take these masses into
account. pH was measured on a ~0.5 mL aliquot immediately upon sampling, and the remainder
of the sampled fluid was acidified and diluted to preserve for later analyses.

In two initial experiments (Expts. 1 and 2), the initial pH,;-c of the reactant solution was set
to ~8 in order to approximate the pH of seawater, and SiO; concentration of the initial reactant
fluid was set to amorphous silica saturation (~1.8 mmol/kg solution (Gunnarsson and Arnérsson,
2000)) using Na metasilicate nonahydrate (Na,SiO3- 9H,O). However, approximately half of
this SiO, was removed prior to reaching 150°C, preventing acquisition of meaningful rate data.
These experiments will not be discussed further. The presented experiments (Expts. 3 and 4)
were performed with an initial pHyioc = 9.8, which, because it is near the pK for silicic acid at
room temperature (~9.86), permitted a much higher initial SiO,(aq) concentration without
precipitating amorphous silica. Although quartz was ~2x supersaturated in the initial samples
from both closed-system experiments, the rate of quartz precipitation this close to equilibrium is
slow (Rimstidt and Barnes, 1980) and we therefore do not expect that precipitation of this
mineral could have affected our results. In order to capture the rapid rates of reaction at high
Si0(aq) concentrations, an aggressive sampling protocol was planned for Expt. 3, such that a
total of 9 samples were taken within the first 3 hours. Expt. 4 was sampled less frequently and
hence was able to continue for longer prior to termination while maintaining similar volumes of
experimental fluid.

2.2.2 Reactive transport experiment

A single-pass, hydrothermal flow-through apparatus (Fig. 2a) located in the University of

Minnesota Department of Earth Sciences, which has been described in several previous studies



209  (Luhmann et al., 2017, 2014; Tutolo et al., 2015), was utilized to examine the effect of reactive
210  transport processes on the brucite silicification reaction (Fig. 1b). In brief, the apparatus makes
211  wuse of a set of 4 Teledyne Isco syringe pumps to facilitate fluid injection and pressurization. A
212 constant outlet pressure (150 bars in this study) is controlled by a model 500D pump, constant
213 confining pressure (200 bars in this study) is maintained by a model 260D pump, and an

214  additional set of 2 model 260D pumps are used to inject the experimental solution at a constant
215  rate (0.05 mL/min in this study) into the core assembly, which is contained within a stainless
216  steel pressure vessel. In the present study, the pressure vessel was maintained at 150°C

217  throughout the duration of the experiment by a set of 4 thermocouple-linked Watlow band

218  heaters. While flowing through the heated pressure vessel and reacting with the brucite, the

219  experimental solution only contacted corrosion-resistant pieces made from titanium, Teflon, and
220  PEEK. Permeability was continuously measured during the experiment, and fluid samples were
221  collected after passing through the core. Furthermore, a set of two inert Ti separators with

222 internal, o-ring sealed Ti pistons were utilized on the upstream and downstream side of the

223 pressure vessel in order to prevent the corrosive reactant fluid from coming into contact with the
224 stainless steel interior of the syringe pumps. During typical experiments run with this apparatus
225  (e.g., Luhmann et al., 2014), deionized water is flowed through the core at room temperature
226  prior to the experiment in order to establish baseline permeability. However, in this study, due to
227  the high reactivity of brucite in deionized water at even room temperature, this could not be done
228  without potentially dissolving significant brucite. Thus, the core was pressurized immediately

229  prior to experiment initialization.

230 To facilitate digitization and approximate the fractures characteristic of serpentinization

231  environments, we designed a special Teflon PTFE core assembly with a planar, 1.5 mm x 24.9
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mm x 11.34 mm section of the cylindrical “core” filled with ground brucite ore, held in place
with Ti frit endcaps (Fig. 2b). This natural brucite, from Brucite Mine, Nevada, was analyzed by
ICP-OES to contain 62.2% MgO, 2.8% CaO, 2.0% SiO;_ and 0.6% FeO. It consisted of 90-95%
brucite, minor Mg-bearing carbonates, and trace lizardite and was previously used for
carbonation experiments by Harrison et al. (2013). The material was first ground and then wet-
sieved to select particles in the 75 um-150 um size range, which were aggregates of many much
smaller brucite particles (Fig. 2¢), as evidenced by their complete disaggregation during an initial
attempt to sonicate them to remove surface particles. A total of 781 mg (dry mass) of brucite was
loaded into the core assembly and loaded into a cylindrical Teflon sheath. Assuming a brucite
density of 2.368 g/cm’ (Robie and Hemingway, 1995), the total porosity of the planar fracture
was (.22, and this value is assumed to be constant in the relevant calculations below. Harrison
et al. (2013) report a specific surface area of 6.6 m*/g for this material, and we utilize this value
for the relevant calculations below. The reactant solution in this experiment was a 547 mmol
NaCl/kg seawater analogue solution, to which 1.7 mmol SiO,/kg had been added in the form of
silica gel. To facilitate silica dissolution into the solution, we initially raised the pH of the
solution above 10 and heated it in a sealed polyethylene bottle to 60°C for several days. The
pHzi<c solution was then lowered to 8 by HCI addition in order to simulate the pH of seawater.
In total, 500 mL (i.e., the approximate total volume of the two injection pumps) of fluid were
injected into the core over the course of the experiment, yielding a cumulative water-to-rock
mass ratio of ~640. The Darcy velocity in this experiment, ~1550 m/yr, is reasonable, given the
(limited) constraints on fluid residence times at T > 150°C in mid-ocean ridge hydrothermal
systems (1-3 years (Kadko and Butterfield, 1998)) and an assumed upflow path at LCHF of less

than several kilometers (e.g., Seyfried et al., 2015).



255 2.3 Theoretical treatment of rate data

256 In treating the closed-system experiments, we assumed that the brucite silicification

257  reaction behaves according to the following form of the rate law:
258 Rate = k A ag;o,(aq) 4)

259  where £k is the rate constant for the reaction, 4 is the surface area of the reactant brucite, and 7 is
260  the reaction order with respect to the activity of aqueous silica (as;0,(aq))- Equation 4 has the
261  same general form as that derived for the geochemically analogous kaolinite illitization reaction
262 by Chermak and Rimstidt (1990). Following the methodology described by Chermak and

263  Rimstidt (1990), we evaluated the reaction order with respect to ag;o,aq) by calculating the Si
264  removal rate in the closed system experiments according to:

265 rate = ACS;# (mol/m?/s) (5)

266  where 4Cys;is the measured change in Si concentration, m,, is the mass of solution in the

267  reactor, taking into account mass changes due to sampling, 4z is the time between samples, and 4
268  is again the surface area of brucite in the reactor, calculated as the product of the measured BET
269  specific surface area and the mass of brucite in the reactor. Attempts to approximate reductions
270  in brucite surface area in the reactor according to stoichiometric Mg-silicate-forming reactions
271  had no effect on the calculated reaction order or rate constant within the uncertainty of the

272  calculation and hence were ignored. This is consistent with the limited amount of reaction

273  permitted stoichiometrically (Reaction 3 and its talc-producing analogue, which requires 1.33
274  moles of SiO,(aq) per mole of brucite) between the 1.8 total millimoles of brucite in the reactor

275  and the ~350 total micromoles of Si removed from solution.
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Uncertainties on calculated rates were calculated using standard procedures (Rimstidt, 2014),
taking into account the standard deviation of measured Si concentrations and uncertainty on BET

surface area. Regression of rates as a function of ag;¢, (qq)Was performed according to York et
al. (2004), taking into account uncertainties on both calculated ag;o,(aq) (assumed equivalent to

the standard deviation of the measured Si concentrations) as well as the uncertainties on the rates
calculated using Eqn. 5. We optimized the value of k£ using an iterative, nonlinear least squares
data fitting procedure which minimized the difference between the measured number of moles of
Si0; removed from solution (Table 1) and those calculated using Eqn. 4. In order to remove bias
introduced by the variable period between individual samples, a spline function was fit to the
measured values as a function of time, and the data were resampled at 10, 100, and 1000 evenly
spaced intervals. A significant change in the value of the rate constant was observed between 10
and 100 samples, but not between 100 and 1000 samples, thus, the reported rate constant is the
value obtained after fitting to 1000 evenly spaced subsamples.

2.4 Numerical methods

The Geochemist’s Workbench version 10.0.10 (Bethke and Yeakel, 2015) and

PFLOTRAN (Lichtner et al., 2017) were utilized for aqueous speciation and reactive transport
calculations, respectively. Because this study focuses on the role of silica in serpentinization
reactions, it is important to ensure that the data that we are using to produce thermodynamic
calculations of fluid-mineral equilibria agree with available data for the aqueous speciation of
silica over the range of temperatures and pressures applicable to serpentinization reactions. As
discussed in detail in Tutolo and Tosca (in review), a geochemical thermodynamic database
taking explicit account of recent revisions to the speciation of aqueous silica was created using

the DBCreate software package (Kong et al., 2013). Briefly, this database was created using
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updated SiO(aq) thermodynamic properties presented by Sverjensky et al. (2014), which are
consistent with the updated low-temperature quartz solubility measurements of Rimstidt (1997).
The NaHSi03(aq) complex was removed from the database due to revised experimental
measurements that have drawn its stability in seawater into question (Busey and Mesmer, 1977;
Felmy et al., 2001; Zarubin and Nemkina, 1990). This complex has a major effect on the
aqueous speciation of silica and the overall solubility of silicate minerals at pH > pK for silicic
acid (see Tutolo and Tosca, in review) and it is thus particularly important to avoid including it
in aqueous speciation calculations of water-rock interaction in ultramafic-hosted systems.

3. Results and discussion

The conversion of brucite to serpentine (reaction 3) can be conceptualized through a
simple, epitaxial reaction (Carrado et al., 2000): Si tetrahedra from solution bind to the surface of
octahedrally coordinated Mg (in the form of brucite), forming serpentine (at higher ag;,(aq), the
resultant mineral is talc (Fig. 1), but the mechanism is identical). This process is exemplified by
the results of our closed-system experiments. Specifically, the observed concentrations
Nonetheless, in the open-system reactive transport experiment, which was designed to more
closely approximate processes characteristic of natural serpentinizing environments, the fluids
and reactants are clearly not well-mixed, and only a relatively small proportion of the total
brucite surface area is accessible to the flowing fluid. As discussed below, the closed-system
experiments provide constraints on the surface-controlled process of brucite silicification under
well-mixed conditions, and the laboratory and numerical reactive transport experiments allow us

to observe how reactive transport processes can affect the rate and extent of this reaction.

3.1 Closed System Experiments
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In spite of the experimental challenges associated with the brucite silicification reaction,
our closed-system experiments provide mutually consistent rate measurements, which, in turn,
permit kinetic parameterization. Solution analyses indicate Mg concentrations near detection
limits in all samples, which is expected, given that equilibrium brucite solubility in our
experimental solutions at pHjspec = 8.2 is ~10 umol/kg. Thus, within the uncertainty on our
calculated pHisoec (on the order of 0.1 pH unit), the solutions were very close to
thermodynamic equilibrium with respect to brucite. Although the pH;soc of all samples from
both experiments (Table 1) is above the neutral pH;soec (= 5.8), they are all below the pKjsoec for
silicic acid (8.75) such that SiO,(aq) accounts for the majority (~70%) of the total aqueous silica
in the analyzed solutions, with the remainder existing as HSiO3". The initial samples in both
experiments are characterized by a notably more rapid rate of reaction than the subsequent
samples, consistent with an exponential dependence of the reaction rate upon dg;o, (aq) according
to Eqn. 5. Fitting a line to a plot of the rates calculated according to Equation 4 as a function of
the ag;o, (aq) 1n solution (Fig. 3a) yields the equation:

log(r) = 1.55(0.08) log as;02(aq) — 3-39(0.28) , (6)
where the values in parentheses are the calculated standard error. This result suggests a reaction
order (n) of 1.5 with respect to with respect to ag;o,(aq), and subsequent fitting of Eqn. 4 to the
measured SiO, concentrations yields the rate law:

Rate = 2.3 x 107* a§3, (44 (mol/m’*/s) , (7)
which is applicable at 150°C for values of ag;0,(aq) at least down to ~10 umolal at seawater ionic

strength. Assuming 1 m” of brucite interacting with 1 kg of solution, these data indicate that it
would take 5.25 days to reduce the SiO»(aq) concentration from 1.7 mmol/kg to 170 pmol/kg,

another 16.6 days to reach 17 pumol/kg and another 52.4 days to remove the 15.3 micromoles of
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Si required to achieve a concentration of 1.7 pmol/kg. Regardless of the applicability of these
specific water-to-rock ratios, the calculations indicate that significant disequilibrium can be
maintained during SiO; transport through serpentinizing rocks. For example, at ag;o,aq) = 73

x 107 (i.e., the end-member concentration measured in 116°C vent fluids at the Lost City
Hydrothermal Field (Seyfried et al., 2015)), Eqn. 7 yields a reaction rate of ~1x10™'" mol/m?/s,
which is several orders of magnitude slower than the 150°C dissolution rates of brucite, 8.6 x 10
7 mol/m?/s (Palandri and Kharaka, 2004) and forsterite, ~1 x 10" mol/m?/s (Rimstidt et al., 2012).
Assuming that brucite growth rates are within 1-2 orders of magnitude of its dissolution rates (as
shown experimentally by Pokrovsky and Schott (2004) at 25°C ), this comparison confirms that
the assembly of silica tetrahedral sheets onto Mg octahedral sheets (i.e., brucite) is the rate-
limiting step during forsterite serpentinization. This assertion is in agreement with the
experimental observations of Lin and Clemency (1981) and Saldi et al. (2007), who suggested
that the rate-limiting step of the reverse reaction (i.e., antigorite and talc dissolution) is the
destruction of tetrahedral Si rather than octahedral Mg sheets.

All fluid samples from both closed-system experiments were within the chrysotile
stability field in @ g++/ afl+ - Qsi0,(aq) SPAcCE, but the majority of the samples were above the
Qsio,(aq) for tale-chrysotile equilibrium, i.e., 200 x 10 (Fig. la). Solids recovered from Expt. 3
showed no crystallographic evidence of silicification, consistent with its relatively short duration
and extent of reaction. XRD data from Expt. 4, on the other hand, exhibit a low-angle peak at

~10.2 A, consistent with the formation of kerolite, a hydrated, structurally-related form of talc.

3.2 Reactive transport experiment
In total, 0.87 millimoles of dissolved SiO, were injected into the synthetic, brucite-filled

fracture during the reactive transport experiment. Models assuming equilibrium between well-
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mixed reactants and products predict that the 13.4 millimoles of brucite within the synthetic
fracture would deplete Si well below detection levels during flow through the core (see below).
Nonetheless, solution chemical analyses consistently indicate SiO, concentrations well above
those required for brucite stability exiting the experimental reactor during the first ~110 hours of
the experiment, and a subsequent, rapid transition to even lower net reactivity (Table 2, Fig. 4a).
At the conclusion of the experiment, ~0.62 of the total injected 0.87 millimoles of SiO, had been
deposited within the core. Assuming serpentine growth (see mineralogical constraints below),
this amount of silica uptake accounts for the reaction of ~0.41 millimoles, or ~3%, of the brucite
contained within the synthetic fracture.

Mg concentrations in outlet fluids varied from an early-time maximum of 2.3 mmol/kg,
down to a minimum of ~44 pmol/kg. These solutions tend to be ~1-2 orders of magnitude
undersaturated with respect to brucite and near equilibrium or supersaturated with respect to
chrysotile (Table 2). These results, particularly the generally low Mg concentrations and the
relatively low supersaturations of chrysotile in the bulk fluid, are consistent with the reaction
mechanism discussed above, wherein serpentine is crystallizing by silica condensation upon to
brucite surfaces, rather than through heterogeneous crystallization from the bulk fluid phase.

In spite of the surface area effects discussed below, the main reason that SiO,
concentrations above brucite-serpentine equilibrium are exiting the brucite-filled fracture during
the first 110 hours of the experiment is the exponential dependence of the silicification reaction
On A0, (aq)» @S discussed in the previous section. Fig. 4b illustrates the expected surface area-
normalized silica uptake rates for the solution samples plotted in Fig. 4a. As a result of this
exponential rate dependency, the outlet solutions sampled during the first ~110 hours of the

experiment have an expected reaction rate ~2 orders of magnitude lower than that calculated for
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the injected solution, showing that elevated concentrations of Si can persist even as the solution
flows through a packed bed of high-surface-area brucite. After 110 hours of experiment time,
however, the outlet SiO, concentrations indicate that there is simply much less brucite surface
area reacting with the fluid. Even though the bulk of fluid flow during this experiment was
apparently confined to a relatively limited portion of the fracture, this result is quite surprising
because: 1) XRD and FTIR both indicate that even this more reactive portion of the synthetic
fracture was still composed almost entirely of brucite after the experiment, and 2) no apparent,
abrupt change in the permeability of the synthetic fracture occurred at this time, which would
have represented either significant porosity decreases due to serpentine growth or a change in the
dominant fluid flow path within the core (Fig. 5). The decline in permeability measured at the
beginning of the experiment, significantly prior to the change in reaction regimes, is consistent
with pressurization and compaction of the brucite fracture fill, since the pressurization of the
core assembly occurred simultaneously with experiment initialization. Because the fluid
injection rate was constant throughout the experiment, this permeability did not directly impact
fluid residence time within the reactor.

We have labeled the transition from the first reaction regime to the second as
“precipitation breakthrough”, due to the analogy to “dissolution breakthrough” processes which
occur whenever high permeability, low reactivity preferential flow paths are generated in, for
example, carbonate aquifers (e.g., Dreybrodt, 1990). Regardless of the mechanism, the fact that
such high concentrations of SiO, are exiting the reaction vessel indicates that very little brucite
surface area was available for reaction during this stage of the experiment, in spite of the fact that
abundant brucite remained both in the “reacted” and “unreacted” regions of the core. Although

the small amount of serpentine formed during the experiment precludes identification by XRD,
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the location and topology of the set of peaks at 988 and 1087 cm™ in the post-experiment FTIR
spectrum demonstrate serpentine precipitation (Fig. 6¢). These principal Si-O absorptions are
distinct from all other 2:1 phyllosilicates or modulated versions thereof (i.e., talc, kerolite,
sepiolite, etc.; (Farmer, 1974; Russell and Fraser, 1994)) and are instead indicative of poorly
crystalline serpentine, akin to the poorly crystalline antigorite identified by Gunnarsson et al.,
(2005, 2002) and the proto-serpentine discussed by Andreani et al. (2007) and Pliimper et al.
(2012).
3.3 Reactive transport simulations of brucite silicification

By incorporating the rate law determined above into reactive transport simulations of our
flow-through experiment, we can hone in on specific reactive transport phenomena occurring
during the experiment. This allows us to fully understand the implications of the quantified
brucite silicification reaction for reactive transport in natural serpentinites. To do this, we ran a
series of 200 PFLOTRAN simulations that examine the effects of preferential flow paths and
reactive surface area armoring on silica uptake. These simulations illustrate that no more than
about 15% of the brucite surface area in the synthetic fracture participated in the reaction at any
given time (Fig. 7a). Indeed, during the post-precipitation breakthrough reaction regime, very
little (i.e., less than =1%) of the brucite contained within the core assembly was participating in
the reaction, most likely because the easily accessible surface area within this portion of the core
had been virtually completely silicified by this time. If, on the other hand, all of the brucite in
the synthetic fracture had been participating in the reaction, outlet concentrations would have
been on the order of 1 umolal, or about double the concentration representative of brucite-
serpentine equilibrium, and about 50 times lower than the lowest measured concentration. In

spite of the fact that only about 1/3 of the fracture showed evidence of silicification in post-



436  experiment imagery (Fig. 6), these simulations show that even within this portion of the core,
437  only a fraction of the brucite was actually participating in the reaction. This latter observation is

438  consistent with the limited (~3%) extent of brucite conversion to serpentine calculated above.

439 The results of these simulations also clearly illustrate the progress of brucite silicification
440  during fluid transport through the core (Fig. 7b). It is particularly interesting to observe the ways
441  in which the coupling between advective Si fluxes, ag;o,aq), and brucite reactive surface area
442  availability interact to produce unique equilibration length scales in serpentinizing rocks. For
443  example, these simulations show that in high-flux environments, such as faults, where reactive
444  surface area has been depleted by long-duration fluid fluxes, Si can be transported over great
445  distances and, thus, seafloor samples of these fluids would be quite representative of the

446  subseafloor reaction zone. At the other end of the spectrum, at the scales of individual olivine
447  crystals (i.e., several hundred micrometers), these simulations show that high Si concentrations
448  generated by orthopyroxene-fluid interaction, such as those producing the pattern of

449  serpentinization shown in Fig. 1, can be laterally persistent if rates of advection/diffusion are
450  sufficiently high, or if the existing brucite surface area has been largely armored during prior
451  stages of serpentinization. These two scales of observation can both be tackled with

452  appropriately scaled reactive transport models, and demonstrate the usefulness of treating

453  serpentinization in a reactive transport sense.

454 5. Geological Implications

455 The efficiency and pathway of serpentinization can be dictated by a wide array of

456  processes, yet our study offers unique perspectives on the geological mechanisms that underlie
457  the reactions themselves. From an entirely kinetic point of view, our rate data show that the slow

458  rate of brucite silicification relative to both forsterite dissolution and MgOH;
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dissolution/precipitation allows elevated (i.e., above brucite-serpentine equilibrium)
concentrations of Si to persist in moderate-temperature serpentinization environments. That the
rate of brucite silicification slows as an exponential function of ag;¢,(aq) indicates that Si can be
transported over comparatively large length scales, particularly when considering the reactive
transport processes we have discussed.

Both our laboratory and numerical reactive transport experiments illustrate that
traditional geochemical models of serpentinization cannot produce accurate, process-oriented
predictions of serpentinizing systems. For example, the presence of brucite in serpentinized
rocks has been used to infer excessively low concentrations of SiO, concentrations in reacting
fluids (e.g., Beard and Hopkinson, 2000). In addition, at face value, simplified rate formulations
(e.g., Martin and Fyfe (1970)) and the activity diagram plotted in Fig. 1 would appear to suggest
that serpentinization should proceed rapidly and irreversibly in all seafloor hydrothermal
systems, with brucite fully reacting out in the presence of even negligible aqueous silica.
However, we have shown that the exponential dependence of the rate of this reaction on
Qsio,(aq)> a8 Well as reactive surface area armoring, permit SiO; concentrations to remain
metastably elevated. As a consequence, these dynamic factors allow brucite to persist in such
systems, particularly when the brucite surfaces are separated from primary flow paths by
serpentine. From the fluid perspective, our results also help to explain recent reports of elevated
Si fluids emitting from orifices in the massive brucite chimneys at the Lost City Hydrothermal
Field (Seyfried et al., 2015). Because elevated Si fluxes in serpentinizing environments are
thought to govern the partitioning of Fe into alteration phases and, consequently, the amount of
H, generated from Fe oxidation (Bach et al., 2006; Frost and Beard, 2007; Syverson et al., 2017),

our new kinetic and reactive transport constraints suggest that elevated Si and its consequent
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effects on H, production and biological habitability can be surprisingly prevalent in
serpentinizing environments.

Brucite silicification is a fundamentally rate-limiting elementary reaction for the
production of both serpentine and talc from forsterite. Thus, our new constraints are applicable
across the many environments where serpentinization occurs. The surprising kinetic behavior of
this simple reaction, in turn, emphasizes the need for considering serpentinization and many
other hydrothermal processes as reactive transport processes in which fluid, solute, and heat
transport are intimately coupled to kinetically-controlled serpentinization reactions. Persistent
challenges in the application of reactive transport models to geologic systems, particularly the
estimation of reactive surface area within geologic media, will thus need to be the subject of

continued, focused experimental and computational investigations.
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