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Whereas the serpentinization reaction leads to stark differences in the physical properties of mantle rocks
at mid-ocean ridges, the chemical changes associated with this reaction are thought to be restricted
to the addition of water and the generation of hydrogen (“isochemical” reaction). Here, I compile a
geochemical dataset of serpentinized peridotites at mid-ocean ridges evidencing that a decrease by up
to 11% of the MgO/SiO, ratio is associated with serpentinization. This MgO/SiO, decrease is consistent
with the calculated distribution of Mg in the minerals since, during isochemical serpentinization, ~10%
of the Mg should be contained in brucite, an Mg-hydroxide not commonly observed in serpentinized
peridotites, which are typically composed of serpentine (Mg3Si;O5(0OH)4) and magnetite (Fe304). This
latter mineralogical assemblage and a decrease of the MgO/SiO; ratio were only reproduced in numerical
models of peridotite reacting with fluids containing aqueous silica at fluid to rock (F/R) ratios greater

Keywords:
serpentinization
abyssal peridotites
Si-metasomatism

brucite than 20. At higher F/R ratios, talc (Mg3SizO19(OH);) was found to be stable, in agreement with
‘}lloijur‘:gee;ha“ge observations in extremely altered samples found at mid-ocean ridges. The potential sources for aqueous
y

silica in the fluid are the alteration of mafic units intruding mantle rocks at slow-spreading ridges.
The mineralogical and chemical changes associated with SiO; gain during serpentinization at mid-ocean
ridges will have consequences on abiotic hydrogen production, contribute to a volume increase of 50%
and decrease water incorporation during serpentinization by more than 10% compared to “isochemical”
serpentinization. These changes will also increase the depth at which fluids are released by dehydration
reactions in subduction zones by more than 20 km.

© 2015 Elsevier B.V. All rights reserved.

drogen (Charlou et al., 2002) and the decrease of the rock strength
due to the precipitation of serpentine (Escartin et al., 2001). As the
reaction progresses further, serpentinization impacts other proper-
ties such as rock density since the newly formed hydrated phases
have lower densities (Oserpentine = 2900 kg/m3) compared to the

1. Introduction

Slow-spreading ridges exhume large tracts of mantle-derived
ultramafic rocks (Cannat, 1993) and receive a moderate magma
supply. Magmatic heat is released through the convection of aque-

ous fluids in the oceanic crust. When these fluids reach ultramafic
rocks, alteration minerals such as serpentine (Mg3Si;O5(0H)s),
brucite (Mg(OH),), talc (Mg3SizO19(OH);) and magnetite (Fe304)
are formed, and show stark differences in physical and chemical
properties compared to the primary minerals. The effect of serpen-
tinization on these properties is already perceptible before the re-
action progress even exceeds 10%, with an increase in the recorded
magnetization by two orders of magnitude through the production
of ferromagnetic magnetite (e.g. Malvoisin et al., 2012a), the for-
mation of a reducing environment through the production of hy-
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primary minerals (0jivine = 3300 kg/m?). This density change con-
tributes to lower mantle seismic velocities (Miller and Christensen,
1997) and is associated with a positive increase in the solid vol-
ume by up to 50% in the case of a reaction where water is
the only component to be exchanged (Coleman and Keith, 1971).
This volume change has two opposite effects on the permeabil-
ity which both increases through the generation of fluid pressures
high enough to fracture the rock (e.g. Pliimper et al., 2012) and de-
creases when the porosity is filled with secondary phases (Godard
et al., 2013). Constraining the chemical and mineralogical changes
during serpentinization is thus crucial for understanding reaction-
induced evolution of the properties of the oceanic lithosphere.
Fulfilling this latter objective is not straightforward because ser-
pentinization occurs in an open system where the conditions of
alteration evolve through time (Andreani et al., 2007). Although the
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effect of temperature on the distribution of iron between brucite,
magnetite and serpentine during serpentinization has been quanti-
fied with increasing precision (Malvoisin et al., 2012b; Klein et al.,
2013), the influence of reacting system composition on the min-
eralogical evolution during the reaction is still not constrained.
In spite of the extensive geochemical datasets available for peri-
dotites (Niu, 2004; Bodinier and Godard, 2003) and fluid compo-
sitions (Charlou et al.,, 2002) at mid-ocean ridges, the respective
roles of the initial composition of the system and the mass trans-
fer during the reaction on the final composition have yet to be
determined. Mass transfer during serpentinization mainly involves
the addition of water and fluid-mobile elements (e.g. B, Li, CI, As,
Sb, U, Th, Sr) susceptible to be released when entering subduc-
tion zones (see Deschamps et al., 2013 for a review). Based on the
measurement of constant oxides/SiO, ratios with the increase in
reaction progress (Coleman and Keith, 1971; Komor et al., 1985),
the transfer of major elements during serpentinization is thought
to be negligible in the general case and the reaction is thus called
“isochemical” (Mével, 2003; Deschamps et al., 2013). However,
some studies reported changes in the bulk composition of mantle-
derived rocks at mid-ocean ridges. Snow and Dick (1995) and Niu
(2004) measured a decrease of the MgO/SiO, ratio but they at-
tributed this change in composition not to serpentinization itself
but instead to low-temperature alteration on the seafloor. Some
instances of large changes in the MgO/SiO, ratio of abyssal peri-
dotites have been reported during talc formation. At the Atlantis
Massif, these changes were interpreted as resulting from the ser-
pentinization reaction itself with a synchronous formation of talc
and serpentine (Boschi et al., 2008). At the 15°20’ fracture zone,
they were attributed to a high temperature event with Si-rich flu-
ids forming talc at the expense of serpentine (Paulick et al., 2006;
Harvey et al., 2014).

Here I use a statistical approach to determine the respective
role on abyssal peridotite composition of both the system’s initial
composition and the change in composition due to fluid/rock inter-
actions at mid-ocean ridges. Further, I thermodynamically model
fluid/mantle rock interactions to determine the mineralogical and
chemical processes controlling compositional changes and their
impact on the physical and chemical properties of the mantle rocks
exhumed at mid-ocean ridges.

2. Methodology

2.1. Determining changes in composition during serpentinization with
geochemical data compilation

I assembled a dataset consisting of bulk rock major element
analyses of 1075 serpentinized harzburgites, dunites and lher-
zolites, 551 of which were abyssal peridotites compiled from
18 sources and 524 of which were ophiolitic peridotites com-
piled from 34 sources (see Supplementary Table S1 for details and
Bodinier and Godard (2003) for a referencing of the ophiolites).

[ targeted the variations in MgO and SiO;, the two most abun-
dant components in abyssal peridotites, in order to estimate their
deviation in composition from the “isochemical” model. These vari-
ations depend on the protolith composition and mass transfer
during processes such as serpentinization. The influence of the
protolith composition was modeled differently depending on its
nature. Unaltered dunites are mainly composed of olivine with
a constant MgO/SiO, ratio of 1.2 (Niu et al., 1997) which was
considered representative of the protolith composition. More com-
plex changes in protolith composition from fertile lherzolites to
refractory harzburgites were modeled by a progressive magmatic
depletion of a primitive mantle following Jagoutz et al. (1979)
and Hart and Zindler (1986). This model predicts that the pro-
toliths of serpentinized lherzolites and harzburgites should lie on

a straight line, the so-called “terrestrial array”, in MgQ/SiO; vs.
Al;03/SiO, diagrams. As this array was determined with analyses
of fresh continental peridotites, it must be tested against data of
unaltered peridotites formed at mid-ocean ridges to be used here.
From a geochemical perspective, serpentinization is a process dur-
ing which water is incorporated into mineral phases. To estimate
the weight fraction of this bound water in the rock, the loss on
ignition (LOI) is measured by heating a powdered sample in a fur-
nace to temperatures of ~1000 °C. Samples with low LOI and thus
with low degrees of serpentinization were selected in the database
for determining the deviation of unaltered abyssal peridotites from
the “terrestrial array”. Other volatile components such as CO, can
participate in an increase of the LOI (e.g. Schwarzenbach et al.,
2013). Carbonate-bearing samples were therefore not included in
the compilation. Abyssal peridotites are generally extensively al-
tered as shown by the fact that only 3% of the selected samples
have LOI below 4 wt.%. As this is not enough for accurately esti-
mating the deviation from the terrestrial array, ophiolites samples
were considered, since 25% of these samples have LOI < 4 wt.%.
Moreover, irrespective of the mechanism of serpentinization of the
two types of serpentinized peridotites, at decreasing levels of hy-
dration these samples should project back to a common origin.

2.2. Thermodynamic modeling

Fluid/rock interactions were modeled at the scale of geochem-
ical data acquisition, i.e. at the bulk rock scale rather than at the
grain scale. Serpentinization relies on two kinds of mineralogical
reactions: dissolution reactions releasing aqueous species in the
fluid and precipitation reactions allowing the incorporation of new
mineral species in the rock. The nature and the extent of these
reactions depend both on their kinetics and on thermodynamic
equilibrium. Malvoisin et al. (2012b) demonstrate experimentally
using powders that the kinetics of serpentinization are controlled
by the dissolution of olivine rather than by the precipitation of sec-
ondary phases. Therefore, the bulk composition of the reacting part
of the rock was assumed here to depend on the kinetics of disso-
lution of the primary minerals. The mineralogical composition of
the reacted peridotite was then determined with thermodynamic
modeling tools by neglecting the kinetics of precipitation and by
assuming a constant temperature and an initial composition of the
reacting system only dependent on the reaction progress and on
the initial composition of the peridotite (no spatial variability).
These assumptions are shown to be valid in the Supplementary
materials P1.

Seismic velocity profiles indicate that serpentinization mainly
occurs within the first three kilometers of the oceanic lithosphere
(Canales et al., 2000). In these domains, lithostatic pressure vari-
ations do not exceed 100 MPa whereas temperature can vary
by more than 400 °C. Therefore, the variations of thermodynamic
properties due to pressure variations are negligible compared to
those associated with temperature variations. All numerical simu-
lations were thus conducted at a constant pressure of 50 MPa. The
four parameters considered here as having a potential impact on
the composition of serpentinized peridotites at mid-ocean ridges
are: temperature, bulk composition of the reacting protolith, com-
position of the fluid, and relative quantity of protolith and fluid
during the alteration (fluid to rock ratio). Two different numeri-
cal models were used to understand compositional change during
serpentinization.

2.2.1. “Isochemical” serpentinization model

A first model was built to determine the influence of the start-
ing composition of the reacting protolith on the nature and the
composition of the secondary minerals during “isochemical” ser-
pentinization. This model was aimed at providing a basis for com-
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parison with mineralogical observations in natural rocks. To re-
produce “isochemical” serpentinization, exchanges in oxygen and
hydrogen between the solid and the fluid phases were the only ex-
changes allowed and hydration and redox reactions were thus the
only modeled processes. The thermodynamic model of Malvoisin
et al. (2012a) was used with the database of Klein et al. (2009).
This model considers the incorporation of iron as ferrous iron
in brucite and as both ferrous and ferric iron in serpentine. The
composition of the reacting solid depends both on the modes
of the minerals in the unreacted protolith and on the reaction
progress. Indeed, at temperatures below ~350°C where olivine is
unstable (Klein et al., 2013), the reaction rate of olivine (ry|) is
14 times higher than that of pyroxene (ropx; Bach et al, 2004;
Ogasawara et al., 2013). Therefore, values of ry, =1, /Topx > 1 were
used. A parameter was defined for investigating the influence of
the unreacted protolith composition: Xo| = noii/ (Nl + Nopxi) With
Noli and nopy; the initial amounts of olivine and orthopyroxene, re-
spectively. Olivine and orthopyroxene compositions were fixed to
(MgggFeg1)2Si04 and (MgggFeg1)SiO3, respectively, in agreement
with their respective average Mg/(Mg + Fe) ratios in abyssal peri-
dotites of 0.9029+ 0.0037 and 0.9068 4 0.0055 (Niu et al., 1997).
Because these standard deviations are smaller than 1%, the vari-
ability of these compositions was not accounted for in the model.
This model also ignores Ca-bearing phases such as clinopyroxenes,
which can represent several percents of the unreacted mineralogy
in abyssal peridotites (Niu, 2004). Nevertheless, this simplification
is not expected to strongly impact the results since clinopyrox-
ene remains stable in a wide range of conditions at temperatures
below 350°C (Klein et al., 2013). For each X, of the considered
range, the reaction progress was progressively increased and de-
fined as: & = ';—: with n, the amount of reacted olivine and or-
thopyroxene and n; = o} + Nopxi- As Ty > 1, ny is not directly pro-
portional to n; but can be expressed as: 1y = rg| * Noli + T'opx * Nopxi
if olivine remains in the system, or as 1 = nglj + Fopx * NMopxi * ¢ if
olivine has been consumed completely. t denotes the duration of
the reaction.

2.2.2. Modeling fluid/rock interactions during serpentinization

The second model is an “open-system” model that aims at in-
vestigating the influence of temperature, fluid composition and
mass of fluid over mass of reacting protolith (F/R ratio) on mass
transfer between the fluid and the solid. In this model, the pro-
tolith composition is fixed and divided in a reacting part and
a non-reacting part. As shown above, the composition and pro-
portion of each part depend on the composition of the reacting
peridotite and on the reaction progress. Here, a molar mean re-
action progress of 80 + 20% was determined using the volumet-
ric mean calculated by Cannat et al. (2010) from the observation
of thin-sections prepared on rocks drilled in the first 200 m of
the crust in the MAR 23°N region. As the mineralogical and geo-
chemical data compiled here were acquired on samples recovered
with the same sampling methods (i.e. by drilling or dredging),
this estimate of reaction progress should be representative of the
natural samples used here for comparison. A mean unreacted peri-
dotite composition of 59.9 9.2, 37.1 £ 9.0 and 3.0 + 2.3 mol.%
of olivine, orthopyroxene and clinopyroxene, respectively, was cal-
culated by using 73 estimates of the mineral proportions in un-
altered peridotites (Niu, 2004). These estimates rely on correc-
tions for alteration and are thus associated with significant errors.
However, they represent the largest available dataset for unaltered
abyssal peridotites modal composition to date. Moreover, calcula-
tions performed with £+ 5 mol.% of olivine in the unreacted peri-
dotite show that the variations of the MgO/SiO, investigated here
only slightly depend on the initial composition of the unaltered
peridotite. The unreacted peridotite composition gives an olivine
modal proportion of 65.9 4+ 10.1 vol.% with a maximum in agree-

Table 1
Composition of the fluid used in modeling. Fluid compositions used in the “open”
model (values are in mM).

Seawater Mafic fluid Ultramafic fluid

pH 7.8 3.5 3
Si02, aq 0.1 20 7
Cl 546 500 600
Na 464 450 500
K 9.8 20 20
Mg 53 0 0
Ca 10.2 20 30
Fe 1.50E—06 2 5
HCO; 2.3 10 10
02, aq 0.25 - -

Ha, aq - 0.3 10

The compositions were calculated by averaging the data of Charlou et al. (2002).

ment with the data of Bodinier and Godard (2003). Using the val-
ues of the average reaction progress and of r, (Cannat et al., 2010;
Ogasawara et al.,, 2013), the following composition was obtained
for the protolith: 59.9, 18.6 and 1.5 mol.% of olivine, orthopyrox-
ene and clinopyroxene, respectively, for the reacting part and 18.4
and 1.5 mol.% of orthopyroxene and clinopyroxene, respectively, for
the non-reacting part. The same compositions as for the “isochem-
ical model” were used for olivine and orthopyroxene, and initial
clinopyroxene composition was fixed to Ca(MgggFeq1)Si»0g. Three
types of fluids found at slow-spreading ridges were used: sea-
water and two hydrothermal fluids expelled at vents located on
mafic basements (mafic-related vent fluids, MRV) or on ultramafic
basements (ultramafic-related vent fluids, URV fluids). Their com-
position was determined with the data of Charlou et al. (2002)
reporting 5 MRV and 2 URV fluids compositions from hydrother-
mal fields located on the Mid-Atlantic ridge. The compositions
of MRV and URV fluids mainly differ in their amount of dis-
solved silica which is 3 times higher in MRV than in URV fluids
and of dissolved hydrogen which is 30 times higher in URV than
in MRV (Table 1). Vent fluids do not contain Mg whereas sea-
water contains 50 mM of Mg. These compositions are in agree-
ment with the thermodynamic calculations of Wetzel and Shock
(2000) predicting the composition of fluids in equilibrium with
mafic or ultramafic rocks. The F/R ratio ranged from 0.2 to 10°
with the lowest value set by the B-dot equation used to calcu-
late the ionic strength (Klein et al., 2009). A Matlab® code was
written to automatically generate inputs with different F/R ra-
tios for the EQ3/6 software (Wolery, 1992). For each F/R ratio,
the influence of temperature on the composition of the rock was
then investigated by using the procedure described in Klein et
al. (2013). The thermodynamic database of Klein et al. (2013)
was used with solid solutions for olivine ((Mg, Fe),SiO4), orthopy-
roxene ((Mg,Fe)SiO3), clinopyroxene (Ca(Mg,Fe)Si»Og), serpentine
(with the following end-members: chrysotile, greenalite (ferrous
serpentine), kaolinite and cronstedtite (ferric and ferrous serpen-
tine)), brucite ((Mg, Fe)(OH),), talc ((Mg, Fe)3Si4O19(OH),), chlorite
((Fe,Mg)5Al,Si3019(OH)g) and tremolite (Caz(Mg, Fe)5Sig022(0H)2).
The reductions of sulfate and carbon by Hj .q were suppressed.

3. Results
3.1. Decrease of the MgO/SiO; ratio in serpentinized peridotites

In MgO/SiO, vs. Al,03/SiO, diagrams for abyssal peridotites
(Fig. 1A), 98% of the serpentinized harzburgites and lherzolites lie
under the “terrestrial array” and 85% of the serpentinized dunite
have MgO/SiO, ratios below 1.2. This corresponds to decreases of
the MgO/SiO; ratio by 8.1% for harzburgites and lherzolites and by
10.4% for dunites. The lowest MgO/SiO; ratios (<0.6) are measured
for serpentinized peridotites having experienced Si-metasomatism
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Fig. 1. Compilation of serpentinized peridotite compositions. A: Mg0/SiO, vs. Al,03/SiO, for the compilation of oceanic peridotites (see Supplementary materials Table S1 for
references). Different symbols are used depending on the nature of the protolith. The initial compositions of harzburgite and lherzolite are expected to follow the “terrestrial
array” (plain line; Jagoutz et al., 1979; Hart and Zindler, 1986) whereas the initial composition of dunite is expected to be close to olivine composition. Line of constant MgO
loss (dotted blue lines) and SiO, gain (dotted pink lines) are also shown. The data are also compared to the AP fit (dotted black line) for taking into account the influence
of other processes than serpentinization on the initial peridotite composition (see text for details). B: MgO/SiO; vs. Al;03/SiO, for the compilation of ophiolitic harzburgites
and lherzolites. The provenance of the samples is indicated with different symbols. The color of the symbols depends on the loss on ignition measured in the samples. The
“terrestrial array” (plain line) and the AP fit (dotted line) are also plotted. C: distance from the “terrestrial array” (referred to as ta) as a function of loss on ignition for
the harzburgites and lherzolites of the two geochemical datasets. Symbols for the ophiolite samples are the same as in B, the peridotites from harzburgites ophiolite are
displayed in red and the peridotites from lherzolite ophiolites are displayed in blue. Data for abyssal peridotites are indicated with black dots. D: distribution of the difference
between the MgO/SiO, ratio of abyssal peridotites and a reference ratio (MgO/SiO5 f). This reference ratio was chosen as olivine composition for dunites (red) and AP fit for

the harzburgites and lherzolites (black) and for talc-bearing samples (blue). (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)

with talc formation (Paulick et al.,, 2006; Boschi et al., 2008;
Harvey et al,, 2014: Fig. 1A).

As discussed in Section 2.1, I used low-LOI, ophiolite peridotite
samples from the compilation to determine the deviation from the
“terrestrial array” of unaltered abyssal peridotites (Fig. 1B). Sam-
ples with LOI below 4 wt.% were found to fall at 3.0 + 2.9% below
the “terrestrial array” with no clear dependence on the degree of
melt depletion (Fig. 1C). A fit of the MgO/SiO; vs. Al;03/SiO, ra-
tios for these samples gives a slope of 3.145 close to that of 3.406
for the terrestrial array (Fig. 1B and C). In the following, I used
this fit (hereafter referred to as AP fit) as a reference for harzbur-
gites and lherzolites having experienced no serpentinization. The
few data on abyssal peridotites having LOI below 4 wt.% fall in the
same range as the ophiolite data (Fig. 1C). A comparison between
this AP fit and the data acquired on abyssal peridotites should pro-
vide a quantitative estimate of the impact of serpentinization on
mass transfer.

80% of abyssal harzburgite and lherzolite lie below the AP fit
with MgO/SiO; ratios on average 5.1 £ 6.1% lower than the fit
(Fig. 1D). The measured decrease of the MgO/SiO, ratios does not
exceed 25% for 99.5% of the harzburgite, lherzolites and dunites
(Fig. 1D). The lowest MgO/SiO, ratios are measured for the talc-
bearing samples with values on average 47 + 14% below the one
predicted with the AP fit.

3.2. Mineralogical assemblages formed during “isochemical”
serpentinization

The “isochemical model” reveals that serpentine, magnetite,
brucite and talc are the minerals formed during “isochemical” ser-
pentinization. Here, I focused on the changes in the distribution
of Mg and Si between the minerals during serpentinization. For
compositions and reaction progresses typical of abyssal peridotites,
serpentine is the only Si carrier (Fig. 2). As serpentine and brucite
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Fig. 2. A: Molar proportion of the Mg in a serpentinized peridotite contained in brucite (Xy;) as a function of temperature, protolith composition (X, = molar proportion
of olivine in a peridotite composed of olivine and orthopyroxene) and reaction progress (&). The black line indicates where section B was calculated. B: section across A at a
constant temperature of 250 °C. The black line indicated where olivine has been completely consumed.

are the only two carriers of Mg, Mg distribution in the calculations
can be inferred with the amount of Mg in brucite and the total
amount of Mg in the rock, following Xmg = Mgpycite/MErock-

The change in the relative reaction rate between olivine and
orthopyroxene (r,) induces changes in the modal composition of
the rock. However, these changes are limited to values of r, be-
low 2 (Fig. S2), i.e., far below the values measured experimentally
(ry = 14; Ogasawara et al, 2013). In the following, the value of
ry was thus fixed to 14. The numerical model shows that the dis-
tribution of magnesium between the various minerals is mainly
dependent on the reaction progress and on the initial composition
of the rock rather than on temperature (Fig. 2A).

At 250°C and for a fixed protolith composition (constant Xo),
Xwmg first increases with reaction progress up to a value, &, de-
pending on X, (Fig. 2B). &, corresponds to the reaction progress
where all the olivine contained in the protolith has been con-
sumed, and thus increases with the amount of olivine in the pro-
tolith (Xo)). Therefore, Xyg reaches its highest value of 20.3 mol.%
at 250°C for a protolith with a dunite composition (X, = 1) at
& = 1. For smaller X, and reaction progresses greater than &,
Xwmg progressively decreases. For X, < 60 mol.% at 250 °C, talc can
even be produced instead of brucite after complete serpentiniza-
tion (Fig. 2B).

3.3. Influence of fluid composition and quantity on mass transfer during
serpentinization

Fig. 3 shows the influence of the fluid composition, the F/R ra-
tio and the temperature on the mineralogical assemblages formed
during the serpentinization of a peridotite having the average com-
position and reaction progress of the abyssal peridotites. For F/R
ratios below ~20 and temperature below 325 °C, the formed min-
eralogical assemblage is serpentine + brucite + iron carrier with
the three fluid compositions. In these conditions, the main iron
carrier is magnetite but minor amounts of andradite at F/R ratios
below 2 and 20 with seawater and vent fluids, respectively, and
wiistite at F/R ratios below 0.4 can also be formed. Hematite for-
mation is observed with MRV fluid and seawater at F/R ratio above
~20 and 60, respectively.

Changes by more than 5% of the Mg0/SiO, ratio in the solid are
only observed at F/R ratios above 10 with vent fluids and ~103
with seawater. Depending on the fluid composition, the MgO/SiO,
ratio is found to either only decrease or only increase with the F/R
ratio for the vent fluids and the seawater, respectively.

When increasing the F/R ratio, the amount of brucite contained
in the rock progressively decreases with calculations made with
vent fluids (Fig. 3B and C). At F/R ratios of 20 and 100, the only
Mg carrier in the rock is serpentine with MRV and URV fluids, re-
spectively. The formed mineralogical assemblage for the average
decrease of the MgO/SiO, ratio measured in abyssal peridotites lies
close to the region where serpentine is the only Mg carrier (Fig. 3E
and F). As the F/R ratio increases again, talc formation is predicted.
The average MgO/SiO; decrease measured in abyssal peridotites
having experienced talc alteration is only reproduced with MRV
fluids at F/R ratios comprised between 200 and 500 (Fig. 3E).

Decreases in the MgO/SiO, ratio comparable with those mea-
sured in abyssal peridotites are not calculated when seawater is
used as the starting fluid (Fig. 3B). With this fluid composition,
~20 mol.% of talc is also formed with seawater for F/R above 650
but only at temperatures below ~130°C in the stability field of
magnesium-bearing carbonates (dolomite and magnesite; Fig. 3A).
For these latter F/R ratios and at higher temperatures, the miner-
alogical assemblages are dominated by brucite (>50 mol.%).

4. Discussion
4.1. Evidence for mass transfer during serpentinization

Early studies investigated the evolution of oxide ratios dur-
ing serpentinization in ophiolites and reported very little sen-
sitivity to reaction progress. This was interpreted as indicative
of an “isochemical” serpentinization (Coleman and Keith, 1971;
Komor et al., 1985). However, small changes in the MgO/SiO, ra-
tios were already mentioned by Komor et al. (1985) and condi-
tions prevailing during serpentinization at mid-ocean ridges and
in ophiolites are different. Thus, to determine if a change of
the MgO/SiO; ratio occurs during serpentinization at mid-ocean
ridges, samples recovered from the seafloor have to be studied.
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Abyssal peridotites having experienced an extensive decrease of
approximately 50% in their MgO/SiO, ratio related to the forma-
tion of talc have been reported at the Atlantis Massif (Boschi et
al, 2008) and the 15°20'N Fracture zone (Paulick et al., 2006;
Harvey et al., 2014). At the 15°20’N Fracture zone, talc alteration
was found to be related to a metasomatic event overprinting ser-
pentinization and associated with the percolation of a high tem-
perature SiOy-rich fluid. As this process is not directly related to
mass transfer during serpentinization, samples from Paulick et al.
(2006) and Harvey et al. (2014) were not compared to the other
samples of our compilation. However, samples from the Atlantis

Massif are more relevant for the present study since talc alter-
ation at this site was synchronous with serpentinization (Boschi et
al., 2008). The proportion of these latter samples in our compila-
tion does not exceed 2%, suggesting that they only represent end-
members resulting from an extreme degree of fluid/rock interac-
tion. For the other more common samples, changes in the average
MgO/SiO, ratio calculated with samples encompassing the largest
possible range of diversity (i.e. reaction progress, location and ser-
pentinization conditions) have to be investigated since composi-
tional changes are expected to be small.
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temperature. Xpgm was calculated as follows: Xygm =

Snow and Dick (1995) and Niu (2004) reported a decrease of
the average MgO/SiO; ratio by approximately 10% in abyssal peri-
dotites. However, they attributed this decrease not to serpentiniza-
tion itself but to alteration on the seafloor by seawater below
100°C through brucite dissolution and incongruent olivine dis-
solution preferentially releasing Mg cations in seawater. In the
present study, a decrease of the MgO/SiO, by 8%, close to the one
measured by Niu (2004) was measured when comparing abyssal
peridotites to the “terrestrial array”. However, samples having ex-
perienced limited serpentinization (LOI < 4%) indicate that 3% of
the change in MgO/SiO, is due to a deviation of unaltered abyssal
peridotites composition from the “terrestrial array”. The remaining
5% of the total MgO/SiO, ratio decrease must be related to mass
transfer during serpentinization.

4.2. Mechanism of mass transfer during serpentinization

Thermodynamic modeling and observations in natural sam-
ples suggest that “isochemical” serpentinization follows a reaction
path where olivine first reacts at low activity in silica (aSiO3)
to form serpentine and brucite. Then aSiO; in the fluid progres-
sively increases due to pyroxene breakdown occurring slower than
olivine breakdown at T < 350°C and brucite reacts to form ser-
pentine (Bach et al, 2004; Ogasawara et al, 2013). This latter
process is favored by an easy access of high aSiO; fluids to brucite,
which precipitates in the core of serpentine veins in both mid-
ocean ridge dunites and in experiments (Plimper et al, 2012;
Malvoisin and Brunet, 2014). Complete serpentinization of a peri-
dotite with the average composition of abyssal peridotites (X, =
60%) should therefore produce only serpentine as reaction product
(Fig. 2). Similar results were used to explain why brucite is only
rarely observed in serpentinized peridotites (Klein et al., 2009;
Klein et al.,, 2013). Brucite has only been observed at locations
where dunite has also been described: the 15°20'N Fracture Zone
(Bach et al., 2004; Paulick et al., 2006; Klein et al., 2009; Kodolanyi
et al., 2012), the MARK area (Dilek et al., 1997; Alt and Shanks,
2003), the Atlantis Massif (Beard et al., 2009) and the Hess Deep
area (Gillis et al., 1993). However, estimates of the amount of
brucite formed during complete serpentinization of abyssal dunites
(D’Antonio and Kristensen, 2004) are approximately 10% lower
than the one determined here with the “isochemical” model. More-

over, abyssal peridotites are generally not completely serpentinized
and, for the mean composition and reaction progress of abyssal
peridotites (X, = 60% and & = 80 mol.%), brucite should be pro-
duced (Fig. 2). Using a bivariate normal distribution of abyssal
peridotites (Fig. 4A), the mean Xy for “isochemical” serpentiniza-
tion is estimated to vary between 7.8 and 10.4% for temperature of
100°C and 310°C, respectively (Fig. 4B). These values are compa-
rable to the decrease of the MgO/SiO; ratio of 5.1+6.1% measured
in the geochemical data compilation. The decrease of the Mg0/SiO;
ratio thus appears to be related to the scarcity of brucite in serpen-
tinized peridotites.

Two mechanisms can jointly account for the decrease of the
MgO/SiO, ratio and the scarcity of brucite in serpentinized peri-
dotites: 1) Mg loss through brucite dissolution (Snow and Dick,
1995):

Mg(OH); = Mgt + 20H™ (1)

or 2) SiOy gain through the reaction with high aSiO, fluids to
form serpentine with or without brucite as a reaction intermediate
(Beard et al., 2009; Frost et al., 2013):

3Mg?* 4 60H™ + 25i0 2q = 3Mg(OH)3 + 25i07,44
= Mg3Si;05(0H)4 + H20 (2)
AV = (Vm serpentine — 3Vm brucite)/(3 Vin brucite) =47%

(The volume change of the solid (AVs = (Vsolid products —
Vsolid reactants)/ V solid reactants) iS given here and for the reactions be-
low, and will be further discussed in Section 4.3.1.)

Mechanism of brucite dissolution was not reproduced with
thermodynamic modeling even with seawater, low temperature
and high F/R ratios as proposed by Snow and Dick (1995) (Fig. 3).
On the contrary, brucite was found to precipitate with carbonate
in these conditions from the Mg contained in seawater (Fig. 3A).
This mineralogical composition is the same as the one observed
in the hydrothermal chimneys of the Lost City hydrothermal field
(Kelley et al., 2001). These results are consistent with experiments
of peridotite serpentinization in which Mg was transferred from
seawater to peridotite at temperatures of 200°C and F/R ratio of
~1 (Seyfried et al., 2007) and not from peridotite to seawater.

A decrease of the MgO/SiO, ratio was obtained with the MRV
and URV fluids containing aqueous silica (Fig. 3E and F). As the F/R
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ratio increases, brucite was found to be only stable below F/R ra-
tios of 20 and 100 for MRV and URV fluids, respectively. At these
F/R ratios, a mineralogical composition typical of abyssal peri-
dotites with serpentine and magnetite as main minerals was ob-
tained with corresponding decreases of the MgO/SiO, ratio around
5%, i.e. in the same range as that measured in abyssal peridotites.
At higher F/R ratios, talc was found to precipitate directly from
aqueous species or with serpentine as an intermediate of reaction:

3Mg?* + 60H™ + 45103 g = Mg 51205 (OH)4 + 2510, + HoO
= Mg3Sig019(0OH); + 2H,0
AVs=Vntac — Vim serpentine)/(vm SEl‘Pe“tine) =26% (3)

This reaction induces pronounced decreases of the Mg0O/SiO, ra-
tio and is compatible with the observation of talc-bearing rocks
(Boschi et al., 2008). Mass transfer during serpentinization can
thus be explained by fluid/rock interactions with SiO,-rich flu-
ids leading to the formation of serpentine (reaction (2)) or talc
(reaction (3)). Most of the serpentinized peridotites have only ex-
perienced reaction (2) indicating F/R ratios comprised between 20
and 50, i.e., in the range calculated from isotopic measurements by
Delacour et al. (2008), but orders of magnitude smaller than that
determined by Snow and Reisberg (1995) with osmium isotopes.
It is difficult to determine if MRV fluid, URV fluid or both
fluids are the source of aqueous silica in natural systems since
they all yielded similar results. Moreover, Si mobilization during
hydrothermal alteration of mafic bodies at temperatures rang-
ing from 70 to 300°C and of ultramafic bodies at 400°C have
both been reported in the literature (Seyfried and Mottl, 1982;
Seyfried and Bischoff, 1979; Allen and Seyfried, 2003). The forma-
tion of hematite with MRV fluids at high F/R ratios is compati-
ble with observations of talc-bearing samples showing evidence of
Si transfer from mafic to ultramafic rocks (Paulick et al., 2006).
The presence of mafic intrusions in exhumed mantle rocks (e.g.,
Cannat, 1993) thus plays a key role in Si transfer during serpen-
tinization not only for 2% of the samples recovered at mid-ocean
ridges having experienced extreme alteration in the vicinity of gab-
broic rocks (Boschi et al., 2008), but also for more than 80% of the
abyssal peridotites. The modeling performed here indicates that
the formation of talc-bearing rocks is not necessary a two-stage
process during which serpentinized peridotites are first formed
and then altered with high aSiO; fluids (Paulick et al., 2006;

Harvey et al., 2014), but can also be a single-step process of ser-
pentinization with high aSiO; fluids and high F/R ratios (Boschi et
al., 2008).

4.3. Consequences of mass transfer during serpentinization

4.3.1. Estimating volume change of reaction

“Isochemical” serpentinization is known to be associated with
a positive AV of up to 40% (AVs; Coleman and Keith, 1971). This
increase can have two opposite consequences for fluid transport
during serpentinization. On the one hand, it can generate a pres-
sure build-up susceptible of fracturing the peridotite and propagat-
ing fluids inwards (e.g. Plimper et al., 2012). On the other hand,
the expanding reaction products can fill the porosity and lower
permeability, preventing efficient fluid transport through the rock
(Godard et al,, 2013). An estimate of the influence of Si metaso-
matism during serpentinization on AV was obtained by using the
“open system” model (Fig. 5). AV, was found to be rather constant
around 50% for F/R ratios below 100, i.e., in the domain where
serpentinized peridotites with the average composition of abyssal
peridotites are expected to form (Fig. 3). This constant value of
AV, is due to a competition between the transformation of brucite
into serpentine (reaction (2)), which is associated with a solid vol-
ume increase, and the formation of high-density magnetite from
low density Fe-brucite:

3Fe(OH); = Fe304 + 2H,0 + H (4)

AVs= (Vm magnetite — 3 Vm Fe-brucite)/ (3 Vm Fe-brucite)
= —44% (5)

For F/R ratios above 100, AV significantly increases and values
of approximately 70% are obtained for the average composition of
abyssal peridotites having experienced extreme Si-metasomatism
(Fig. 5A). This sharp increase is associated with volume increase
during talc formation (reaction (3)). Serpentinization at mid-ocean
ridges is therefore associated with significant solid volume in-
creases. This said, understanding the mechanisms of porosity gen-
eration before (e.g. tectonic deformation, thermal cracking) or dur-
ing serpentinization (e.g. reaction-induced fracturing) remains a
major challenge.
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4.3.2. Hydrogen production

Serpentinization is a redox reaction producing hydrogen
through two coupled half-reactions of water reduction and iron
oxidation during magnetite and serpentine formation (Charlou et
al., 2002):

2+ _ 3+ —
2Fe(olivine, pyroxene) — 2Fe(magnetite, serpentine) +2e (6)
2H,0 + 2e~ = H; + 20H;; (7)

(brucite, serpentine, talc)

Hydrogen is an energy source for both biological organisms and
human activities (Frith-Green et al., 2003; Malvoisin et al., 2013).
Identifying the parameters controlling the amount of hydrogen
produced during serpentinization therefore has major scientific
and societal implications. Thermodynamic models have established
that temperature and reacting peridotite composition are two of
these parameters (Klein et al., 2013). The “open system” model
used here suggests that the F/R ratio and the fluid composition are
also key parameters (Fig. 6). However, increasing the F/R ratio can
produce opposite trends in the total amount of produced hydrogen
(Hzp) with different fluid compositions and there is thus no simple
relationship between the F/R ratio and Hp, or between the fluid
composition and Hpp. For example, at a F/R ratio of 100, hydro-
gen is only produced with the URV fluid. This is directly related to
the fluid composition since, at this F/R ratio with the high Si con-
tent in MRV fluid and the high Mg content in seawater (Table 1),
rocks are composed of iron in its reduced form (Fe2*), which is
carried by talc and brucite (Figs. 3 and 7B). Changing from a F/R
ratio of 1 to a F/R ratio of 10 produces different Hp, depending on
the fluid composition. Due to a dilution effect, this change leads
to lower hydrogen concentrations in the fluid. With seawater and
URV fluid, the dilution effect is responsible for higher Hyp, since
higher amount of hydrogen can be dissolved in the fluid before
reaching thermodynamic equilibrium. However, this effect is coun-
terbalanced by the occurrence of other half-reactions besides (7)
to equilibrate (6), resulting in oxidation of the solid (Fig. 6B) with-
out hydrogen production (Fig. 6A). Detailed investigation of the
amount of the various aqueous species as a function of the F/R ra-
tio (Fig. S3 in Supplementary materials) reveals that the reduction
of 03,44 is one of these reactions:

OZ,aq + 2H,0 +4e™ =40H™ (8)

Hydrogen can also be consumed during reactions with aqueous
species such as Hcog(; to form potassium acetate (Fig. S3):

2HCO3 + K* + OH™ 4 5H; = K(CH3C00)2~ + 5H,0. 9)

The effect of these reactions on Hpp is more pronounced at
higher F/R ratios since the total amount of 03,4 and Hcogq* also
increases with F/R ratio. That is why comparable Hyp are obtained
with the three fluids for a F/R of 1. Consequently, determining the
exact composition and the amount of fluid involved during serpen-
tinization is essential for providing accurate estimates of Hpp.

4.3.3. Fluid release in subduction zones

At slow and ultraslow spreading ridges, mantle-derived ultra-
mafic rocks are estimated to represent approximately 9% of the
oceanic crust and are produced at a rate of 0.4 km?/yr (Cannat
et al., 2010). Therefore, mass transfers in mantle rocks have the
potential to induce large changes in seawater composition. In par-
ticular, calculations performed by Snow and Dick (1995) and Ligi
et al. (2013) indicate that a MgO/SiO; ratio decrease in serpen-
tinized peridotites resulting from Mg loss during weathering can
contribute to the Mg content of seawater to a level similar to
the input from rivers. Here, the decrease in MgQ/SiO; ratio is re-
interpreted as resulting mainly from a process implying a Si gain
through serpentinization with Si-rich fluids. During this process,
minerals with progressively smaller H,O/Mg ratios (Xu,0) are pro-
duced as more Si is incorporated in the rock (Fig. 7). This leads to
serpentine and talc having Xn,o of 2/3 and 1/3, while brucite has
a Xu,0 of 1. Compared to “isochemical” serpentinization, this in-
duces an incorporation of water that can be 13 to 70% lower when
serpentine and talc are formed, respectively (Fig. 7).

The changes in composition associated with Si-metasomatism
during serpentinization on the seafloor could also have conse-
quences on the pressure and temperature at which water is re-
leased in subduction zones. To quantify this effect, another ther-
modynamic model appropriate for subduction zone conditions was
built with Perple_X (Connolly, 2005). The amount of water re-
leased along a slab interface with a thermal gradient of 10 °C/km
was estimated for three different serpentinized peridotite com-
positions determined with the “open system” model during peri-
dotite/MRV fluid interaction at 250 °C. To investigate different de-
grees of Si-metasomatism, the three compositions were extracted
from the model at F/R ratios of 1, 30 and 400, which are assumed
to reproduce 1) the conditions of “isochemical” serpentinization
(IS peridotites; SiO; = 44.6 wt% on an anhydrous basis), 2) Si-
metasomatism experienced by most of the abyssal peridotites (NSi
peridotites; SiO, = 46.3 wt.% on an anhydrous basis), and 3) ex-
treme Si-metasomatism with talc alteration (ESi peridotites; SiO,
= 574 wt.% on an anhydrous basis), respectively. Fig. 8 indicates
that the release of water by IS peridotites occurs in two steps
at ~440°C/1.3 GPa and 610°C/1.8 GPa corresponding to brucite
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Fig. 7. A: amount of water contained in the rock as a function of the fluid to rock
ratio at 250°C for two initial fluid compositions (MRV and URV fluids). The black
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culated. B: number of moles of water on total amount of water in serpentine,
brucite and talc as a function of the fluid to rock ratio at 250°C calculated with
MRV and URV fluids.

and serpentine dehydrations, respectively, whereas NSi peridotites
only experience serpentine dehydration at an unique pressure of
~650°C/1.9 GPa. The dehydration of talc-bearing ESi peridotites
even occurs at higher pressure since dry peridotites formed after
ESi peridotites are only found at pressures above 750°C/2.2 GPa.
These results suggest that Si-metasomatism is responsible for a
shifting of the water release in subduction zones by more than
0.6 GPa, i.e. 20 km depth assuming a lithostatic pressure in the
rock column. These results must be taken into account when mod-
eling the impact of serpentinized peridotites dehydration on fluid
release in the mantle wedge at subduction zones.

5. Conclusion

A compilation of ~500 abyssal peridotites compositions reveals
a systematic decrease of the Mg0/SiO, ratio by 5% on average rela-
tive to unaltered peridotites. Additionally, brucite is not commonly
observed in serpentinized peridotites even though thermodynamic
modeling of “isochemical” serpentinization predicts that this min-
eral should represent ~40 mol.% of the mineralogical assemblage.
These two observations were only reproduced numerically dur-
ing peridotite interaction with Si-rich fluids inducing serpentine
production at F/R ratios of ~20 and talc production at higher
F/R ratios. These results extend the model of Boschi et al. (2008)
of peridotite serpentinization with Si-rich fluids produced during
mafic rocks alteration from talc-bearing samples to 80% of abyssal
peridotites. Compared to “isochemical” serpentinization, this pro-
cess of SiOy gain during serpentinization also reduces the amount
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Fig. 8. Mass of water released along a metamorphic gradient of 10°C/km (T (K) =
298 4+ 0.003P (MPa)). The input compositions of the serpentinized peridotites were
obtained with the “open system” model (Fig. 3) at 250°C with the MRV fluid and
F/R ratio of 1 (blue line; MgO/SiO, = 1.034), 30 (red line; MgO/SiO, = 0.942) and
400 (black line; MgO/SiO, = 0.387). The corresponding initial mineralogical as-
semblages are serpentine + brucite 4+ andradite + magnetite for F/R ratio of 1,
serpentine + talc + hematite for F/R ratio of 30 and talc + hematite for F/R ratio
of 400. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

of hydrogen produced at mid-ocean ridges and increases the depth
at which water is released through the dehydration of serpen-
tinized peridotites in subduction zones. However, it has a limited
impact on volume increase during serpentinization since serpen-
tinized peridotites have a constant ~1.5 times greater volume than
unaltered peridotites for F/R ratios below 100.
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