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Role of silica for the progress of serpentinization reactions; Constraints from successive
changesin mineralogical textures of serpentinitesfrom Iwanaidake ultramafic body, Japan
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Abstract
Serpentinization of peridotite in subduction zones and mid-ocean ridges is a key process that
significantly controls not only the geodynamic behavior of the mantle but also the activity of
modern (and probably primordial) microbial systems on the seafloor. However, there is still
controversy about what factors promote the mineralogical reactions of serpentinization in natural
ultramafic rocks. Here we report textures, chemistry, and magnetic susceptibility of variably
serpentinized harzburgite and dunite samples from Iwanaidake ultramafic body, Japan, which
originated from the forearc mantle of the Northeast Japan arc. Successive changes in textures,
mineral chemistry, and magnetic susceptibility during serpentinization of harzburgite involved
two stages. replacement of olivine by serpentine and brucite, and subsequent formation of
magnetite along with more-magnesian serpentine and brucite. The later reactions occurred
concurrently with serpentinization of orthopyroxene, which supplied the silica component. In
serpentinized dunite, which doesn't contain orthopyroxene, serpentinization involved replacement
of olivine by serpentine and brucite, and the fraction of magnetite did not increase with the
progress of serpentinization. These observations suggest that the silica supply from

serpentinization of orthopyroxene is an essential factor for the formation of magnetite during

serpentinization. Magnetite formation facilitated by addition of silica has often been reported for
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many serpentinite systems, suggesting that the magnetite formation triggered by silica addition is
one of the key reactions for the progress of serpentinization in natural ultramafic rocks.
K eywor ds. serpentine, magnetite, magnetic susceptibility, bulk H,O content, mineral ogical

texture

Introduction

The transformation of mantle peridotite into serpentinite changes the physical properties of the
mantle, such as seismic velocity, density, magnetic susceptibility, electric conductivity, and
viscosity (e.g., Toft et al. 1990; Dyment et al. 1997; Escartin et al. 1997; Mevel 2003; Katayama
et al. 2009; Hirauchi et a. 2010). Serpentinization also produces hydrogen, which is essential for
the establishment of microbial communities in serpentine-hosted hydrothermal fields on the
seafloor (e.g., Taka et a. 2004; Nealson et al. 2005). It is now generally thought that microbial
activities associated with serpentine-hosted hydrothermal systems played a key role in the genesis
of lifein the early oceans (e.g., Sleep et a. 2004; Martin et a. 2008).

Recent petrologic studies have proposed that serpentinization reactions proceed via a two-
stage process involving the early formation of serpentine + brucite and subsequent magnetite
formation (e.g., Toft et al. 1990; Bach et al. 2006; Beard et a. 2009). Magnetite, which is the key
mineral controlling the magnetic properties, electrical conductivity, and density of peridotite, as
well as the efficiency of hydrogen production, is thought to be formed by the second-stage
reaction, but there remains considerable controversy regarding what factors promote the
formation of magnetite (e.g., Oufi et al. 2002; Bach et al. 2006; Frost and Beard 2007; Beard et
al. 2009; Plumper et a. 2012; Frost et al. 2013). Bach et a. (2006) and Beard et al. (2009)
proposed that magnetite is formed by the breakdown of brucite promoted by the addition of

aqueous silica:
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brucite + silica = serpentine + magnetite + water + hydrogen.
Conversely, Katayama et al. (2010) suggested that magnetite is formed by the breakdown of
ferroan serpentine, which results in the production of silica component:

serpentine = magnetite + silica + water + hydrogen.
In contrast, Evans (2008, 2010) suggested that the Fe-Mg exchange potentia of olivine and the
variability of Fe** in serpentine minerals are key factors to control the formation of magnetite.

One of the clues to solve this controversy is the successive change in mineralogical textures

with the progress of serpentine reactions, which will allow us to constrain the reactions
responsible for the progression of serpentinization, because multistage serpentinization processes
are expected to produce different textures in serpentinites at each stage of the reaction. Textural
changes with the progress of serpentinization have been described in previous studies (e.g., Bach
et a. 2006; Beard et al. 2009; Frost et al. 2013), but those studies have only focused on highly
serpentinized samples, or have examined just a small number (<4) of serpentinized samples. In
this study, we examine 40 samples of variably (0% to 100%) serpentinized peridotite taken from
the Iwanaidake ultramafic body in Kamuikotan belt, Hokkaido, Japan. We describe successive
changes in textures, mineral chemistry, magnetic properties and H,O contents of these samples,
and discuss the processes responsible for the progression of serpentinization and magnetite

formation.

Geological setting
The Kamuikotan belt, located in the central axial part of Hokkaido, Japan, is a part of orogenic
zone formed by the collision of Northeast Japan arc and Kuril arc during the Mesozoic (Kimura
1986). It consists of high- and low-pressure metamorphic rocks and subordinate volumes of

ultramafic rocks (Ishizuka et al. 1983). The Iwanaidake ultramafic body is found in the southern
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part of the Kamuikotan belt. Katoh (1978) called the ultramafic rocks in this area the “ Saru-gawa
ultramafic massif” and divided it into eastern and western units. The western unit will be referred

as the “lwanaidake ultramafic body” in this study.

A fresh peridotite domain, measuring about 1 km diameter, occurs at the top of Mt.
Iwanaidake, within the lwanaidake ultramafic body. It is composed of harzburgite accompanied
by a small volume of dunite. Dunite occurs in harzburgite as dyke-shaped or lens-shaped bodies.
Generally, boundaries between dunite and harzburgite are sharply defined. The ultramafic rocks
surrounding the peridotite domain, measuring about 3 km wide and > 10 km long, are partly or
completely serpentinized, with the degree of serpentinization increasing gradually as one moves
farther away from the peridotite domain. The central peridotite and surrounding serpentinite are
thought to originally have had the same lithology based on the smilarities found in chemical
compositions of relic minerals and inclination of the serpentine layers (Katoh, 1978). Katoh and
Nakagawa (1986) noted that this complex was a section characterized by remarkably depleted
ophiolites. However, a petrochemical study by Kubo (2002) argued that the highly depleted
dunite may have formed by intensive incongruent melting of harzburgite triggered by the
injection of hydrous melts in the host harzburgite. This model suggests that the Iwanaidake
peridotite may have been emplaced in the mantle wedge of a subduction zone where hydrous

melts can form and upwell (Kubo, 2002).

Petrography
From the Iwanaidake ultramafic body, we collected 25 harzburgite and 15 dunite samples,
which include non-serpentinized peridotite and partly to totally serpentinized rocks. Mineral
assemblage and textures were investigated with optical microscopy and a laser Raman

spectroscope JASCO NRS-3100 at the Department of Geology and Mineralogy, Kyoto
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University. Raman analysis was performed using a green laser (532 nm wave length) and 1.2 s
integration time. The modal compositions were determined by counting 2000 points. The degree
of serpentinization was defined as the total mode of serpentinized portions (i.e., total volume
fractions of serpentine, brucite and magnetite). The modal compositions of the samples are listed
in Table 1. Mgor element compositions of minerals were analyzed using an electron microprobe
JEOL JXA-8105 at the Department of Geology and Mineralogy, Kyoto University, with a3 um
beam of 15 kV acceleration voltage, 10 nA beam current, and 10 s peak acquisition time for all
elements. Standard materials used are wollastonite for Si and Ca, rutile for Ti, corundum for Al,
synthetic Cr,O3 for Cr, hematite for Fe, rhodonite for Mn, synthetic MgO for Mg, pentlandite for
Ni, albite for Na, and potassium feldspar for K. Standard deviations (1 sigma) are less than 0.8

wt% for al elements. The analyzed mineral compositions are listed in the Supplementary table.

Ser pentinized har zbur gite

Harzburgite consists of olivine, orthopyroxene, and accessory Cr-spinel and clinopyroxene.
Average Mg# (molar Mg/(Mg + Fe) x 100) of olivine and orthopyroxene is 92. Serpentinized
harzburgite consists mainly of serpentine, brucite, magnetite, and relic mineras (Table 1).
Partially or completely serpentinized olivine crystals exhibit typical mesh texture: a serpentine
mesh rim with relic or serpentinized olivine mesh center. Some samples have serpentine *
magnetite veins that cut through al textures, which is indicative of their having been formed at a
very late stage in serpentinization. Raman spectra of serpentine minerals in the mesh textures
have weak bands around 510-520 cm*, suggesting that they are lizardite and/or antigorite
(Rinaudo et al. 2003). However, it is difficult to strictly confirm the serpentine phases because the
positions of bands around 680-690 and 1,000-1,100 cm *, which are key bands to distinguish

antigorite from lizardite (Rinaudo et al. 2003), are poorly constrained.

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



126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am.2014.4748 1/29

A notable feature of the serpentinized harzbugite samples is that there are two types of mesh
rims (Figure 1): the brown colored area (type-A rim) is an intimate mixture of serpentine and
brucite, whereas the colorless area (type-B rim) is composed solely of serpentine. In samples that
have both type-A and B rims, the type-A rims always occupy the innermost area in contact with
relic olivine, and type-B rims occupy the surrounding area (Figure 1a, b). Serpentine in type-A
rims displays negative elongation (a-serpentine), while that in type-B rims displays positive
elongation (y-serpentine). Type-B rims are aways accompanied by brucite-magnetite veinsin the
outermost part of the mesh texture (i.e., the brucite-magnetite veins are found sandwiched
between adjacent type-B rims: Figure 1b-c).

Chemical compositions of type-A rims form a trend connecting relic olivine (Mg#92),
serpentine (Mg#94) and brucite (Mg#86) on the FeO-MgO-SiO; ternary diagram (Figure 2) and
the (S + Al/2 + Cr/2)—total Fe cation plot (Figure 3a). This trend indicate that the serpentine in
typeA rims doesn't contan Mg-cronstedtite (Mg.Fe*,SiOs(OH)s) or cronstedtite
(Fe**,Fe**,Si05(OH)4) component. Type-B rims are composed solely of serpentine with variable
Mg# (Mg#93-96). The Fe-rich end of type-B rim serpentine plots along a trend toward Fe*'-
serpentine (Fe**,Si,05(OH),) (Figures 2 and 3b), suggesting that Fe in the type-B rim serpentine
is partly ferric. Compositions of brucite in brucite-magnetite veins were not precisely determined
owing to the narrow width of the veins, but the analyzed data plot along a trend connecting the
Mg-rich end of type-B rim serpentine (Mg#96) and brucite (Mg#89) (Figure 2), suggesting that
the brucite-magnetite veins contain Mg#89 brucite, which is more magnesian than that in type-A
rims.

Serpentinized portion of mesh centers contains small grains of magnetite (Figure 1d).
Compositions of mesh-center serpentine are variable Mg# (90-93), which is less magnesian than

that of type-B rims (Figures 2, 3b-c). Serpentinized orthopyroxene (called “bastite”’) are found in
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highly serpentinized samples. Most of bastite is composed solely of serpentine, but bastite in
some samples sporadically contains aggregates of magnetite grains, which may have formed
along with oxidation of Cr-spinel inclusions in orthopyroxene. Mg# of bastite ranges from 82 to
92 (Figures 2, 3d). The variations of mesh-center serpentine and bastite also form trends toward
Fe*-serpentine (Figures 2, 3c—d), suggesting some contribution of ferric iron in mesh-center
serpentine and bastite as well asin type-B rims.

The modal compositions of textures change systematically as serpentinization progresses
(Figure 44). The change in modal compositions shows that the mode of type-A rims is higher in
weakly serpentinized samples (0 to ~40 vol%), whereas the mode of type-B rims increases while
that of type-A rims decreases with increasing degree of serpentinization (Figure 4a). It should be
noted that type-B rims appear concurrently with serpentinization of orthopyroxene and mesh

center at asimilar degree of serpentinization.

Serpentinized dunite

Dunite consists of olivine and Cr-spinel. Serpentinized dunite consists of serpentine, brucite,
magnetite and relic minerals (Table 1). Unlike serpentinized harzburgite, mesh rims of dunite
consist mostly of type-A rims. Very small amounts of magnetite are sparsely distributed in mesh
rims and mesh centers. The chemical compositions of type-A rims are the same as those in
harzburgite (Figure 3a). The chemical compositions of mesh-center serpentines are similar to
those of type-A rims (Figures 3a, ). There is no indication of the presence of ferric iron in both
mesh rims and centers. The |ate-stage serpentine veins are also observed, and magnetitized spinel
crystals are observed in highly serpentinized samples.

The mode of type-A rims in dunite increases as serpentinization progresses, and type-B rims

are rarely present, except for small amounts seen in moderately serpentinized samples (Figure
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4b). The mode of mesh-center serpentine gradually increases together with that of type-A rims.
This is in contrast to the case in serpentinized harzburgite where the mode of mesh-center

serpentines remains low even in highly serpentinized samples.

Bulk magnetic susceptibility and H,O content

Bulk magnetic susceptibility, which is an indicator of the fraction of magnetite (e.g., Toft et al.
1990), was measured by a KLY-3S Spinner Kappabridge at Department of Interdisciplinary
Environment, Kyoto University. Samples were cut into 2 x 2 X 2 cm cubes and the magnetic
susceptibility for each sample was measured at 300 A/m rms field intensity and 875 Hz operating
frequency of the magnetic field. The measured susceptibility values are listed in Table 1. The
bulk magnetic susceptibility values of highly serpentinized harzburgite (serpentinization
exceeding 30 vol%), which have type-B rims and bagtite, are higher than those of weakly
serpentinized harzburgite (Figure 5). In contrast, the magnetic susceptibility of serpentinized
dunite remains constant even as serpentinization progresses.

Bulk H,O content was measured by an ADP-512 Karl Fisher moisture titrator at the
Earthquake Research Institute, University of Tokyo. After being heated at 120°C to remove any
moisture absorbed from air, each powdered sample (~100 mg) was heated at 1000°C for 15-20
minutes until no further release of moisture could be observed. The bulk H,O contents in
serpentinized dunite and harzburgite samples (Table 1, Figure 6) exhibit similar trends until
moderate degree of serpentinization, while the H,O contents of serpentinized harzburgite are

lower than those of dunite at higher degrees of serpentinization.

Discussion

Ser pentinization reactionsin harzburgite
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The modal changes in mineralogical texture types in serpentinized harzburgite (Table 1,
Figure 4a) demonstrate that type-A rims occur more abundantly in weakly serpentinized samples,
and that increase in the modes of type-B rims and bastite is concurrently initiated at a moderate
degree (~30 vol%) of serpentinization. This indicates that the process of serpentinization takes
place in two stages: first, the formation of the type-A rim replacing olivine, and then, the later
formation of the type-B rim and bastite. The higher values of magnetic susceptibility in highly
serpentinized samples (Figure 5) suggest that the magnetite formation occurs in the later stage of
serpentinization. Such two-stage serpentinization processes have been documented in many
serpentinite systems (Bach et a. 2006; Beard et al. 2009; Frost et a. 2013). Here we propose
minera reactions responsible for the two-stage serpentinization process in the Iwanaidake body
on the basis of the modal changes and compositional relationships of the minerals.

First-stage serpentinization. Chemical compositions of type-A rims form a trend that
connects relic olivine, Mg#94 serpentine, and Mg#86 brucite (Figure 2, 3a). This trend and the
paucity of magnetite in poorly serpentinized samples indicate an isochemical reaction without

forming magnetite during the first-stage serpentinization:

2M @1 84F€ 165104 + 3H20 = M g2 g2F€0 18Si205(OH) 4 + M Qo ssF€0.14(OH)2 (1)

Mg#92 olivine + water = Mg#94 serpentine + Mg#86 brucite.

Most of the analyzed data of type-A rims plot only between relic olivine and serpentine (Figure
3), implying that the bulk composition of type-A rims would be richer in silica than original
olivine, that is, silica would have been added to olivine during the formation of type-A rims.
However, the compositional trend of type-A rims doesn't deviate toward SIO, (Figure 3a),

indicating that no silica addition occurred during type-A rim formation. The apparent silica
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10

enrichment is probably due to sampling bias in electron microprobe analysis. When analyzing
type-A rims by the electron microprobe, we spotted relatively flat portions of the rims. Since
brucite is weaker against polishing than serpentine, brucite-rich portions in the type-A rims tend
to have rough surface compared with serpentine-rich portions. As a consequence, we selectively
analyzed serpentine-rich portions of the type-A rims, resulting in the apparent silica enrichment.

Second-stage ser pentinization.

The second stage of the serpentinization process is accompanied by increase in the modes of
type-B rims and brucite-magnetite veins and decrease in type-A rims (Figures 1, 4a). This
indicates that during the second stage the type-A rims are replaced by the type-B rims and
brucite-magnetite veins. Brucite in the brucite-magnetite veins is more magnesian than that in
type-A rims (Figure 2). Although serpentine of type-B rims heterogeneously contains a certain
amount of Fe*,Si,05(0OH)4 component (Figure 3b), the analyzed data of coexisting brucite-
magnetite veins form a trend connecting Mg#96 serpentine (= Mg-rich end of type-B rim
serpentine) and Mg#89 brucite (Figures 2 and 3b), suggesting that Mg#96 serpentine mainly
formed in type-B rims. The concurrent appearance of type-B rims and brucite-magnetite veins
accompanied by bastite formation (Figure 4a) suggests that the formation of type-B rims and

brucite-magnetite veins proceeded by the supply of silicafrom bastite formation as follows:

M2 2F€0 1851205(0OH)4 + Mgo gsFen 14(OH)2 + X SIO,(ag) = (1 +

0.5X)M g2 gsF€0 1251 205(OH) 4 + (0.90 - 1.62X)Mgp soFep 11(OH)2 + (0.03 + 0.04X)Fes0, +
(0.07 + 0.58X)H.0 + (0.03 + 0.04X)H, )
Mg#94 serpentine + Mg#86 brucite + silica= Mg#96 serpentine + Mg#389 brucite + magnetite

+ water + hydrogen.
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3Mgo.g2F€n,08SiO3 + 2H,0 = M@y 76F €0 24Si205(0OH) 4 + SiO2(aq) (3

Mg#92 orthopyroxene + water = Mg#92 serpentine + silica.

Mesh-center serpentinization also occurred concurrently with bastite formation (Figure 3a),

suggesting that the silica from reaction 3 also facilitated serpentinization of mesh center:

Mgl_34Feo,1GSi O, +1.33H,0 + 0.32S Oz(aC]) = 0.66M 92,79Feo_218i 205(0H)4 + 0.01Fe304 +
0.01H, (4)

Mg#92 olivine + water + silica= Mg#93 serpentine + magnetite + hydrogen.

Formation of ferric serpentine. As well as type-B rim serpentine, bastite and mesh-center
serpentine also contain significant amounts of Fe**,Si,0s(OH), component (Figures 2, 3b-d).
Therefore, the supply of silica by bastite formation (reaction 3) should have partly contributed to
generate Fe**,Si,05(OH)4 component in addition to magnetite. If we assume that all the iron in
the product of reaction 2 was incorporated in serpentine as ferric iron, then the reaction can be

deduced from mass balance as follows:

Mgy g2F€”0,18S1205(OH)4 + Mgo ssFen14(OH), + 0.77SiO4(aq) =

1.39M 92,55Fe3+0_238i 205(OH)4 + + 0.07H,0 + 0.16H, (5)

Mg#94 serpentine + Mg#86 brucite + silica= Mg#92 MgFe*-serpentine + water + hydrogen.

Mg# of the Fe**-bearing serpentine produced by this reaction is 92, which is close to that of the

most Fe-rich serpentine in type-B rims (Figure 3b), suggesting that the most Fe-rich serpentine in
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type-B rims can form by this reaction without forming magnetite.
To produce Fe-rich bastite containing Fe**-serpentine component, supply of iron is necessary,
because simple addition of water to the relic orthopyroxene (Mg#92) cannot produce Fe-rich

bastite with Mg# <92. If the ferric iron is supplied as magnetite, the reaction to form the most Fe-

rich (Mg#82) bastiteis:

3M go‘ngeo_OBSi O3 + 0.12Fe304 + 2.44H,0 = 1.22M 92‘26F63+0‘498i 205(OH)4 + 0.56S Oz(aq) (6)

Mg#92 orthopyroxene + magnetite + water = Mg#82 MgFe®*-serpentine + silica.

Similarly, the most Fe-rich composition of mesh-center serpentine (Mg#90) can form by the

following reaction, if the ferric iron is supplied as magnetite:

Mg1,84|:60_168i O, + 0.02Fe304 + 1.52H,0 + 0.43Si Oz(aC]) =0.72M 92,57Fe3+0_298i 205(OH)4 +
0.09H, @)

Mg#92 olivine + magnetite + water + silica= Mg#90 MgFe* -serpentine + hydrogen.

Magnetite for these two reactions can be supplied from reaction 2, which requires supply of silica
from bastite formation (reaction 3). Thus, silica released from bastite formation was consumed by
the formation of type-B rims and brucite-magnetite veins (reaction 2), and the magnetite
produced there was in turn partly consumed in bastite and mesh-center serpentine formation

(reactions 6, 7).

Evans (2008) demonstrated that highly serpentinized peridotites tend to have higher ferric

iron/total iron ratios, and suggested that more than half of the ferric iron in the system is
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contained in serpentine. In Iwanaidake body, however, the higher magnetic susceptibility in the
second stage harzburgites (Figure 5) shows that significant amounts of magnetite formed during
the second stage, suggesting that ferric iron produced in the second stage was mainly
incorporated in magnetite. Since Fe*-serpentine-forming reactions 5-7 don't form magnetite but
consume magnetite, it is likely that Fe**-serpentine-free reactions (reactions 2—4) dominantly

proceeded in the second stage serpentinization of harzburgite in the lwanaidake bodly.

Serpentinization reactionsin dunite

The modal changes in mineralogical texture types in serpentinized dunite (Figure 4b)
demonstrate that type-A rims and mesh-center serpentine were dominantly produced with the
progress of serpentinization. No significant increase in magnetite mode can be observed (Table
1), as evidenced by the relatively constant magnetic susceptibility (Figure 5). The chemical
compositions of mesh-center serpentine of dunite are similar to type-A rims (Figures 2, 3),

suggesting that serpentinization in dunite occurs only through reaction 1.

The progress of two-stage ser pentinization

Progress of serpentinization reactions and associated changes in mineralogical textures in the
Iwanaidake ultramafic body are schematically illustrated in Figure 7. In harzburgite, type-A rims
(serpentine + brucite) were formed by isochemical serpentinization of olivine (reaction 1) during
the first stage. This reaction was promoted by the addition of agueous fluids. Type-B rims
(serpentine), brucite-magnetite veins, and mesh-center serpentine and magnetite were formed
during the second stage (reactions 2 and 4). Magnetite and hydrogen were produced during this
stage. These reactions were facilitated by the addition of aqueous silica released by

serpentinization of orthopyroxene (reaction 3), which partly contributed to form Fe**-serpentine
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component (reactions 5-7). In dunite, a single-stage serpentinization occurred: type-A rims and
mesh-center serpentine and brucite were formed by isochemical serpentinization of olivine
(reaction 1). Magnetite and hydrogen were not produced in dunite due to the absence of
orthopyroxene, which can supply silica during serpentinization.

In weakly serpentinized harzburgites, the second-stage reactions didn't occur, although they
contain significant amounts of orthopyroxene (up to 20 vol%, Figure 4a), suggesting that the
second-stage serpentinization is triggered by serpentinization of orthopyroxene. The later
hydration of orthopyroxene is a key for understanding why serpentinization reactions proceeded
via two stages. One possible explanation for the later hydration of orthopyroxene is the change of
temperature during serpentinization. Thermodynamic calculations (e.g., Frost and Beard, 2007,
Klein et a. 2009) and experimental studies (e.g., Martin and Fyfe, 1970; Allen and Seyfried,
2003) have demonstrated that hydration of orthopyroxene occurs at temperatures higher than
hydration of olivine. Therefore, the second-stage serpentinization in the Iwanaidake body may
have occurred at temperature higher than the first-stage, that is, the two-stage serpentinization
process may have proceeded with increasing temperature, although further evidence for the

change of temperature condition during serpentinization of Iwanaidake body is needed.

Variationsin bulk magnetic susceptibility and H,O content

We tested whether the serpentinization reactions proposed here (reactions 1-4, Figure 7) can
explain the variations in the bulk magnetic susceptibility and H,O content (Figures 5, 6). We have
used the method introduced by Toft et a. (1990) to calculate how magnetic susceptibility would
change with increasing fraction of magnetite. According to this method, the magnetic
susceptibility of bulk rock is given by the equation, K = 3.2 F, where K isthe S (the International

System of Units) values of magnetic susceptibility of bulk rock, and F is the volume content of
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magnetite.

Changes in magnetic susceptibility and bulk H,O content with the progress of the reaction 1
(first stage) and reactions 2—4 (second stage) were calculated assuming the following: that the
modal composition of protolith dunite is 100 vol% olivine, and that of harzburgite is 83 vol%
olivine and 17 vol% orthopyroxene; that the second reaction starts when the degree of
serpentinization reaches 30 vol%; and that the fraction of SiO, supplied in the second stage (X of
reaction 2) was 0.4. The calculated magnetic susceptibility and bulk H,O content are shown as
arrows in Figures 5 and 6, respectively. The calculated magnetic susceptibility of the second stage
increases because of the formation of magnetite by reactions 2 and 4. This is consistent with the
measured magnetic susceptibility being higher in the second-stage harzburgites than in the first-
stage ones (Figure 5). In contrast, the calculated magnetic susceptibility of the first stage does not
increase with the progress of serpentinization because no magnetite forms. This is also consistent
with the measured magnetic susceptibility of dunite, which is kept relatively constant (Figure 5).
The calculated trends of magnetic susceptibility are not wholly consistent with those of the
measured values, but this may be attributed to the fact that the magnetic susceptibility is a rough
approximation of the fraction of magnetite and is not strictly proportional to the mode of
magnetite. Indeed, magnetic susceptibility is influenced by other parameters such as grain size
distribution of magnetite (e.g., Maher 1998; Dearing 1999). Oxidation and/or alteration of
magnetite also affect the relationship between magnetic susceptibility and magnetite mode. Low
magnetic susceptibility in very highly (more than 90%) serpentinized harzburgites (Figure 5)
could be due to oxidation or ateration of the magnetite that had been formed at the second-stage
serpentinization reactions, although the degrees of oxidation/alteration of magnetite have not
been assessed.

The trends of the calculated H,O content roughly match those of the measured H,O contents
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for both harzburgite and dunite (Figure 6). The calculated H,O content for the second-stage
serpentinization is lower than that of the first-stage (broken arrow of Figure 6), because the
replacement of Fe-rich brucite by reaction 2 suppresses the increase of bulk H,O content. Thisis
consistent with the observation that the rate of increase in H,O content in harzburgite is lower in
highly serpentinized samples whereas the H,O content in dunite increases linearly (Figure 6). The
measured H,O contents of moderately serpentinized samples are systematically higher than the
calculated trends. This discrepancy is probably due to heterogeneous distribution of late-stage
serpentine veins in these samples, which were not completely removed during preparation of
powders for H,O analysis.

Thus, the changes in bulk magnetic susceptibility and H,O content during serpentinization can
be sufficiently explained by our model that serpentinization takes place in two stages in

harzburgite and a single stage in dunite.

Role of silica for magnetite formation

Our observations suggest that magnetite formation during the second-stage serpentinization of
harzburgite requires a supply of agueous silica, as evidenced by the lack of magnetite formation
in serpentinized dunite, in which silica is not supplied by any reactions. Coleman and Keith
(1971) have made a similar observation that serpentinized harzburgites contain more magnetite
than serpentinized dunites in Burro Mountain peridotite, California. Bach et a. (2006), Beard et
a. (2009), and Frost et al. (2013) argued that magnetite was formed along with serpentine by the
breakdown of Fe-rich brucite with addition of aqueous silica in the second stage, which is
essentially the same as reaction 2 of our model. Petrological observations and thermodynamic
modeling by Frost et al. (2013) also demonstrated that the transition from brucite-serpentine to

brucite-serpentine-magnetite assemblage is accompanied by an increase of oxygen fugacity with
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aminor increase in silica activity. In fact, their thermodynamic model showed that increase only
in silica activity could produce magnetite-serpentine assemblage (Figure 9 of Frost et al. 2013).
Thus, it is likely that the magnetite formation promoted by addition of silica is a common
reaction in many serpentinization systems. Consumption of silica by the magnetite formation
reaction (reaction 2) and absence of talc in bastite (reaction 3) indicate that silica diffused from
the locus of bastite formation to olivine-rich portions due to the gradient of silica activity. As
suggested by Evans et a. (2013), this is the reason why hydration of orthopyroxene is not
accompanied by talc, which can be produced by simple addition of water to orthopyroxene (e.g.,
Martin and Fife, 1970).

Katayama et al. (2010) suggested that magnetite is formed by the breakdown of Fe-rich
serpentine via a silica-out reaction, on the basis of serpentine textures of a sample from Mineoka
ophiolite, Japan, in which magnetite was found to occur in Si-poor zone at the center of
magnetite-free serpentine veins. Serpentine-brucite veins were also observed outside the
magnetite-free serpentine veins (Figure 2 of Katayama et al. 2010). These textures can be
reinterpreted within the context of our two-stage model: the magnetite-free serpentine vein,
magnetite-bearing Si-poor zone, and outer serpentine-brucite zone correspond to the type-B rim,
brucite-magnetite vein, and type-A rim in our present study, respectively (Figure 7). The brucite-
magnetite veins in our samples formed together with bastite at the second-stage reactions.
Therefore, magnetite in the sample of Katayama et al. (2010) can also be considered to have
formed by the addition of silica.

It should be noted that the mineralogical textures observed in this study (Figures 1, 7) are
different in some aspects from those reported in previous studies (Bach et al. 2006; Beard et al.
2009; Frost et a. 2013). For example, two types of mesh rim reported by Beard et a. (2009) both

contain brucite, whereas type-B rims of the lwanaidake don't contain brucite (Figures 2, 3b).
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Type-A and type-B rims of the Iwanaidake don't show any zoning (Figure 1a, b), but Klein et al.
(2009) and Frost et al. (2013) reported a zoned structure in mesh rims: brucite abundant on the
margins (in contact with olivine) and serpentine more abundant in the cores of the rims.
Serpentine in the mesh centers of the Iwanaidake samples seem to be in direct contact with relict
olivine (Figures 1d, 7), suggesting that the serpentine formed directly from hydration of olivine
(reaction 4), but such direct formation of serpentine from olivine has been rarely observed. These
differences in textures would have been caused by differences in many factors, such as bulk rock
composition, temperature, fluid/rock ratio, flow rate of fluid, and so on. Further work is required

to clarify the cause of thisissue.

Implications

The changes in mineralogical textures with the progress of serpentinization in the lwanaidake
ultramafic body demonstrate that serpentinization reactions proceeded via a two-stage process,
and that magnetite formation was associated with serpentinization of orthopyroxene in the second
stage (Figure 6). This suggests that the supply of silica component from serpentinization of
orthopyroxene is a trigger for the magnetite formation during serpentinization, as also evidenced
by the lack of magnetite formation in serpentinized dunite, in which there is no orthopyroxene.
Magnetite has extremely high magnetic susceptibility and electrical conductivity among mantle
minerals, and electro-magnetic anomalies of the seafloor have often been considered to indicate
the extent of serpentinization in the oceanic crust and underlying mantle (e.g., Nazarova 1994).
The magnetite formation during serpentinization also results in the production of hydrogen (e.g.,
reactions 2 and 4), which may activate microbial communities on the seafloor. Our observations
have shown that serpentinization of ultramafic rocks is not necessarily associated with magnetite

formation when silica component is not supplied. Therefore, supply of silica from outside or the
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presence of silica-rich phases, such as orthopyroxene, in ultramafic lithologies that are being
serpentinized would be one of the key factors to control the electro-magnetic properties of
serpentinized mantle domains, as we as the activity of serpentinite-hosted microbial systems on
the modern and ancient seafloors. Thus, thorough petrologic investigations of serpentinized
ultramafic bodies would benefit to deepen our understanding of the role of serpentinization for

the geodynamics of the Earth'sinterior and biological activities on the Earth's surface.
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Figure captions:

Figure 1. Photomicrographs of serpentinized harzburgite. Abbreviations. Ol = olivine, Brc =
Brucite, Mgt = magnetite. (a) Serpentine mesh texture with type-A and type-B rims (plane-
polarized light). (b) Enlarged photo of the center of a (cross-polarized light with sensitive color
plate). The type-A rim (orange) is in contact with relic olivine, and is surrounded by the type-B
rim (blue). Brucite-magnetite veins occur between two adjacent areas of type-B rim. (c) Mesh
texture with type-B rims (plane-polarized light). Brucite-magnetite veins are also sandwiched by
type-B rims here. (d) Mesh-center serpentine surrounded by both type-A and type-B rims (plane

polarized light).

Figure 2. FeO-MgO-SiO, ternary diagram (molar proportions) of mineralogical textures.
Compositions of type-A rims plot along a line that connects serpentine (Mg#94) with brucite
(Mg#86). Data of brucite-magnetite veins represent the compositions of the mixtures of brucitein
the veins and adjacent type-B serpentine. They plot aong a line that connects the Mg-rich end of
Type-B serpentine (Mg#96) and brucite (Mg#39), indicating that the brucite-magnetite veins
contain Mg#89 brucite. Compositions of mesh-center serpentine in serpentinized dunite are

similar to those of type-A rims.

Figure 3. Plots of Si + Al/2 + Cr/2 cations versus Fe cations per seven oxygen formula unit. (a)
Compositions of type-A rims and relic olivine in harzburgite and dunite. All datalie along atrend
connecting brucite (Mg#86) and serpentine (Mg#94). The trend doesn't deviate to the direction of
Mg-cronstedtite or silica. (b) Compositions of type-B rims and brucite in brucite-magnetite veins

in harzburgite. Data of brucite (filled triangles) plot along a trend connecting brucite (Mg#89)

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



576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am.2014.4748 1/29

25

and serpentine (Mg#96). Data of type-B rims (filled circles) plot along a trend connecting
serpentine (Mg#96) and Fe*-serpentine-bearing serpentine with Mg#92 (gray circle). (c)
Compositions of serpentine in mesh centers of harzburgite and dunite. Data of harzburgite plot
aong a trend toward Fe**-serpentine. Data of dunite plot along a trend connecting brucite
(Mg#86) and serpentine (Mg#94), which is the same as that in a. (d) Compositions of bastites

and relic orthopyroxene in harzburgite. Data of bastites plot along a trend toward Fe**-serpentine.

Figure 4. Modal changes of mineralogical textures. The vertical axis corresponds to modal
composition. Samples are aligned in the order of degree of serpentinization. (a) Mode changesin
serpentinized harzburgite. Type-A rims are abundant in weakly serpentinized samples (0 to ~40
vol% of serpentinization), whereas type-B rims become dominant in highly serpentinized
samples. Type-B rims appear concurrently with bastite and mesh-center serpentine. (b) Modal
changes in serpentinized dunite. The modes of type-A rims and mesh-center serpentine increase

with increasing degree of serpentinization.

Figure 5. Degree of serpentinization vs. magnetic susceptibility. Arrows were calculated
following the procedures of Toft et a. (1990). The solid arrow is for the first-stage
serpentinization (reaction 1), and the dashed arrow is for the second stage serpentinization
(reactions 2-4). See text for details. It is assumed that the second-stage reactions start when the
degree of serpentinization reaches 30 vol%. The densities of the component minerals have been
assumed as follows (unit in g/lcm®): serpentine 2.6, brucite 2.5, magnetite 5.2, olivine 3.2, and

orthopyroxene 3.2.

Figure 6. Degree of serpentinization vs. bulk H,O content. The solid arrow represents the result
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of calculation for the first-stage serpentinization (reaction 1), and the dashed arrow for the

second-stage serpentinization (reactions 2—4). Symbols are asin Figure 4.

Figure 7. Summarized illustrations of the progress of serpentinization reactions in Iwanaidake
ultramafic rocks. Abbreviations:. Ol = olivine, Opx = orthopyroxene. (a) Two-stage
serpentinization of harzburgite. Type-A rims (orange) are formed during the first stage. Type-B
rims (white) and brucite-magnetite veins (blue with black dots) replace the type-A rims during
the second stage when bastite (gray) is formed. Serpentinization of mesh center (green) also
occurs during the second stage. (b) Single-stage serpentinization of dunite. Type-A rims are

formed earlier, and then mesh-center serpentines are formed.
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Table 1. Modal composition, magnetic susceptibility, and bulk H,O content of serpentinized harzburgite and dunite samples from Ilwanaidake ultramafic body.

Rock type of protolith Harzburgite Dunite

Sample name Iw02n Iw05c Iw07a Iw08b Iw10b Iw10e Iw11g Iw12a Iw13a Iw14a Iw15e Iw16a Iw18a Iw18b Iw02c Iw06c Iw07d Iw08a Iw08d Iw15a Iw15c

Modal composition (vol%)
Olivine 412 403 543 824 579 520 501 329 206 229 21 336 411 772 16 457 117 955 993 445 58.1
Orthopyroxene 237 251 123 164 136 128 227 148 9.7 28.0 74 150 124 16.1 0.0 0.0 0.0 0.3 0.0 0.3 0.4
Spinel 0.5 0.8 0.6 1.1 0.9 0.9 0.6 1.2 0.3 0.6 0.0 0.9 0.7 1.6 0.9 0.4 1.2 0.7 0.7 0.4 1.0

Serpentine texture

Type-A rim 18.7 1.0 315 0.3 70 236 26.2 3.0 0.0 1.1 - 00 117 0.0 60.2 249 527 25 0.0 263 217
Type-B rim 3.1 220 0.0 00 114 0.0 0.0 231 390 259 - 350 191 0.0 0.6 7.2 0.3 0.0 0.0 6.2 5.0
Mesh center 2.1 0.0 0.0 0.0 0.1 5.8 0.0 5.9 0.6 4.3 - 0.1 27 0.0 31.7 7.0 279 0.0 0.0 13.2 5.6
Bastite 8.1 1.7 0.9 0.0 0.2 2.0 0.2 84 11.0 5.5 - 4.9 8.9 0.0 0.0 0.0 0.0 0.2 0.0 0.1 0.0
Later-stage vein 0.8 0.3 0.0 0.0 1.2 0.2 0.3 0.2 22 - 0.0 0.2 4.6 4.4 0.0 6.1 0.0 0.0 0.0 0.0
Not classified * - - - - - - - - - - 86.1 - - - - - - - - - -
Brucite 1.5 7.2 0.0 0.0 7.5 0.8 0.0 87 15.2 6.5 1.1 9.1 22 0.0 0.0 13.1 0.0 0.0 0.0 8.1 7.2
Magnetite 0.6 2.1 0.3 0.0 1.5 1.2 0.1 1.8 3.6 3.3 3.4 1.7 1.3 0.6 0.8 2.0 0.2 1.0 0.0 1.1 1.2
Degree of serpentinization ° 33.8 325 326 03 266 328 264 501 683 457 90.2 498 451 0.0 974 531 86.2 2.6 0.0 544 399
Magnetic susceptibility ® (x 107 1.79 568 096 030 483 179 091 526 814 227 153 6.13 - 146 1.77 - 214 280 053 357 231
H,O content® (Wt%) 8.2 9.1 6.8 - 5.6 - 5.6 - 9.3 - 123 9.0 6.2 1.62 14.9 96 13.9 - 0.5 - 7.0

Notes: ? Serpentine that cannot be classified into any texture types because of complete destruction of mesh texture by intense serpentinization. ® The modes of later-stage vein and magnetite are not

included in calculating degree of serpentinization. ¢ Standard deviations (1 sigma) are on the order of 107° m3/kg for the magnetic susceptibility measurement and < 0.1 wt% for the Karl-Fischer
measurement of H,O content (Noguchi et al. 2006).
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