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Abstract Magnetic properties in serpentinized peridotites are of increasing interest in seafloor mapping
and petrologic studies because such data can promote the understanding of serpentinization reactions and
hydrogen creation in ultramafic rocks. In order to reveal the magnetic properties and magnetite growth in
serpentinized peridotites, we analyzed 30 serpentinized peridotite samples from a nontransform offset mas-
sif called the Yokoniwa Rise in the Central Indian Ridge. The results from multiple rock magnetic analyses
and petrological observations illustrate the details of the creation and growth of magnetite in serpentinized
peridotites that have undergone 17-100% serpentinzation. The magnetic carrier of these samples is pure
magnetite, which did not suffer from maghemitization (low-temperature oxidation). The magnetic suscepti-
bility ranged from 0.002 to 0.087 Sl and increased nonlinearly with the progression of the serpentinization
reaction. The natural remanent magnetization intensities of 0.2-8.4 A/m are comparable to those of basalts,
which suggests that the remanence as well as induced magnetization of highly serpentinized peridotite can
contribute to magnetization of the oceanic lithosphere. The amount of magnetite estimated from saturation
magnetization increased nonlinearly from 0.1 to 5.5 wt % with the progression of the serpentinization. High-
ly serpentinized peridotites have a well-developed serpentine mesh texture. Pseudo-single-domain (PSD)
and multidomain (MD) grains were formed during igneous processes in the mantle and/or during the initial
stages of serpentinization. Superparamagnetic (SP) particles were formed during the initial stages of serpen-
tinization. Single-domain (SD) magnetite was formed during the later stage of serpentinization, and it is
assembled inside of mesh structures with strong magnetostatic interactions.

1. Introduction

Seafloor explorations have revealed that serpentinized peridotites are commonly exposed on the seafloor
in slow-spreading environments [e.g., Dick, 1989; Cannat et al., 1995; Michael et al., 2003]. The alteration of
mantle peridotite into serpentine plays a key role in providing hydrogen to chemosynthetic ecosystems
[e.g., Takai et al., 2006] and in the formation of volcanogenic massive sulfide deposits in ultramafic-hosted
hydrothermal vent systems [e.g., Fouquet et al., 2010]. Serpentinization changes the physical properties of
the oceanic lithosphere, including its density, seismic velocity, rheology, electrical conductivity, and magnet-
ic properties [e.g., Toft et al., 1990; Dyment et al., 1997; Escartin et al., 1997; Katayama et al., 2009]. Sea sur-
face geophysical mapping studies reported enhanced magnetization intensities near nontransform offsets
(NTOs) involving oceanic core complex (OCC) terrains at mid-ocean ridges [e.g., Okino et al., 2004]. High-
resolution deep-sea magnetic studies have also found strong magnetization intensities at active ultramafic-
hosted hydrothermal fields [e.g., Szitkar et al., 2014; Fujii et al., 2016]. These signatures were interpreted as
being the result of magnetite creation through serpentinization of ultramafic rocks. However, our knowl-
edge of the natural remanent magnetization and magnetic susceptibility for abyssal peridotites is still limit-
ed. Previous work by Oufi et al. [2002] investigated the magnetic properties of variably serpentinized
abyssal peridotites from seven deep-sea drilling sites, but the serpentinization degree of their samples was
limited to 40-100%. In this range, the compiled data show that magnetic susceptibility increases with the
progression of serpentinization and some highly serpentinized peridotites have high natural remanent
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magnetization but show large regional differences, which makes it difficult to understand the nonlinear
change of magnetic properties in the serpentinization reaction. Laboratory experiments by Malvoisin et al.
[2012] demonstrated that the rock magnetic approach is a powerful tool for precise monitoring of serpenti-
nization kinetics and the production of hydrogen that is bound to the magnetite production rate. Investiga-
tions of abyssal peridotites recently exposed on the seafloor can provide important constraints for the
serpentinization mechanism through comparisons to samples from xenolith [e.g., Ferré et al., 2013] and
onland OCC [e.g., Maffione et al., 2014] because they are expected to have preserved the primary state of
geological history without suffering from weathering, low-temperature oxidation, and tectonic metamor-
phism. In this paper, we report on a comprehensive data set for the magnetic and petrological properties of
abyssal peridotites and discuss the magnetite creation and growth in relation to serpentinization processes.
The samples we used had a wide range of serpentinization degrees that ranged from 17% to 100%, and
these samples were collected from a NTO massif called the Yokoniwa Rise in the Central Indian Ridge (CIR).

2. Geological Background

The Yokoniwa Rise is situated in the southernmost segment, namely CIR-S1, of the CIR near the Rodriguez
triple junction (Figure 1). The CIR is a slow-spreading to intermediate-spreading ridge system and is seg-
mented by many fracture zones and NTOs [e.g., Briais, 1995]. The CIR-S1 is a 20 km segment with a well-
developed axial valley, where volcanic cones without deformation are distributed along a neo-volcanic
zone. It was considered that the CIR-S1 was newly created during the evolution of the triple junction since
the segment length shortens in the older off-axis area [Munschy and Schlich, 1989; Mendel et al., 2000]. The
spreading axes have a right lateral offset of 26 km between the CIR-S1 and S2. Ridge-parallel abyssal hill pat-
terns are distributed along the trace of this NTO, where several domed highs composed of ultramafic rocks
are present, such as the 25°S OCC, Uraniwa Hills, and Phoenix knoll [Kumagai et al., 2008; Morishita et al.,
2009, 2015; Nakamura et al., 2009; Sato et al., 2009; Okino et al., 2015] Between two nodal basins of CIR-S1
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Figure 1. Sample locations illustrated with a seafloor bathymetric map of the Central Indian Ridge (CIR) segments 1 and 2. All samples
were collected on a nontransform massif of the Yokoniwa Rise near a nontransform discontinuity. Bathymetry data are from Okino et al.
[2015]. The circles and the square show sampling done with SHINKAI 6500 dives and a dredge haul, respectively. OCC, oceanic core
complex; SWIR, Southwest Indian Ridge; and SEIR, Southeast Indian Ridge.
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and CIR-S2, the Yokoniwa Rise occurs with a height of 1700 m from the rift valley floor as shallow dome-like
NTO massif [Okino et al., 2015; Fujii et al., 2016]. Sea-surface magnetic anomalies were identified along the
Brunhes/Matuyama boundary in the eastern off-axis area of CIR-S1 and S2 far from the Yokoniwa Rise
[Honsho et al., 1996; Sato et al, 2009; Okino et al., 2015]. These results suggest that the Yokoniwa Rise
formed during the Brunhes normal chron (<0.78 Ma). An inactive hydrothermal vent field with diminishing
low-temperature venting and small dead chimneys was found on top of the Yokoniwa Rise, where
enhanced near-seafloor magnetic anomalies were observed by the autonomous underwater vehicle (AUV)
r2D4 at an altitude of 80 m (avg.) [Fujii et al., 2016].

3. Materials and Methods

Measurements of rock magnetic properties, density, and petrological observations were performed on 30
serpentinized peridotite samples (Table 1). These samples were collected from the surface of the Yokoniwa
Rise at a depth of 2500-3400 m. The sampling was conducted by three dive surveys of the submersible
SHINKAI 6500 during the R/V Yokosuka YK09-13-leg2 cruise and by a dredge haul conducted during the R/V
Hakuho-maru KH10-5 cruise (Figure 1).

The serpentinized peridotites are represented by clinopyroxene-bearing harzburgites to lherzolites. Micro-
structures were examined on polished thin sections, and back-scattered electron (BSE) images were
acquired using a transmitted and reflected light microscopy (Figure 2), a scanning electron microscopy
(SEM; Hitachi High-Tech SU3500), and a field emission SEM (Hitachi High-Tech SU 8200). Most samples dis-
played macroscopic foliation resulting from variable amounts of dynamic recrystallization of olivine grains.
Some samples with light brown color had experienced weathering processes. Peridotites with low serpen-
tinzation degrees were characterized by sparse veins developed within or around olivine grains. With

Table 1. Rock Magnetic Properties, Density, and Serpentinization Degree of 30 Serpentinized Peridotites Collected on the Yokoniwa
Rise in the Central Indian Ridge

Sample Density NRM Ms m MDF Latitude Longitude Depth
Name (kg/m?3) (A/m) K (SI) Q (Am?/kg) (wt %) S (%) (mT) ) ) (m)

6K#1170R01 2.66 25 0.057 14 35 3.8 94 16 —25.2497 70.1021 3420
6K#1170R03 2.68 35 0.060 1.9 2.7 29 89 22 —25.2497 70.1021 3420
6Ki#1170R04 272 39 0.042 29 29 32 84 29 —25.2496 70.1006 3315
6K#1170R05 2,67 22 0.040 1.8 3.2 35 92 18 —25.2496 70.1006 3315
6Ki#1170R08 2.87 24 0.024 3.1 14 1.5 59 20 —25.2496 70.1003 3298
6K#1170R09 2.70 22 0.048 1.5 2.1 22 84 21 —25.2516 70.0974 3216
6K#1170R12 2.68 84 0.073 36 4.4 4.8 96 25 —25.2532 70.0881 2987
6K#1170R14 3.14 0.9 0.012 22 0.7 0.7 22 36 —25.2532 70.0881 2987
6K#1170R15 3.08 0.7 0.013 1.8 0.7 0.8 30 21 —25.2526 70.0858 2885
6K#1170R19 3.10 0.9 0.015 1.8 1.2 13 29 40 —25.2518 70.0821 2783
6K#1170R20 2.66 26 0.047 1.7 2.8 3.0 92 13 —25.2518 70.0821 2783
6K#1170R21 271 1.5 0.046 1.0 23 25 84 18 —25.2521 70.0803 2700
6Ki#1170R22 2.66 13 0.019 2.1 0.8 0.8 85 24 —25.2521 70.0803 2700
6K#1170R23 2,63 3.0 0.021 4.6 1.0 1.1 88 37 —25.2521 70.0803 2700
6Ki#1170R25 3.17 03 0.002 5.7 0.1 0.1 17 44 —25.2524 70.0783 2635
6K#1170R26 3.05 0.6 0.012 1.5 0.3 04 33 38 —25.2524 70.0783 2635
6Ki#1170R27 3.04 13 0.025 1.7 0.8 0.9 36 30 —25.2530 70.0772 2569
6K#1170R31 2.82 0.4 0.005 29 13 14 65 47 —25.2542 70.0763 2539
6K#1176R01 2.65 25 0.024 33 26 2.8 93 56 —25.2748 70.0934 3031

6K#1176R03 2.64 6.2 0.069 28 43 4.7 100 28 —25.2747 70.0924 2998
6Ki#1176R04 2.73 25 0.087 0.9 43 4.6 88 24 —25.2747 70.0924 2998
6K#1176R09 2.65 1.9 0.035 1.7 28 3.1 93 44 —25.2741 70.0857 2763
6K#1176R10 2.87 13 0.027 1.5 1.2 13 59 31 —25.2738 70.0838 2657
6K#1176R15 2.65 1.5 0.051 0.9 24 27 92 34 —25.2730 70.0810 2530
6K#1176R21 2.75 39 0.066 1.9 5.0 5.5 89 19 —25.2682 70.0724 2491

DR11-002 2.84 0.2 0.015 04 0.3 0.3 60 43 —25.2450 70.0666 2594
DR11-003 2.81 0.8 0.020 13 1.5 1.6 67 90 —25.2450 70.0666 2594
DR11-004 275 1.0 0.026 1.2 25 28 79 35 —25.2450 70.0666 2594
DR11-008 2.78 0.4 0.014 0.8 0.9 0.9 69 28 —25.2450 70.0666 2594
DR11-011 2.74 4.4 0.047 29 39 4.3 85 34 —25.2450 70.0666 2594

Abbreviations are NRM, natural remanent magnetization; K, magnetic susceptibility; Q, Koenigsberger ratio; Ms, saturation magne-
tization; m, magnetite amount; S, serpentinization degree; and MDF, median destructive field.
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Figure 2. Polarization images, back-scattered electron (BSE) images, isothermal remanent magnetization (IRM) demagnetization curves from 6 to 300 K, thermomagnetic curves from
100 to 700°C, and first-order reversal curve (FORC) diagrams of representative serpentinized peridotites. The serpentinization degree increases from the bottom to top plots. Grain
density, serpentinization degree, and magnetite amount are shown as d (g/cm?), S (%), and m (wt %), respectively.

increasing degrees of serpentinization, scattered, submicron-sized magnetite-bearing veins are well devel-
oped. Detailed descriptions of petrological observations from 13 representative samples are reported in
supporting information.

For measurements of rock magnetic properties and grain density, four cubic subsamples (~2 cm cube) and
several chip specimens (~500 mg) were cut from the rock samples. The cubic subsamples were used for
bulk grain density, natural remanent magnetization (NRM), and magnetic susceptibility measurements. Chip
specimens were used for thermomagnetic experiments in low-temperature and high-temperature condi-
tions, magnetic hysteresis analyses mainly for saturation magnetization measurements, and first-order
reversal curve (FORC) measurements.
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In order to estimate the serpentinization degree of serpentinized peridotites, bulk grain density (d) was
measured on all cubic subsamples using a high precision microbalance with a resolution of 0.01 mg and a
gas-pycnometer (AccuPycTM 1330 Pycnometer) at the Atmosphere and Ocean Research Institute (AORI),
The University of Tokyo.

The NRM intensity was measured on all cubic subsamples by using a spinner magnetometer (Natsuhara Giken
DSPIN) at the AORI. The measurements of magnetic susceptibility were conducted on all cubic subsamples
using the AGICO KLY-3 Kappabridge installed at the Center for Advanced Marine Core Research (CMCR), Kochi
University. Low-temperature and high-temperature magnetic analyses were performed on chip specimens for
representative rock samples. The low-temperature experiment was performed using a magnetic property
measurement system (MPMS, Quantum Design Inc.) installed at the CMCR. After cooling in a zero field, iso-
thermal remanent magnetization (IRM) was imparted to the samples with an external field of 3 T at 6 K. The
IRM was continuously measured every 2 K steps during the warming period up to 300 K. The MPMS was also
used for measuring frequency dependency of magnetic susceptibility by varying both the operating frequen-
¢y (1, 10, 100, and 1000 Hz) and temperature ranging 10-300 K. The high-temperature experiment of satura-
tion magnetization was conducted under an inducing magnetic field of 0.5 T in a vacuum (~1 Pa) by using a
magnetic balance (Natsuhara Giken MNB-89) at the CMCR. The chip specimens were heated from 50°C to
700°C and cooled back to 30°C at a rate of 12°C/min. The FORCs measurements were conducted using an
alternating gradient magnetometer (AGM, Princeton Measurements Corporation MicroMag 2900) at the
CMCR. The FORC diagrams provide information on the distribution of coercivity (Hc) for a magnetic grain
assemblage [e.g., Roberts et al.,, 2000]. The field spacing was set to 2.25 mT, and a total of 100 FORCs were
measured with Hc values between 0 and 120 mT, and a local interaction field (Hu) between —40 and 40 mT.
We used a smoothing factor [Roberts et al., 2000] of 2. The irregularFORC software [Zhao et al., 2015] was used
for data processing. Magnetic hysteresis parameters including saturation magnetization (Ms) was measured
on several chip materials (N = 4-12) for each serpentinized peridotite by using a vibrating sample magnetom-
eter (VSM) at the CMCR. The remanence ratio (saturation remanent magnetization to saturation magnetiza-
tion) against the coercivity ratio (remanent coercivity to coercivity) were utilized to estimate the
ferromagnetic grain size in rock samples based on the Day plot [e.g., Day et al., 1977].

4, Results

4.1. Density and Serpentinization Degree

The serpentinization degree was estimated from the bulk grain density. The density values of olivine and
pyroxene are 3.37 and 3.28 g/cm?, respectively, whereas the density of serpentine is 2.55 g/cm?; thus, the
bulk grain density should decrease after serpentinization. Miller and Christensen [1997] analyzed ophiolitic
and abyssal serpentinized peridotites and proposed the following empirical equation between the density
(d) and serpentinization degree (S): S = (3.3 — d)/0.785. Magnetite has a large density of 5.2 g/cm® and
biases the degree of serpentinization. We adopted the improved equation proposed by Oufi et al. [2002]
who considered the magnetite volume fraction (m) as follows: S = (3.3 — [(d — 5.2 * m)/(1 — m)]/0.785. The
magnetite mass fraction of each sample was estimated from the saturation magnetization by assuming that
magnetite is the only mineral contributing to saturation magnetization in samples (Ms of pure magnetite is
92 Am?/kg). Observed Ms values were 0.1-5.0 Am?/kg (average 2.1 Am?/kg), which are equivalent to a mag-
netite amount of 0.1-5.5 wt % (average 2.3 wt %) (Figure 3a).

Grain density values ranged from 2.63 to 3.17 g/cm® (average 2.80 g/cm?) (Figure 3a). The relative standard
deviation (RSD) for the density of each serpentinized peridotite was less than 1% in general (Figure 4), thus
indicating that density varies little within each rock sample.

The investigated 30 serpentinized peridotite samples showed large variations in the degree of serpentiniza-
tion between samples, i.e,, 17-100%, where the majority of samples had high degrees of serpentinization
(S >70%) (Figure 3b), six samples had moderate degrees of serpentinization (S = 40-70%), and six samples
had low degrees of serpentinization (S < 40%).

4.2. Magnetic Properties
The NRM intensity and volume-normalized magnetic susceptibility of serpentinized peridotite were 0.2-8.4
A/m (average 2.2 A/m) and 0.002-0.087 S| (average 0.035 SI), respectively (Figures 3c and 3d). The
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Figure 3. Relationships between (a) the grain density and magnetite amount, (b) the serpentinization degree and magnetite amount, (c)
the serpentinization degree and natural remanent magnetization (NRM) intensity, and (d) the serpentinization degree and magnetic
susceptibility.

Koenigsberger ratio (Q), which is the proportion of NRM to induced magnetization, was 0.4-5.7 (average
2.1) assuming an external magnetic field of 40,000 nT. More than 80% of serpentinized peridotites showed
that the magnetization is dominated by remanence (Q > 1). Measurements of four cubic subsamples for
each serpentinized peridotite indicated that the NRM and susceptibility do not vary significantly within
each sample. The RSDs of NRM and susceptibility were less than 30% in the majority (>75%) of samples
(Figure 4).

Thermomagnetic analyses for almost all samples showed a single high Curie temperature of ~580°C (Figure
2). The warming and cooling curves were almost identical, thus indicating that low-temperature oxidation
(maghemitization) did not occur. The low-temperature measurements showed a rapid decrease of magneti-
zation between 90 and 120 K (Figure 2), which is indicative of the Verwey transition for magnetite [e.g.,
Ozdemir et al,, 1993]. These results indicate that magnetite carried the magnetization. One noteworthy fea-
ture was that the characteristic linear change of magnetization in the high-temperature thermomagnetic
curve was observed in the peridotite with <20% serpentinization (6K1170-R25). This signature was likely
affected by paramagnetic contribution since this sample contain low amount of magnetite (0.1 wt %).

Peridotites with high degrees of serpentinization exhibited magnetite grain aggregates within the
veins (Figure 2), which had a complex growth structure with dendritic or capillary crystallization. Mag-
netite creation occurred in veins within olivine grains and not within pyroxene grains. Magnetite
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Figure 4. Relative standard deviation (RSD) of the natural remanent magnetization (NRM)
intensity, magnetic susceptibility (K), and density measured on four cubic subsamples
(~2 cm cube) of each of the 30 serpentinized peridotite samples.

The ratio of mass-normalized magnetic susceptibility to saturation magnetization (Ms) showed that only
samples with serpentinization degrees of 33-60% (6K#1170R26 and DR11-002) have K/Ms value higher
than upper limit of approximately 9 m/A for MD-SD magnetite grains (Figure 6a), thus supporting a greater
contribution of SP grains only in slightly to moderately serpentinized peridotite [Hunt et al., 1995; Dunlop,
1981; Dunlop and Prévot, 1982]. Measured in-phase susceptibility for these samples depends remarkably on
frequency at low-temperature of 30 and 50 K (Figures 6b and 6c). These results suggest the presence of SP
grains as well as MD grains, since a fraction of stable SD grains turn in superparamagnetic at decreased fre-
quency [e.g., Dearing et al., 1996; Eyre, 1997] and domain wall oscillations lag remarkably behind the driving
field at low temperature [Ozdemir et al., 2009]. Some frequency dependence above the Verwey transition
up to 300 K is likely caused by broad particle size distribution of SP grains in which in-phase susceptibilities
exhibit maxima that both shift toward higher temperatures and decrease in magnitude with increasing fre-
quency [e.g., Worm and Jackson, 1999]. In contrast to slightly to moderately serpentinized peridotite, fre-
quency dependence was not clearly observed in less serpentinized sample (6K#1170R25; Figure 6d) and
highly serpentinized sample (6K#1170R12; Figure 6e).

Supporting evidence for the presence of SP particles is provided by the Day plot for magnetic hysteresis
parameters [e.g., Day et al, 1977]. The remanence ratio (Mrs/Ms) for the samples varied between 0.08 and
0.37, and was distributed within broad area of the pseudo-single-domain (PSD) region (Figure 7). Points
between the SD-MD and SP-SD mixing lines mostly have intermediate values of serpentinization degrees.
These results are consistent with that some contribution of SP grains was observed in slightly to moderately
serpentinized peridotites. In addition, consistent results indicating SP-like behavior are observed in the low-
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Figure 5. Back-scattered electron (BSE) images of magnetite grains showing (a) the concentration of magnetite grains in the 96% serpenti-
nized peridotite (6K1170R12) with a magnetite amount of 4.8 wt %, (b) the assemblage of the needle-like grains in the 79% serpentinized
peridotite (DR11-004) with a magnetite amount of 2.8 wt %, (c) a primary creation along the primary mineral rim in the 17% serpentinized
peridotite (6K1170-R25) with a magnetite amount of 0.1 wt %, and (d) a secondary development of within cracks in the 17% serpentinized
peridotite (6K1170-R25) with a magnetite amount of 0.1 wt %.

temperature SIRM curves, in which concave downward slopes at <50 K indicative of progressive thermal
unblocking of SD grains were shown particularly in slightly to moderately serpentinized peridotites (Figure 2).

5. Discussion

The investigated serpentinized peridotites from the Yokoniwa Rise covered a full range of serpentinization
degrees and provided a complete data set that characterizes the magnetic properties of variously altered ultramaf-
ic rocks. The presence of pure magnetite was confirmed by the high-temperature and low-temperature magnetic
measurements. Magnetite grains were developed within veins, and these were created from primary minerals in
the peridotites through serpentinization reaction processes. Since no magnetite grains occurred near the pyrox-
ene grains, magnetite creation was related to the alteration of olivine. The amount of magnetite increased with
the progression of serpentinization, and it was developed as an assemblage of small SD grains (Figures 5a and 5b).
On the other hand, magnetite grains in slightly serpentinized peridotite were dominant in the MD state, which
was possibly created through (1) a primary igneous process with olivine and pyroxene formation (Figure 5c), and/
or (2) a high-temperature water rock reaction (Figure 5d). Both processes with high-temperature conditions pro-
mote the growth of magnetite grains. The former possibility is supported by oxygen fugacity in the upper mantle,
in which magnetite is stable in the wustite-magnetite buffer [Frost and McCammon, 2008]. The latter is indicated
by numerical models of chemical thermodynamics, which show that olivine is partially or entirely persistent at
equilibrium and that only a small amount of magnetite should form during initial alterations at temperatures
higher than 315°C [McCollom and Bach, 2009]. The some contribution of SP grains was observed only on slightly
to moderately serpentinized, suggesting SP particle formed during the initial stages of serpentinization.

The variations of magnetite amounts, NRM intensities, and magnetic susceptibility with serpentinization
degrees (Figures 3b, 3b, and 3d) are suggestive of the following features. First, the abundance of magnetite
in the Yokoniwa samples appears to vary nonlinearly with serpentinization degrees. A remarkable increase
of magnetite amount occurs in samples with high degrees of serpentinization (>70%), thus indicating the
production of magnetite in the later stage of serpentinization processes. Second, magnetic susceptibility
increases drastically with the degree of serpentinization. Third, the NRM intensity also increases with the
degree of serpentinization, which is caused by the increase of magnetite production. The scatter of NRM

FUJIIET AL.

MAGNETISM OF ABYSSAL ULTRAMAFIC ROCKS 5031



@AG U Geochemistry, Geophysics, Geosystems

10.1002/2016GC006511

Normalized susceptibility

Normalized susceptibility
N
|

20 L | | L |
1A Fig.5B (DR11-002)
1 I'4
1 o)
_ 151 -
< | Fig.5C (6K#1170R26)
€ 1 I'4
o | | I
w ] Fig.5E (6K#1170R12) i
2 ] e e o l [
4 1 o 0 (@) ® ’.f
5 e Qe |
] o) ® @) °
| Fig.5D (6K#1170R25)
| 0]
0 T T T T T
0 20 40 60 80 100

Serpentinization degree [%]

| . I L L

—
\S]
|

—
o
|

o
©
!

DR11-002 B H

0

I ! [ ' I
100 200 300
Temperature [K]

6K#1170R25 D r

/1, 10, 100, 1000Hz

0

1 ' I ' I
100 200 300
Temperature [K]

2 14
2
s
@
®
S5 1.2
(5]
©
5]
N
©
€ 10
S
pd
1.2
>
2
= 1.0
@
O
3
o 0.8
©
5]
N
©
£ 0.6
S
pd
0.4

| L | N |
— 6K#1170R26 C B
1OHz B
| A5 me
1 V. I
%/EO(R
LAN
-1  1000Hz —F
— : |
0 100 200 300
Temperature [K]
. I . ) |
6K#1170R12 E
] e[
| AN
: 1,10,100, 1000Hz |-

' 1 ' 1 ' I
0 100 200 300
Temperature [K]

Figure 6. (a) Relationships between the serpentinization degree and the ratio of magnetic susceptibility (K) to saturation magnetization
(Ms) of each sample. High K/Ms ratios in moderately serpentinized peridotite are indicative of greater superparamagnetic (SP) grain
contributions. Mass-normalized K in magnetite was calculated using the density (5.2 g/cm?) and saturation magnetization of pure
magnetite (92 Am?/kg) while assuming that the magnetic carrier of samples was pure magnetite [Hunt et al., 1995]. Solid line shows the
upper limit of K/Ms for MD-SD magnetite grains (approximately 9 m/A) presented by Dunlop [1981] and Dunlop and Prévot [1982]. (b-e)
Magnetic susceptibility and temperature curves measured at four frequencies (1, 10, 100, and 1000 Hz) for four representative samples
(DR11-002, 6K#1170R26, 6K#1170R25, and 6K#1170R12). The value of measured magnetic susceptibility is normalized at by each
measured value at 1 Hz and 300 K.
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Figure 7. Day plot [e.g., Day et al., 1977] for all 30 samples of serpentinized peridotites from the Yokoniwa Rise of the Central Indian Ridge.
The solid lines show the theoretical mixing curves of SD-MD and SP-SD for magnetite [Dunlop, 2002]. SD, single-domain; MD, multidomain;
SP, superparamagnetic; and PSD, pseudo-single-domain.

intensity at a particular serpentinization degree can be controlled by many factors such as the size and
shape of ferromagnetic minerals and the geomagnetic field strength at the timing of remanence acquisi-
tion. The maximum value of the NRM intensity was up to 8 A/m for the rock sample with a serpentinization
degree of 96%, thus indicating that the remanence as well as induced magnetization of highly serpenti-
nized peridotite can contribute to magnetic anomalies.

A drastic increase in the amount of magnetite after the progression of 60-70% serpentinization was clearly
observed in our serpentinized peridotites taken from the Yokoniwa Rise in the CIR (<1 Myr old). Highly ser-
pentinized peridotites with a large amount of magnetite were also reported from the Azores platform (18-35
Myr old) and the Kane Fracture Zone (<1-7 Myr old) at the Mid-Atlantic Ridge and the East Pacific Rise (<1
Myr old) [Oufi et al., 2002]. These natural samples support the nonlinear increase of magnetite through the ser-
pentinization process. In contrast, hydrothermal experiments of natural olivine (San Carlos) [Malvoisin et al.,
2012] showed that magnetite amounts (calculated by saturation magnetization) increase linearly during ser-
pentinization. The discrepancy between magnetite production of experimentally serpentinized olivine and in-
situ serpentinized peridotites can be possibly explained by the changes of silica activity and oxygen fugacity.
Miyoshi et al. [2014] investigated the changes in mineralogical textures in the lwanaidake ultramafic body and
demonstrated that silica supply from orthopyroxene alteration can be a trigger for magnetite formation. The
breakdown of iron-rich serpentine and brucite in the latter stage of the reaction, as proposed by Bach et al.
[2006], Beard et al. [2009], and Frost et al. [2013] has essentially the same role as the silica supply. Thermody-
namic modeling by Frost et al. [2013] highlighted the importance of the redox budget and demonstrated that
the transition from brucite-serpentine to brucite-serpentine-magnetite assemblages is accompanied by an
increase of the oxygen fugacity (water/rock ratio) with a minor change of silica activity. Since redox conditions
should be different between natural (open) experiments and laboratory experiments (closed), such as those
by Malvoisin et al. [2012], the redox budget changes are likely the responsible factor driving the discrepancy
between the linear and nonlinear changes of magnetite creation during serpentinization.

The total amount of magnetite creation during serpentinization is also controlled by various factors such as
primary rock compositions and temperature. Thermodynamic equilibrium models [Klein et al., 2013a] and
oxygen-isotope analyses for natural samples [Klein et al., 2013b] have demonstrated that serpentinized perido-
tite passing though the reaction at higher temperatures (>200°C) carries abundant magnetite with the
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involvement of Fe-poor brucite. Moreover, thermodynamic modeling by Klein et al. [2013a] predicted that
pyroxenite does not produce magnetite. The Yokoniwa serpentinized peridotite of 6K1170R22 with abundant
orthopyroxene showed a high degree of serpentinization (85%), but a small amount of magnetite (0.8 wt %),
thus lending further credence to the role of orthopyroxene. As discussed above, orthopyroxene could play an
important role in the nonlinear change of magnetite creation, however, excessive amounts of orthopyroxene
control the total amount of magnetite creation. There may be other factors for magnetite formation process
during serpentinization, but in any case the magnetization of serpentinized peridotite was strongly related to
degree of serpentinization and was carried by magnetite grains created through serpentinization.

6. Conclusions

A rock magnetic and petrological study of 30 serpentinized peridotite samples from the Yokoniwa Rise in the
Central Indian Ridge revealed the following findings. The magnetic carrier of the samples is pure magnetite,
which did not suffer from low-temperature oxidation. The results from rock magnetic and petrological analy-
ses illustrated the variation of magnetic properties of serpentinized peridotite with serpentinization degrees
of 17-100%. The amount of magnetite in serpentinized peridotites increased nonlinearly up to 5.5 wt % with
the serpentinization reaction progression, thus resulting in high NRM intensity (~8.4 A/m) and high magnetic
susceptibility (~0.087 SI). Highly serpentinized peridotites have a well-developed serpentine mesh texture.
The grain size of magnetite formed during serpentinization changes with the progression of the serpentiniza-
tion reaction. The MD grains were formed through a primary igneous process and/or the initial stages of ser-
pentinization under high-temperature conditions. The SP particles were also formed during the initial stages
of serpentinization. The SD magnetite was formed during the later stage of serpentinization, and it occurs
within the mesh structure as needle-like grains with strong magnetic interactions.

The investigated samples, for which detailed magnetic properties of abyssal serpentinized peridotites were
characterized, represent a wide range of serpentinization degrees from a single location of the NTO massif
near the spreading axes. The data set clearly demonstrates the nonlinear nature of the magnetization and
provides strong constraints on the generation of magnetite during the progression of the serpentinization
process in a slow-spreading ridge setting. Furthermore, it offers a useful benchmark for understanding mag-
netic anomalies associated with ultramafic-hosted hydrothermal systems and OCCs.
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