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Abstract

To quantify the alteration processes of mantle from geophysical data, an understanding
of the relationship between alteration and the physical properties of mantle peridotite is
essential. In this study, we employed independent component analysis (ICA) to evaluate
variations in the physical properties of altered peridotites collected by the Oman Drilling
Project, to understand the alteration processes of mantle peridotite in the Samail ophi-
olite. We analyzed multivariate physical properties (density, porosity, P-wave velocity,
electrical resistivity, permeability, magnetic susceptibility, and color reflectance) that had
been measured on core samples. The ICA results show that the observed variations in
physical properties can be explained broadly by four independent components. Through
their relationships with physical properties and comparisons with petrological and geo-
chemical data from previous studies, we infer the four independent components to repre-
sent distinct alteration processes: the early and late stages of serpentinization, magnetite
formation, and near-surface carbonation. These processes develop differently during the
overall process of alteration, and they influenced each physical property in different ways.
Our results demonstrate that ICA can separate the effects of multiple processes of alter-
ation on various physical properties of the altered peridotites, which previously had been
difficult to quantify.

Highlights

e ICA was used to evaluate mantle alteration processes in the Samail ophiolite

e We utilized data on the multivariate physical properties of drillcores

e Four independent components represent processes of serpentinization and carbona-
tion

Keywords

serpentinization; mantle; physical property; independent component analysis; the Oman
Drilling Project
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1 Introduction

The alteration of mantle peridotite to serpentinite (i.e., serpentinization) is a crucial pro-
cess in the geodynamic evolution of Earth, and it plays a significant role in various geolog-
ical processes such as the tectonic evolution of slow-spreading ridges (e.g., Escartin et al.,
1997), the triggering of intermediate-depth earthquakes at subduction zones (e.g., Ferrand
et al., 2017; Peacock, 2001; Yoshida et al., 2023), the global water and carbon cycles (e.g.,
Hatakeyama et al., 2017; Katayama et al., 2023; Okamoto et al., 2021), and hydrogen pro-
duction in the subsurface biosphere (e.g., Miller et al., 2016; Takai et al., 2006). Because
serpentinization modifies the physical properties of peridotite, altered mantle can be iden-
tified as a geophysical anomaly in geophysical explorations, including seismological and
electromagnetic surveys of the seafloor (Fujie et al., 2013; Grevemeyer et al., 2007; Muller
et al., 1997; Okino et al., 2004; Ranero et al., 2003). To extract the data for each alter-
ation process quantitatively by interpreting these geophysical data, a detailed understand-
ing of the relationship between alteration and the physical properties of mantle peridotite
is essential.

Serpentinization changes the seismic velocity of rock due to the weak elasticity of serpen-
tine compared with olivine (Christensen, 2004), and serpentinization induces dilation that
results in the development of cracks during the reaction (Macdonald and Fyfe, 1985). This
is called reaction-induced cracking and results in drastic changes in the physical properties
of mantle peridotite that are sensitive to porosity, such as seismic velocity, electrical re-
sistivity, and permeability. The enhancement of permeability due to the reaction-induced
cracking accelerates the reaction and promotes further infiltration of water, thereby re-
sulting in self-promoting serpentinization within a positive feedback system (Jamtveit et
al., 2008). Serpentinization also changes the magnetic and electrical properties of mantle
peridotite due to the formation of magnetite via a series of reactions (Bach et al., 2006;
Katayama et al., 2020; Kawano et al., 2012; Oufi et al., 2002; Toft et al., 1990).

Previous laboratory studies have investigated the relationships between alteration and the
individual physical properties of mantle peridotite. However, alteration of mantle peri-
dotite is a complex physicochemical process that involves various reactions and brittle
fracturing, as described above. In addition, oceanic plates can undergo multiple stages

of deformation and alteration in various environments, from their formation at a mid-
ocean ridge to their subduction and/or exposure at the surface or seafloor, and mantle
peridotites often record a history of multiple processes of alteration. It is difficult, there-
fore, to evaluate a series of alteration processes from a single physical property.

In this study, we performed multivariate analysis to integrate the various physical
properties of altered mantle peridotite. Multivariate analysis is an analytical method that
treats multidimensional data statistically to extract the essential dimensions related to the
crucial processes that underlie the data, and various methods have been used for extract-
ing geological processes from geoscientific data (Iwamori and Albaréde, 2008; Kuwatani

et al., 2014; Yoshida et al., 2018). We employed Independent Component Analysis

(ICA), which separates a set of mixed signals into statistically independent components,
thereby enabling the extraction of unique and distinct sources of data from complex
datasets (Hyvérinen et al., 2001). ICA has been applied in the field of Earth sciences (e.g.,
using geochemical datasets) and it is now well-established as an analytical technique for
extracting independent geological processes from multidimensional data (e.g., Iwamori et
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al., 2017; Iwamori and Albarede, 2008; Yasukawa et al., 2016). We employed, therefore,
ICA to extract multiple processes involved in the alteration of mantle peridotite in the
Samail ophiolite. We used samples that had been collected from the mantle section of the
Samail ophiolite in Oman during the Oman Drilling Project. These rocks have undergone
multiple stages of alteration, with the primary minerals, such as oilivine and pyroxene,
being moderately to completely replaced with secondary alteration products, such as
serpentine (Kelemen et al., 2021). Multiple physical properties were measured onboard
the drilling vessel (D/V) Chikyu from discrete cubic samples of drillcore (Kelemen et

al., 2020a, 2020b), and we subjected these measurements to multivariate analysis. The
dataset obtained onboard included porosity, density, elastic wave velocity, electrical
resistivity, permeability, magnetic susceptibility, and color reflectance. Using the data for
these multidimensional physical properties, we were able to extract the various alteration
processes that had affected the mantle peridotites.

2 Geological setting

The Samail ophiolite in the Sultanate of Oman and the United Arab Emirates is the most
extensive and best-exposed cross-section of oceanic lithosphere (Fig. 1a), and it contains
complete sections from sediments and pillow lava to mantle peridotite (Fig. 1b). The man-
tle section of the Samail ophiolite is composed mainly of harzburgite and dunite. Harzbur-
gite is a remnant rock formed by the partial melting of mantle diapirs that rose rapidly

in the deep part of a spreading ridge. Dunite is a reaction product of the partial melting
of basaltic melt that reacts with ascending harzburgite to completely dissolve orthopyrox-
ene (Kelemen et al., 1995). The mantle peridotite in the Samail ophiolite records multiple
stages of hydration (serpentinization) during its geological history, including hydrother-
mal circulation close to a mid-ocean ridge, obduction, and ongoing weathering (Boudier

et al., 2010; Kelemen et al., 2021). The ongoing weathering at the surface involves low-
temperature carbonation of the altered peridotite, with minerals such as calcite and mag-
nesite produced by the reaction of CO, with the peridotite (Kelemen and Matter, 2008).

To asses the nature of alteration processes recorded in the Samail ophiolite, continuous
cores through the crustal section to the mantle section of the ophiolite were sampled re-
cently with a recovery rate of ~100% during the Oman Drilling Project of the Interna-
tional Continental Drilling Program (ICDP) (Kelemen et al., 2020c). The recovered cores
were loaded into the laboratory of the D/V Chikyu, and systematic and comprehensive
descriptions and measurements were made onboard from various perspectives, such as ig-
neous and alteration petrology, structural geology, geochemistry, paleomagnetism, and
physical properties, based on the protocols of the International Oceanic Drilling Program
(IODP) (Kelemen et al., 2020c).

3 Materials and methods

3.1 Core samples

The Oman Drilling Project obtained continuous core samples from the dike-gabbro transi-
tion to the uppermost mantle of the Samail ophiolite (Kelemen et al., 2020c). The present
study considers core samples from Holes BA1B and BA4A. These cores were recovered
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Fig. 1 (a) Geological map of the southeastern massif of the Samail ophiolite, modified
after Kelemen et al. (2020c). The lithologies are based on Nicolas et al. (2000), and the
locations of the Oman Drilling Project drill sites, including Holes BA1B and BA4A, are
indicated. The colored units represent the ophiolite sequence. The inset shows the loca-
tion of the main figure within the Arabian Peninsula. (b) Simplified stratigraphy of the
Oman ophiolite. Holes BA1B and BA4A correspond to the mantle section. (c) Borehole
stratigraphy of Holes BA1B and BA4A.

from the mantle section of the Samail ophiolite, and their lengths are respectively ~400
and ~300 meters (Fig. 1c). Hole BA1B sampled an upper dunite section that overlies

a lower harzburgite section, whereas Hole BA4A sampled mainly dunite. Core samples
from the mantle sections are highly altered and the dunite samples tend to be more al-
tered than the harzburgites (Kelemen et al., 2021). The highly altered samples display a
mesh texture, which is characteristic of low-temperature serpentinite. Details of the geol-
ogy around the holes are provided by Kelemen et al. (2021).

3.2 Physical properties

The physical properties of the recovered core samples were measured systematically on-
board the D/V Chikyu, based on the IODP protocols. We have now analyzed these on-
board data, including the grain and bulk density, porosity, P-wave velocity, electrical
resistivities under dry and brine-saturated conditions, permeability, magnetic suscepti-
bility, and colorimetry (Katayama et al., 2020; Kelemen et al., 2020a, 2020b), which are
summarized in Table S1. These properties were obtained from discrete core samples tha
had been cut into ~2 x 2 x 2 cm cubes under laboratory temperature and pressure con-
ditions, except for the colorimetry data that were measured continuously on whole cores
with a multi-sensor core logger system. The colorimetry data correspond to the relative
changes in the composition of the bulk material, and such data are widely used to corre-
late sections among cores or holes to analyze the characteristics of lithological changes.
The measured color spectrum is normally converted to the parameters L*, a*, and b* pa-
rameters, where L* is lightness (higher value = lighter) in the range between 0 (black)
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and 100 (white), a* is the red—green value (higher value = redder) in the range between
—60 (green) and 60 (red), and b* is the yellow—blue value (higher value = yellower) in the
range between —60 (blue) and 60 (yellow). The methods of measurement and analysis for
each physical property have been described by Kelemen et al. (2020c) and Katayama et al.
(2020), and they are also summarized here in the Supplementary Material.

Fig. 2 shows the depth variations in the compiled physical properties for Holes BA1B and
BA4A. The grain and bulk densities tend to increase with depth (grain density ranges
from 2.5 to 3.0 g/cm?), porosity tends to decrease from ~10% to <1% with increasing
depth, and the P-wave velocity tends to increase from ~4 to ~6 km/s. The wet resistivity
(101-10* m) tends to be a few orders of magnitude lower than the dry resistivity (103
10* Qm), and the differences are large in the dunite-dominant sequence of Hole BA1B
(0-160 m). This results in a wide range of permeability from 101°~10"2* m? and clear
depth variations in Hole BA1B. Magnetic susceptibility and colorimetry values are rela-
tively high at shallow depths (0—40 m). These depth trends for each physical property are
more obvious in Hole BA4A than in Hole BA1B, possibly because Hole BA1B is longer
and shows clear lithological variations. The relationships among these physical properties
are shown in Fig. S1 (Supplementary materials).

3.3 Independent component analysis

ICA is a powerful signal processing technique that aims to separate a multivariate signal
into additive, statistically independent components (ICs). This approach is used to un-
cover hidden factors that contributes to the observed data, assuming that the components
are statistically independent and non-Gaussian. It has been applied in various fields (e.g.,
signal processing) and can extract independent geological processes from a geochemical
dataset (Iwamori and Albarede, 2008; Yasukawa et al., 2016).

In essence, the observed multivariate data are assumed to be linear mixtures of unknown
latent variables, without any assumption about the specific processes by which this vari-
able mix was made. ICA can be formulated mathematically as:

X = SA, (1)

where X is the observed data matrix whose elements X ; represent the observed values
for the jth variable of the ith sample, S is the independent source matrix, and A is the
linear mixing matrix. The matrix S obtained through ICA represents the image of the
observed data X in an r-dimensional independent component space. Each row of S corre-
sponds to a given sample, and each column of S corresponds to the extracted independent
components. These independent components serve as new variables to represent the ob-
served data. The values of each variable in S represent coordinates in the space defined
by the independent components, and these coordinates are defined as independent compo-
nent scores (IC scores). The matrix A is the collection of the basis vectors (i.e., loadings)
that represent the contributions of the original variables (each physical property) to the
independent components obtained. A variable with a large independent component load-
ing can be a physical property that characterizes the independent component. The posi-
tive and negative loadings correspond to the positive and negative correlations between
the variables contributing to the independent component. For a given independent compo-
nent, if the loadings of two variables are either positive or both negative, then they have
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Fig. 2 Depth variations in the physical properties of discrete core samples from Holes
BA1B and BA4A. The physical properties were obtained from the core descriptions and
measurements made onboard the D/V Chikyu during the core description campaigns
(Katayama et al., 2020; Kelemen et al., 2020a, 2020b). Light and dark green symbols rep-
resent dunite and harzburgite samples, respectively.
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a positive correlation; if the loadings have different signs, they have a negative correlation.
This information is important in deciphering the processes that underlie the data.

Successful application of the ICA algorithm and the extraction of meaningful independent
components requires some data preprocessings. Following standardization, Principal Com-
ponent Analysis (PCA) is employed to reduce dimensionality, transforming the dataset
into uncorrelated principal components while preserving the essential characteristics of the
data. By simplifying the data, PCA results in improved computational efficiency, paving
the way for a more effective ICA analysis. Fig. S2 shows eigenvalues of the principal com-
ponents and their contributions to the total variance in our dataset. The first four princi-
pal components account for ~85% of the variance, which is sufficient for performing ICA
(Ueki and Iwamori, 2017). Therefore, we took the vectors of the first four principal compo-
nents for the following ICA computation to extract four independent components.

We applied the above processes to our dataset of physical properties, which included
bulk/grain density, porosity, P-wave velocity, dry/wet electrical resistivity, permeability,
magnetic susceptibility, and colorimetry data, and we used these contents as variables

in the observed data matrix X. The histograms of the physical properties indicate
multimodal, concave, or long-tailed distributions (Fig. S1). These observations reflect the
inherent non-Gaussian distributions and justify the application of ICA for indentifying
the factors that underlie the variations in physical properties within the Samail ophiolite.
Computations of ICA were performed with the FastICA algorithm by utilizing the
MATLAB fastICA package (Gévert et al., 2005: https://research.ics.aalto.fi/ica/fastica/),
with some modifications. Note that the ICs cannot simply be ranked by their proportion
of data variance as in PCA, because the ICs are independent. Thus, the numbering of the
ICs is commutative, and there is no way to measure the relative importance of the ICs.

4 Results

Fig. 3 shows the shape of each vector obtained by ICA, from which we can infer the cor-
relation between the physical properties. For simplicity, the loading of grain density is set
as negative for all vectors. The contribution of each IC to the physical properties is highly
variable. This means that at least four independent processes that affected the physical
properties can be successfully extracted, which possibly reflects the processes of alteration
that affected mantle peridotites in the Samail ophiolite.

The depth variations of each IC score for Holes BA1B and BA4A are shown in Fig. 4.
Each IC shows a different trend with depth, which is particularly evident in Hole BA1B,
as would be expected from the depth variation in physical properties (Fig. 2). IC1 tends
to increase with increasing depth in Hole BA1B (Fig. 4a), whereas IC2 shows high scores
in the dunite-dominant sequence in Hole BA1B (0-160 m, Fig. 4b). Although IC3 shows
no clear trend with depth, some samples have markedly small values of less than —2

(Fig. 4c, g). IC4 is characterized by rapid changes at shallow depths of the holes (0-40 m,
Fig. 4d, f). These results suggest that the alteration processes represented by the ICs were
dominant at different depths, possibly reflecting variations in a geological factor or the
environment in which the alteration occurred.
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5 Interpretation of the independent components

Our interpretation of the ICA results was based on the IC loadings (Fig. 3) and IC scores
(Fig. 4). The IC loadings indicate the proportional contributions of each physical prop-
erty to each IC, whereas IC scores denote the coordinate values of the sample data within
the IC space. We used Eq. 1 and the loadings and scores to quantify the contribution of
each IC to the variations in each physical property. Here, we obtained the difference be-
tween the maximum and minimum back-calculated values of physical properties as AX
(or Alog X) to quantitatively assess the contributions of ICs to each physical property
(Fig. 5). Through linear transformation, each IC can also be represented as a vector in
scatter plots (Fig. 6 and Supplementary Materials Fig. S2). Fig. 7 shows scatter plots of
each IC score as a function of the degree of hydration (d), which is estimated empirically
from grain density (pgpain) @8 d = (3.3 — Pgpain)/0.785 (Miller and Christensen, 1997): Our
IC interpretations also involved comparing these results with the petrological and geo-
chemical characteristics of the core samples, as reported in previous studies (Ellison et al.,
2021; Kelemen et al., 2021).
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Fig. 5 Difference between the maximum and minimum back-calculated values of physical
properties (AX or Alog X): (a) grain density, (b) porosity, (c¢) P-wave velocity, (d) per-
meability, (e) dry resistivity, and (f) magnetic susceptibility. The sign is aligned with the
loading.

5.1 IC1: Early stage of serpentinization

IC1 is characterized by a significant decrease in grain/bulk density compared with the
other ICs (Fig. 3a), with the variation in grain density of approximately —0.2 g/cm?

(Fig. 5a). This means that the replacement of olivine by serpentine predominates during
this process, increasing the degree of hydration. With the progress of hydration, porosity
increases by ~1.5% (Alog ~ 0.2) and the P-wave velocity decreases by ~0.2 km/s
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independent component vectors. The degree of hydration, calculated from grain density, is
also shown on the upper horizontal axis. Light and dark green symbols represent dunite

and harzburgite samples, respectively.
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(Fig. 5a—c). The negative correlation between porosity and P-wave velocity suggests that
spheroidal (penny-shaped) cracks, which reduce the elastic moduli of rocks (Guéguen
and Kachanov, 2011), are formed during this process while the degree of hydration
increases. Although crack development typically leads to an increase in permeability
due to the formation of a crack network with increasing in crack density (Guéguen and
Palciauskas, 1994), the IC1 characteristics show that porosity can increase at the same
time as permeability decreases during alteration (Figs. 3, 5). This suggests that the IC1
process causes clogging of the connected cracks or the formation of isolated cracks. The
volume dilation that accompanies serpentinization results in the clogging of cracks in
the porous rock (Macdonald and Fyfe, 1985; Ulven et al., 2014; Uno et al., 2022), and
several mechanisms can lead to the formation of isolated cracks. For example, connected
and isolated cracks could both be formed as a result of the stress generated by volume
dilation (i.e., reaction-driven cracking, Okamoto and Shimizu, 2015; Yoshida et al.,
2020) during the early stage of serpentinization (d>0.2, Rouméjon and Cannat, 2014).
Moreover, alteration products (serpentine) would contain partially connected intrinsic
submicron-scale pores (Pliimper et al., 2017; Tutolo et al., 2016). Therefore, the progress
of serpentinization can lead simultaneously to an increase in porosity and a decrease in
permeability. Moreover, the IC1 score is high at d=~0.6 and decreases with d increases to
1.0 (Fig. 7a). Given these results, our interpretation is that IC1 represents the alteration
of olivine to serpentine during the early stage of serpentinization that proceeds under a
rock-dominated system (Bach et al., 2006).

5.2 IC2: Later-stage of serpentinization

IC2 reflects a process that produced drastic changes in various physical properties. De-
spite a small decrease in grain/bulk density (increases in d) relative to IC1, porosity in-
creased by ~2.5% and P-wave velocity decreased by ~0.4 km/s (Fig. 5a—c and Fig. 6a, b).
These values indicate that the development of cracks during the IC2 process was more
extensive than that during IC1. Wet resistivity shows a clear negative correlation with
porosity (Fig. 3b), and this results in an increase in permeability by up to four orders

of magnitude (Fig. 5d). Strong correlations between porosity and electrical resistivity or
permeability (i.e., transport properties) also suggest that crack development during this
process involved the formation of a crack network, since transport properties are highly
sensitive to crack connectivity (Guéguen and Palciauskas, 1994). The crack interconnec-
tions (i.e., percolation) tend to increase abruptly when the crack density exceeds a certain
threshold, resulting in significant changes in the transport properties (Guéguen and Di-
enes, 1989). Such percolative behavior may lead to further fluid infiltration and serpen-
tinization in a relatively open system (i.e., with a high water—rock ratio, Bach et al., 2006;
Jamtveit et al., 2008; Kelemen and Hirth, 2012; Okamoto and Shimizu, 2015) This is con-
sistent with that the IC2 scores starting to increase steeply at d =~ 0.9 (Fig. 7b). There-
fore, IC2 corresponds to the alteration of olivine to serpentine accompanied by extensive
crack development during the later stage of primary serpentinization.

IC2 scores are generally larger for dunite samples than for harzburgite samples in Hole
BA1B (Fig. 4b), which suggests that the later-stage serpentinization in an open-system
tends to be more dominant for dunite than for harzburgite. Fig. 8 shows representative
microstructures of samples with relatively high and low IC2 scores. The dunite sample
(BA1B-40Z-2) with an IC2 score of 2.04 exhibits a mesh texture, which is typical of low-
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309

temperature serpentinization, and only a few relics of olivine and orthopyroxene remain
(Fig. 8a). Olivine relics can be seen in the harzburgite sample (BA1B-134Z-4) that has a
relatively low IC2 score (—1.38). These observations suggest that samples with high 1C2
scores are characterized by exhaustive serpentinization due to the progressive fracturing—
reaction processe and positive feedbacks. Alternatively, the degree of later-stage serpen-
tinization represented by IC2 could depend on the protolith, since harzburgite contains
relatively small amounts of primary olivine compared with dunite.

Fig. 8 Photomicrographs showing the microstructures of representative samples with rel-
atively high and low IC2 scores, modified after Katayama et al. (2021). (a) BA1B-40Z-2

(dunite). (b) BA1B-134Z-4 (harzburgite). Mineral abbreviations: Srp = serpentine, Ol =
olivine.

5.3 IC3: Magnetite formation related to local silica activity

IC3 represents a process that caused a significant increase in magnetic susceptibility with
decreasing grain density (Fig. 3c). As magnetic susceptibility is mainly a reflection of the
amount of magnetite (Oufi et al., 2002), IC3 could be associated with a marked increase
in magnetite content. The IC3 scores increase slightly with the degree of hydration, indi-
cating that magnetite forms slowly during serpentinization (Fig. 7c). The IC3 scores show
no clear trend with depth, and some samples locally show extremely low values (Fig. 4c,
g). This suggests that the formation of magnetite during the IC3 process could be influ-
enced by differences in the local chemical conditions that might have controled the nu-
cleation of magnetite (e.g., fluid composition and redox conditions). IC3 is also charac-
terized by a strong negative correlation between magnetic susceptibility and L*, which
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means that whitish rocks have lower magnetism. The whitish areas of the core samples
are pyroxene-rich (Fig. 9) and have been partially altered to talc with an absence of mag-
netite (Fig. 9f) due to high silica activity related to the presence of pyroxene (Katayama
et al., 2010). Large magnetite grains often exist along the rims of spinel grains in the
cores from Holes BA1B and BA4A, and these possibly resulted from the alteration of Fe—
Cr spinel (Hong et al., 2022). Some of the samples that contain magnetite on spinel rims
have high IC3 scores. The negative loading in porosity may indicate that the formation of
magnetite during the IC3 process was not necessarily accompanied by crack development,
whereas talc formation involves a marked dilation of the rock, which may cause cracking.
Thus, IC3 reflects serpentinization with the formation of magnetite, and its variations
with depth may reflect the spatial distribution of silica activity.

BA1B 27Z-2 Length (cm) BA1B 106Z-3 Length (cm) BA1B 20Z-4 Length (cm)
40 40 40

P 1I0 2.0 3|0 5|0 SIO 7|D BIO ? 1 .0 210 SID SIO 6‘0 7.0 BIO ID ‘:0 2|0 SID 5|D GP 7|0 80
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e o

Fig. 9 Representative core sections from which discrete samples with characteristic IC3
scores were collected: (a) BA1B 57Z-2, (c¢) BA1B 106Z-3, and (e) BA1B 20Z-4. Location
of each thin section (b, d, f) is indicated as white squares, and the white squares with
“PP” indicate the location of each discrete sample. Mineral abbreviations: Srp = serpen-
tine, Mgt = magnetite, Ol = olivine, Opx = orthopyroxene, Cpx = clinopyroxene, Tlc =
talc.

5.4 IC4: Subsurface weathering/carbonation

IC4 involves an increase in porosity and a decrease in P-wave velocity, with no marked
change in grain density (Fig. 3d). Thus, like IC1 and IC2, the IC4 process is related to
crack development, although the degree of hydration (d) remains unchanged (Fig. 7d).
IC4 is also characterized by clear positive loadings in colorimetry (Fig. 3d), particularly
for b* (yellowness), whereas the other ICs were not related to b* (Fig. 3a—c). Since the
colorimetry data signal relative changes in the composition of the bulk material, these re-
sults suggest that the IC4 process was related to processes of alteration that differed from
the typical serpentinization represented by the other ICs. The IC4 scores change sharply
with depth, with the shallower parts of the two holes characterized by low scores (Fig. 4d,
h). This suggests that the IC4 process was associated with a near-surface process in the
Samail ophiolite that was independent of the primary serpentinization.

The surface of the mantle section of the Samail ophiolite is subjected to ongoing weather-
ing and carbonation at temperatures of <50°C (Kelemen and Matter, 2008). Carbonation
of an ultramafic body proceeds by the reaction of olivine and serpentine with CO, at low
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temperature and the formation of carbonate minerals such as calcite (CaCO4) and magne-
site (MgCOs3). The quantities of CO, and calcite veins in Hole BA1B, that were reported
by the shipboard descriptions (Kelemen et al., 2020a), tend to be higher at depths of <50
m (Fig. 10a, b). This is consistent with the depth variation in the IC4 score with depth
(Fig. 4d) and microstructural observations of a sample showing low IC4 score (Fig. 10c,
d). Similar trends can be seen for Hole BA4A. The carbonation of ultramafic rocks results
in the development of cracks due to reaction-induced dilation as well as serpentinization
(Kelemen and Hirth, 2012), and this is consistent with the increase in porosity and de-
crease in velocity during the IC4 process (Fig. 3d and Fig. 6a, b). Weathering occurs in
an oxidizing environment and is often accompanied by a change in the color of a rock to
reddish or yellowish, which can be attributed to the formation of Fe oxides (Yokoyama
and Nakashima, 2005). This is also consistent with the clear correlation between a* (red-
ness) or b* (yellowness) and IC4, which can be confirmed by direct observations of the
core sections (Fig. 10c, d). Consequently, these features suggest that IC4 reflects the car-
bonation of mantle peridotite during ongoing weathering under atmospheric conditions.

IC4 is also related to an increase in magnetic susceptibility (Fig. 3d), which suggests that
magnetite is formed alongside carbonate during this process. Formation of Mg-carbonates
by the reaction of CO, with peridotite is often accompanied by the release of dissolved
SiO4 (Streit et al., 2012), and this may be the source of SiO, for the silicification of fer-
roan brucite, which results in the additional formation of magnetite. Such carbotation-
related magnetites are found along with a calcite vein in our sample (Fig. 10d).

6 Discussion

6.1 Multiple stages of alteration extracted via ICA

We applied ICA to a dataset of the multivariate physical properties of mantle peridotites
in the Samail ophiolite, as described and measured onboard the D/V Chikyu. This al-
lowed us to extract four independent components that represent different processes of al-
teration. IC1 corresponds to early stage of serpentinization, where olivine is replaced by
serpentine. This process involved reaction-induced cracking, although its impact on fluid
transportation was limited. IC2 corresponds to later-stage of serpentinization, which was
accompanied by extensive cracking and marked changes in elastic and transport proper-
ties. IC3 represents the formation of magnetite, which was associated with reactions that
differed from those of the primary serpentinization (IC1 and IC2). IC4 captures the ongo-
ing carbonation near the present-day surface of the ophiolite, which involves a reduction
in elastic wave velocity due to reaction-induced cracking and the formation of additional
magnetite during associated silicification.

The Samail ophiolite was formed in a supra-subduction zone, in which obduction started
during or immediately after the formation of crust at a relatively fast-spreading ridge (Ri-
oux et al., 2012). The mantle peridotites in the Samail ophiolite have therefore undergone
multiple stages of deformation and alteration. Trace-element and oxygen isotope geochem-
istry of serpentinite from the BA site suggest that serpentinization took place below a
thick magmatic crust in an off-axis setting (Aupart et al., 2021). Thus, the constrained
hydration processes (IC1-3) would represent hydrothermal alteration in a mid-oceanic
ridge setting. We found that IC2 and IC3 feature an increase in magnetic susceptibility as
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Fig. 10 Variations with depth in (a) CO, content and (b) calcite vein density in Hole
BA1B and a representative core section (c) from which a discrete sample with low IC4
score was collected (BA1B 6Z-1). Location of the discrete sample is indicated as a white
square. Thin section image (d) shows a calcite vein with magnetite and oxidized serpen-
tine matrix. The data and image (a—c) are modified after Kelemen et al. (2020a). Mineral
abbreviations: Srp = serpentine, Mgt = magnetite, Cal = calcite.

16



379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

hydration progressed, suggesting that hydrogen is produced in a mid-oceanic ridge setting
in association with the formation of magnetite. Since IC4 also involves magnetite forma-
tion, the hydrogen production may be still active after the ophiolite obduction, as Ellison
et al. (2021) identified the production of hydrogen and hydrocarbons in the Samail ophio-
lite as a result of modern water—rock interactions. Our study suggests that altered mantle
peridotites in the Samail ophiolite may record multiple episodes of hydrogen production
occurring in both submarine and subaerial environments.

The alteration of mantle rocks has been revealed by geophysical surveys in various tec-
tonic settings, including oceanic core complexes near slow-spreading ridges and transform
faults (Muller et al., 1997; Okino et al., 2004), and in outer-rise regions along subduction
zones (Fujie et al., 2013; Grevemeyer et al., 2007; Ranero et al., 2003). These mantle peri-
dotites probably undergo deformation and alteration under temperature and pressure con-
ditions that differ from those recorded by the Samail ophiolite. Indeed, some peridotite
samples that were recovered by dredging or drilling on the seafloor exhibit trends in physi-
cal properties that differ from those analyzed in the present study (Fujii et al., 2016; Kele-
men et al., 2004). Our results show that ICA is an effective tool for extracting and un-
derstanding complex physicochemical processes of mantle alteration, using a dataset of
physical properties for the Samail ophiolite. Therefore, the application of ICA to similar
datasets for mantle rocks from a variety of tectonic settings may reveal geological pro-
cesses that are unique to each tectonic environment.

6.2 Geophysical implications
6.2.1 Effects of reaction-induced cracking on seismic velocity

Serpentinization has been associated with low seismic velocity anomalies in areas where
seawater can penetrate the mantle through fracture zones (Minshull et al., 1991; Minshull
and White, 1996; Ranero et al., 2003). The effect of serpentinization on seismic velocity is
generally attributed to the conversion of olivine to serpentine (Christensen, 2004), which
is consistent with the significant decrease in grain density (increase in the degree of hy-
dration) that characterizes the IC1 process (Fig. 5a). However, our results show that the
increase in porosity is larger during the IC2 process than during the IC1 process (Fig. 5b),
and the effect of reaction-induced cracking on seismic velocity is large during the IC2 pro-
cess (Fig. 5¢). These observations may indicate that the effect of the alteration of olivine
to serpentine on P-wave velocities is predominant during earlier serpentinization reactions
(d<0.6), when crack formation is limited, and that the effect of cracks becomes crucial
when interpreting the geophysical anomalies observed in regions where the degree of hy-
dration is high (Hatakeyama and Katayama, 2020).

We also identified relatively large increases in porosity and decreases in P-wave velocity
during the IC4 process, which are almost comparable to those in IC1 (Fig. 5b, ¢). The
generation of such carbonation and porosity generation had already been observed in nat-
ural samples collected from the seafloor (e.g., Bach et al., 2011; Jons et al., 2017). Our
results imply that the presence of carbonated mantle rocks on the seafloor may also be
indicated by a low-seismic velocity anomaly, and this could be important in terms of the
global carbon budget from geophysical observations (Katayama et al., 2023).

Although processes other than IC3 involve crack development, only IC2 exhibits a signifi-
cant increase in permeability (Fig. 5d). This may indicate differences in the water—rock ra-
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tio for each reaction process. The water-rock ratio during alteration reactions can have a
large impact on the compositions of the alteration products. Katayama et al. (2023) mod-
eled the effect on seismic velocity of variations in reaction products during the alteration
of mantle rocks, based on thermodynamic modeling, and they discussed the potential role
of water—rock ratios in assessing global carbon budgets from interpretations of seismic ve-
locity structures. Our results may provide new constraints on such thermodynamic model-
ing and the interpretation of geophysical data.

6.2.2 Effect of magnetite formation on electrical and magnetic properties

We found that both dry and wet resistivity decrease with increasing porosity during the
IC2 process (Fig. 5d). The decrease in wet resistivity reflects the percolation of cracks,
whereas the decrease in dry resistivity suggests the formation and connection of conduc-
tive minerals (Guéguen and Palciauskas, 1994). Magnetite is one of the typical secondary
minerals that are formed during the hydration of peridotite, and magnetite formation is
associated with the breakdown of ferroan brucite or serpentine under open-system con-
ditions (Bach et al., 2006; Frost and Beard, 2007). The occurrence of magnetite is often
associated with a low dry resistivity in serpentinized peridotite (Katayama et al., 2020;
Kawano et al., 2012). Therefore, it is possible that percolation through reaction-induced
cracks and the formation of magnetite network took place during in the later stage of pri-
mary serpentinization.

We also identified an increase in magnetic susceptibility that can be related to the for-
mation of magnetite during the IC2, IC3 and IC4 processes (Fig. 5f). As magnetic sus-
ceptibility reflects the formation of magnetite and serves as an indicator of the amount

of hydrogen produced during magnetite formation, our observations may indicate differ-
ences in the amount of hydrogen produced during each reaction process. However, these
changes do not coincide with the changes in dry resistivity (Fig. 5), despite both depend-
ing strongly on the formation of magnetite. This result can be attributed to the different
sensitivities of magnetic and electrical properties to the distribution of magnetite in the
rock. Magnetic susceptibility depends mainly on the volume fraction of magnetic miner-
als (Oufi et al., 2002), while electrical resistivity depends mainly on the degree of inter-
connection of conductive phases (Guéguen and Palciauskas, 1994). In the altered peri-
dotites collected during the Oman Drilling Project, three types of magnetite occurrence
were observed (Hong et al., 2022): (i) elongated veins in areas of mesh texture, (ii) the
overgrowth rims on spinel, and (iii) as aggregates of small grains in the serpentine matrix.
Magnetites with the second and third types of occurrences tend to be sparsely distributed
in the serpentinized peridotite. Therefore, their occurrence would not form a conductive
path on the scale of the sample, thus resulting in an increase of magnetic susceptibility
without a marked decrease in resistivity. Our results suggest that the distribution of mag-
netite in the rock varies with the reaction conditions, and different distributions result in
different electrical and magnetic properties. This implies that the occurrences of magnetic
and electrical anomalies do not necessarily coincide during the process of mantle alter-
ation.
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7 Conculusions

To understand the structure of the data in a dataset of physical properties and to investi-
gate the processes of alteration of mantle peridotite, we subjected the physical properties
of altered peridotite collected from the Samail ophiolite during the Oman Drilling Project
to independent component analysis (ICA). Four independent components accounted for
85% of the variations in physical properties. Combining these results with the petrological
and geochemical data reported in previous studies, we concluded that the four indepen-
dent components represent early-stage of serpentinization, later-stage of serpentinization,
magnetite formation, and near-surface carbonation. The ICA results indicate that the ef-
fect of alteration on the physical properties of the mantle peridotite in the Samail ophi-
olite varied from process to process. Our results show that multivariate analysis can be
applied to high-dimensional datasets of rock physical properties, and such analyses will
provide new insights into the processes of mantle alteration processes from a geophysical
point of view.

Data availability

All the physical property data and our analytical results are summarized in Supplemen-
tary Table S1. The original data are archived on the ICDP website (https://www.icdp-
online.org/projects/by-continent /asia/oodp-oman). The electrical resistivity data we
used in this study were those re-measured by Katayama et al. (2020) and archived at
https://doi.org/10.1594/PANGAEA.913501.
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Physical property measurements

During core description campaigns on the D/V Chikyu, the physical properties of the recov-
ered core samples were systematically analyzed, including density, porosity, P-wave velocity,
electrical resistivity, and magnetic susceptibility. These measurements were made on dis-
crete core samples cut into ca. 2 X 2 X 2 cm cubes at laboratory temperature and pressure
conditions. For a more details in each measurement, please refer to Kelemen et al. (2020).
The mass and volume of the samples were determined using a dual balance system and a gas
pycnometer, and grain density was calculated from the dry mass and solid volume, while
porosity was determined by subtracting the wet mass from the dry mass. These density
and porosity data were used for outlier detection for our dataset and the data from the
remaining 194 samples were used for our analysis.

Grain density can be used to infer degree of hydration of mantle peridotite, since
hydration of peridotite is accompanied primarily with alteration of olivine (3.3 g/cm?) into
serpentine (2.5 g/cm?®). Hydration degree d is empirically defined as (Miller and Christensen,
1997):

d = 3.3 — pgrain

0.785 '
where pg.,i, is grain density. Although this equation does not account for the effects of
minerals other than olivine and serpentinite, and thus has some uncertainty in estimating
the degree of alteration, it is useful in broadly assessing how the alteration process develops.

P-wave velocity was measured in three orthogonal directions in core samples that wre
saturated with NaCl solution (3.5 g/L). The ultrasonic velocity measurements were carried
out with a PWV-D system (GEOTEK) comprising P-wave transducers with a resonant
frequency of 230 kHz. The first arrival was identified by the system and the velocity was
determined by dividing the sample length by the travel time. System calibration runs were
conducted using a series of acrylic and glass cylinders of different thicknesses. We made
eight measurements in each direction of the core samples, and used an average value, which
typically results in <1% variation.

The electrical resistivity was measured in three orthogonal directions using an Ag-
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ilent 4294A Procession Impedance Analyzer with a set of two stainless steel electrodes.
Measurements were carried at laboratory temperatures of 22.5 to 23.3°C, resulting in a tem-
perature-induced resistivity variation of ~1%, which is broadly equivalent to the accuracy
of sample dimensions. Two paper filters soaked in brine for wet measurements and two
stainless steel mesh filters for dry measurements were placed between the steel electrodes
and sample cube on its topside and bottomside to enhance coupling. The magnitude (|Z])
and phase angle () of the complex impedance were measured at 25 kHz across the array
from 40 Hz to 10 MHz. The resistivity was calculated from the sample impedance, length,
and cross-sectional area in each orientation.

The measured dry and wet resistivities data were used for model the bulk permeability
to highlight the impact of alteration on fluid transportation (Katayama et al., 2020). The
transport porosity which primarily affects the rock’s transport properties was first calculated
from the difference between dry and wet resistivities based on the Hashin-Shtrikman bound
theory (Mavko et al., 2020). Then, the bulk permeability was estimated from an empirical
relationship between the transport porosity and permeability, that calibrated via direct
measurements of permeability.

Bulk magnetic susceptibility was measured using an AGICO KLY-3 Kappabridge sus-
ceptibility meter or MS2B Bartington susceptibility meter after every heating step to mon-
itor thermal alteration of magnetic minerals during heating.

In addition to the discrete physical properties, we included the color reflectance data
that were measured on the half core sections during the shipboard descriptions to the multi-
variate analysis (Kelemen et al., 2020). The colorimetry data provide relative changes in the
composition of the bulk material and are widely used to correlate sections from core to core
or hole to hole and to analyze the characteristics of lithologic changes. Color reflectance was
categorized as an International Oceanic Drilling Program (IODP) standard measurement,
and the measured color spectrum is normally converted to L*, a*, and b* parameters. L*
is lightness (greater value = lighter) in the range between 0 (black) and 100 (white), a* is
the red-green value (greater value = redder) in the range between —60 (green) and 60 (red),
and b* is the yellow-blue value (greater value = yellower) in the range between —60 (blue)
and 60 (yellow).
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Fig. S 1 Scatter plots of the input physical properties data. Dark and light green symbols
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