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ARTICLE INFO ABSTRACT

Keywords: To assess the geometry of cracks in highly altered peridotites, we analyzed the ultrasonic velocity of serpenti-

Crack nized dunites and harzburgites collected by the Oman Drilling Project (Holes BA1B, 3A, and 4A). First, we

Serpentinite . estimated the hydrated fraction from grain density to obtain the porosity-free matrix velocity, which indicated

g&?;c]zvr:‘l;nieﬁ?he;t complete serpentinization at shallow depths and decreasing hydration at greater depths. We assume that the

Mantle hydration difference between the solid matrix and measured onboard ultrasonic velocity is attributed to cracks with a
spheroidal shape in the samples. Application of the effective medium theory to onboard data, such as P-wave
velocity and porosity, indicates that the average pore aspect ratio is mostly between 0.1 and 0.01, and crack
density varies from 0.58 to 0.02. We found a positive relationship between aspect ratio and hydrated fraction,
suggesting a change in crack shape related to dissolution—precipitation processes during hydration. The relatively
high aspect ratio and hence high fluid flux at shallow depths are also consistent with the onboard resistivity data
and present-day hydration processes inferred from the borehole fluid chemistry. The inversion of ultrasonic data
provides a series of elastic moduli that can be used to make a rough approximation of Poisson's ratio from the
onboard data, which is a key physical property for interpreting geophysical observations in the oceanic
lithosphere.

1. Introduction important role as fluid pathways and largely influence the physical
properties and hence seismic velocity.
Serpentinization of mantle rocks is accompanied by a volume in-

crease, which may result in the development of cracks during hydration

Occurrences of serpentinite in the oceanic lithosphere, related to
normal faults flanking slow spreading ridges, fracture zones, bending

faults near subduction zones, and hydration of the “cold nose” of the
mantle wedge, have been identified by recent geophysical observations
(e.g., Reston et al., 2001; Bostock et al., 2002; Ranero et al., 2003;
Grevemeyer et al., 2007; Escartin et al., 2008; Fujie et al., 2013; Naif
etal., 2015). Although hydration reactions are probably promoted along
the damaged zones (e.g., Hirose and Hayman, 2008), how aqueous fluids
percolate into the mantle and the spatial extent of mantle serpentini-
zation remain highly uncertain. In such a damaged zone, crack plays an
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reactions (e.g., MacDonald and Fyfe, 1985). The formation of cracks
increases permeability and reactive surfaces, and thus hydration re-
actions form a positive feedback system (e.g., O'Hanley, 1992; Boudier
et al., 2005; Jamtveit et al., 2008; Kelemen and Hirth, 2012; Ulven et al.,
2014; Shimizu and Okamoto, 2016; Zhu et al., 2016; Malvoisin et al.,
2017; Evans et al., 2018). Serpentinization reactions also have an
important role in the deep-sea biosphere, where reaction-generated
CH4, Hp, and possibly organic compounds support dense microbial
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communities such as the Lost City hydrothermal vent fields (e.g., Friih-
Green et al., 2003; Kelley et al., 2005).

The Oman Drilling Project sampled the Samail ophiolite sequences
from the crust to mantle in nine diamond-cored and six rotary-drilled
boreholes (Kelemen et al., 2013, 2020). The mantle sections are high-
ly altered, and the borehole fluid chemistry indicates present-day hy-
dration reactions are occurring (de Obeso et al., 2020). The recovered
core samples were analyzed on the drilling vessel Chikyu during two 60-
day description campaigns in 2017 and 2018. The continuous core
samples are ideal for assessing serpentinization processes in mantle se-
quences, including crack development during hydration.

Elastic wave velocity of rocks depends on mineralogical composi-
tion, porosity, and pore fluid properties, but are also sensitive to pore
structure. Effective medium theory has been widely applied to porous
rocks, in which the change of elastic velocity is characterized by crack
density and aspect ratio (e.g., Walsh, 1965; Kuster and Toksoz, 1974;
O'Connell and Budiansky, 1977; Watanabe, 1993; Kachanov et al., 1994;
Guéguen and Schubnel, 2003). Applications of such models to volcanic
and gabbroic rocks collected by the Integrated Ocean Drilling Program
(IODP) have succeeded in characterizing crack structures of core sam-
ples (e.g., Tsuji and Iturrino, 2008; Carlson, 2010). To assess the crack
geometry in the highly altered peridotites collected by the Oman Dril-
ling Project, we applied effective medium theory to onboard data
measured during the description campaign. Our results yield the dis-
tribution and shapes of cracks in the drill core samples, which provide
insights into mantle hydration processes.

2. Core samples and ultrasonic measurements
The Oman Drilling Project obtained continuous core samples from

the dike-gabbro transition into the uppermost mantle in the Samail
ophiolite (Kelemen et al., 2013, 2020). In this study, we focused on three
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boreholes of the mantle sections (BA1B, BA3A, and BA4A) that are each
~300-400 m in long (Fig. 1). The locations of the holes are given in
Table 1. Core from Hole BA1B sampled an upper dunite section over-
lying a lower harzburgite section, both cut by abundant mafic dikes.
Holes BA3A and BA4A consist dominantly of harzburgite and dunite,
respectively, along with abundant mafic dikes. These mantle samples
are highly altered, with >70% serpentinization, and only a few relicts of
mantle olivine and orthopyroxene remain (Fig. 2). The dunite samples
tend to be highly altered compared to the harzburgites. These highly
altered peridotites have a mesh texture, which is typical of low-
temperature serpentinite, and have a nearly random crystal fabric (e.
8., Wicks and Whittaker, 1977).

During core description campaigns on the drilling vessel Chikyu, the
physical properties of the recovered core samples were systematically
analyzed (Abe et al., 2018). The core samples were cut into ca. 2 x 2 x 2
cm cubes, and mass and volume were measured using the dual balance
system and gas pycnometer. Grain density was calculated from the dry
mass and solid volume, and porosity was calculated from the difference
between dry and wet mass. We measured the P-wave velocity (Vp) in
three orthogonal directions in core samples 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 reso-
nant frequency of 230 kHz, thickness and temperature sensors, and data
processing software. The first arrival was identified by the system and
the full waveform was stored on a computer. 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. Although the sample length is relatively short compared to the
acoustic wavelength, the resonant frequency has a little influence on the
measurement of ultrasonic velocity in these samples.

We measured three orthogonal directions, which showed a relatively
weak anisotropy (<5%; Abe et al., 2018), and we therefore used the
average velocity of the three orthogonal directions in this study.
Although we measured core samples at ca. 3 m interval in each hole,
including the mafic dikes, this study focused on the dunite and harz-
burgite samples in order to assess the crack geometry in the highly
altered peridotites. The analyzed samples from each hole are listed in
Table 1.

3. Ultrasonic data

Down-hole plots of P-wave velocity for each borehole are shown in
Fig. 3 along with onboard measurements of grain density and porosity.
The velocity of the dunite and harzburgite core samples ranges from
3.40 to 5.99 km/s, and tends to increase with increasing depth. The wide
range of velocities reflects various amounts of hydration, and/or
porosity. Since velocity and bulk density are both influenced by
mineralogy and porosity, velocity shows a positive correlation with bulk
density (Fig. 4a), but it is difficult to distinguish these effects. During
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Fig. 1. Borehole stratigraphy of mantle sections from the Oman Drilling Proj-
ect. Hole BA1B comprise the upper dunite section overlain the lower harzbur-
gite section, and Holes BA3A and Hole 4A consist dominantly of harzburgite
and dunite, respectively.

Table 1
Borehole locations and sample information.
Hole Location Latitude Longitude Total Analyzed
No. length samples
BA1B Wadi 22°52.874 58°42.035 423.6 52 dunite, 75
Lawayni, N E m harzburgite
Northern
Shargiyah
BA3A Wadi 22°51.970 58°42.634' 314.4 2 dunite, 96
Lawayni, N E m harzburgite
Northern
Shargiyah
BA4A Wadi 22°53.101’ 58°41.703 3239 66 dunite, 28
Lawayni, N E m harzburgite
Northern
Shargiyah
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Fig. 2. (a) Recovered core sections of BA1B-123Z4. (b) Photographs of the cube samples. (c, d) Microphotographs of the dunite sample (BA1B-40Z-4) and the
harzburgite (BA1B-134Z-4). (e, f) Backscattered electron images of the dunite and harzburgite samples. Olivine relicts can be seen in the harzburgite sample, while
the dunite is mostly serpentinized. (g, h) Enlarged view of the back-scattered electron images showing cracks in these samples.

mantle hydration, P-wave velocity is known to decrease due to the hy-
dration products such as serpentine and brucite (e.g., Christensen, 2004;
Watanabe et al., 2007; Reynard, 2013). In addition, given the large
contrast in elastic properties of solid and fluid, the presence of fluid-
filled voids and/or cracks has a strong influence on ultrasonic velocity
(e.g., Mavko et al., 2009). Fig. 5 shows the relationship between P-wave
velocity and porosity, in which velocity decreases systematically with

increasing porosity. To distinguish between the effects of hydration and
porosity, we plotted the P-wave velocity as a function of grain density,
which is sensitive to hydration products but insensitive to porosity
(Fig. 4b). Serpentinite is characterized by a low velocity and low grain
density compared to unaltered peridotite, resulting in a lower left trend
due to hydration, while the effect of porosity results in a vertical trend
that is independent of grain density. Fig. 4b shows that most onboard



L. Katayama et al.

Tectonophysics 814 (2021) 228978

BA1B BA3A BA4A
Grain density Porosity Vp Grain density Porosity Vp Grain density Porosity Vp
/cm? %o km/s /cm? % km/s /cm? % km/s
ol2 @) olo ) (kmis) . @)+ olo &) ply  kmis) olea @em?) . olo ) ply  Kms)
™ T g T T T ™ T LB e ™ U T
: % e . o® e . ¢ [ N %
. d o % o* *s .
* ol ;’ 5? e 2%
o L
50 . - 50| % . + o d ] 50| 1% 1 o
.3,- 2 . . @ o
s 9 o0 & % © °
o . '3 s %. ; .." s
100 8 1 T e 1 100} T T 1 100 + s
g e e :
r o, ° —_ % s _
3 L o® E E s
150F £ 1% T % 1 £ 150} 12 T 1 £ 150} 1 <
"'.v' 5‘ °e ¢ %o ?:' r'" % ;’; :G'.
—_ . d
£ .o: . :o . . c.: ] 3 ;'. .% . o ° 9 8
£ 200 St i T % | 20 % 1 T 1 200f 1 o
% % o |6 e 4 & $ % % S
8 < 5 - ¥ 20 o008 ,
250 g% 15, + § 4 ol 4 15 + JEE P10 R & 1 of
& e Se o rd 3 'Y Se
£y o "o '% 'i ,,.0 5 ]
a H . Hd . rd g
o B o H %, s ° o
300 ° ° + ] so0f % d T 1 so0f % 1 T e
. A > L L T T N L L L ] I S |
2
. ¥,
() (]
e . ool
350 co 8 1 S
o '?’ 3
Y
400 i ) L g L

Fig. 3. Down-hole plots of grain density, porosity and P-wave velocity of the altered peridotites in the three boreholes (BA1B, BA3A, and BA4A)

. These physical

properties were measured on the drilling vessel Chikyu during the description campaigns.
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Fig. 4. (a) Relationship between P-wave velocity and bulk density. (b) Relationship between P-wave velocity and grain density. The gray line indicates the hydration
trend from unaltered peridotite (Vp = 8.0 km/s; pgrain = 3.3 g/cmg) to serpentinite (Vp = 5.2 km/s; pgrain = 2.5 g/cmg).

data plot close to end-member serpentinite, indicating a high degree of
alteration, but below the trend that reflects variable porosity.

4. Hydrated fraction

To assess the effect of crack geometry, we first estimated the influ-
ence of hydration (i.e., serpentinization). The hydrated fraction was
calculated from grain density pgpin using the following linear
relationship:

Perain = APgery + (1 = A)prerig €))
where A is the hydrated fraction, and pserp and pperig are the porosity-free
densities of serpentinite and unaltered peridotite, respectively (e.g.,
Christensen, 2004). We calculated the hydrated fraction using the
reference density listed in Table 2. Because of variable chemical com-
positions even in the same mantle sequence, the reference values can
vary due to modal abundance of constituent minerals, such as serpen-
tine, brucite and magnetite. For instance, brucite has a slightly lower
grain density than serpentine, and hence hydrated fraction can be

overestimated for the sample with a relatively higher abundance of
brucite. In contrast, magnetite has a higher grain density, which have
the opposite effect. These variations of mineral proportions introduce
the uncertainty of hydrated fraction, mostly +10%. A few samples have
a grain density lower than the end-member serpentinite, possibly due to
a lower abundance of magnetite. We consider these as completely hy-
drated samples.

Fig. 6 shows profiles of the hydrated fraction in each borehole. Core
samples are completely hydrated close to the surface, although the hy-
drated fraction tends to decrease with depth in Hole BA1B, down to
~70%. A similar hydration trend in these mantle sequences has been
obtained from onboard analyses of loss of ignition (LOI) and X-ray CT
imaging of the continuous core samples (Michibayashi et al., 2018;
Kelemen et al., 2020). The increasing reaction progress upward is
consistent with the borehole fluid chemistry, such as pH and oxygen
fugacity (de Obeso et al., 2020), suggesting present-day hydration re-
actions are occurring during “top-down” weathering of the mantle se-
quences at these sites.
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Table 2
Seismic velocity and physical properties used in the crack model.
Unaltered peridotite P-wave velocity (Vp) 8.0 km/s
S-wave velocity (Vs) 4.5 km/s

Poisson's ratio (0) 0.27

Density (p) 3.3 g/em?®
Bulk modulus (K) 122 GPa
Shear modulus (G) 67 GPa
Serpentinite P-wave velocity (Vp) 5.2 km/s
S-wave velocity (Vs) 2.6 km/s
Poisson's ratio () 0.33
Density (p) 2.5 g/cm®
Bulk modulus (K) 45 GPa
Shear modulus (G) 17 GPa
Fluid P-wave velocity (Vp) 1.5 km/s
S-wave velocity (Vs) -
Poisson's ratio () 0.5
Density (p) 1.0 g/cm®
Bulk modulus (K) 2.2 GPa

Shear modulus (G) -

5. Calculation of crack aspect ratio and density

From the hydrated fraction, we calculated the P-wave velocity of the
solid matrix (Vp,s1iq) for each core sample assuming a linear relationship
between serpentinite and unaltered peridotite (Christensen, 2004) as
follows:

VP. solid = AVP, serp + (1 7A)VP perid (2)

where Vp,serp and Vp,perig are the porosity-free P-wave velocities of ser-
pentinite and peridotite, and A is the hydrated fraction inferred from the
grain density. The difference between the calculated porosity-free ma-
trix velocity and the measured onboard velocity is attributed to porosity
and pore geometry. Numbers of theoretical models have been proposed
to determine the effective elastic velocity of a material containing voids
and/or cracks (e.g., Walsh, 1965; Kuster and Toksoz, 1974; O°Connell
and Budiansky, 1974, 1977; Watanabe, 1993; Kachanov et al., 1994;
Guéguen and Schubnel, 2003). All these models suggest that the elastic
properties of such materials depend on porosity and pore fluid proper-
ties, but are also dependent on pore structures, such as the pore aspect
ratio. In this study, we applied the classical model of Kuster and Toksoz
(1974), because it is applicable over a wide range of aspect ratios,
whereas most of other models, including the self-consistent theory of
O'Connell and Budiansky (1977), are limited to small aspect ratios.
Although the crack geometry and its interaction are different among
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these theoretical models, the porosity and velocity relationship is highly
sensitive to the crack aspect ratio in any models (Fig. S1).

According to the long-wavelength first-order scattering theory of
Kuster and Toksoz (1974), a pore is assumed to be a randomly oriented
spheroidal inclusion that is characterized by aspect ratio, which is
defined as the ratio of the polar to equatorial lengths. The distribution of
pores with variable aspect ratios has been inferred by inversion of
experimental data during hydrostatic loading to high pressure (Cheng
and Toksoz, 1979). However, in this study we estimated an average
aspect ratio for each core sample, because the measured onboard ve-
locity data were only acquired at atmospheric pressure. For a two-phase
material with solid matrix and pore fluid moduli, the effective bulk
modulus K* and shear modulus u* are dependent on porosity ¢ and
aspect ratio a, as follows:

. K, +4/3u, K,

(K _KS)K*+4/3M_¢( f_Ks)m 3
and

N <1 81, 2Kf+2/3ﬂs) 4
b =r) e = ralus+255) Ky + map @

where the subscripts s and f refer to the solid matrix and fluid moduli,
respectively. The coefficients  and ¢ are expressed as

3K+
P =H 3k T a ®)
and

_ 19K + 8u)
€= 6(K + 2u) ©®

These relationships were derived by Kuster and Toksoz (1974) and
Berryman (1995). The assumptions involved in this derivation are
sample homogeneity and an isotropic pore distribution in the solid
matrix.

The results of the model calculation are shown in Fig. 7, with the
measured onboard velocity normalized to the matrix velocity as a
function of porosity. The relationship between the normalized velocity
and porosity is dependent on the aspect ratio of the pores. Velocity is
relatively insensitive to porosity for large aspect ratios (nearly spherical
pores), but shows a marked decrease with increasing porosity for pores
with a small aspect ratio. Most of the measured onboard data lies be-
tween the @ = 0.1 and 0.01 curves, which correspond to the average pore
shape. We estimated the aspect ratio for each core sample using the
measured velocity normalized to the porosity-free velocity calculated
from the hydrated fraction, and the porosity determined by the moisture
and density (MAD) analysis.

The pore aspect ratio is constrained for samples with a large differ-
ence between the solid matrix and measured onboard velocity, whereas
the calculation has a large uncertainty when these velocities are nearly
the same. As such, we did not analyze samples with a velocity difference
less than 1.5%; this applied to only a few samples in each borehole. In
the calculation of the pore structure, we assumed a spheroidal shape
with an average aspect ratio, although pore shapes in the serpentinized
peridotites are highly variable (Fig. 2), which results in a large uncer-
tainty on the estimated pore aspect ratio. Equant pores can make a large
contribution to porosity but have a weak effect on velocity, whereas thin
cracks with small aspect ratios make a minor contribution to porosity
but have a marked effect on velocity. Such bimodal pore distributions
can be suitable for volcanic rocks (e.g., Adelinet et al., 2010). However,
microcracking related to volume expansion appears to be the dominant
mechanism for pore development in mantle rocks, and thus we used a
single pore structure to simplify the calculations. Another source of
uncertainty is the porosity-free matrix velocity used for calculations.
Brucite has a slightly higher velocity than serpentine, as well as
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Toksoz (1974).

orthopyroxene has a lower velocity than olivine for the end-member
unaltered peridotite, and therefore the reference matrix velocities are
influenced by the proportion of these minerals in addition to hydrated
fraction. This leads a large uncertainty for samples with a small differ-
ence between the matrix and measured velocity, but the estimates of
crack ratio are not much affected for samples showing a large difference.
The specific porosity of chrysotile nanotubes has a potentially important
consequence for modeling porosity effect on velocity; however, this ef-
fect is not incorporated in our calculations because water is unlikely
infiltrated into the nanopores during the onboard analyses.

Down-hole plots of the calculated aspect ratio for pores in each
borehole are shown in Fig. 8. The modeled aspect ratios mostly vary
between 0.1 and 0.01, and show a slight decrease in aspect ratio with
depth. This range of aspect ratios is broadly consistent with the pore
shapes estimated for basalt and diabase collected during ocean drilling

projects (Tsuji and Iturrino, 2008; Carlson, 2010). Assuming a sphe-
roidal shape, and inferring from the data that most of the porosity cor-
responds to cracks, the porosity is related to crack density by ¢ = (4/
3)nae, where ¢ is the crack density, which is the number of cracks per
unit volume multiplied by the cube of the crack radius (e.g., Mavko
et al., 2009). Given the calculated aspect ratio and porosity, and the
influence that most of the porosity is in cracks, we calculated crack
density profiles for each borehole (Fig. 9). Although the crack density is
highest at shallow depths, it becomes small and nearly constant below
about 100 m depth in all three holes. The crack density is locally high,
even at deeper levels, which is possibly due to fault-damaged zones as
that the structural descriptions of the same sections identified locally

abundant macroscopic fractures and high vein densities (Kelemen et al.,
2020).

6. Changes in crack geometry during hydration

The calculated crack aspect ratio has a positive correlation with the
hydrated fraction, whereby the aspect ratio tends to increase with
increasing degree of hydration (Fig. 10). The cracks in the altered pe-
ridotites were likely developed during hydration reactions due to the
volume increase, and thus the change in the aspect ratio is potentially
related to fluid flow and chemical exchange. Although pore shapes are
highly variable in the samples, the dunites have relatively large crack
apertures compared with those in the harzburgites (Fig. 2), consistent
with the relatively large aspect ratios for the dunites inferred from the
ultrasonic velocity data. Reaction-driven cracking is known to cause a
positive feedback where new reactive surfaces are exposed and fluid
pathways are created (e.g., O'Hanley, 1992; Jamtveit et al., 2008;
Kelemen and Hirth, 2012; Ulven et al., 2014; Shimizu and Okamoto,
2016; Zhu et al., 2016; Malvoisin et al., 2017; Evans et al., 2018). Hy-

drothermal percolation experiments on olivine aggregates have shown
that porosity of the reaction products varies little during fluid injection
compared with the permeability change, suggesting a suite of coupled
dissolution-precipitation reactions that are controlled at the pore scale
by surface kinetic processes (Godard et al., 2013; Escario et al., 2018). In
natural systems, the reaction process may vary depending on local fluid
flux, but microstructural evidences of a coupled dis-
solution—precipitation mechanism are frequently observed in the ser-
pentinized peridotites associated with fracturing (e.g., Pliimper et al.,
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2012).

The fluid flux due to laminar flow is mainly dependent on the conduit
radius, and therefore the flow rate varies within cracks where a high
fluid flux is expected in the widest part of a crack. This may result in a
dissolution gradient in a fluid-percolated crack, and might cause a
change in aspect ratio during reaction progress. High fluid flow may
enhance dissolution, leading to a large aspect ratio at a high water/rock
ratio. Wider cracks could also support higher precipitation rates. How-
ever, such cracks are also better connected and may maintain the
permeable network in a positive feedback system. Different fluid
transport rate may also change the reaction paths during serpentiniza-
tion, where high fluid flux favors the development of Si-rich passivation
layer at the reaction interface that maintains a permeable network and
fluid penetration (Escario et al., 2018). Fluid chemistry and the upward
increase in the hydrated fraction indicate present-day hydration is

occurring in the boreholes sampled by the Oman Drilling Project (e.g.,
Kelemen et al., 2020), which is consistent with the crack distribution
profile in these boreholes.

The onboard resistivity data also support “top-down” hydration
processes, as the upper dunite sequence has a lower resistivity than the
underlying harzburgite sequence, meaning that highly connected pore
networks and reaction products occur at shallow depths. Application of
the Hashin-Shtrikman bound to the resistivity data indicates a large
transport porosity and, therefore, higher permeability at shallow levels
(Katayama et al., 2020). As such, the relatively large crack aspect ratio is
most likely associated with a high fluid flux. In the greater depths, some
cracks might close as elevated confining pressure. According to the
Walsh's model, thin crack can easily close under a relatively low pres-
sure, whereas crack with large aspect ratio can survive at higher pres-
sure (Walsh, 1965). The crack aspect ratio calculated from our analysis
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is ranging from 0.01 to 0.1, which results in the closure pressures of
400-4000 MPa. This suggests that most cracks can remain open at the
boreholes depths at pressure of ~10 MPa. Laboratory measurements of
dredged serpentinites under confining pressure also indicate that most
pores filled by aqueous fluid can survive at pressure as high as 200 MPa
(Hatakeyama and Katayama, 2020).

7. Modeling of elastic moduli and geophysical implications

Seismic velocity is influenced by various factors, including miner-
alogy, porosity, and temperature, while Poisson's ratio in terms of Vp/Vg
is considered a primary parameter controlled by mineralogy (e.g.,
Christensen, 1996). Serpentine minerals exhibit a markedly high Pois-
son's ratio (¢ = 0.33). Hence, geophysical detection of anomalously high
Poisson's ratios is commonly interpreted to reflect the presence of
serpentine in the mantle (e.g., Christensen, 2004; Reynard, 2013).
Although we only measured the P-wave velocity of core samples during
the description campaign, the application of effective medium theory,
incorporating porosity data, provides a full set of elastic constants such
as the bulk and shear moduli. Fig. 11 shows the modeled results of the

Elastic moduli (GPa)

Seismic velocity (km/s)
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elastic moduli in Hole BA1B. Even though the simplified representation
of crack properties, these calculated moduli makes possible to estimate
S-wave velocity and Poisson's ratio of the core samples. In ocean drilling
projects, the S-wave velocity of recovered samples was not always
measured; however, this inversion approach can make rough approxi-
mations of S-wave velocity and Poisson's ratio from the existing P-wave
velocity and porosity data.

The calculated Poisson's ratio for core samples from Hole BA1B is
nearly constant, while the hydrated fraction tends to decrease with
depth. This might be due to the influence of fluid-filled cracks, since
effective medium theory predicts that Poisson's ratio is dependent on
porosity and pore shape, as well as mineralogy. Increasing numbers of
cracks with a small aspect ratio (@ ~ 0.01) in the altered peridotite re-
sults in a higher Poisson's ratio (given the same solid matrix), whereas
cracks with a relatively large aspect ratio (¢ ~ 0.1) have the opposite
effect. In Hole BA1B, the hydrated fraction tends to decrease with depth,
but the inferred aspect ratio also changes with depth. Consequently,
these effects cancel each other, and the Poisson's ratio is nearly constant
throughout this borehole.

Although we assumed a spheroidal pore shape, pore structures are
variable in natural systems, and a pore tube model can be appropriate
for high-pressure rocks and a partially molten rock. Takei (2002)
developed an equilibrium geometry model, in which Poisson's ratio is
characterized by a liquid volume fraction and dihedral angle. Differen-
tial effective medium (DEM) calculations also indicate the influence of
fluid-filled pore shapes on Poisson's ratio (Brantut and David, 2019), and
anisotropy caused by crack alignment can change Poisson's ratio
depending on the direction of propagation of seismic energy (Wang
et al., 2012). As such, the influence of pore geometry needs to be
considered when interpreting the anomalously high Poisson's ratio
observed in the mantle.

Recent geophysical surveys have revealed extensive hydration of
oceanic mantle close to subduction trenches, due to water infiltration
along the bending faults at the outer-rise regions (e.g., Grevemeyer
et al., 2007; Contreras-Reyes et al., 2008; Van Avendonk et al., 2011;
Fujie et al., 2013; Shillington et al., 2015; Obana et al., 2019). The de-
gree of hydration and water contents have been estimated from seismic
velocities using experimental data for partially serpentinized peridotites
(e.g., Carlson and Miller, 2003). However, hydration reactions in the
mantle are accompanied by crack development, and thus fluid-filled

Poisson’s ratio
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porosity and pore shape are likely to affect the geophysical response. We
therefore emphasize the importance of crack geometry for estimating
the extent of serpentinization and water contents in the mantle. Recent
experimental work by Hatakeyama and Katayama et al. (2020) obtained
a relationship between seismic velocity and serpentinization, including
the porosity effect, which suggests that previous estimates of serpenti-
nization of outer-rise regions were overestimated because the propor-
tion and aspect ratios of porosity were not considered. However, it is
necessary to consider the frequency effect when applying these labora-
tory data to geophysical observations, because fluids stimulated by a
high-frequency ultrasonic signal may undergo localized squirt flow,
which affects the rock elastic properties in the laboratory. This effect is
less significant for seismic data obtained at a low frequency (e.g.,
Dvorkin et al., 1995).

8. Conclusions

Application of effective medium theory to measured onboard data
from the Oman Drilling Project, such as P-wave velocity and porosity,
has revealed that the average crack aspect ratio in serpentinized peri-
dotites varies from 0.1 to 0.01, and decreases slightly with depth in 300
to 400 m deep boreholes. A positive relationship between the aspect
ratio and the hydrated fraction probably reflects a change in pore shape
due to dissolution—precipitation reactions during hydration, which is
consistent with the microstructural process of serpentinization associ-
ated with reaction-induced cracking. This inversion approach constrains
the bulk and shear moduli, and hence Poisson's ratio was inferred from
the P-wave velocity and porosity. Although our calculations are
simplified and involve a number of assumptions, they can be applied to
other borehole data, even if the S-wave velocity was determined during
the onboard measurements of the core samples.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.tecto.2021.228978.
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