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1 INTRODUCTION

SUMMARY

Serpentinized peridotites co-exist with mafic rocks in a variety of marine environments includ-
ing subduction zones, continental rifts and mid-ocean ridges. Remote geophysical methods are
crucial to distinguish between them and improve the understanding of the tectonic, magmatic
and metamorphic history of the oceanic crust. But, serpentinite peridotites exhibit a wide
range of physical properties that complicate such a distinction. We analysed the ultrasonic
P- and S-wave velocities (V},, V) and their respective attenuation (Qp‘l, 0,71, electrical
resistivity and permeability of four serpentinized peridotite samples from the southern wall
of the Atlantis Massif, Mid-Atlantic Ridge, collected during International Ocean Discovery
Program Expedition 357. The measurements were taken over a range of loading-unloading
stress paths (545 MPa), using ~1.7 cm length, 5 cm diameter samples horizontally extracted
from the original cores drilled on the seafloor. The measured parameters showed variable
degrees of stress dependence, but followed similar trends. V,,, Vs, resistivity and permeability
show good inter-correlations, while relationships that included Q, ! and Q! are less clear.
Resistivity showed high contrast between highly serpentinized ultramafic matrix (>50 € m)
and mechanically/geochemically altered (magmatic/hydrothermal-driven alteration) domains
(<20 € m). This information together with the elastic constants (V,/V; ratio and bulk moduli)
of the samples allowed us to infer useful information about the degree of serpentinization
and the alteration state of the rock, contrasted by petrographic analysis. This study shows the
potential of combining seismic techniques and controlled source electromagnetic surveys for
understanding tectonomagmatic processes and fluid pathways in hydrothermal systems.

Key words: Electrical properties; Permeability and porosity; Acoustic properties; Mid-ocean
ridge processes.

Serpentinized peridotites co-exist with altered or fresh mafic
rocks (e.g. Blackman et al. 2011) in a variety of marine environ-

Serpentinization is a low to intermediate temperature (100 to
700 °C) metamorphic process resulting from reaction of olivine
(or olivine and pyroxene) with water (Mcdonald & Fyfe 1985),
which affects mafic and ultramafic rocks. Serpentinization involves
exothermic reactions and is associated with an increase in volume
(up to 40 per cent) (Macdonald & Fyfe 1985) and a decrease in
density (from 3.3 to 2.6 g cm™3) (Christensen 2004) that modifies
the rheology of oceanic crust and mantle rocks. It can lead to a
strength reduction of up to 30 per cent with respect to unaltered
olivine-bearing rocks (Escartin & Cannat 1999). This softening ef-
fect can drive mechanical decoupling and have a strong impact on
the evolution of active tectonic zones (Guillot ez al. 2015).

ments (Bayrakci et al. 2016). Distinguishing between mafic and
ultramafic lithologies is critical for understanding the tectonic, mag-
matic and metamorphic history of the oceanic floor. However, iden-
tifying them using solely remote geophysical methods, such as grav-
ity or seismic surveys, is challenging (Miller & Christensen 1997).
In such cases, both rock types have similar physical properties, for
example, density and seismic velocity (compressional, V},, or shear,
V5) (Carlson & Miller 2004). Wide-angle seismic studies allow the
degree of serpentinization to be estimated using an empirical rela-
tionship between seismic velocities and water content (Carlson &
Miller 2003). Also, the ¥, to V ratio and the P-wave anisotropy
(ranging from 15 per cent to 1 per cent) have been demonstrated

686 © The Authors 2017. Published by Oxford University Press on behalf of The Royal Astronomical Society.
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to be good indicators of serpentinization (Horen et al. 1996). How-
ever, in situ measurement of the ¥, to V; ratio is limited by the
commonly low amplitude of S-waves in marine wide-angle seismic
data. Furthermore, when the degree of serpentinization is between
20-40 per cent, the P-and S-wave velocities and the density of par-
tially serpentinized peridotite remain in the same range as those of
fresh or altered mafic rocks (Iturrino et al. 1991).

Electrical resistivity is an alternative parameter that may allow
low-resistivity serpentinized peridotite to be distinguished from
those dominated by fresh or altered mafic rocks (Minshull 2009;
Evans et al. 2010), with resistivity values potentially several orders
of magnitude higher in the latter (Stesky & Brace 1973). However,
electrical resistivity depends on the physicochemical properties of
the pore fluid (pressure, temperature and salinity) as well as the
solid rock matrix, so inferring lithological variations from resistiv-
ity variations may result in misleading interpretations. In addition,
very few studies can be found in the literature addressing electrical
properties of serpentinite core specimens (Stesky & Brace 1973;
Popp & Kern 1993), and there are only a few analyses using mil-
limetric sized samples (Xie et al. 2002; Guo et al. 2011; Reynard
etal 2011).

Estimates of variations in the degree of serpentinization can pro-
vide valuable information about fluid flow patterns in hydrothermal
systems and tectonomagmatic processes that lead to lithospheric
heterogeneities and detachment faulting (Guillot et al. 2015; Friih-
Green et al. 2016), including brittle processes that control the flux
of sea water into the Earth (Bayrakci et al. 2016). The connectiv-
ity of a porous rock (i.e. effective porosity) determines how easily
water passes through the rock (i.e. permeability), and also controls
the electrical properties. Hence, the electrical resistivity and perme-
ability of a rock are likely to be correlated. Oceanic crustal rocks
are expected to have low porosity and permeability, but these pa-
rameters depend on the precise lithology and degree of alteration or
deformation (Manning & Ingebritsen 1999); overall, permeability
is a fracture-dependent parameter in most geological contexts.

Serpentinites have been recovered at continental rifted margins
(e.g. the west Iberia margin (Boillot ef al. 1987; Whitmarsh et al.
1998)), at mid ocean ridges (e.g. MARK area near 23° N and the
Kane Fracture Zone (Cannat et al. 1995)), in subduction zones
(e.g. Izu-Bonin-Mariana forearc region (Fryer ef al. 1990)) and
continental strike-slip faults (Moore et al. 1996; Hirth & Guillot
2013). During IODP Expedition 357, shallow mantle sequences
were recovered along the southern wall of the Atlantis Massif on
the Mid-Atlantic Ridge 30° N (Fig. 1). The recovered cores in-
clude intervals of harzburgite intruded by varying proportions of
dunites, pyroxenite and gabbroic rocks, locally with a high degree
of serpentinization. Atlantis Massif is a young (<2 Myr; Grimes
et al. (2008)) oceanic core complex typical of a slow spreading
ocean lithospheric accretion environment, exposed by a major fault
system (Blackman et al. 1998; Schroeder & John 2004; Karson
et al. 2006; Blackman et al. 2011). Near the top of the faulted es-
carpment of the southern ridge, the Lost City Hydrothermal Field
(LCHF) lies on a down-dropped terrace at ~750—-800 m water depth
and represents a hydrothermal vent system associated with active
serpentinization (Kelley et al. 2001; Frith-Green et al. 2003; Kelley
et al. 2005; Denny et al. 2015).

In this study, we measured the P and S wave velocities and their
respective attenuations, the electrical resistivity (including 3-D to-
mography), and the permeability of four serpentine-bearing ultra-
mafic samples from the southern wall of the Atlantis Massif col-
lected during IODP Expedition 357 (Frith-Green et al. 2016). These
parameters were measured over a range of differential pressures that

Figure 1. Bathymetry of the Atlantic Massif oceanic core complex, Mid-
Atlantic Ridge (Frith-Green et al. 2016), with the position of Exp. 357 drill
sites (red circles) of samples used in this study. Yellow star indicates the
position of the Lost City Hydrothermal Field (LCHF).

replicate shallow confining conditions beneath the seafloor (down
to ~2 km depth), including loading and unloading states of stress.

2 MATERIALS AND METHODS

2.1 Description of rock samples

The cores sampled in this study were acquired with the British
Geological Survey’s seabed Rockdrill 2 (RD2; Frith-Green et al.
2016). The cores are approximately 6.2 cm in diameter and were
bisected along their axes for geophysical and geochemical analysis
and subsampling. Using vertical core-halves from different drilling
sites across the Atlantis Massif, 5 cm diameter samples were cored
horizontally, cut and their ends ground flat, resulting in 1.6-1.7 cm
length samples. Among them, four samples were selected to perform
this study based on their different textures observed at the visual
scale, covering foliated, massive and fractured samples.

The samples investigated include ultramafic rocks with high de-
grees of serpentinization from the eastern (Hole M0068B, sam-
ple S1) and central (Hole M0076B, samples S2 and S3, and Hole
MO069A, sample S4) areas collected during IODP Expedition 357
(Frith-Green et al. 2016) (Table 1). After the experiment, thin sec-
tions, oriented parallel to the horizontal plane, were manufactured
from the central part of the samples to conduct petrographic analy-
ses.

The samples were saturated in degassed 35 g L-1 NaCl-brine
(electrical resistivity ~0.19 2 m) via water imbibition in a vacuum
vessel (Amalokwu et al. 2014). First, the samples were oven-dried
(at 60 °C) and kept under vacuum inside a pressure vessel for 2 d.
Then, brine was supplied and pore pressure gradually increased up
to 5 MPa, and held constant during 16 d before testing. Effective
porosity (¢), estimated from the pore volume (as wet-dry weight
difference after tests) to bulk volume ratio, bulk density (py,) and
grains density (p;) are shown in Table 1. Furthermore, we display a
preliminary estimation of the serpentinite content (serp), using the
empirical relationship proposed by Miller & Christensen (1997), as
follows:

p=33—-0.785-serp. (1)
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Table 1. Samples properties.

Sample Location (hole) Core (section) Interval (cm) Depth (mbsf) ¢ ob (kg m3) ps (kg m~3) Serpentinized fraction?
S1 MO0068B IR-1 12-18 0.12 0.026 2786 2833 0.59
S2 MO0076B 8R-1 120-128 12.356 0.101 2374 2534 0.98
S4 MO0076B 7R-1 77-83 10.004 0.076 2483 2606 0.88
S5 MO069A 10R-3 2-9 16.49 0.128 2415 2622 0.86
“Based on empirical relationship presented by Miller & Christensen (1997).
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Figure 2. Experimental rig showing ultrasonic pulse-echo (P- & S-wave) and electrical resistivity tomography (ERT) systems with pore fluid and confining

pressure control systems.

This relationship was performed on very low porosity samples
(¢ < 0.025). We have used the grain density as p instead of the
bulk density, to avoid overestimations of serpentinization associ-
ated with the high porosity exhibited for samples S2 and S5 (and
to a lesser extent to S4), likely related to stress-release induced
microfracturing.

2.2 Experimental setup

Measurements were carried out using the high-pressure, room-
temperature multifluid experimental rig recently developed at the
National Oceanography Centre in Southampton (Falcon-Suarez
et al. 2016; Fig. 2). The system allows the simultaneous measure-
ment of the hydromechanical properties and geophysical signatures
of 5 cm diameter, up to 2.5 cm length rock samples.

The rig is designed around a triaxial vessel, where the samples can
be hosted and confined (axially, o, and radially, o 3, independently)
with the aid of high-pressure, high-accuracy pumping controllers
(ISCO Teledyn model EX100D; pore and confining pressure con-
trollers on Fig. 2). Inside the vessel, a rubber sleeve prevents the
contact between the confining mineral oil and the sample and is
equipped with 16 electrodes to obtain electrical resistivity (here-
after denoted as resistivity) measurements. Axially, the confining

pressure is applied through two stainless-steel platens designed to
host ultrasonic sensors to measure P- and S-wave velocities and
their respective attenuations. The ultrasonic properties are deter-
mined using the pulse echo technique (McCann & Sothcott 1992;
Best et al. 2007), which requires a material of well-defined acoustic
impedance and low energy loss between the sample and the sensors
(see Fig. 2). In our case, we use polyether ether ketone (PEEK)
buffer rods that provide a reliable delay path to enable the identifi-
cation of top/base sample reflections for calculating wave velocities
and attenuations. The buffer rods implement axial pathways (inlet
and outlet ports) to conduct the pore fluid through the sample.

The fluid is controlled by a second dual EX100D system: one
cylinder to deliver water (brine) upstream of the sample, the other
acting as backpressure (receiver) downstream. Additionally, two
piezoresistive pressure transmitters (Keller model PA-33X; PT,
Fig. 2) are inserted upstream and downstream in the hydraulic
system to accurately measure pressure and temperature changes;
they were located close to the axial platens to be representative of
the actual conditions inside the vessel. The high-pressure hydraulic
network used to drive the fluid into the sample was divided into
different pipe-sections by high pressure valves, to satisfy the re-
quirements of the experimental procedures applied in this study to
measure the permeability (see below).
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2.3 Geophysical measurements

As previously introduced, ultrasonic P- and S-wave velocities (V)
and V) and attenuations (inverse quality factors 0, ' and Qs ')
were measured using the pulse-echo technique. The velocity preci-
sion is £0.1 per cent while the accuracy is &= 0.3 per cent (95 per
cent confidence), while the attenuation accuracy is +0.1 dB cm™!
(Best 1992), for the transducers used in this study.

The sleeve inside the triaxial cell was equipped with an array
of 16 electrodes distributed in two rings of eight around the core.
The electrodes were connected to an electrical resistivity tomogra-
phy data acquisition system designed and developed at the NOC,
Southampton (North e al. 2013). The system uses a tetra-polar elec-
trode configuration to minimize electrode polarization artefacts. 208
individual tetra-polar measurements using various permutations of
current injection and potential difference sensing electrode pairs are
acquired during each acquisition run. These data are then inverted
using software based upon the EIDORS (Andy & William 2006)
MATLAB toolkit for a uniform/homogeneous isotropic resistivity
and heterogeneous isotropic resistivity distribution. Both inversion
schemes employ a finite element forward model of the sample and
electrodes.

The 3-D isotropic electrical resistivity distribution within the
sample was obtained using the EIDORS based absolute Gauss New-
ton solver. For the resistivity distributions shown in this work, we
set the EIDORS Gauss Newton solver hyperparameter value to
107—that optimizes minimization of residuals, which controls the
smoothness of the solution, used five iterations and set the minimum
and maximum resistivity to 0.001 and 100 Q m, respectively. The
unstructured tetrahedral mesh used in the forward model for both
the homogeneous and heterogeneous inversions had approximately
8000 elements and was a compromise between computation time
and resolution. The mesh used was considerably finer adjacent to
the electrodes, where sensitivity is highest, and lower toward the
centre of the model where larger elements have less effect on the
residuals obtained during data inversion. Under typical operating
conditions the resistivity measurement error is ~5 per cent (at fre-
quencies 1-500 Hz) for samples with homogeneous resistivity in
the range 1-100 Q2 m.

2.4 Permeability determinations

Ultramafic rocks and serpentinites typically have low permeabili-
ties, commonly below 1077 m? (Fisher 1998), although fractures
may lead to preferential flow paths and increased permeability
(Manning & Ingebritsen 1999). In this study, we dealt with variable
situations, combining fractured and a priori massive, or non-open-
fractured, samples depending on the rock matrix, but also on the
applied differential stress.

The most widespread method to determine core flow-throw per-
meability in high to moderate permeability media (>107'¢ m?)
is steady state flow (SSF). SSF is based on Darcy’s law which
calculates permeability, k (m?), from the volumetric flow rate,
QO (m? s7!), for an upstream to downstream pressure difference,
P, and P4 (MPa), of a sample across a sectional area, 4 (m?), and
length, L (m), for a fluid dynamic viscosity, u (Pa s), through the
following expression:

uLQ

= mya

2

Fracture compliance is expected during loading. Either because
of stress-induced phenomena or due to the properties of the original

5.6 | 0
=
= 54 04 £
o <
< &
o 2
C
5.2 -0.8 -

* Pu Ln(APp; /AP )
* Pd — Linear fit

1 1 1 1 1

0 2000 4000 6000 8000 10000
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Figure 3. Example of the permeability test based on the pore pressure
transmission technique (Metwally & Sondergeld 2011), where P, is pore
pressure, while P, and Py are pore pressure up- and downstream of the rock
sample, respectively. This example corresponds to the permeability test of
S1 at the maximum differential stress (45 MPa).

matrix, the connectivity of the rock pores can be poor. Conse-
quently, SSF becomes too time-consuming to implement. For low
permeability media (below 10~'7 m?), alternative methods based on
transient states of the pore pressure may be used instead.

Brace et al. (1968) introduced the pulse decay method, which
consists of inducing pore pressure disequilibria in the rock and de-
termining the permeability through the evolution of pore pressure—
time decay curves towards the original steady state. Also interesting
is the pore pressure oscillation method, based on thermal diffusiv-
ity theory. It was originally presented by Kranz ef al. (1990) and
consists of generating an oscillatory pulse upstream of the sample
to calculate the permeability based on the phase lag and amplitude
attenuation of the signal downstream.

Based on the pulse decay method, Metwally & Sondergeld (2011)
proposed an alternative technique in which an infinite volume is de-
fined upstream: the pore pressure transmission method (PPT). In
this method, after a sudden increase, P, is kept constant while the
pressure downstream rises exponentially (Fig. 3). The mathematical
expression theoretically describing this evolution is d P(t) = foe®,
where f; integrates the fluid storage capacities of the up- and down-
stream reservoirs. The permeability appears in the exponential part
of the expression and can be directly linked to the experimental
slope, «, according to the following equation:

—0%k
*= (Wde)e) ’ @)

in which By is the static (bulk) compressibility of the fluid within
the downstream reservoir (pressure- and temperature-dependent pa-
rameter) and ¢. the effective porosity of the sample. This expres-
sion neglects the effect of rock matrix compressibility, as it is com-
monly much lower than the compressibility of the fluid (Metwally &
Sondergeld 2011). The term 6 combines the volumes of the up- and
down-stream reservoirs (7, and Vg, respectively) and the pore space
of the sample (P,):
tan (0) = M, 4)
02 —ay
beinga =P, V,"'and y = P, V4. But, as this method implies an
infinite upstream reservoir capacity, then o = 0 and the expression
above simplifies to tan(9) = y 6~'. So, for a given P-T conditions,
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this method is straightforwardly implemented provided that Vy is
known. This volume can be determined either from the inner di-
mensions of the pipe-transducer reservoir or from water-flooding
of the experimental hydraulic network by monitoring the delivered
water volume from the pumping controller.

The experiments were conducted at 19 & 0.2 °C. The compress-
ibility of the brine not only depends on the pore pressure but also on
the experimental reservoir features (materials involved in the exper-
imental rig such us stainless steel pipes or PEEK—buffer rods). In
this regard, as discussed by Brace et al. (1968), since compressibil-
ity and viscosity are pressure-dependent, the differential pressure
(Pgirr) must be approximately constant through the sample during
the test. Hence, the initial pore pressure gradient (P,) should be a
few per cent of the confining pressure (typically < 5 per cent) and
not to be exceeded by more than 10 per cent by either P, or Py.
Accordingly, in our tests, the initial pore pressure gradient was set
at 0.5 MPa for all measurements (i.e. P, = 5.1; P4 = 4.6 MPa, see
below).

A simple calibration was carried out to account for the contri-
bution of reservoir compressibility using the following expression
(Metwally & Sondergeld 2011):

AV /AP
i ©)
0

where V) is the original reservoir volume. The calibration proce-
dure included two steps. First, a stainless steel sample was hosted
in the triaxial cell; then, the pressure downstream was incremented
from 2 to 8 MPa, in 0.5 MPa steps, while volume changes were
recorded. The pipeline volume here includes V1 and V2 sections
displayed in Fig. 3, so that the bulk compressibility is the contri-
bution of both sections (i.e. Bfy; 4+ Bfy,). Second, this procedure
was then repeated but discounting the target sub-reservoir (i.e. V2,
the volume between the sample and the first valve downstream)
to obtain Bfy,. The difference between them, Bfy,, was estimated
to be 5.8 x 107° Pa~!, and was assumed to equal the bulk com-
pressibility of the reservoir downstream under the P-T experimental
conditions.

Our permeability measurements carry experimental uncertainties
of ~0.3 per cent in the case of the SSF and ~3 per cent in the
PPT.

2.5 Experimental procedure

Permeability (k), ¥, and V, Q,”' and O,~', and resistivity were
all measured for a set of differential pressures (Puis = P. — Pp),
by keeping constant the pore pressure (P,) at 5 MPa while varying
the confining pressure in a hydrostatic mode (i.e. P, = 0| = 03)
from 10 to 50 MPa, in steps of 10 MPa, under drained conditions.
Furthermore, to study potential hysteresis effects, two unloading
measurements were made at confining pressures 30 and 10 MPa to
complete the differential stress path.

For every increasing/decreasing Py;sr step, we let the system sta-
bilizes at P, = 4.5 MPa, based on the continuous record of P,
and P,. Next, permeability is measured by SSF (S2 and S5) or
PPT (S1 and S4). In the former case, after each permeability de-
termination, the flow-through is stopped to let the P, equilibrates;
in the latter, P, = 5 MPa is imposed upstream and a steady state
is reached at the end of the permeability measurement. Finally,
ultrasonic parameters and resistivity are measured immediately
one after the others in order to obtain comparable values between
them.

3 RESULTS

3.1 Petrographic analysis

Thin section analysis reveals that the four considered peridotites
show variable degrees of serpentinization and post-serpentinization
alteration. In general, samples S1 and S4 show lower fracture den-
sities than samples S2 and S5. Textures and mineralogical assem-
blages present in these samples are shown in Fig. 4, and the esti-
mates of primary and secondary modal proportions can be found in
Table 2.

S1 is a metasomatized serpentinized harzburgite. Primary olivine
was fully replaced by the magnetite-bearing lizardite-dominated
mesh texture, while pyroxenes are variably altered to serpentine,
tremolite, chlorite or talc. The original spinel has been partially al-
tered to chromite and magnetite. The presence of chlorite (% tremo-
lite) domains might result from the alteration of clinopyroxene-rich
magmatic veins. Pervasive silica metasomatism led to the almost
complete replacement (90 per cent) of serpentine by talc, neverthe-
less preserving former magnetite concentrations of the mesh texture
in centimetre-sized domains. The presence of magnetite contributes
to increase the density of the solid particles above the expected
value for talc (~2785 kg m™3 (Carlson & Miller 2004)) up to
~2833 kg m~3 (Table 1).

S2 is a typical serpentinized harzburgite, although close to a
dunitic composition (~5 per cent pyroxene). Olivine is replaced
by the magnetite-bearing lizardite-dominated mesh texture (with a
minor presence of chrysotile), and orthopyroxenes by bastite (ser-
pentine) pseudomorphs. In addition to small serpentine veins, a late
carbonate network overprints the mesh texture.

S4 is a serpentinized harzburgite in which the magnetite-bearing
lizardite-dominated mesh texture is partially replaced by a ~1 cm-
wide domain composed of serpentine recrystallization textures
(chrysotile and antigorite) and veins (chrysotile). Pyroxenes are
altered to serpentine, tremolite, chlorite or talc.

S5 is a serpentinized dunite. Primary olivine is fully replaced by
the magnetite-bearing mesh texture (lizardite & chrysotile).

Our estimates from the petrographic analysis agree relatively
well with the preliminary serpentinized fraction we derived from
the equation of Miller & Christensen (1997) for S2, S4 and S5
(Table 1). Such empirical relationships might not apply for SI,
which is affected by post-serpentinization metasomatic alteration.

3.2 Ultrasonic wave velocities and attenuations

We observe similar ultrasonic responses between samples S1 and
S4, and S2 and S5. In general, S1 and S4 exhibit P- and S-wave
velocities (7, and V) that are ~25 per cent and ~30 per cent higher
than S2 and S5 (Fig. 5). S1 shows the highest V},, reaching 5 km s™!
at the maximum differential pressure (45 MPa), while V sharply
increases during the initial loading stages (below 25 MPa), remain-
ing approximately constant at high stress stages and recovering its
original value during unloading. S4 shows little stress dependence,
varying by less than 2 per cent for both ¥}, and V; during the test. S5
and S2 evolve similarly along the stress-path for V}, with little hys-
teresis associated with unloading; for ¥, S5 increases with stress
while S2 remains practically constant during the test.

Fig. 6 shows P- and S-wave attenuations, expressed as the inverse
quality factors 0, ! and Q;~', respectively. 0, ' evolves inversely
with increasing stress, being more pronounced in the cases of S2 and
S5; S4 shows the contrary, reaching a maximum at Py = 45 MPa.
Similar trends can be inferred from Q,~!, but are less clear. S1 and
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Figure 4. Textures and mineralogical assemblages in thin sections (oriented parallel to the horizontal plane) on the four serpentinized peridotites selected for
this study. Photos taken under cross-polarized light. Ol, olivine; Opx, orthopyroxene; Clpx, clinopiroxene; Sp, spinele; Serp, serpentinite; Mag, magnetite; Chl,

chloride; Tr, tremolite; Tc, talc; C, carbonates.

Table 2. Primary and secondary mineralogy estimated from thin section analysis.

Primary mineralogy*

(present/original %)

Secondary mineralogy” (%)

Sample Rock description Ol Opx Clpx Sp Serp (+Mag)  Chl4+Tr+Ac Te C
S1 Metasomatized serpentinized harzburgite 0/80 0/20 <1 0 10 90

S2 Serpentinized harzburgite 0/90 0/5 0/5 <1 90 10
S4 Porphyroclastic serpentinite 0/80 0/10 0/4 1 85 14

S5 Serpentinized dunite 0/95 5 94

“0l, olivine; Opx, orthopyroxene; Clpx, clinopiroxene; Sp, spinele; Serp, serpentinite; Mag, magnetite; Chl, chloride; Tr, tremolite; Tc, talc; C, carbonates.

S5 show more pronounced Q'

trends, than S2 and S4.

stress-dependence, and inverse

3.3 Electrical resistivity

Resistivity (Fig. 7) is a stress-dependent parameter in the four cases,
with similar values between S1 and S4, and between S2 and S5 as
previously observed for the ultrasonic wave velocities. S1 and S4
show positive correlations with differential stress path (square cor-
relation coefficient R* > 0.8 in all cases), with a maximum relative
resistivity variation of ~125 per cent at 45 MPa (from ~40 to ~90
€ m). Both samples carry hysteresis, with resistivity increasing

during the unloading stress path by ~7 per cent at 25 MPa and up to
~12 per cent at 5 MPa. S5 shows the same trend as S1 and S4, but
increasing only by ~25 per cent at 45 MPa (from 8 to 10 Q2 m) with
~2 per cent hysteresis during unloading. S2 evolves similarly to S5
up to 35 MPa. At 45 MPa, it sharply increases by ~220 per cent
and remains approximately constant, but still slightly increasing,
regardless of the differential pressure.

3-D electrical resistivity tomography provides further informa-
tion regarding resistivity patterns inside the samples (Fig. 8). The
three sections per sample show the resistivity distribution at dif-
ferent heights, being the central ones the most representative of the
thin sections. We distinguish different resistivity domains that could
be interpreted as: (i) high resistivity regions, above 50 Q2 m, that
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Figure 5. (a,b) Variation with differential stress (Pgfr) of ultrasonic P- and S-wave velocities (¥}, V) for loading (solid line) and unloading (dashed line) stress

conditions.
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Figure 6. (a,b) Differential stress-dependence (Pgifr) of ultrasonic P- and S-wave attenuations (Qp’l, 0s™ 1) for loading (solid line) and unloading (dashed

line) stress conditions.

might correspond to areas preferentially occupied by highly ser-
pentinized harzburgite (matrix), based on previous results (Stesky
& Brace 1973); (ii) low resistivity regions (up to ~20 € m) that
can be associated with a pore-fluid conduction in a well-connected
fluid network (Evans ef al. 2010)—particularly significant in the
high porosity (visually fractured) samples S2 and S5. The tomog-
raphy shows that S1 and S4 remain practically unaltered along
the differential stress path. Therefore, the variations observed in
the resistivity (Fig. 7) might be related to clogging of minor fluid
paths during loading, which become partially reopened upon stress-
release. S5 shows an elastic behaviour with very little resistivity
variation across the sample. The increase of resistivity in S2 during
the last loading step (45 MPa; Fig. 7) is also observed through the
3-D tomography. The original fluid path network is substantially
modified and remains approximately constant onwards, despite the
unloading.

3.4 Permeability

Fig. 9 shows the results of permeability to water (brine) tests, per-
formed on the four samples at the seven states of differential stress.

Attempts were made to use the SSF method, but only successfully
for S2 and S5; even so, the latter required high differential pressures
to infer low flow rates at the limit of the pumping controller. As a
result, S5 tests show increasing data scattering with the stress.

S1 and S4 showed low permeabilities similar to S5 and therefore
the PPT method was used instead of SSF (R? > 0.99 in all PPT tests).
However, for the last stress stage on S1 (Pgir = 5 MPa, unloading),
we applied both methods, with the aim of calibrating the bulk com-
pressibility (Bgy;) by comparing SSF with PPT, considering SSF
as the standard method (Falcon-Suarez et al. 2014). The difference
between By, calculated using eq. (5) (5.8 x 107 Pa~!) and that in-
ferred from the comparison between SSF and PPT (7.1 x 10~° Pa™")
falls within the error of the permeability measurements. The calcu-
lated B¢ was therefore adopted for the subsequent measurements.

Permeability decreases with stress for the four samples (Fig. 10).
With the exception of S4, permeability drops by several orders of
magnitude at the maximum differential stress (S1, from 1077 to
1072 m?; 82, from 107" to 10~'7 m?; S5, from 107 to 107! m?),
which agrees with the quasi-exponential decay of permeability with
depth reported by Manning & Ingebritsen (1999). S1 has the low-
est permeability and shows significant hysteresis during the ini-
tial unloading (permeability remains approximately constant after
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Figure 7. Electrical resistivity (resistivity) versus differential stress (Pgisr)
for loading (solid line) and unloading (dashed line) stress conditions.

decreasing Py to 25 MPa), although later it recovered up to its
original value. S4 is less affected by stress changes, varying within
the same order of magnitude (10~'° m?) along the differential stress
path with slight hysteresis during unloading. S5 behaves practically
elastically, but carries the highest uncertainty in the determina-
tions (only this sample displays visible error bars). S2 is the most
permeable sample and is also the less stress-dependent, remaining
practically invariable during unloading.

4 DISCUSSION

Stress-dependent relationships are observed for all the measured
parameters. Large variations in electrical resistivity across the sam-
ples, together with permeability values several orders of magni-
tude higher than previously determined for serpentinites of 10722~
107! m? within the confining pressure range 5-50 MPa (Kawano
et al. 2011; Katayama et al. 2012), lead us to suggest that fractures
might be partially conditioning the measurements. Although rock
composition has been emphasized as the fundamental property of
serpentinites to be considered for seismologists to understand tec-
tonic history (Christensen 2004), the presence of fractures may also
have a strong influence.

Fractures could ultimately mask compositional aspects when dis-
tinguishing between serpentinized and fresh ultramafic rocks with
resistivities several orders of magnitude higher (Stesky & Brace
1973), when the latter are highly fractured. However, the degree
of serpentinization depends on the exposure of ultramafic rocks to
fluid. Despite the fact that the degree of serpentinization is likely
to be linked to the original connected fracture density of the rock,
serpentinization is a volume-increasing process with the potential
of filling, at least partially, the primary fractures. However, ser-
pentinization itself may drive fracturing from low degrees of alter-
ation (Pliimper et al. 2012), when the strength of the rock suffers
a sudden drop above ~15 per cent of serpentinization (Escartin
et al. 2001), resulting in a higher vulnerability to deformation post-
serpentinization. Likely, it applies to our four samples and further
to all the samples collected during IODP Expedition 357, which
have a high degree of serpentinization (Frith-Green et al. 2016;
Frith-Green et al. 2017).

Deformation may lower the acoustic wave velocities of our four
samples due to the presence of cracks/fractures in the matrix as
observed in the thin sections, even though the cracks are expected
to close during the early stages of loading (Asef & Najibi 2013).
For example, Brereton (1992) reported very little variation of the
elastic wave velocities of oceanic basaltic rocks above 25 MPa
confining pressure. In our case, we observe that the different pa-
rameters measured tend to converge towards the maximum differ-
ential pressure (45 MPa), particularly for S1 and S4, suggesting
that the contribution of fractures above this value might be only
significant for S2 and S5. The P- and S-wave velocities of S4 are
associated with the observed lizardite-chrysotile-dominant serpen-
tinization (Fig. 4), which according to Guillot ef al. (2015) can result
in ¥, and V; below 4.6 and 2 km s ™!, respectively; whilst for samples
S2 and S5, with similar compositions than S4, the wave velocities
are far below these values, and even for those recognized for mod-
erately altered oceanic crust samples at our experimental conditions
(e.g. Brereton 1992). We interpret the latter case as the interplay of
microcracks and the minor secondary mineralization observed in
the thin sections. On the other hand, S1 shows wave velocities sim-
ilar to S4, which suggests that metasomatism post-serpentinization
complicates compositional differentiation using only acoustic prop-
erties, i.e., in S1, talc has almost completely overprinted the original
serpentinization textures.

4.1 Relations between geophysical parameters and
permeability

The geophysical parameters and permeability measured show
variable degrees of stress dependence. By cross-plotting results
(Fig. 11), we identify some interesting relationships between the
parameters. Further information about linear and exponential (only
for permeability) correlation coefficients for the study variables can
be found in the supplementary material (correlation matrix, Sup-
porting Information Table S2).

Permeability (k) shows a good exponential correlation with ul-
trasonic velocity for each single sample (R?> > 0.89 and > 0.66,
for ¥, and Vj, respectively, decreasing to R?* > 0.56 and > 0.58
if considering all the samples), and correlates more weakly with
attenuation (Q, ' and O;™': R? < 0.6, either for individuals or in
all cases). However, similar &~Q, ! trends can be distinguished
for S2 and S5. S2 showed O, higher than S5 by ~85 per cent
(Fig. 6), which may indicate differences related to the fracture net-
work such as orientation, shape or water content (Miiller et al.
2010). Both samples are highly fractured, based on thin sections
observations (Fig. 4), and have high porosities (S2 ~10 per cent
and S5 ~12 per cent; see Table 1), resulting in higher perme-
abilities than for S1 and S4. Crack closure near the beginning
of loading (up to Pgir = 5 MPa) could have been more effec-
tive in S5, leading to lower permeability and less variation of 0, !
than S2.

Drilling operations may have triggered microcrack propagation
and also re-opened pre-existing fractures (Miller & Christensen
1997, Frith-Green et al. 2017), originally filled by serpentinite due to
enhanced fresh-peridotite surface exposure to water. The role played
by the cracks/fractures can also be analysed from other relationships
between parameters. For example, the resistivity-permeability rela-
tionship is also (exponentially) very strong in each sample; but
Fig. 11 also shows it depends on the value of resistivity: resistivity
changes in low resistivity samples (S2 and S5) correlate with larger
k variations than in those for high resistivity samples (S1 and S4).
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Figure 8. 3-D electrical resistivity tomography slices at three loading (5, 25 and 45 MPa) and the two unloading (25 and 5 MPa, denoted with prefix ‘u’)
differential stress for the four samples (S1, S2, S4 and S5). Slices are cross-sections at the middle of the sample and 0.75 cm above and below, respectively.

Thus, the samples with higher porosities change their permeability
more rapidly with stress, because cracks improve the connectivity
of the porous medium. This effect might be an issue if attempt-
ing to solely use resistivity to infer the degree of serpentinization.
Combining controlled source electromagnetic (CSEM) surveys and
seismic techniques could significantly improve the investigation of
such contrasts.

Serpentinites have been found to have high resistivities (>1000
© m) at high temperature and high pressure conditions, due to
dehydration (Popp & Kern 1993; Xie et al. 2002; Reynard et al.
2011). However, our experiments have been carried out at relatively
low PT and the values obtained remain below 100  m, which

agree with the data reported by Stesky & Brace (1973) for simi-
lar PT conditions and pore fluid electrical conductivity (~0.19 Q
m). Furthermore, variations within the samples are clearly distin-
guished from resistivity tomography, which are related to variable
degrees of hydromechanical and geochemical alteration, as inferred
from the thin sections (Fig. 4). Fig. § reveals that such resistivity
variations become increasingly pronounced with increasing effec-
tive stress, providing further evidence for the role played by the
fractures. We interpret these variations as corresponding to the
contrast between highly serpentinized harzburgite matrix (>50 Q
m) and partially (mechanically) altered matrix (<20 € m). Thus,
S2, S4 and S5 have high degree of serpentinization and similar
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Figure 9. Permeability tests at the different differential stress states, using pore pressure transmission for (a) S1 and (c) S4, and SSF for (b) S2 and (d) S5.
Dots are data points; -fit is running average fitting every 5 points. Labels indicate differential stress (MPa) with subscripts L and u for loading and unloading,
respectively. Dark bands in (b) and (d) indicate interludes between two consecutive SSF tests.

compositions (see Table 1 and Table 2), but S2 and S5 show the
highest contrast between the two domains because both samples are
highly mechanically altered (Fig. 4); S4 also has a wide range of re-
sistivities above 20 € m, but the variations decrease with increasing
differential stress.

Low resistivity domains might also indicate the presence of
vein filling secondary mineralization from hydrothermal alteration
that might have occurred before, during or after serpentinization
(Boschi et al. 2006). In this regard, metasomatic alteration to talc
and/or amphibole-rich mineral assemblages has been identified in
the detachment fault zone at the top of the Atlantis Massif along
the southern wall (Boschi et al. 2006). We have observed post-
serpentinization alteration that is particularly significant in samples

S1 and S2, the former is affected by a metasomatic process (talc-
dominant compact texture) while the latter shows a late carbonate
network overprinting the lizardite-chrysotile mesh texture and par-
tially filling fractures. However, the higher resistivity of S1, together
with the higher porosity and permeability of S2, suggests that the
connected fracture network particularly influences the resistivity
distribution of the sample. In this regard, S1 is compositionally dif-
ferent than the rest of the samples, but shows resistivity patterns
similar to S4. This fact leads us to conclude that distinguishing
between talc-dominant and lizardite-chrysotile-dominant mafic and
ultramafic rocks is very complicated using either resistivity, acous-
tic or permeability data, or even a combination of them, particularly
when fractures are present.
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Furthermore, highly conductive accessory minerals from the al-
teration of peridotite into serpentinite such as magnetite (<1073
© m), may affect the bulk resistivity of the rock when grains are
interconnected (Evans et al. 2010). We recognize magnetite in our
four samples, but it is forming aggregates or disseminated within
lizardite-chrysotile-dominated mesh textures. The amount of mag-
netite in the rock can be inferred from the magnetic susceptibility,
using for example the relationship presented by Zablocki (1974).
For our samples, there is a poor correlation between magnetic sus-
ceptibility and resistivity (Fig. 12), suggesting that magnetite plays
aminor role in controlling sample resistivities compared to the con-
nectivity of porous networks. This observation is consistent with
previous work that suggested the rarity (or possible absence) of
serpentinite with well-connected magnetite networks (Evans et al.
2010).

4.2 Stress dependence of the elastic constants

The P- to S-wave velocity ratio (V,/V), or equivalently Poisson’s
ratio (Fig. 13) provides further information about the internal struc-
ture of the rock. S1 and S5 have V,/V ratios above 2.2 during the
initial loading stages, which may be related to the cumulative ef-
fect of crack anisotropy and high pore pressure (Wang et al. 2012);
in S1, it is likely related to a preferential talc orientation, though.
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Figure 11. Correlations among measured parameters (ultrasonic wave velocities V}, and Vs, attenuations Qp’1 and Qs ™!, electrical resistivity, and permeability
k) for loading (solid line) and unloading (dashed line) stress conditions. Samples S1, S2, S4 and S5 indicated by different symbols and colours in the key.
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Figure 12. Magnetic susceptibility, measured on the cores during Expedi-
tion 357 (Frith-Green et al. 2016) by averaging the nearest points around
our samples (Table 1), versus electrical resistivity at Pgir = 5 MPa (i.e.
differential pressure that best matches the pressure of the susceptibility
measurements).

According to Mainprice et al. (2008), V,,/V; > 1.7 would be indi-
cating talc anisotropy, with a maximum in the basal plane of the
mineral (V,/Vs > 2.5). Since our samples were cored perpendicular
to the original cores, vertically drilled into the seafloor, we infer that
the layering of talc overprinting the original serpentinization might
be preferentially sub-vertical at the sample scale. Furthermore, low
elastic wave velocities and high V,,/V; such as those of S2 and S5
(and to a lesser extent to S4) have been associated elsewhere with
foliated serpentinites with foliation sub-perpendicular to the direc-
tion of elastic wave propagation (Bezacier et al. 2010). Also, the
permeability we have measured along this direction (i.e. parallel
to foliation) reflects the horizontal component of the permeability
in each case, which can be up to 10 times lower than the vertical
component (Manning & Ingebritsen 1999).

S2 has increasing V,/V with increasing stress, which is symp-
tomatic of increased cracking, as also inferred from the hystere-
sis in resistivity and permeability, and by visually observed per-
manent damage to the sample after pressure was released. This
stress-induced deformation complicates the elastic-compositional
interpretations for S2.

Elastic moduli are important parameters to evaluate the stiffness
of the rock. They depend on the composition and the texture of
the sample. Christensen (1966) measured P- and S-wave velocities
for a wide range of ultramafic rocks up to 1 GPa of differential
stress, and found that Young’s modulus (£), and bulk and shear
moduli (K and G), decrease with the degree of serpentinization,
whereas Poisson’s ratio (v) increases. Miller & Christensen (1997)
pointed out that the presence of serpentinite can also be inferred
from the Poisson’s ratio, which is higher than that of most other
silicate rocks. From the elastic constants of our samples (Fig. 13),
we can infer that the degree of serpentinization varies as S1 <
S4 < S5 < S2, which agrees with our preliminary serpentinized
fraction estimates (Table 1) and is not far from those derived from
petrographic analysis (Table 2).

Based on least squares analysis carried out by Christensen (2004)
using available data on ultramafic rock velocities and densities, the
Poission’s ratio at the maximum differential stress of our samples
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Figure 13. Elastic constants versus differential pressure (Pgifr): (a) ultra-
sonic velocity ratio (¥,/Vs) and Poisson’s ratio (v); (b) Young’s modulus (£)
and shear modulus (G); (c¢) bulk modulus (K).
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indicates that the degree of serpentinization is above 80 per cent in
all the cases (S1 and S4 ~80 per cent; S2 and S5 90-95 per cent).
As previously discussed, the presence of talc in S1 leads to mislead-
ing compositional interpretations, and the previous relation cannot
be applied. Aside from that, this observation is consistent with
the results of our petrographic analysis, even though Christensen’s
(2004) regression is representative of much higher pressures and
temperature (200 MPa and 200 °C).

5 CONCLUSIONS

We have measured the elastic properties, electrical resistivity and
permeability on four serpentinized samples from the southern wall
of the Atlantis Massif, Mid-Atlantic Ridge, collected during IODP
Expedition 357. These parameters show useful correlations that
ultimately might be used to distinguish between chemical and me-
chanical alteration.

Our results show lower permeability (107 to 1072° m?) than
values previously reported for serpentinized peridotites. The high
pressure dependence of permeability and similarly for elastic pa-
rameters (V,,, Vs and Q,) and electrical resistivity, together with
some anomalously high porosities, suggest some degree of hy-
dromechanical alteration. Though, the good correlation found be-
tween permeability and the elastic and electrical properties may
contribute towards improving the understanding of fluid pathways
in hydrothermal systems.

The electrical resistivity shows large contrasts between hydrome-
chanically altered serpentinized (below 20  m) and massive ser-
pentinized (above ~50 © m) ultramafic rocks. This contrast, to-
gether with the elastic constants of the rock provides constraints
on the degree of serpentinization, as corroborated by petrographic
analysis. However, post-serpentinization metasomatic alteration has
the potential to mask the previous estimations and may lead to mis-
leading interpretations.
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