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SUMMARY

We investigated 22 different serpentinization level peridotite samples from the North Pyrenean
Zone (NPZ) and along the North Pyrenean Fault (NPF) to characterize their mineralogical
composition and petrophysical properties (bulk and grain density, porosity, compressional and
shear wave velocities, and thermal conductivity and diffusivity). Peridotites have a percentage
of serpentine that varies between 5 and 97 per cent for fresh samples and totally altered
ones, respectively. The mineralogical changes by serpentinization induced a wide variety of
petrophysical properties. The key indicators of serpentinization from petrophysical properties
in serpentinized peridotite include an increase in porosity of up to 10 per cent and the associated
decrease in the solid density ranging from 3.29 g cm™ for fresh peridotites to 2.5 g cm™ for the
totally serpentinized peridotites. Thermo-physical properties were found to follow the same
deceasing trend as the serpentinization increases up to 3000 m s! and 1.85 W m™' K! for
P-wave velocity and thermal conductivity (TC), respectively. For TC estimation, empirical
relationships were produced using multiple linear regression (MLR) and a mineralogy model.
For the mineralogy model, we used 10 mixing models commonly used in indirect TC estimation
based on mineral composition. For the mean TC of individual mineral phases, the TC estimation
shows that in case of non-availability of the proper samples for direct measurement, the TC
of peridotite can be inferred with an acceptable level of error from the geometric mean model
and harmonic mean models for the dry and saturated conditions, respectively. Based on the
results of MLR, the study also confirms that the TC of dry rocks can be predicted through
acoustic velocity, density and porosity with a prediction accuracy of £0.24 W m~! K~! and
confidence of >80 per cent.

Key words: Permeability and porosity; Heat flow; Acoustic properties; Microstructure.

The physical properties of rocks depend on their mineralogical

1 INTRODUCTION

Among the physical properties of materials, thermal conductivity
and heat capacity are essential parameters for understanding and
modelling different structures from the reservoir scale to the litho-
sphere scale and passing through the basin scale. Thus, these char-
acteristics are crucial for the study of energy geosystems such as
geothermal systems (Deo ef al. 2014; Forster et al. 2015; Omodeo-
Salé er al. 2020), energy storage (Clauser 2011), heavy oil recu-
peration (Chekhonin et al. 2021) and waste storage or transfer to
surface environments (Krzeminska et al. 2012). These features are
also crucial for the study of continental and oceanic lithosphere
structure and transfers (Clauser et al. 1997; Mckenzie et al. 2005;
Hieronymus & Goes 2010), which can condition the distribution
of crustal or lithospheric scale structures or the rheology of these
structures (Duretz et al. 2014).

composition, texture (size, shape and arrangement of mineral grains,
nature of grain-to-grain contacts), the degree of alteration of pro-
tolith, the characteristics of the pore space (volume, size, shape),
the kind of fluid suturing pore space (Clauser & Huenges 2013;
Diamantis et al. 2014; Albert et al. 2017; Garcia & Santamarina
2021) and also on temperature and pressure. Thus, thermal conduc-
tivity varies over more than an order of magnitude as a function of
these different characteristics (Clauser & Huenges 2013). Signifi-
cant variability has been measured both at the sample scale (Surma
& Geraud 2003; Haffen ez al. 2017) and at the borehole scale (Prib-
now & Sass 1995; Hartmann et al. 2005; Mottaghy et al. 2005;
Haffen et al. 2013). This variability is also significant as a function
of temperature and pressure (Vosteen & Schellschmidt 2003; Chang
et al. 2017; Chekhonin et al. 2021) and as the H,O contents of the
mineral phases (Chang et al. 2017; Zhang et al. 2019). Nevertheless,
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these characteristics remain rather poorly documented compared to
other physical properties.

The study of crustal and lithospheric structure based on macro-
scopic data, such as P-wave (Vp) and S-waves (Vp) velocities and
heat flow. TC is thus a crucial parameter if we wish to reconstruct
these structures or identify heterogeneities, but TC values are very
often average values that take little account of heterogeneities (Hi-
eronymus & Goes 2010). Thus, several works have attempted to
define relations between the different petrographic and petrophys-
ical characteristics and the thermal properties of different types of
materials (Yasar er al. 2008; Jorand et al. 2013; Pimienta et al.
2014; Esteban et al. 2015; Rachel Jorand et al. 2015; Gu et al.
2017; Mielke et al. 2017).

Peridotite is the most important rock type of both continental
and oceanic lithospheres. These rocks can be altered to serpentine
through hydration by seawater or hydrothermal water. These ser-
pentinite are quite frequently described in tectonically active zones
such as oceanic ridges (Falcon-Suarez ef al. 2017), subduction zones
(Ohtani 2020), mountain chains with ophiolite series (Katayama
et al. 2020) and more locally in crustal or lithospheric fault zones
like the San Andreas Fault (Moore et al. 2016) and in fracture
zones associated with transform faults of slow ridges and oceanic
hydrothermal systems(Grevemeyer et al. 1999). In these different
geological contexts, peridotites are subject to mineralogical, textu-
ral, and mechanical properties variations. These variations lead to
the wide variability of physical properties measured under the sur-
face and underground conditions (Christensen 1966; Gibert 2003;
Xu et al. 2004; Jacobsen et al. 2008; Dobson et al. 2010; Chang
et al. 2017). These petrographic facies and the associated prop-
erties change have consequences for fault rheology (Christensen
2004; Moore et al. 2016).

Only a few studies have reported a complete view of the petro-
physical properties of peridotites and the effect of the serpentiniza-
tion on these properties (Gibert 2003; Bach et al. 2004; Christensen
2004; Schmitt et al. 2007; Diamantis et al. 2009, 2011, 2014; Ge
et al. 2021; etc.). However, to date there has been no combined
approach that compares a range of quantified serpentinization in-
tensity to petrophysical properties. In the present study, we focused
on the characterization of petrophysical and mineralogical evolu-
tion of the North Pyrenean fractured and serpentinized peridotite,
and we introduce a framework to evaluate petrophysical property
variations corresponding to serpentinization intensity. The proper-
ties of the rocks were characterized by microscopic analysis of thin
sections and petrophysical measurements [porosity, density, TC,
thermal diffusivity (TD) and P-and S-wave propagation velocities
under dry and saturated conditions (Vpq, Vsa, Vps, Vss, respectively)].
These properties are suitable for the interpretation of will-log data
and reservoir modelling. The link between these properties will be
discussed through analysis of the relation between thermal conduc-
tivity and the other measured petrophysical properties to propose
empirical relationships to the indirect prediction of TC. Two ap-
proaches were used for the indirect prediction of TC: (I) numerical
mixing models deploying the mineralogical composition, porosity
and composition of saturation fluids (Clauser 2011) and (II) correla-
tion of thermal conductivity with other physical properties (Gasior
& Przelaskowska 2014; Fuchs et al. 2015, 2018).

2 GEOLOGICAL SETTING AND
SAMPLING

The Pyrenees is a narrow 400 km long and 100 km large mountain
chain oriented N 110° between the Iberian plate and the Eurasian
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plate, created by the north—south convergence and the partial conti-
nental subduction of the Iberian plate under the Eurasian plate from
the Upper Cretaceous to the Lower Eocene (Choukroune 1989;
Beaumont ef al. 2000; Mouthereau et al. 2014). The Pyrenean
orogeny results from the closure of intercontinental basins between
Iberia and Europe, formed during the Mesozoic extension (Jammes
et al. 2009; Lagabrielle et al. 2010). The bottom of these basins
is composed of hyper-thinned continental crust and locally of an
outcropping subcontinental mantle(Lagabrielle & Bodinier 2008;
Jammes et al. 2009). Typically, the Pyrenean orogeny is subdi-
vided into five tectono-stratigraphic zones (Fig. 1), parallel to the
elongation of the Pyrenean chain (Choukroune 1992; Beaumont
et al. 2000; Ford et al. 2016). From north to south, we find the
Aquitaine Basin (AB), the North Pyrenean Zone (NPZ), the Axial
Zone (AZ), the South Pyrenean Zone (SPZ) and the Ebro Basin
(EB).

The NPZ is well-known for the occurrence of about 40 outcrops of
subcontinental peridotite lenses ranging from few meters to 3 km in
length and widespread in the Mesozoic sediments or the granolithic
massifs, parallel to the NPF (Fabries et al. 1998; Lagabrielle et al.
2010). Since 1980, the Pyrenean peridotites had been interpreted as
hot solid intrusive bodies in the upper crust causing brecciation by
decarbonization of limestone and dolomite and liberation of CO,
gas (Minnigh et al. 1980). Vielzeuf & Kornprobst (1984) suggested
that these peridotites lenses were mantellic intrusions into a thinned
crust during the Albian extension and subsequently incorporated
into the chain during Tertiary compression. The discovery of ex-
humed lithospheric mantle at the base of some non-volcanic passive
margins (Boillot ef al. 1987) led to new models being proposed that
suggest that the mantle exhumation occurred in the context of distal
passive margin (Lagabrielle & Bodinier 2008; Jammes et al. 2009).
The Cretaceous extension and the opening of the Bay of Biscay
caused extreme crustal thinning and the exhumation of the upper
mantle at the bottom of the Albian basins along the NPE. Due to
the high thermicity, the distal part of this margin was deformed in a
ductile manner without typical fragile structures of passive margins
(Clerc et al. 2012).

The rock samples studied in this paper were collected from the
peridotite lenses situated in the NPZ and along the North Pyrenean
Fault (NPF). Their localization is given in Fig. 1 (white circles).

3 MATERIEL AND METHODS

3.1 Petrographic study

Our description of the petrographic composition of the peridotite
samples was based on the study of 25 representative thin sections
using a polarized microscope. These thin sections were produced
from the same samples on which the petrophysical measurements
were performed. The aims of the microscopic study of these thin
sections ware to identify the primary and secondary mineral phases,
differentiate the types of pore spaces and estimate the density of mi-
crofractures. Also, the volume fraction of serpentine for each sample
was calculated using measured densities values and is described in
part 3.5.

3.2 Porosity and density measurements

Porosity is defined as the proportion of the vacuum existing in rock
and expressed as the ratio between the voids’ volume and the total
volume of the rock sample (Bourbié et al. 1986). The quantification
of the porosity is fundamental to assess the storage capacity of the
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Figure 1. Simplified geological map of the Pyrenees chain. Adapted from Ford ez al. (2016) and Clerc ez al. (2012). With the localization of the samples used
in this study (white circles). Abbreviations: AB, Aquitaine Basin; NPZ, North Pyrenean Zone; AZ, Axial Zone; SPZ, South Pyrenean Zone; EB, Ebro Basin;
NPFT, North Pyrenean Frontal Thrust; SPFT, South Pyrenean Frontal Thrust, NPF, North Pyrenean Fault.

rocks and reservoirs. Pore volume, pore morphology and the quality
of pores connection are also critical because they influence other
petrophysical properties.

The triple weighting method is well defined by the RILEM norm
(try n°I.1. 1978). This is a consistent low-cost and easy method
which permits measurement of the porosity (¢), bulk (p},) and grain
(ps) densities. After drying samples in the oven at 60 °C until
their mass (My,y) was stable, the rock samples were placed in the
desiccator for 1 h to eliminate the gas from the pores. Then, samples
were saturated with water beneath a vacuum for at least 24 hr before
the weight of the saturated samples (M, ) and their hydrostatic
weight (Myyq) were measured. Thus, porosity (¢), bulk density (o)
and grain density (ps) can be expressed by the following eqs 1-3,
respectively,

My — M,
¢ = sat sec XIOO, (1)
Msat - Mhyd
Miee
Pp= ——————, 2
° Msat - Mhyd
M.
po Mo 3)
) Msec - Mhyd

3.3 Thermal conductivity and thermal diffusivity
measurements

In this study, the thermal conductivity scanner (TCS) was used
to measure the TC and TD of the rock samples under ambient
conditions. TCS is a contactless optical scanning method derived
by Popov et al. (1999). The measuring instrument has a mobile

plate composed of a heat source and three thermal sensors for
measuring temperature variation before and after sample heating.
The measurement procedure has been described by Popov et al.
(1999, 2016) and Boulanouar ef al. (2013). For the measurements,
the rock samples were cut into parallelepipeds and then painted
black to homogenize the reflection coefficient. Under dry and water-
saturated conditions, the TC and TD were measured in the three
directions of parallelepiped blocks and then the average of the TC
and TC in each direction was calculated to assess the possible
anisotropy due to the alteration, fractures and mineral foliation.

3.4 Elastic wave velocities measurements

The compressional wave velocity (/p) and shear wave velocity (Vs)
through samples were carried out on the dry and saturated samples
under atmospheric conditions, using a commercial ultrasound gen-
erator (ProceeqR brand Pundit lab model) (Navelot et al. 2018). The
instrument is composed of a pulse generator and two piezoelectric
transducers of 54 and 250 kHz for V, and V acquisitions, respec-
tively. For each measurement, the emitter and receiver are pressed
against two parallel faces of a parallelepiped sample. A contact gel
was applied to ensure a better wave transmission and limiting sur-
face effects. Then, a continuous measurement was performed using
the adequate frequency. 7, and V; were measured on both dry and
water-saturated rock samples as well as along three directions that
were oriented perpendicular to each other to estimate the anisotropy
linked to the alteration, fractures and mineral foliation.
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3.5 Thermal conductivity modelling

TC is crucial for evaluating heat flow that is an indispensable
parameter in any thermal modelling. TC data are essential when
studying the thermal evolution of crystalline areas and sedimen-
tary basins and important for geothermal energy exploration, heat
and gas storage (Abdulagatova et al. 2009; Clauser 2011; Haffen
et al. 2013).

Thermal conductivity is difficult to measure directly in the field
or borehole and so indirect methods can be used to overcome such
situations. Two indirect methods are frequently used to estimate
thermal conductivity: (I) TC is assessed from the mineralogical
composition of the rock and porosity applying TC of each min-
eral and TC of saturation fluids by using the mathematical mixing
models presented below. (I) TC can be related to the more easily
measured physical properties in the borehole, for example through
the application of MLR analysis. For this method a calibration based
on laboratory data is necessary.

The first approach is essentially performed in the case of low
porous igneous and metamorphic rocks (Horai & Baldridge 1972;
Pribnow & Umsonst 1993; Pribnow & Sass 1995; Clauser 2011; Ray
etal. 2015; Zhao et al. 2016; Chopra et al. 2018; Fuchs et al. 2018,
2021) and to determine the bulk TC of sedimentary rocks assuming
the solid matrix and the pore space are the two components of the
rock’s system (Fuchs et al. 2013; Albert et al. 2017). This method
presents some limitations and uncertainties due to the need for
both precise mineralogy of the rocks and the TCs of each mineral
phase.

The following two important assumptions were made for peri-
dotite TC modelling from this first approach:

(i) Olivine and serpentine are the main solid phases that con-
tribute to the TC of the peridotite. The applicability of the models
is limited to the case where the bias introduced by the secondary
minerals is very low. The protolith must be an olivine-rich peridotite
and/or the mean TC of olivine and pyroxene should be very close
(Table 2).

(i) The volume fraction (Serp®) of serpentine in each sample
was determined using relation (Serp® = (0o — Ps)/(Pol — Pserp)
= (3.33 — p,)/0.785) (Karson et al. 1997; Miller & Christensen
1997), where ps is the solid density of the samples measured
by weighting method and p, = 3.3 g cm™ and Pserp = 2515 g
cm™ are the mean densities of olivine and serpentine. The vol-
ume fraction of olivine equals (1 — Serp®). Then, the individual
mean mineral TC, the TC fluid saturating pores (A;; Table 2),
and the volume fraction (X;) of the ith phase relative to the to-
tal volume (considering porosity) were used to calculate the TC
(Aca) using the mixing models (eqs A1-A9; see the Appendix).
The physical background of these models is extensively detailed in
Hartmann et al. (2005), Clauser (2009), Ray et al. (2015) and Jia
etal. (2019).

The second approach aims to find empirical correlations between
thermal conductivity and other petrophysical properties measured in
the laboratory and boreholes (Ozkahraman et al. 2004; Hartmann
et al. 2005; Goutorbe et al. 2006; Fuchs & Forster 2010, 2014;
Gegenhuber & Schoen 2012; Gasior & Przelaskowska 2014; Mielke
et al. 2017). This kind of approach enables the prediction of TC
from single or several petrophysical properties of the rocks using
statistical regression methods. However, until now no universal TC
prediction equations have been developed. The empirical equations
based on these regression methods are typically limited to the rocks
(types, lithology, chemical composition, etc.) for which they were
established.
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4 RESULTS

4.1 Petrography

The petrographic study of Pyrenean peridotite led us to define three
main levels of serpentinization. As had already described in the
literature by Fabrics et al. (1998), the fresh to low altered samples
(Figs 2a—c) have a classic composition of spinel lherzolite, with the
subhedral porphyroclastic forms of mineral and grain size of 0.1—
4 mm. The low-grade alteration samples are composed mainly of
olivine (>80 per cent) and pyroxene (from 5 to 10 per cent) as ma-
jor mineral phases and accessory mineral phases (spinel and opaque
minerals). At the thin section scale, serpentine and opaque minerals
appear as small black veinlets, localized mainly in the borders of
minerals and rarely in the microfracture of olivine grains (PY17_1
and PY17_10; Fig. 2a). Pyroxenes are generally not altered. Spinels
are often dark green and present a cracked texture. A small micro-
metric halo of magnetite crystallizes in the microfracture network
and around borders of spinel grains. The porosity is composed of
microfractures. Their increases as the sample’s alteration increases.

Moderately to highly altered samples (PY17.5, PY17.12,
PY17_13) are characterized by a high and moderate transformation
of olivine and pyroxenes, respectively (Figs 2¢ and f). The observa-
tions of thin sections revealed that the serpentine crystallizes in a
centripetal manner around the olivine grains, leading to a pseudo-
morphic-mesh texture with a core of relict olivine (Fig. 2¢). The
relicts of olivine were transformed to serpentine in some samples,
but the shape of these olivine grains was still visible (Fig. 2f). Py-
roxenes were found to have a less pronounced alteration, except for
some orthopyroxene crystals which lost their optical characteristics
(Fig. 2d). The serpentine in the pyroxene crystals was found to occur
in fan-shaped aggregates distributed along the two cleavage planes
and around the grains. The spinel minerals are usually dark green to
opaque and have a cracked texture and are also slightly transformed
into magnetite minerals. In some thin sections (PY17_12), the sec-
ond generation of serpentine associated with magnetite crystallizes
in the fractures, which lead to the reduction of porosity (Fig. 2d).

Moderately to highly altered samples show a visible increase
in microfracture densities. The porosity is composed of some mi-
cropores formed during the alteration of the primary minerals and
microfractures which are not filled by serpentine and magnetite
minerals (Fig. 2f).

Totally altered samples (Figs 2g—i) are characterized by large
serpentine development. Olivine, pyroxene and spinel were fully
transformed to massive serpentine and magnetite minerals, whereas
ghosts of pyroxene were still visible in some thin sections (Fig. 21).
Magnetite minerals were also present in the fractures. In the totally
altered samples, three generations of serpentine were observed
(Fig. 2h) as follows; massive serpentine from the replacement
of minerals of olivine and pyroxene and two other generations
of serpentine which crystallized in the fractures (Figs 2g and h).
These samples are characterized by a massive increase of micro-
and macrofractures densities. These fractures may be unfilled and
form fracture porosity. In some thin sections, these fractures were
found to be filled by the two late generations of serpentine and
associated magnetite .

4.2 Petrophysical properties

4.2.1 Porosity and densities (bulk and grain)

The grain (ps) and bulk (py) densities of the peridotite samples
were measured using the water saturation method and the results
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petrophysical properties of peridotites 1791

Table 2. Compilation of the average TC of the major minerals’ phases present in the
studied rocks; (1) Birch & Clark (1940); (2) Kanamori et al. (1968); (3) Beck et al.
(1978); (4) Horai &Simmons (1969); (5) Horai (1971); (6) Horai & Baldridge (1972);
(7) Clauser & Huenges (2013); (8) Schon (2011).

Number of

Mineral A (Wm K data Sources

Min Mean
Olivine 391 4.78 14 1,2,4,6,7,86
Serpentine 2.14 2.77 8 1,2,6,7,8
Pyroxene 3.82 4.61 16 1,2,4,6,7,86
Spinel 9.48 11.8 14.44 5 1,3,6,7,8
‘Water — 0.6 - - 8,6
Air - 0.026 - 7,6

Figure 2. Thin sections photomicrographs of different grad altered peridotite: (a—c) Low grad altered samples; (d—f) moderately highly altered samples; (g—i)
totally altered samples. Abbreviation: OL, olivine, PX, pyroxene, SP, spinel, SRP, serpentine, CH, chrysotile, F1, intracrystalline fracture; F2 and F3, second

and third generations of fractures, respectively.

are presented in Fig. 3 and Table 1. The grain density of the
peridotite samples varies widely between 2.56 and 3.29 g cm™,
with an average of 2.80 g cm™ (Table 1). This variation reflects
the change in the mineralogical composition of the fresh and al-
tered samples. This change in density is directly correlated with
the serpentine content. Indeed, there is a systematic decrease of

solid density as the serpentinization increases (Fig. 3c). During
serpentinization, olivine and pyroxene minerals with mean densi-
ties of 3.33 and 3.36 gcm™ respectively, were progressively trans-
formed to serpentine with an average density of 2.6 g cm™ (Schén
2011). The value of grain density was used to define the degree of
serpentinization.
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Figure 3. Petrophysical properties of the investigated peridotites: (a) Grain density versus bulk density; (b) bulk density versus water porosity; (c) grain and
bulk densities versus degree of serpentinization; (d) porosity versus degree of serpentinization.

The bulk density (pp,) ranged from 2.39 to 3.21 g cm™ with a
mean value of 2.65 g cm™, and very low porous samples were found
to have a bulk density closer to the grain density. The bulk density
shows a positive linear relationship with grain density (Fig. 3a) and
anegative relation with porosity (Fig. 3b). Indeed, as seen in numer-
ous studies (Boulanouar et al. 2013; Navelot e al. 2018; Bertrand
et al. 2021), the bulk density is a function of grain density and
porosity. The plot of bulk density vs. degree of serpentinization dis-
plays a negative linear relationship (o, = —0.0093Serp® + 3.2695)
with a good correlation factor (R> = 0.94). This relationship can
be explained by the fact that the alteration decreases the bulk den-
sity through replacing dense minerals (olivine and pyroxene) with
low-density minerals (serpentine).

The porosity of the studied samples varies from 0.91 to 10.45
per cent with an average of 5.63 per cent. Porosity variation is
controlled by the alteration state, the density of microfractures and
the sealing state of the fractures. As Figs 3(b) and (d) show, two
groups of samples can be clearly distinguished from the plots of
the porosity versus bulk density and porosity versus the degree
of serpentinization: (i) the fresh to low altered samples and (ii)
moderately to totally altered samples.

For the first group (black square in Figs 3b and d), the poros-
ity ranges from 1.18 to 4.54 per cent with an average value of
2.96 per cent, bulk density is between 2.88 and 3.25 g cm™ and
degree of serpentinization is less than 40 per cent, except the
PY17.5 sample (¢ = 5.34 per cent), which is slightly altered but
has a high density of microcracks. With the increase in poros-
ity, the bulk density decreases and the degree of serpentinization
increases.

For the second group (black circle in Figs 3b and d), the poros-
ity varies from 3.3 to 10.4 per cent with an average value of
6.3 per cent, degrees of alteration varies between 60 and 100
per cent and bulk density varies between 2.39 and 2.82 g cm™.
This high porosity and high degree of alteration tend to decrease
the bulk density compared to those of the first group. Thus, the
decrease in the bulk density was found to be controlled by the
development of the porosity which is formed by crack and al-
teration of primary mineral phases. Samples PY17_30, PY17_36
and PY17_12 (circled in Fig. 3d) exhibit low porosity values com-
pared to their alteration state which are due to the sealing of
microfracture by the second-generation serpentine described in
Section 4.1.
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These two groups were defined by the grain density of the
main phases and highlighted by the y-intercept corresponding ap-
proximately to olivine and serpentine mean densities, respectively
(Fig. 3b).

4.3 Thermal and physical properties

The thermal and other physical properties measured on 22 peri-
dotite samples under dry and saturated conditions are summarized
in Table 1.

4.3.1 Thermal conductivity and thermal diffusivity

At least three TC and TD profiles were acquired on each face of
each parallelepiped. The mean values of TC and TD were calculated
for each sample and given in Table 1.

TC depends on mineral composition and the type and the amount
of porosity (Clauser 2009). The experiment results of the present
study show that the measured TC and TD under dry condition
range from 1.86 to 4.23 W m ™! K! with an average value of 2.62 W
m' K! while TD varies between 0.79 and 1.58 mm? s, for an
average value of 1.14 mm? s7!, respectively. A very low value of
TC was observed for a totally altered and highly fractured sample
(PY17_.14) and the highest value was measured from low altered
sample (PY17_1). According to the petrographic observations, the
comparison between the TC of fresh and altered samples showed a
systemic decrease of TC with increasing of serpentinization degree.
As the alteration increases, the primary minerals (olivine) with a
mean TC of 4.78 W m™' K! are replaced by the serpentine of
mean TC of 2.77 W m™' K'. The measurements performed in
three directions show an anisotropy ranging from 0 to 9 per cent,
indicating that the studied rocks are generally isotropic or with a
low anisotropy in nature.

The effect of the porosity increases on the CT variation is de-
scribed in Fig. 4(a) with a logarithmic relationship (A4 = —0.589 In
(¢) +3.478). The phase transformation induced by the serpentiniza-
tion also influences the TC variation. This phenomenon explains the
low correlation coefficient between porosity and dry TC. This joint
effect could be described using the correlation between CT and the
bulk density. Fig. 4(b) shows a recognizable increase of the TC as
the bulk density increases. This relationship can be broken down
into three groups of samples with their own equations.

The first group consists of fresh to low altered samples (red
circle), they have a bulk density greater than 2.85 g cm™ and a
thermal conductivity between 3.13 and 4.23 W m™' K™! with an
average of 3.25 W m'K™! except for samples PY17_3 which have
aTC of 2.5 Wm ™' K™! due to its high porosity and advanced degree
of alteration. The second group is composed of the moderately
to highly altered samples (green circle), they have a bulk density
between 2.56 and 2.82 g cm > and their thermal conductivity ranges
between 1.75 and 2.91 W m™! K! (average value is 2.35 W m™!
K™"). The third group (purple circle) is composed almost of totally
altered samples (degrees of serpentinization > 81 per cent) and
have a grain density between 2.39 and 2.5 ¢ cm™ and a thermal
conductivity between 1.8 and 2.72 W m™ K~! (with an average of
2 34 Wm ' K). The two last groups had the same average TC,
although the density of totally altered samples was lower than those
of moderately altered ones. This can be explained by the fact that the
serpentine is the main mineral involved in the TC of these samples.

The TC is also measured form the water-saturated samples (Ta-
ble 1). The TC of the water-saturated samples ranges from 2.02 and

petrophysical properties of peridotites 1793

4.28 Wm™ K™! for an average of 2.81 W m™ K!. The TC of wet
samples is always greater than the TC of dry samples and the differ-
ence between both increases as the porosity increase. This evolution
reflects the considerable difference between the TC of water (0.6 W
m' K) and air (0.026 Wm™ K).

TD is a function of TC, density and heat capacity. The TD of
the samples falls between 0.66 and 1.76 mm? s~! with an average
of 1.15 mm? s! in dry condition and between 1.03 and 1.85 mm?>
s! for an average of 1.34 mm? s™! in water-saturated conditions.
Fig. 4(c) shows a relatively good correlation between TC and TD
(D = 0.4075)1 4 0.0698 with R> = 0.757) as in the case of TC.

4.3.2 P-wave velocity (Vp) and S-wave velocity (V)

The measurements of Vp and Vs were performed on dry and water-
saturated conditions (Vpyg, Vsq and Vpq, Vss, respectively) and are
shown in Table 1 and Fig. 5. The Vpq4 falls between 3321 and 7260 m
s with an average of 4592 m s~!. The highest values of Vpq were
obtained from non-fractured samples and low serpentinization level
and the lowest values are found in highly serpentinized samples. In-
deed, the graphic representation of Vpq versus bulk density (Fig. 5a)
highlights three groups.

(i) The fresh to low altered samples (red circle) display high
density (> 2.87 g cm ™) and a high compressional wave propagation
velocity (ranging from 7200 to 4400 m s™') with an average value
of 5418 m s™'. However, the development of the fracture network in
some samples (eg. PY17.5, PY17_1) creates discontinuity surfaces,
this in turn decreases the velocities of the samples close to those
of the highly altered samples and increases their anisotropy up to
20 per cent. For these samples, the lower Vp4 values were recorded
perpendicularly to the dominant fracturing direction inferred from
the oriented thin section.

(i1) The second group is composed of totally altered and highly
fractured samples (purple circle). These samples are composed of
serpentine and have an average density value of 2.44 g cm>. The Vpq
of these samples is ranging between 3000 and 4600 m s™!, with an
average value of 3881 m s™'. The low Vpq values are due to the high
density of microfractures, the small size of the alteration mineral
and the characteristic of serpentine (5000 m s'; Schon 2011). The
Vpq anisotropy for the samples was found to range between 1 per
cent and 15 per cent (average value is 7.8 per cent) and was higher
than the TC anisotropy which has a mean of 1 per cent for this
group. This more marked Vpq anisotropy can be attributed to the
microfracture shape and orientation.

(iii) The third group is composed of moderately to highly altered
samples (green circle). The samples have an average bulk density of
2.66 g cm? and their Vpq ranging between 4300 and 6330 ms™! with
an average of 5113 m s!. These samples constitute an intermediate
group between the both previous groups with a degree of serpen-
tinization between 64 and 81 per cent. The uniform distribution of
alteration minerals and fractures filled by the secondary serpentine
were found to lead to the lowest anisotropy in the V;,y measurement,
indicating that these samples are isotropic.

The compressional wave velocity shows an inverse correlation
with porosity (Fig. 5b; Vg = —1060 In(p) + 6263.1). As the results
show, the correlation coefficient between the porosity and Vpq is low
(R* =0.6309). This demonstrates that the decrease in V}, is partially
due to mineralogical transformations during alteration and not just
to the increase in porosity.
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Figure 4. Thermal properties of the investigated peridotite: (a) TC versus porosity; (b) TC versus bulk density; (¢) TD versus thermal conductivity; (d) TC

versus Vpq.

For the water-saturated samples, the Vp; measurements range
from 4390 to 7300 m s (with an average value = 5418 m s™)
(Fig. 5d; Table 1). Water saturation was found to produce an in-
crease in Vps values and a decrease the Vps anisotropy. Moreover,
the difference between Vp, and Vpg increases as the samples porosity
increases. Also, the fractured samples (e.g. PY17_1 and PY17_14)
are characterized by a higher difference between Vpg and Vp;.

The Vsq values range from 1790 to 3693 m s~ with an average
value of 2540 m s'. Under the saturated conditions, the Vs, values
range from 2145 to 3378 m s™! with an average value 0of 2643 ms™'.
A good linear relationship exists between Vp and Vs as proposed by
many researchers for many rock types (e.g. Christensen 2004; Wang
et al. 2009; Diamantis ef al. 2011). In this study, the relationship
between Vg4 and Vpg can be expressed by the equation Vgyg = 0.4408
Vpq + 388.07 with R> = 0.812 as Fig 5c shows.

The TC and V), measured on dry samples show a positive linear
trend (Fig. 4d). This linear relationship has a low correlation coef-
ficient (R? = 0.373). Since the TC and Vp are sensitive to the same
parameters (porosity, mineralogy, saturation, pore shape, fracture
filling, etc.) a noticeably different variations occurs (Zamora et al.
1993). For example, the fracturing produced a clear decreases in the

Vp and an increase of Vp anisotropy of V},, and it has a low effect at
the TC measurement.

4.3.3 Estimating mechanical properties, Young’s modulus (E) and
Poisson’s ratio

Young’s modulus (£) and Poisson’s ratio (v) were calculated
through Vpq, Vsq and bulk density using the relations £ = ,o(Vp2
=2V and v = (V2 = 2V2)/2(V,,2 — Vi?), respectively. The results
are shown in Table 1. These parameter values range from 20.18 to
117.18 GPa and 0.13 and 0.34 for E and v respectively. Thus, an
increase in porosity and the degree of serpentinization lead to the
Young’s modulus decreasing logarithmically (Figs 6b and d) even if
two different trends can be observed in the Fig. 6(b) for low altered
samples (degree of serpentinization <40 per cent) and highly to
totally altered samples (degree of serpentinization >40 per cent).
The E and v values are in accordance with published values for dif-
ferent sets of peridotite samples with different grades of alteration
(Christensen 1966; Diamantis e al. 2011; Kamaci & Ozer 2018;
Farough & Karrasch 2019). Figs 6(a) and (c) show that no clear
relationship seems to exist between the degree of serpentinization

€202 YoIel\ 91 uo Jasn SYND Aq G/80599/98/1/€/1€2/a101ME/IIB/w0o dnoolwepede)/:sdiy woly papeojumoq



petrophysical properties of peridotites 1795

7500 7500
(@) Vpa = 6244.6p, — 13989 ‘_ (b)
T =4 _ R2=0.4413
ss00 | V7= 479010y~ 73864 ° 5200 IL o Vou=-10601dy) + 6265.1
R2=0.8157 (6} . o -
’ R2=0.6309
° o 4 ‘ 3 . l“\ ' o
5500 ) 5500 o -
o) ’ 7~ ~ (o]
X . S % o o
g i s
4500 | " f & seon | o-$8 o8 8
. 3 ® Gl P e
] go ° @ ood;
3500 8% 3500 | % o O
.‘ o e _0
<]
2500 1 1 1 1 2500 1 1 1 = 1
23 25 2.7 29 3.1 33 (] 2 4 6 8 10 12
po(g-cm) (%)
7500 - o 7500
© V22V o /0 (d)
SO SV =18V, L g .
6500 | fo 77 T 6500 I s A
5500 ?;y 5500 | MRS R
i ’ A "n'm 0.
z e 0 g R
Eas00 | @ & & 4500 | o
& "' A4 3
- o >
3500 - &% Vpe= 1.8438Vy + 165.93 3500 k-
o R?=0.8127
o i .".. .
2500 o i 1 1 1 2500 1 1 1 L
1000 2000 3000 4000 2500 3500 4500 5500 6500 7500
Vsq(m.s?) Voa (msY)
@ Low altered samples @ moderately to highly altered samples @ Totally altered samples
¢ mean values of Vpgand Vp, = Low altered and fractured samples

Figure 5. Physical properties of the investigated peridotites: (a) V'pq versus bulk density; (b) Vpg versus porosity; (c) Vpq versus Vsq; (d) mean dry P-wave

velocity versus mean saturated P-wave velocity.

and porosity and Poisson’s ratio. However, Christensen (2004) and
Farough & Karrasch (2019) have already noted that Poisson’s ra-
tio has a tendency to increase as the amount of serpentine in the
samples increase (Fig. 6a).

5 DISCUSSION

5.1 Peridotite properties evolution with progressive
serpentinization

The serpentinization of peridotite is a phenomenon of progressive
transformation of primary minerals. This phenomenon begins with
the alteration of olivine minerals followed by the pyroxene minerals.
All were transformed to a newly formed phase (usually serpentine).
The microscopic observations of the thin sections reveal a major
change in mineralogy with serpentinization, especially in the ser-
pentine content. The diminution of the grain and bulk densities is
controlled by the replacement of dense minerals such as olivine
(3.3 g cm™) and pyroxene (3.4 g cm™) with the serpentine (mean

density of 2.6 g cm™). This evolution is illustrated by the samples
(PY17.10,PY17_1 and PY17_7) with a low serpentine content (<5
per cent), PY17_3 with 40 per cent serpentine content and the other
samples (PY17_24, PY17_20,. . . ) with a higher serpentine content
(up to 100 per cent). The mineralogical transformation of the altered
peridotite goes on with petrophysical properties variation.

The variability of petrophysical properties of the samples charac-
terized in this study gives a first image of the evolution of peridotite
properties as a function of serpentinization degree (Fig. 7). The
investigated petrophysical properties were found to be strongly in-
fluenced by the mineral assemblage and texture of the rock. Further,
discontinuities such as microcracks and grain boundaries can im-
pact the Vp and Vs, TC and TD.

In general, our petrographic observations and petrophysical mea-
surements led us to divide the samples into three groups, namely:
(1) fresh to low altered samples and (2) moderately to highly altered
samples and (3) totally altered samples. The petrophysical proper-
ties of the fresh to low altered samples are in phase with the average
values for fresh peridotite reported in the literature (~3.2 g cm™
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Figure 6. Calculated elastic properties. (a) Poisson ratio versus the degree of serpentinization; (b) Young’s modulus versus the degree of serpentinization; (c)

Poisson ratio versus porosity; (d) Young’s modulus versus porosity.

in solid density, <2.9 per cent in porosity, ~3.4 W m™' K! in TC
and ~5400 m s™! in Vpq). Micro and macrocracks cause some varia-
tion in porosity and Vp and increase the Vpy anisotropy. The second
group has randomly distributed petrophysical properties with an
overlap in the first and the third groups. The spread of data reflects
the increase in mineralogical and textural complexity resulting from
interaction between fresh protolith characteristics and serpentiniza-
tion processes. The wide variation in the porosity (1 to 7.3 per cent)
is interpreted as the effect of the microcracks, fractures, dissolu-
tion of primary minerals due to serpentinization, and secondary
processes leading to crack and pore sealing. The decrease in the
solid density is due to the lower density of serpentine (2.7 g cm>),
which is the principal alteration phase of primary olivine (3.3 g
cm™). Vpq and dry TC spread between 4400 and 6000 m s™' and
1.75 and 2.91 W m™! K™!, respectively and occurred in correlation
with the porosity and solid density variations. These variations are
the conjoint effect of secondary mineral and textural characteristics
(porosity shape, fractures, and pore filling material). The bulk and
solid densities of totally altered peridotite became less scattered,
and the solid density converged to the mean density of serpentine
mineral (2.7 g cm ). The wide variation in porosity (5—10 per cent),
fracture orientation, the shape of pores, and sealing material causes

a wide variation of Vp and Vs, TC and TD of the totally altered
samples.

Nonetheless, the three groups have some similarities in the
amount and types of porosity, Vp, and TC (Fig. 7). Serpentiniza-
tion increases the porosity of rocks through the development of
microcracks and of matrix microporous networks and conversely
decreases the solid density (Fig. 7) by the replacement of dense
minerals (olivine) with minerals with lower density (serpentine),
thus reducing P- and S-wave velocities and thermal properties (A
and D). The complexity of the texture increases until all the primary
phases are altered, then it decreases until complete replacement by
serpentine.

5.2 Comparison to the petrophysical data reported in
previous studies

The range of solid density measurements illustrates the full range
of serpentinite content variations (Figs 3 a and c). This range of
variations matched those reported in other studies (Fig. 8; e.g. Gib-
ert 2003; Song et al. 2004; Schmitt et al. 2007; Diamantis et al.
2009, 2011; losif Stylianou et al. 2016; Falcon-Suarez et al. 2017;
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(2007) from different studies. n is the number of samples.

Farough & Karrasch 2019; Manuella & Carbone 2019). For exam-
ple, Schmitt er al. (2007) measured the solid densities of serpen-
tinized ophiolite ranging from 2.62 to 3.3 g cm™ for an equiva-
lent degree of serpentinization ranging between 2.3 and 87.9 per
cent. However, most of these studies measured very low porosities
(<1 per cent) except Farough & Karrasch (2019) who measured
porosities of serpentinized peridotite between 2.1 and 8.4 per

cent (Fig. 8); our data set covers all the range of published
data.

The range of Vpq and Vsqy matched those measured in different
locations (Fig. 8; Gibert 2003; Song et al. 2004; Schmitt et al.
2007; Diamantis et al. 2009, 2011; Iosif Stylianou et al. 2016;
Falcon-Suarez et al. 2017; Farough & Karrasch 2019; Manuella
& Carbone 2019). Thus, the Vpq and Vpy values measured for the
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fresh to slightly altered samples displayed similarities with those
measured by Diamantis ef al. (2009; the ranges of Vpy and Vpqy are
7000-8000 and 38004550 m s~!, respectively) in samples with
lower porosity (<1 per cent) and a low degree of alteration (<30
per cent by volume) from the Central Greece peridotite.

Also, Farough & Karrasch (2019) estimated the Vpq and Vg of
serpentinized peridotite (Fig. 8) in the range of 4834-7759 m s™!
for Vpq and 2300—4262 m s for Vgq which fits with our mea-
surements. Horen et al. (1996) observed a decrease of velocities
in serpentinized peridotite of Xigaze ophiolite as the level of ser-
pentinization increases. The V7, and Vs ranged between 5860 and
7760 m s~! and 3080 and 4350 m s, respectively, for a degree of
serpentinization ranging from 3 to 70 per cent and solid density
ranging between 2.7 and 3.2 g cm™. These velocities are slightly
higher due to their lower porosity (between 0.4 and 0.8 per cent) as
compared to our Pyrenean peridotite samples.

In contrast, Song et al (2004) measured the mean V, and V;
between 5200 and 6000 m s ! and 2800 and 3400 m s ™!, respectively
in three serpentines from the Korean peninsula. The densities of
these materials are low (2.64-2 74 g cm™) and may suggest they
are highly serpentinized.

Studies concerning TC and TD measurement under laboratory
conditions of different grade serpentinization peridotite are rare,
which makes the comparison with our approach (TC and TD evolu-
tion as a function of serpentinization) quite complicated. However,
numerous data on TC and TD have been reported in the literature.
Balkan et al. (2017) measured the TC of western Anatolia peridotite
and found 2.52 & 0.45 W m~!' K~!. Tosif Stylianou ef al. (2016)
measured TC and TD on ultramafic rocks from Cyprus, TC and TD
ranging from 1.7 t0 2.9 Wm™' K~! and 0.09 to 1.3 mm?s™!. Gong
(2005) measured for alpine serpentine, and for the dry samples, TC
ranges from 2.42 to 3.25 W m~! K~!, and under the saturated con-
dition, TC ranging from 2.44 to 3.32 W m~! K~! for solid density
and porosity ranging between 2.66 and 2.87 g cm™ and 0.03 and
0.74 per cent, respectively. Hyndman & Drury’s study (1976), of
the oceanic basement rocks from deep drilling on the Mid-Atlantic
ridge, show that serpentinized peridotites have a TC of 3.19 W
m~! K~! and a porosity of 0.8 per cent. He et al. (2008) measured
mean TCs 0f2.97 & 0.33 Wm~' K~! for serpentinite from Chinese
Continental Deep Drilling in east China. Thus, the TC and TD of
serpentinized peridotite from different regions overall show a wide
range of variation (from 1.7 to 3.19 W m~! K~! for TC and 0.09
to 1.3 mm? s! for TD), and data from the present study fall within
this range (1.86-4.23 W m™' K™!' 0.79-1.58 mm? s~! for TC and
TD respectively. The wide variation of TC and TD observed from
our samples is due to the mineralogical variation between the fresh
and totally serpentinized peridotite and the wide variation of the
porosity of the samples.

5.3 Thermal conductivity prediction

5.3.1 Thermal conductivity calculated from the mineralogical
composition.

In the literature, there are few studies where the TC of crys-
talline rocks was predicted from their mineralogical composition
and porosity and using different mixing models (Horai & Baldridge
1972; Pribnow & Umsonst 1993; Forster er al. 2015; Ray et al.
2015; Zhao et al. 2016; Chopra et al. 2018; Fuchs et al. 2018; Yu
et al. 2022), and no studies at all for ultramafic rocks.

Horai & Baldridge (1972) calculated the TC of nineteen igneous
rocks samples from the mineralogical and chemical compositions
using the Hashin-Shtrikman mean model. Both methods gave sat-
isfactory results. Pribnow & Umsonst (1993) estimated the TC of
granitic samples with an absolute mean error of 10 per cent using
a geometric mean model. Ray ez al. (2015) calculated the TC of
different types of granulite facies using several mixing models and
concluded that the harmonic mean model gives the best fit between
calculated and measured TC with an average deviation of —1.2 + 6
per cent (1o). Zhao et al. (2016) calculated thermal conductivity
for water-saturated granitic samples from their mineralogical com-
position and found that the Hashin—Shtrikman model gives the best
fit between calculated and measured TC. Chopra ef al. (2018) Con-
cluded that the harmonic mean model gives the best fit in the case
of low porous granite with an average deviation of 2 &+ 8.1 per cent
(1o), using mean mineral TC and mineral composition obtained
from modal analysis. Also, the same model gives the best fit (devi-
ation of —1 £ 6 per cent) between measure and calculated TC from
modal mineralogy and mean minerals TC for high grade metamor-
phic rocks with low anisotropy and porosity (Forster et al. 2015).
Fuchs et al. (2018) showed that the use of the harmonic mean model
provides a good correlation between the calculated and measured
TC for low porous plutonic rocks with an absolute mean error of
1.4 £ 9.7 per cent, and deviation less than 10 per cent using mean
mineral TC and mineral composition obtained from modal miner-
alogy. Fu et al. (2019) calculated the TC and TD of four granitoids
(granodiorite, monzogranite, syenogranite, and alkaline granite) by
using different mixing models. The authors showed that both the
Hashin-Shtrikman upper bound and geometric mean model gave
a good fit between measured and calculated TC. In summary, the
harmonic, geometric and Hashin-Shtrikman means models seem to
be the most relevant for the calculation of the TC of igneous and
metamorphic rocks.

This study was carried out to find the best mathematical model
(eqs A1-A9) for the indirect calculation of the TC of serpentinized
peridotite rocks under dry (Figs 9a and b) and water saturated
(Figs 9¢ and d) conditions from their mineralogical composition
and porosity. For this purpose, the mineralogical composition of
the samples was obtained by an estimation of the degree of serpen-
tinization (see Section 3.5), and porosity was measured by the triple
weighting method.

For dry conditions, the geometric mean model gives the best
fit between calculated and measured TC and it gives significantly
smallest prediction errors than other models. For A, the deviation
between measured and calculated TC varies between —21.5 and
25.7 per cent with an average value of 0.1 &+ 14.1 per cent (lo)
and the absolute mean error (AME) is 11.8 £ 7.3 per cent (lo)
(Table 3). The Robertson and Pack models also provide acceptable
results with a mean deviation of —6.4 & 12.4 per cent (10) and an
absolute mean error of 11.6 per cent & 7.4 per cent (10). All other
tested models give poor result and a mean absolute error greater than
17 per cent (between 17.2 and 78.8 per cent; Table 3). For water-
saturated conditions, the harmonic mean model gives the best fit
between the calculated and measured TC, followed by the Voigt—
Reuss—Hill model [mean deviation of 6.6 & 13.3 per cent (10)], the
lower bound of the Hashin—Shtrikman mean model [mean deviation
of 8.6 = 13.6 per cent (10)], the geometric means model [mean
deviation of 10.2 £ 13.5 per cent (lo)], the Hashin—Shtrikman
mean model [mean deviation of 12.0 + 13.9 per cent (1o)] and
the effective mean model [meann deviation of 13.5 £ 14.1 per
cent (1o)]. The models experimented with give a poor fit between
calculated and measured TC with a mean deviation greater than
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Figure 9. Plot of calculated (X¢a1) versus measured (Amea) bulk thermal conductivities using different mixing models: (a and b) under dry conditions; (¢ and
d) under saturated conditions.

Table 3. Statistical analysis of errors from different mixing model application for prediction of TC under water-saturated and dry conditions.
RE, Relative error; AME, absolute mean error; RMSE, root mean square error; o, standard deviation.

Dry conditions

Water-saturated conditions

RMSE RMSE
Model RE (%) AME (%) (Wm™!'K™!) RE (%) AME (%) (Wm~! K1)
Min mean max o (%) min mean max o (%)
Kart 3.4 242 567 157 2424157 0.67+042 55 149 451 144 163+ 13.6 0514 1.29
AVRH —404 273 —9.6 92 273492 078+04 —159 6.6 333 133 118+88 036+0.15
Ahar —89.8 —789 —43.1 13.1 7894131 208+173 264 2.6 221 134 108+79 0374016
hgco —21.5 0.1 257 141 118473 0474028 149 102 378 137 1354103 0414020
hsqr 7.0 295 639 285 2954173 0794052 148 389 798 379 3984202 039+0.17
AsH— 41 =567 359 179 1274179 1494+1.05 —14.0 8.6 359 13,6 127495 0394017
ASH+ 3.4 240 565 156 2404156 0.66+ 0.42 0.1 162 449  13.6 1624 13.6 0.51+0.42
AsH -32.1 -164 63 112 172498 0514+024 —98 120  40.1 13.9 1424115 05140.29
ARP —243 —64 153 124 11.6+74 034+0.14 13 22.0 540 155 2204155 0.65=+0.39
heff 1.7 203 520 147 20341747 058+036 —82 135 419 141 15041725 0474025

15 per cent (Table 3). Statistically, the deviation between measured

and calculated TC varies between —26.4 and 22.1 per cent, with the
average value of —2.4 + 13.5 per cent (10) and the absolute mean
error of 10.8 & 7.9 per cent (1o) per cent for the harmonic mean

model.

For dry conditions, the direction-independent geometric mean
model (Lichtenecker 1924) was found to provide the best fit between
the measured and calculated TC [standard deviation: 0.09 £+ 14.4
per cent (1o); Fig. 9a; Table 3]. The geometric mean model is an

empirical model which assumes a random distribution of mineral
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phases and pores (Clauser 2011). Consequently, the absence of any
textural pattern, foliation, and layering in studied samples is the
reason for the better performance of this model. For water-saturated
conditions, the best fit between the measured and calculated TC
was unexpectedly achieved by the harmonic mean model (devi-
ation: —2.4 £ 13.4 per cent (lo); Fig. 7a; Table 3). This result
is in agreement with previous studies carried out on igneous and
metamorphic rocks (Forster ef al. 2015; Ray et al. 2015; Chopra
et al. 2018; Fuchs et al. 2018; Yu et al. 2022). The harmonic mean
model is based on a banding model, where the mineral phases are
layered perpendicularly to the heat flow (Clauser 2011; Jia et al.
2019). Generally, this model is applied to find the lower bound of
the TC (Clauser 2011; Jia et al. 2019). The reason why this model
gives the best performance regardless of the other model’s direction-
independent is still not entirely clearly understood. However, two
hypotheses can be envisaged:

(i) The heat transport through isotropic rock is considerably de-
layed like a flow perpendicular to stratification in an anisotropic
medium due to the countless heat-refraction events caused by the
chaotic arrangement of the mineral grains (Fuchs ef al. 2018; Yu
et al. 2022). Also, the foliated structure of the serpentine miner-
als causes heat to be transported in a manner and quantity that are
thought to make it perpendicular to the planar boundaries in an
anisotropic medium. This effect even greater when the interlayers
are filled with water.

(i1) The success of the harmonic model can be also related to the
preferred alignment of the fractures in the samples (at the macro-
scopic and microscopic scales) confirmed by the anisotropy of ¥,
measurements and by microscopic observations of the thin sections.
the sheet structure of serpentine

The divergence between the measured and calculated TC and out-
liers on model evaluation can be linked to the models themselves,
which simplify the complex reality of the rocks so it can be formu-
lated mathematically and analytic measurement errors. However,
in our case, the most significant errors may come from accessory
mineral phases (pyroxene, spinel and magnetite) that were not ac-
counted for in the TC calculations and also from the use of the mean
minerals TC which does not reflect the TC variation because of the
solid solution (Jennings et al. 2019). Both olivine and serpentine
have significant variations in TC as a function of the composi-
tion (Table 2). Moreover, the estimation of the volume fraction of
each mineral phase of the samples, especially minerals with a large
volume fraction can also introduce significant errors in the TC cal-
culation (Jennings et al. 2019). Divergences between the measured
and calculated TC, outliers and the most performing model might be
also related to the impacts of particle size, particle dispersion, pore
structure, anisotropy of minerals TC and preferential orientation of
the fractures.

While our model presents some uncertainties and limitations, the
indirect calculation of TC forms accurate knowledge of peridotite’s
mineralogical composition, and porosity is demonstrated as a viable
option to recover thermal conductivity data with an error of less than
20 per cent. Fig. 10 offers a simple way to estimate dry TC using
knowledge the peridotite’s porosity and serpentinization degree, or
knowing two of them, determine the third.

5.3.2 Estimation of thermal conductivity from empirical models

Thermal conductivity can be also quantified indirectly from the suite
of petrophysical properties measured in a laboratory or obtained

from well-logging. This kind of approach is based on an analysis
of'the relationship between TC and other physical properties. Many
researchers have studied the correlation of TC of rocks and other
single petrophysical proprieties (mineral composition, density and
porosity, ¥, and fluid saturation), and the observed correlation
trends differ significantly from one to another. Other authors use
the statistical methods like multiple linear regression (MLR) to
assess the relationships between TC and several properties at the
same time (Hartmann et al. 2005; Fuchs ef al. 2013; 2015; Fuchs &
Forster 2014; Gasior & Przelaskowska 2014; Mielke et al. 2017).
These regression-based empirical equations are also different and
typically limited to the rocks which they were based on. In this part,
prediction equations for TC (Table 4) were established by multiple
linear regression using a set of measured petrophysical properties
(porosity, bulk and grain densities and Vpg) and measured TC under
dry conditions. The quality of the established regression models
was defined by the determination coefficient R?, standard deviation,
RMSE and AME. The sensitivity of the models was examined
by removing one or several parameters from the regression while
examining and noting any subsequent variations of the misfit (AR?
and ARMSE).

In the first, the MLR was performed with four variables (Table 4;
eq. 4). The resulting equation from this MLR provides a good level
of correlation between measured and calculated TC (Fig. 11). The
results have a high correlation coefficient (R?> = 0.78) and an abso-
lute mean error of 9.8 4= 7.0 per cent (10). The conductivity of 91 per
cent of samples was predicted within absolute errors of less than 20
per cent, while 59 per cent of the samples show a deviation between
measured and calculated TC of less than 4= 10 per cent. The vari-
ables used to predict TC by this model have individually different
relationships with thermal conductivity (Fig. 4). These relationships
illustrate the various factors that influence rock TC (mineralogi-
cal composition, porosity, texture) The AR? and ARMES from the
model 2 (Table 4; eq. 5) show that the apparent density (o) has
very little influence on the TC prediction and can be removed from
the prediction model. In fact, the reduction of the model to the
three predictor variables (porosity, solid density, and V}q) results
in an insignificant increase in AME (AAME = 0.1 per cent). The
thermal conductivity of more than 45 per cent of the samples was
predicted with an AME of less than 10 per cent (Fig. 11). An ac-
curate calculated TC was also obtained by using just two predictor
variables: porosity and solid (Table 4, eq. 6) or solid density and V4
(Table 4, eq. 8). The AME and the determination confidents result-
ing from these models (Table 4) indicate a good degree of tracking.
Compared to the first model (eq .4), the misfit resulting from the
reduction of the model to two prediction variables is insignificant
for the applications.

Interestingly, Fig. 11 shows that the four most effective mod-
els provided by the MLR method (eqs 4 to 8) give almost the
same results. The application of one of these equations allows
the prediction of the TC with an acceptable level of error (AME
less the 20 per cent). Moreover, although the four most effective
models provided by the MLR method cannot predict the TC of
peridotite perfectly, they perform well compared to the geometric
mean model (Table 4; Fig. 11) which gives the best fit between
measured and calculated dry TC in the mineralogy model. The ge-
ometric mean model only enables the prediction of the TC of 81
per cent of the samples with an AME below 20 per cent and TC
of 40 per cent of the samples with an AME lower than 10 per
cent. In addition, the correlation-based models performed using the
MLR method are easily applied to existing data sets collected from
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Table 4. Equations derived from the multiple linear regression analysis for thermal conductivity prediction. R?, determination coefficient; AME,
absolute mean error; RMSE, root mean square error. The ARMSE end AR? are calculated as the RMSE and R? of model 1 minus RMSE and R?

of ith model.
RMSE (W ARMSE (W
Model TC prediction equations R? AR>  AME (%) m~' K1) m~ ! K1) Eq.
1 L =—0.087¢ + 3.147ps + 6.932 x 107 Vpg —1.464p, —2.185  0.78 - 98+7.0 0.29+0.09 - 4)
2 L =—0.055¢ + 1.721 ps + 4.624 x 107 Vpg —2.1500 0.77  0.01 9.6+76 029 +0.09 0 5)
3 A= —0.003¢p + 1.717ps —1.857 0.75  0.03 96+77 030£0.10 0.01 (6)
4 L =—0.107¢ +1.089 x 10*Vpq + 2.6912 049 029 125+81 0424021 0.13 7
5 A= 1.647 x 107*Vpq + 0.860p5 —3.409 0.75 004 10176 030£0.10 0.01 ®)
n .
hgeo = [ A 08 —0.02 11.81+732 047+0.28 0.18 )

i=1

the well-log or laboratory without the need for laboratory time-
consuming measurements. On the other hand, it enables the predic-
tion of the TC from well-log data for which samples are not ac-
cessible. The MLR models are constructed from petrophysical data
that are commonly collected by industry and researchers around the
world.

6 CONCLUSION

The petrophysical properties (porosity, density, TC, TD, P-wave
velocity, S-wave velocity) and petrographic composition of 22 peri-
dotite samples were investigated in the laboratory. These data are all
necessary to improve statistical confidence in input data in earth geo-
physical and numerical models. After that, we calculated TC from
the mineralogical model using mathematical mixing models and
from the empirical relationships constructed by the MLR method.
Then we compared the calculated and measured TCs. Based on this
study, the main conclusions are:

(i) The data set acquired in this study indicates that the ma-
jor serpentinization processes gradually replaced olivine, pyroxene
and spinel minerals with a new-formed serpentine. The mechanical

and mineralogical changes brought about by serpentinization were
found to induce changes to petrophysical properties in the studied
samples. The key indicators of serpentinization from petrophysical
properties in peridotite include the increase of porosity up to 10
per cent associated with a clear decrease in the solid density from
3.29 gcm! for fresh peridotite to 2.5 g cm™ for totally serpentinized
ones. The thermo-physical properties follow the same decreasing
trend as the serpentinization increases up to 3000 m s and 1.85 W
m™! K7 for P-wave velocity and TC, respectively. Additionally,
two groups were defined according to the degree of alteration of
the samples: (I) Fresh to slightly altered samples were composed
mainly of low altered olivine and fresh pyroxene. The porosity of
these samples ranged between 1 to 5 per cent with an average of
2.5 per cent, the solid density was between 3.01 and 3.29 g cm™!
V,a ranged from 3300 to 7200 m s~ and the TC varied between 2.5
and 42 W m™! K™!. (II) The moderately to totally altered samples
were mainly composed of serpentine. These samples show a wide
variation in petrophysical proprieties due to the heterogeneous dis-
tribution of various primary and secondary mineral phases and their
pore network made up of fracture and microcracks. The porosity
of the moderately to totally altered samples ranged from 1 to 10
per cent, the solid density between 2.5 and 2.8 g cm™ while the Vp
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Figure 11. (a) plot of calculated TC (A¢a1.4) versus measured TC (Amea.d). (b) Diagram showing the distribution of the absolute errors between Amea.d and Acard

from different empirical relationships and geometric mean model,

and TC were found to be less than 6000 m s™! and 2.7 W m ! K'!
respectively.

(i) Thermal conductivity calculated from mineralogical compo-
sition using different mixing models showed that the geometric
means model gives the best fit between measured and calculated
thermal conductivities under dry conditions (AME = 11.8 £ 7
per cent (lo)), while the harmonic model provides a good ap-
proximation of the thermal conductivity under saturated conditions
(AME = 10.8 £ 7.9 per cent (10)).

(iii) The empirical models performed using MLR between the
thermal conductivity and other laboratory-measured petrophysical
parameters (porosity, densities, and V},) can predict the thermal
conductivity of serpentinized peridotite with an average error of 10
per cent.

(iv) The MLR models, especially model 1 (eq 4), provide a better
approximation of thermal conductivity than the geometric mean
model. A model constructed from MLR means that TC can be
estimated from any data set containing petrophysical properties
without having any core samples.
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APPENDIX

The individual mean mineral TC, the TC fluid saturating pores (A;;
Table 2) and the volume fraction (X;) of the ith phase relative to the
total volume (considering porosity) were used to calculate the TC
(Xcar) using the mixing models (eqs A1-A9):

hai = Y (A % X)), (A1)

i=1

where A, is the arithmetic mean model, %; is the mean TC of the ith
mineral phase and fluid suturing pores, and .X; is the volume friction
of ith mineral phase and porosity.

Ahar = |:Z (Xl/)“l)i| s (Az)

i=1
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where Ay, 1S the harmonic mean model.

1
AvRH = E(A'ari + Ahar)s (A3)

where Aygry is the Voigt—Reuss—Hill mean mode.

o = [ 2 (A%)

i=1

where Ag, is the geometric mean model.

Vo= Y 9
i=1

where A is the square roots mean model.

Amax
)‘ES = Amax + s
) - Amaxamax
n
Where Amax = Z (m ), )"max = max ()\.1 e A.n),
i=1; Aj #Amax

Olmax = ﬁ , and Ays* is the upper bound of Hashin—Shtrikman

mean model,
Amin

Mg = homin + ———
s . 1- Aminamin

(A6)

n

where Ay, = >

i=1; % #Amin
i = ﬁ and Ayg~ is the lower bound of Hashin—Shtrikman
mean model,

G —7o)> Amin=min (A1... An),

1
hns = 5 (hsia + An) (A7)
where Ayg is the Hashin—Shtrikman mean model.
et = 1/ Z __ M (A8)
o = (2Avru + M)

where A is the effective mean model.

1
)‘«QPS = E()\sqr + )"s) (A9)

where (A) "2 = 3 Xi(%)""/, Agps is the Robertson and Pack
i=1
model.
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