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Abstract: Understanding the physical properties of ultramafic rocks is important for evaluating a wide
variety of petrologic models of the oceanic lithosphere, particularly upper mantle and lower crust.
Hydration of oceanic peridotites results in increasing serpentine content, which affects lithospheric
physical properties and the global bio/geochemical cycles of various elements. In understanding
tectonic, magmatic, and metamorphic history of the oceanic crust, interpreting seismic velocities,
rock composition, and elastic moduli are of fundamental importance. In this study, we show that as
serpentine content increases, density decreases linearly with a slope of 7.85. Porosity of the samples
does not show any systematic correlation with serpentine content, as it is more strongly affected by
local weathering and erosional processes. We also correlate increase in serpentine content with a
linear decline in shear, bulk, and Young’s moduli with slopes of 0.48, 0.77, and 0.45, respectively.
Our results show that increase in serpentine content of mantle wedge and forearc mantle contributes
to their brittle behavior and result in break-offs, obduction, and overthrusting. Therefore, serpentine
content strongly affects tectonic processes at subduction zones, particularly serpentinization may be
responsible for formation of weak fault zones. Also, serpentinization of fresh oceanic peridotite in
slow and ultra-slow spreading ridges may be responsible for observed discontinuities in thin crust.
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1. Introduction

Understanding the physical properties of ultramafic rocks (peridotites) is important for evaluating
the wide variety of petrologic models for the Earth’s upper mantle and lower oceanic crust [1].
These properties have a key role in fluid flux and geochemical transport in magmatic systems at
mid-oceanic ridges (e.g., [2—4]) and subduction zones (e.g., [5,6]), as well as in enhanced geothermal
systems (e.g., [7,8]). Mass, heat, and chemical transport in fault zones plays a significant role in global
seismicity (e.g., [9,10]).

Hydration and alteration of oceanic peridotites results in increasing serpentine content and
formation of serpentinites, which affects lithospheric physical properties (e.g., [11-14]) and the global
bio/geo chemical cycles of various elements (e.g., [15-17]).

In interpreting structure and seismic velocities of a region, a property of fundamental importance
in understanding tectonic history is rock composition. Velocities of compressional and shear waves in
ultramafic rocks decrease with increasing serpentine content (e.g., [18]). Various studies have reported
seismic velocity measurements of dunites, partially serpentinized peridotites and serpentinites under
pressure (e.g., [13,19-25]). Falcon-Suarez et al., [26] analyzed seismic velocities, 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 (IODP) Expedition 357.
Horen et al., [27] analyzed the effect of serpentine content on seismic velocity of 6 samples from Xigaze
Ophiolite and developed empirical correlations between the noted parameters, which we will use in
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this study to estimate seismic velocities. Ramana and Rao [28] reports density, porosity and seismic
velocity of fresh (12%) to extensively altered ultramafic rocks (100%) from India.

Elastic moduli are also important in evaluating brittle behavior and understanding the tectonic,
magmatic and metamorphic history of the oceanic crust. Evaluation of elastic moduli of oceanic rocks
can be beneficial for future drilling strategies [13]. mineralogical composition, porosity and texture are
some of the parameters that affect elastic moduli [26,28].

In this paper, we report density, porosity and serpentine content of 8 samples of slightly (5%) to
extensively (95%) serpentinized rocks and develop a linear correlation between density and serpentine
content. We also use the empirical equation of Horen et al., [27], to estimate seismic velocities
of the samples used in this study and develop correlation between elastic moduli and serpentine
content. We produce a series of linear functions that correlate serpentine content with elastic moduli.
These models can be used in understanding tectonic evolution of oceanic crust and estimating crustal
weakening as a result of serpentinization.

Although the elastic thickness of the oceanic lithosphere, is estimated in the range of 2-50 km [29],
serpentinization of lower crust and upper mantle can result in reduction of elasticity and weakening at
much shallower depths, depending on fluid access. Serpentinization will impact onset of brittle failure
or dilatancy in the lower crust and upper mantle, forming weak faults and a brittle crust, in response
to bending stresses and seismicity. Serpentine content is one of the factors that affect the amount of
weakening resulting from the alteration of peridotite to serpentinite [12,30].

2. Materials and Methods

The measurements were performed on cubes (7.3-13.1 cm®) and mini cores (1.8-2.7 cm?) of
serpentinized dunites, pyroxenites, and peridotites. The non-serpentine present phases in each sample
is provided based on XRD patterns and peaks (Supplementary Materials A) and point counting on
thin sections (Figure 1). Figure 1 contains photomicrographs of each sample in plain polarized (PPL)
and crossed polarized (XPL) light. Three samples, denoted by symbols TS, JC, and ND, respectively,
are dunites from the Twin Sisters Range in Washington (Figure 1a,b), Jackson County in North
Carolina (Figure 1e,f), and Newdale from the Blue Ridge province in North Carolina (Figure 1g,h),
respectively. They contain 60-95% Mg-rich olivine, the remainder composed of serpentine and 5%
of minor minerals. One sample (BC) is a pyroxenite from the Bushveld Complex, South Africa
(Figure 1c,d), containing more than 90% Mg-rich orthopyroxene, about 10% serpentine, and 5% other
minor minerals. Four samples were selected from the Point Sal Ophiolite in California (Figure 1i—q)
with major phase of serpentine composing 60-95% of the samples, with various other minor phases
including olivine and pyroxene (Table 1).

Table 1. Description of the samples used for the experiments.

Name Label Major Phase * Other Phases * Serpentine Content 3 % **
Twin Sisters dunite TS Olivine Serpent} nes 5
Enstatite
Bushveld Cqmplex BC Pyroxene Serp.entme, 10
pyroxenite Plagioclase
Jackson County JC Olivine Serpentine, Talc 30
dunite
Newdale dunite ND Olivine Serpentine, Talc 40
Point Sal sample 1 cp Serpentine Diopside 60
Point Sal sample 2 OP Serpentine Diopside 75
Point Sal sample 3 WP Serpentine Diopside 85
Point Sal sample 4 HP Serpentine Talc 95

* Major and minor phases are identified through a combination of XRD (Supplementary Materials A) and microscopic
analysis; ** Calculations methodology is provided on Supplementary Materials C.
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After identifying the non-serpentine phases and their concentration in each sample from XRD
and point counting on thin sections, serpentine content was estimated through a combination of
image analysis (Supplementary Materials B) and thin section observations. Serpentinization begins
first along grain boundaries, cleavage traces, and fractures in the olivine-pyroxene grains. Thus,
serpentine content is estimated based on the number and volume of serpentine veins using 1 thin
section of each sample. The potential serpentine bearing zones (grain boundaries and fractures) in
the photomicrographs provided in Figure 1 (which is a portion of the thin section of each sample)
was identified by image analysis performed on Adobe Photoshop using high magnification images
(Supplementary Materials B). Next, we examined the whole thin section of each sample under the
microscope, with focusing on identified zones of interest, to estimate the serpentine content of each
sample using the number and volume of serpentine bearing veins in each sample. The serpentine
content estimates, provided on Table 1, is rounded to the nearest 0 or 5 percentile to avoid subjectivity
(Supplementary Materials C).
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Figure 1. Selected photomicrographs of the samples in the order of increasing serpentine content.
PPL = Plain Polarized Light, XPL = Crossed Polarized Light, ol = olivine, serp = serpentine,
px = pyroxene. (a) photomicrographs of TS sample in plain polarized light. (b) photomicrographs
of TS sample in crossed polarized light. (c) photomicrographs of BC sample in plain polarized light.
(d) photomicrographs of BC sample in crossed polarized light. (e) photomicrographs of JC sample in
plain polarized light. (f) photomicrographs of JC sample in crossed polarized light (g) photomicrographs
of ND sample in plain polarized light. (h) photomicrographs of ND sample in crossed polarized light.
(i) photomicrographs of CP sample in plain polarized light. (j) photomicrographs of CP sample in crossed
polarized light (k) photomicrographs of OP sample in plain polarized light. (1) photomicrographs of
OP sample in crossed polarized light (m) photomicrographs of WP sample in plain polarized light.
(n) photomicrographs of WP sample in crossed polarized light (p) photomicrographs of HP sample in
plain polarized light. (q) photomicrographs of HP sample in crossed polarized light.
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Densities were calculated from the dimensions and weights of the cubes and mini cores. Porosity
of the samples was measured by saturation under vacuum conditions, with the triple weighing
technique similar to the method of Saad [31].

2.1. Geological Background

In this section we describe the relevant tectonic history associated with each sample.

2.1.1. TS Sample (Twin Sisters Dunite)

The Twin Sisters dunite is located in Whatcom County, Washington. The fabric of the Twin
Sisters body is interpreted as having originated by recrystallization accompanying flow within the
upper mantle. The dunite body appears to have been transported from the mantle as solid along a
major thrust fault [32]. One of the main textures within the Twin Sisters dunite, consists of coarse,
olivine grains with irregular interlocking boundaries [33]. The slab-like geometry of the Twin Sisters
body, its metamorphic texture, its probable emplacement as a relatively cold slab, and its favorable
structural settings along the deep-seated Shuksan thrust, confirm an upper mantle origin for this
body [32-34].

2.1.2. BC Sample (Bushveld Complex Pyroxenite)

The Bushveld Complex is a large layered intrusion, emplaced into a stable cratonic setting and
it has been inferred to be related to a mantle plume [35]. The Bushveld complex is the product of
crystallization of numerous injections of magma [36]. BC sample is a pyroxenite collected near the
Eastern Limb of the complex.

2.1.3. JC and ND Samples (Jackson County and Newdale Dunites)

JC and ND are dunites from the ultramafic bodies in the Blue Ridge province of southern
Appalachians, specifically from Jackson County (JC) and Yancey County (ND), North Carolina.
Both samples contain fine-grained forsterite olivine. The JC and ND dunite bodies were emplaced in
the upper crust as solid bodies under tectonic stress gradients prior to a major episode of regional
deformation [37,38]. Although much of the Blue Ridge dunites are fresh, they are metamorphic rocks
and not primary unaltered mantle peridotites [39].

2.1.4. CP, OP, WP and HP Samples (Point Sal Samples 1-4)

CP, OP, WP and HP samples are serpentinized ophiolites from Point Sal ophiolite collected on the
Vandenberg Air Force Base in California. The Point Sal ophiolite is one of the Jurassic California Coast
Range ophiolites [40]. Point Sal ophiolite is partly dismembered by faulting. Most of the basal dunite
is heavily serpentinized. The REE characteristics indicates similarities with modern oceanic rocks [41].
It is suggested that Point Sal remnant was recrystallized in a submarine hydrothermal system [42].
The pervasive metamorphism is pre-emplacement and supports the fact that large volumes of seawater
flowed through these rocks during hydrothermal metamorphism [41,43].

3. Results

3.1. Measurements of Density and Porosity

Measured bulk density p values ranged between 2540 kg/m? for HP sample to 3200 kg/m3 for TS
sample. The porosity of the samples ranges between 2.1% in the WP sample to 8.4% in ND sample
(Table 2). Using measurements of bulk density and porosity, the grain density was estimated to range
between 2644 kg/m? for HP sample to 3328 kg/m? for TS sample, which matches with the density of
serpentine and un-serpentinized dunite, respectively.
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Table 2. Measurements of density and porosity and estimates of grain density.

Sample pkgm3 @ % pskg/md

TS 3200 3.8 3328
BC 3080 2.3 3152
JC 3070 2.7 3154
ND 2790 8.4 3047
cp 3030 2.3 3102
or 2800 49 2944
WP 2820 21 2881
HP 2540 3.9 2644

Density Variation with Serpentine Content

To find the best fit for p- correlation, we added published data from Falcon-Suarez et al., [26],
Ramana and Rao, [28] and Horen et al, [27] to our data. In all of the above studies, p is
estimated by petrographic analysis. As shown in Figure 2 increase in 3 results in linear decline
in p following Equation (1):

px7.85= Pperidotite — Pbulk 1
where pperigotite = 3300 kg/m3. The R? for this equation is 0.82. Miller and Christensen [13] report the

same correlation between p and 3 of various serpentinized harzburgites and dunites from around the
world with R? = 0.98.
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Figure 2. The assumptions of the linear correlation between density and serpentine content is that
serpentine content of peridotite with density of 3300 kg/m? is 0 and serpentine content of serpentinite
with density of 2500 kg/m? is 100%.

Porosity of the samples does not correlate systematically with serpentine content (Figure 3).
This could result from tectonic and erosional processes affecting porosity well beyond the impact
of serpentinization.
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Figure 3. Porosity vs. serpentine content. Modified from Karasch et al., [44].
3.2. Estimating Seismic Velocities

Various previous studies have proven a linear correlation between seismic velocities and serpentine
content [13,20,25]. The empirical correlation between Compressional Velocity V), and Shear Velocity Vs
with serpentine content developed in Horen et al., [27] are provided in Equations (2) and (3):

V, = (7922 —32.58)m/s @)

Vs = (4371 -21.88)m/s 3)

where f3 refers to serpentine content. V), and Vs values of the samples in this study were estimated
in range of 4834.5-7759.5 m/s for V), and 2300-4262 m/s for Vs of HP and TS samples, respectively
(Table 3). Based on the data published in Christensen [1], the VP/Vs ratio is showing that most samples
are possibly rich in Lizardite serpentine (Table 3).

Previous studies show serpentinized peridotites of Point Sal have V), around 5.5 km/s [18],
which agrees with our estimates.

3.3. Estimating Elastic Moduli and Poisson’s Ratio

Elastic moduli are correlated with seismic velocities, based on equations below:

w=pVi )

K =pV;-133u (5)

E=p(V,-2V3) 6)
V2 -2V?

p=_r = @)
2Av;-v2)

where p is shear modulus or rigidity, K is bulk modulus or incompressibility, E is Young’s modulus
and v is Poisson’s ratio. By incorporating results of Equations (2) and (3) into (4), (5), (6) and (7), . is
estimated between 13.4-58.1 GPa, K is between 41.5-115 GPa, and E is between 32.5-76.4 GPa for HP
and TS samples, respectively. Estimated values of v ranges from 0.28 for the TS sample to 0.35 for the
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HP sample (Table 3). High v is as a result of low shear wave velocities in serpentinized ultramafic
rocks, which agrees with previous studies [1,45].

Table 3. Calculated seismic velocities and elastic moduli. Seismic velocities are calculated based on

Equations (2) and (3) for Vp and Vs and elastic moduli are calculated based on Equations (4), (5), (6)

and (7) for u, K and E and v, respectively.

Sample Vp (m/s) Vs (m/s) Vp/Vs u (GPa) K (GPa) E (GPa) v
TS 7759.5 4262 1.82 58.1 115 76.4 0.28
BC 7597 4153 1.83 53.1 107 71.5 0.28
JC 6947 3717 1.87 424 91.6 63.3 0.29
ND 6622 3499 1.89 342 76.8 54.03 0.30
CP 5972 3063 1.95 28.4 70.2 51.2 0.32
OP 5484.5 2736 2.00 21.0 56.3 423 0.33
WP 5159.5 2518 2.05 17.9 51.2 39.3 0.34
HP 4834.5 2300 2.10 13.4 415 32.5 0.35

Elastic Moduli Variation with Serpentine Content

As shown in Figure 4 with increase in serpentine content, p, K and E will decrease linearly
following Equations (8), (9) and (10):

b= —0.488 + wo ®)
K = -0.778 + Ky )
E = —0.458 + Eq (10)

where subscript 0 refers to a fresh peridotite where f = 0, ug = 57.6, Ko = 115 and Ey = 76.6. pp and
Ky values are in agreement with reported values in Christensen [19], Christensen and Shaw [46],
Christensen [20] and Turcotte and Schubert, [47]. The R? of equations (8), (9) and (10) is 0.98.

120
90
[ J
L .
O, K
c | TTteee,.
% 60 ° O . =
----- .”“. [ ] ..""'-..,“’
............................... Linear (p)
“®eeen.... T ®-...... () -
O —n e Linear (K)
R ... ¢ -
........... ° cesecense L|near(E)
teeen., o..
....... PY
0
0 50 100
B %

Figure 4. Shows the trend of Elastic Moduli (i, K and E) with serpentine content.

The standard deviation of p, K and E (Table 4, Figure 5) was calculated by estimating the elastic
moduli of Horen et al., [27] samples using the measured seismic velocities in comparison to using the
equations above.
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Table 4. Seismic velocities and elastic moduli of Horen et al., (1996) samples.
Horen et al., [27] Samples ~ V, (m/s) Vs (m/s) up*(Gpa) p**(Gpa) Mean STD K*(Gpa) K**(Gpa) Mean STD E*(Gpa) E**(Gpa) Mean STD
PF1 7759 4353 61.77 56.15 58.96 3.98 113.90 112.72 113.31 0.83 72.71 75.28 61.20 1.81
PF2 7346 4172 55.70 50.38 53.04 3.76 98.42 103.40 100.91 3.52 61.29 69.80 56.94 6.02
PS2 6722 3552 37.85 40.77 39.31 2.07 85.09 87.86 86.47 1.96 59.86 60.67 50.62 0.58
PS1 6788 3579 39.20 40.77 39.98 1.11 88.73 87.86 88.30 0.62 62.60 60.67 46.59 1.37
PS3 6355 3333 32.55 35.97 34.26 242 74.93 80.09 77.51 3.65 53.23 56.10 42.71 2.03
PS4 5864 3081 25.72 23.95 24.84 1.25 58.89 60.67 59.78 1.26 41.74 44.69 39.28 2.09

(1) p*, K* and E* are calculated using Vp and Vs based on Equations (4), (5), (6) respectively; (2) u**, K** and E** are calculated using Equations (8), (9) and (10) respectively.
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Figure 5. The bars show the mean value of elastic moduli from Table 4 and the error bars represent the
standard deviation (STD) from Table 4 for Horen et al., [27] samples.

4. Discussion

Serpentine is the main hydrous mineral in the upper mantle [48]. Serpentine content in subducting
slab and mantle wedge affects the kinematics of many subduction processes, such as decoupliong
between a down going slab and the mantle above [49].

In most subduction zones, the mantle wedge is likely to be serpentinized [1], as serpentine and
other hydrous minerals in the subducting slab dehydrate. In a subducting slab, serpentine will fully
dehydrate between 150-250 km depth [50-52], and trigger intermediate depth earthquakes [53,54].
In cold slabs, serpentine may exist to greater depths and cause deep seismicity [55,56]. Our results
show that brittle behavior of serpentinized slab will probably contribute to its seismicity.

Dehydration of slab, will result in serpentinization of the mantle wedge [57,58] and consequently
brittle behavior.

Serpentine along with other alteration products in the fore-arc mantle could also exhibit brittle
behavior [57]. The degree of serpentinization in the forearc mantle is estimated close to 30% [59,60].

Increase in serpentine content of lower crust and forearc mantle could decrease elasticity of
lithosphere and result in break-offs (e.g., [12,30,61,62]), obduction and overthrusting in compressional
tectonic settings.

Therefore, tectonic processes at subduction zones may be strongly affected by serpentine content,
particularly serpentinization may be responsible for formation of weak fault zones.

Serpentinization of fresh oceanic peridotite in slow and ultra-slow spreading ridges may be
responsible for observed discontinuities in thin crust (e.g., [12,63-65]). In understanding tectonic
processes of peridotite rich oceanic crust, knowledge of serpentine content is as crucial as composition
of the fluids involved in the process and the mechanisms that expose peridotites [66].

Understanding elasticity of serpentinized peridotites is essential for relating seismological
observations to the degree of serpentinization and understanding thermal history of subduction
zones [63]. The magnitude of seismic anisotropy increases with increasing serpentine content [67].
Our results show that increase in serpentine content will result in a linear decrease in density, and elastic
moduli, which is in agreement with results of Christensen [19]. Our results also confirm the linear
correlation of density and seismic velocity as well [56]. Porosity, however, is more strongly affected by
weathering and erosion and does not show any systematic correlation with serpentine content.

Calculated elastic moduli of HP sample which is 95% serpentinized, is in great agreement
with that for serpentinites reported in Christensen [20] and Carlson [68]. This agreement is slightly
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weaker between our freshest sample, TS, which is a slightly (5%) serpentinized dunite compared to
estimates of fresh oceanic peridotite of Christensen [20], as a result of compositional difference between
serpentinized dunites and oceanic peridotites.

Our results show that primary origin of the protolith (mantle (TS, BC, CP, WP, HP, OP) or
metamorphic rock (JC, ND)) does not play an important role in evolution of elastic moduli with
serpentine content.

To conclude, serpentinization of lower crust and upper mantle can result in reduction of elasticity
and weakening at depths shallower than expected. Serpentinization impacts the onset of brittle failure
or dilatancy, forming weak faults and a brittle lower crust and upper mantle.

5. Conclusions

In this study, we show that in serpentinized dunites and pyroxenites as serpentine content
increases, density decreases linearly with a slope of 7.85. Porosity of the samples does not show any
systematic correlation with serpentine content, as it is more strongly affected by local weathering and
erosional processes.

We also correlate increase in serpentine content with a linear decline in shear, bulk, and Young's
moduli with slopes of 0.48, 0.77, 0.45, respectively. The primary origin does not play an
important role in evolution of elastic moduli with serpentine content. Our results show that brittle
behavior of serpentinized slab will probably contribute to intermediate and deep seismic activity in
subduction zones.

Our results show that increase in serpentine content of mantle wedge and forearc mantle
contributes to their brittle behavior and result in break-offs, obduction, and overthrusting. Therefore,
serpentine content strongly affects tectonic processes at subduction zones, particularly serpentinization
may be responsible for formation of weak fault zones. Also, serpentinization of fresh oceanic peridotite
in slow and ultra-slow spreading ridges may be responsible for observed discontinuities in thin crust.
Thus, increase in serpentine content, results in formation of weak faults and a brittle lower crust and
upper mantle.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3263/9/12/494/s1,
(A) XRD results, (B) Sample product of image analysis for estimating serpentine content, (C) Calculation
methodology for estimating Serpentine content of each sample.
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