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Single-crystal elasticity of tremolite at high-pressure conditions and its implication for

the mid-lithospheric discontinuity

By

Soisiri Charin
B.A., Geological Sciences, University of Colorado Boulder, 2019
M.S., Earth and Planetary Sciences, 2021

ABSTRACT

Tremolite is the calcium magnesium amphibole that widely occurs in igneous and
metamorphic rocks of the crustal and upper mantle lithosphere, especially in the greenschist
facies to amphibolite facies of ultramafic assemblages. The stability field of amphibole reaches
3-4 GPa and 1100-1200°C depending on water content and cation substitutions giving rise to
amphibole to occur in highly variable compositions. This P-T condition, corresponding to the
depth about 80-120 km, coincides with the depth range that a negative velocity gradient usually
found within most stable cratonic lithospheres. This depth range is seismically called Mid-
lithosphere discontinuity (MLD). The geologic processes that might generate the MLD include
partial melting, elastically accommodated grain boundary sliding, radial and azimuthal
anisotropy, and layering of hydrous minerals by metasomatism or subsequent accretion. In this
study, we focus on the hypothesis of layered metasomatized hydrous minerals, in particular,
tremolite. The elasticity and anisotropy parameters of single-crystal tremolite from 0 to 7
GPa are obtained through the Brillouin experiments, x-ray diffraction, and the Thermal EOS

fit: Ksp= 86+6 GPa, Go= 59+4 GPa , Ks’=7.5+1.1, G’=1.941. The results from Voigt-Ruess-

VRH VRH
K G

Hill averaging scheme indicted that the and increases with pressure, similar to

Y



previous studies. Our Ks, Gy, Ks’, and G’ are in reasonable agreement with previous studies.
The anisotropy indices of tremolite in this study suggested that tremolite is more anisotropic
than other major upper mantle minerals throughout the investigated pressure range. The
limited data of tremolite here seems in support of the possible contribution of amphiboles to
the seismic observations near MLD. However, the data presented in this study only include the
velocity measurements from one crystallographic direction due to the spectral quality. Further
investigations of amphibole at simultaneously high pressure-temperature conditions along
different crystallographic directions are needed to evaluate its role in generating the MLD

under cratons.
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1. Background

1.1 Crystal structure and chemistry of tremolite

Figure 1.1.1 Structural model of monoclinic (C2/m) tremolite within the (100) plane. (Kong

et al. 2018)

Amphibole is an important yet extremely complicated mineral group in terms of both
the chemical composition and crystal structure. As a Ca-endmember amphibole, tremolite
belongs to the double-chain silicate group with a monoclinic C2/m structure. It shares the same
structures with other members in the same tremolite-ferro actinolite solid-solution join. The
general chemical formula of amphibole is expressed as Ag.1B2CsTsO22(OH, F, Cl), From the

formula, a list of site occupation of an amphibole may be:

A =Asite=Na, K, [], Ca, Li;

B = M4 site = Na, Li, Ca, Mn*", Fe*", Mg;



C = M1,M2,M3 sites = Mg, Fe*', Mn*", Al, Fe’", Mn’", Ti*", Li;

T =TI and T2 sites = Si, Al, Ti*".

Some minor elements may be observed in the C site e.g. Cr’", Ni*", and Zr (Hawthorne
and Oberti 2007; Robinson et al, 1982; Deer et al. 1997). The general configuration of
amphibole is specified by two non-equivalent tetrahedral chains (e.g. T1 and T2) bounded
together by strips of four M polyhedra (e.g. M1, M2, M3, and M4), resulting in what is called

an “I-beam’ structure (Sueno et al 1973).

The tremolite-actinolite-ferro-actinolite solid solution are commonly found in
metabasites, gneiss, greenschist, and other calc-silicate rocks (Deer et al. 1997; Stoops et al.
2018). The International Mineralogical Association has defined the nomenclature of this series
to be tremolite with Mg/(Mg+Fe2+) > 0.90, actinolite with Mg/(Mg+Fe2+) = 0.50-0.90, and
ferro-actinolite with Mg/(Mg+Fe2+) < 0.5. Therefore, the tremolite’s general chemical
composition ranges from Ca,MgsSisO2(OH), to Ca;Mga s Fep sSigsO22(OH), (Deer et al. 1997,

Gilbert et al. 1982).

Metamorphic rocks containing Ca-amphiboles are ubiquitous in a variety of continental
and crustal setting. Thus, insights into its formation and behaviors at given P-T conditions are
critical to understand the geologic processes upon the solidification. Ernst and Lui 1988 had
synthesized the Ca-amphibole under known P-T ranges and specific oxygen fugacity. They
determined that with the presence of Al- and Ti-rich phases amphibole would progressively be
more calcium-rich as the temperature increases from 650 to 950 °C.

Through phase-equilibria and crystallographic studies, upon increasing the pressure, Al

tends to replace Mg+Fe in the M2 site (Hawthorne 1981; Anderson and Smith 1995; Ernst and



Lui 1988). Experimental works show that Ca-amphibole is more enriched with Al,Os as both

pressure and temperature rises (Moody et al. 1983; Ernst and Lui 1988).

Comodi et al. (1991) have examined the high-P structures of tremolite using single-
crystal X-ray diffraction and detected the decrease of the distance between the I-beams and the
flattering of the tetrahedral chains. However, the silica tetrahedra show little to no modification
up to 4.1 GPa (i.e. their experimental pressure range). The behavior of the M polyhedra and A
site cations impact the compressible properties of each amphibole in the C2/m phase (Comodi
et al. 1991; Yang and Prewitt 2000; Sueno et al 1973). Although previous studies have shown
a similar compressibility along b and c axes, the compressibility along a is at least twice greater
than that along b or ¢ making A site to be the softest polyhedron among other polyhedra in
tremolite (Yang and Prewitt 2000; Comodi et al. 1991). For M1, M2, and M3 of tremolite,
cummingtonite, glaucophane, and pargasite, according to Comodi et al. (1991), the assigned
cations in those sites will have prominent effects on the compressibility. Brown and Abramson
(2016) also have found the increase in the single-crystal moduli (C;; and C;3) with the higher
degree of A-site occupation, implying the more resistance to compression along the a*-

direction.

The stability limit of amphibole in the mantle may be up to 3.8-4.0 GPa at 1000°C
depending on the water and alkali contents (Niida and Green 1999; Fumagalli et al. 2009;
Mandler and Grove 2016; Green et al. 2014). From the high-P single-crystal X-ray diffraction
study of tremolite at 300 K, the crystal is stable up to at least 50 GPa at room-temperature

conditions (Dera et al., personal communications).



1.2 Mid-lithospheric discontinuities

Cold and stable lithospheric cratons are usually formed in Archean and Early Proterozoic
with a 200-240 km lithospheric root. Their structures, formation and evolution histories remain
largely challenging to study (Yuan and Romanowicz 2010; Tharimena et al. 2016; Walter et
al. 2012; Pollack 1986; Jordan 1988). Recently, various authors have studied these cratonic
regions using different types of seismic techniques such as surface wave tomography and SRF.
Seismic SRF is a powerful tool to detect the discontinuities in the Earth’s interior. For the case
of the MLD, seismologists have imaged a decrease in velocities between 80 to 100 km at
various locations (Kumar et al 2012; Hopper and Fischer et al. 2015; Abt et al. 2010; Chen
2009). In some regions, the detected MLD depth can be up to 160 km or more, which might
be caused by the use of different methods or local geological conditions (Hansen et al. 2015;

Liu and Gao 2018).

65° Latitude 350 400

Y Receiver function negative
gradient phase depth

© © Layer 1 boundary Fast-axis direction gradient (° km-T)
—— LAB measured I::
= = |AB predicted -5 0 5

Figure 1.2.1 The white-dash line depicts the extreme change of the fast-axis anisotropy as the
boundary between the top layer and layer underneath in which subsequentially interpreted to
be the MLD. The white-solid line defines the gradient extreme of the lithosphere-

asthenosphere boundary.



Yuan and Romanowicz (2010) have studied the azimuthal anisotropy beneath the
craton and shown the change in orientation of the fast axis of anisotropy with depth. Two
distinctive layers with a sharp gradient of the fast-axis direction have been detected through
the SRF method. The shallow layer is a cold, chemically-depleted Archean lithosphere and
underlain by a layer which appears to be a less-depleted thermal root. The boundary between
these two layers is the highly anisotropic MLD as depicted as on Figure 1.2.1 with a white-
dash line. The authors have attributed the observed anisotropy change primarily to the
compositional layering under the craton. However, as pointed out by Selway et al. (2015),
geochemical depletion in terms of Mg# change is not enough to cause 3-10% velocity drop
across the MLD. Moreover, the lack of information on the dip of the axis of symmetry also

affects our understanding the source of the seismic anisotropy.

Due to the wide distribution of MLD over the globe, there have been several attempts
to explain the MLD with a single universal mechanism. For example, Kumar et al. (2012) and
Thybo (2006) combined the seismic data, heat flow data, and xenolith thermobarometry, and
they proposed the partial melting hypothesis as the cause of the MLD. However, this theory
may not be able to explain the occurrence of the MLD. As shown in Figure 1.2.2, the
lithosphere that would undergo partial melting at the MLD depth must be water-saturated and
chlorite-rich, which is considered to be an anomalous composition within the craton (Till et al.

2012; Griffin et al. 2009; Selway et al. 2015).
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Figure 1.2.2 The experimental solidus acquired (Dasgupta 2013; Dasgupta and Hirschmann
2010; Green et al. 2010; Hirschmann 2006) from Selway et al. (2015) showing the standard
cratonic geotherm that crosses the water-saturated solidus at the depth of the MLD. This
phenomenon implicates that the partial-melting melting would occur at this depth if the craton

1s water-saturated.

Other possible mechanisms include grain boundary sliding (Karato 2012), radial and
azimuthal seismic anisotropy (Rychert and Shearer 2009; Ford et al. 2016; Liu and Gao 2018),
and production of low-velocity minerals like amphiboles and phlogopite by metasomatism (Liu
and Gao 2018; Griffin et al. 2004; Foster et al. 2014; Hansen et al. 2015). Although the attempt
to explain the MLD with a single universal mechanism seems to be not successful (Selway et
al. 2015), the existence of low-velocity hydrous minerals such as amphiboles, phlogopite, and
carbonetite is believed to be the most common cause or partial cause of the MLD over the

world. This is also the primary motivation of this study.



1.3 Hydrous minerals and Metasomatism

Water determines the physical and chemical characteristics of the Earth’s system from the
atmosphere to its complex interiors. The transportation of water from the surface or the
shallower region can occur at an active convergent margin where the oceanic crusts are
recycled and sink down to the deep mantle (Zhu and Yang 2016; Mclnnes et al. 2001). The
sinking slab pertaining hydrous minerals can reach the depth of at least 660 km (Yong et al.
2019; Bina et al. 2001; Kirby et al. 1996) and release water at any possible depth, depending
on the mineral’s stability. Sufficient amounts of the releasing water, combining with the effects
from pressure and temperature, will cause the partial melting of the mantle, modify the
mantle’s rheology, trigger the deep earthquake, and lead to metasomatic processes (Bina et al.

2010; Zhu and Yang 2016).

Hydrous minerals such as amphibole, chlorite, serpentine minerals, phlogopite and NAM
contain different amounts of water in their structures. For example, minerals in amphibole
group are constituted by water for approximately 2-4%. Phlogopite’s water content can reach
over 5%, while serpentine’s water content can be up to 13% (Carlson and Miller 2003).
Comparing the anhydrous phases, hydrous minerals cause the reduction in the seismic
velocities (Selway et al. 2015). Therefore, the occurrence of hydrous minerals with the relevant

P-T condition can potentially generate the zone or layers of negative velocity gradient.

Metasomatism generally refers to the dissolution of one mineral at the same time as the
replacement of another minerals, e.g. amphibole, chlorite, and quartz as a result of the
introduction of a new material (Ran et al. 2019). This alteration process may occur in the

mantle wedge because of the dehydration of the subducted slabs (Johnson et al. 1996; Ozawa



1988; Neal and Taylor 1989). It could also occur in the subcontinental lithosphere that has not
been associated with the convergent plate boundary over billions of years due to the
remobilization of elements (Frost 2006). Hydrous minerals appear to have lower seismic
velocities compared to their anhydrous counterparts (Selway et al. 2015; Hacker et al. 2003;
Frost 2006; Schmidt and Poli 1998), making them excellent candidates to account for low
velocity regions in the Earth’s interior. In the case of amphiboles and phlogopite, they are
produced from the reactions of ascending melts or HyO-CO,-rich fluids with mantle peridotite,
thus are enriched in incompatible elements (e.g. K, Rb, Sr, Ti, U, LREE) (Roden and Murthy
1985; Bailey 1982; Menzies et al. 1987; Selway et al. 2015; Johnson et al. 1996). Pirard and
Hermann (2015) had determined the stability of alkali amphibole in metasomatized dunite
using the piston-cylinder apparatus and observed amphiboles in all experiments at 2.5, 3.5, and
4.5 GPa with various temperature ranges. The amphibole has been found to be an abundant
phase at 3.5 GPa, consistent with studies from Mandler and Grove (2016), Selway et al (2015),

and Waters and Erlank (1988) etc. as shown in Figure 1.3.1.
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Figure 1.3.1 (a) Experiments on amphibole stability from Kushiro (1970), Green (1973),
Millhollen et al. (1974), Mysen and Boettcher (1975), Mengel and Green (1989), Wallace and

a
Green)(1991), Niida and Green (1999), Grove et al. (2006), Fumagalli et al. (2009), and



Tumiati et al. (2013), after Mandler and Grove (2016). (b) Modal compositions of the
lithospheric mantle with 25% amphibole from 75 km to 90 km and 1% phlogopite

corresponding to the shear wave velocity reduction (Selway et al. 2015).

1.4 Single-crystal Elasticity

The elastic properties of mantle mineral are crucial guides to probe the physical and
chemical characteristics of the deep interior. Elasticity of these minerals holds such insights
into understanding the seismic observation, geodynamic model, and chemical constraints of
the mantle. Elasticity of a mineral is a function of pressure and temperature because it pertains
the information about the change in volume of a mineral at a given state. Therefore, it allows
the interpretation about the minerals and chemical properties at that condition (Mainprice
2007; Birch 1952; Fan et al 2015; Angel et al. 2009). The elasticity of a single-crystal mineral
can be obtained through the measurement of the acoustic velocity. These waves are
characterized into compressional or Vp and shear or Vs (Angel et al. 2009) on the basis of the
particle motion and the wave propagation. The velocity of an anisotropic single-crystal mineral
depends on the orientation of the crystal. Consequently, the accurate measurement of the
orientation of the crystal plays such a significant role in determining the elastic tensor and other

thermoelastic parameters associating with the directional-dependence velocities.

1.5 Anisotropy

Tremolite exhibits the maximum anisotropy for the Vp in the X-Z plane and most isotropic

in the Y-Z plane according to the Impulsive Stimulated Light Scattering (ISLS) data obtained



by Brown and Abramson (2016) at ambient condition. They measured nine varieties of
amphiboles in the experiments and compared the data with their clinopyroxene equivalents.
For the Vs, tremolite appears to be the most anisotropic amphibole among all, with Vs varying
from 3.7 km/s to 5.2 km/s. Tremolite’s anisotropic properties were analyzed along with
diopside’s data obtained from Isaak et al. (2006). The results are uniformly consistent with
other composition of amphiboles and their pyroxene counterparts in which tremolite is more
anisotropic than diopside owing to small moduli associated with a*- direction (Cy;, Ci2, Ci3,
Css, and Ce). Due to the vacancy or the partially-filled A site of tremolite, this phenomenon

allows more strain in the a-axis direction (Brown and Abramson 2016).

Under the simple shear, amphiboles usually behave aligned its (100) pole subnormal to the
shear plane and [001] axis subparallel to the shear direction (Ko and Jung 2015; Kim and Jung
2019). The dehydration of amphibole in the presence of olivine occurred in the metasomatized

mantle is controlled by the following reaction (Frost 2006):

Ca zMg5 SigOzz(OH)z + Mg 2 SlO4 = 2CaMgSi206 + 2.5Mg2$i206 + HQO

Tremolite Olivine  Clinopyroxene (Diopside) Orthopyroxene Fluid

The stability field of amphiboles can be extended to higher pressure and temperature
condition by the substitutions of cations e.g. K, Ti, or possibly Cr into the amphibole structure
(Yong et al. 2019; Mandler and Grove 2016). As the primary dehydration product,
clinopyroxenes form completely different deformation texture from amphiboles with the [001]
direction aligning parallel with the shear direction with the [010] perpendicular to the shear
plane (Bascou et al. 2001). The stronger anisotropy observed in amphiboles (Ca-end member
tremolite) compared with clinopyroxenes (Ca-end member diopside), combined with the

different deformation mechanisms (Isaak et al. 2006; Brown and Abramson 2016), provide a
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possible alternative explanation for the anisotropy change across the MLD (Yuan and
Romanowicz, 2010). This is another motivation of this study.

2. Methods

2.1 Diamond Anvil Cell (DAC)

The DACs used in this study are both SYM60 with the culet size of 300 and 350
microns. The typical thickness of the gasket is about 45-55 microns with a sample chamber of,
approximately, 150 microns in diameter. A single-crystal tremolite is placed within the DAC
sample chamber with two rubies serving as pressure calibrants. The 4:1 methanol-ethanol
mixture is used as a pressure-transmitting medium because it will remain at least hydrostatic
up to 10.4 GPa (Piermarini et al. 1973; Hazen and Downs 2000). An increase of the load onto
the diamond anvils by tightening the screws generates the high-pressure condition (Miletich et
al. 2000; Hazen and Downs 2000). The pressure will be determined using ruby fluorescence

(Mao et al. 1986)

Tremolite

50 um

Figure 2.1.1 shows the tremolite sample loaded in DAC sample chamber. The (1100) face of

the tremolite was placed closed to two rubies inside the gasket with the alcohol mixture as the

11



pressure transmitting media loaded. The DAC is completely assembled and ready for the

experiment.

2.2 Sample Preparation

The lateral dimension of the single crystals used for DAC experiments were less than
2/3 to 3/4 of the sample chamber (Miletich et al. 2000; Hazen and Downs 2000). The
experiments were performed on a tremolite sample with a chemical formula of
Nag.09o(Caj.98Nag.02)(Mga 735Al024 Mng 1) (Si7.72Al028)O022(OH),.. A think plate (~20 microns)
with orientation (110) was picked for the Brillouin measurements without polishing due to the
perfect cleavage of tremolite. Crystals with other orientations were polished down to the
thickness of 20-30 microns. The clean and flat polished crystals were further analyzed using

single-crystal X-ray Diffraction to obtain their orientations.

2.3 Electron Probe Microanalysis (EPMA)

We used the JEOL 8200 Electron Microprobe Facility hosted at the Institute of
Meteoritics at UNM to analyze the chemical compositions of the two selected tremolite
crystals. The selected crystals were cleaned and then carbon-coated with a carbon evaporation
source. The data were collected at 15-kV accelerating voltage and 20-nA beam current. The
typical quantitative analysis of elements from silicates minerals are expressed in terms of
elemental mass concentration or weight percent of oxides (Hao et al. 2019; Reed 2005). The
calculated chemical formula of the tremolite of this study is Nao.oo(CaiosNao.o2)(Mgas735sAl024

Mno1) (Si7.72Al028)022(OH),. The chemical analysis is shown in Table 2.1.

12



2.4 X-ray Diffraction (XRD)

Single-crystal XRD experiments were performed on the two polished tremolite crystals
in the DACs at the Hawaii Institute of Geophysics and Planetology, University of Hawaii at
Moana. The diffraction images at various scattering angles were collected using a Bruker D8
Venture XRD diffractometer with Helios focusing optics and Photon II detector at 300K. Both
wide-scan and 1°/step step-scan were captured. Then, these images were processed via the
Bruker APEX III software. The plane normal of the two polished tremolite crystals are (-0.831,
0.482, 0.279) and (0.970, -0.022, -0.244). The unit cell parameters determined from the two
tremolite crystals are a =9.7897+0.0025 A, b=18.0172+0.0021 A, ¢=5.2618+0.009 A, a=

y=90°, and =104.8890+0.015 ° The calculated ambient density of tremolite is 3.000 +0.34

g/em’

Table 2.1 Raw chemical composition of Tremolite from the EPMA analysis

Composition (%) Element (Wt%)
MgO 24.4615 Mg 14.7509
AlLO; 0.927935 Al 0.491106
Na,O 0.051637 Na 0.038307
Si0, 58.2018 Si 27.2053
CaO 13.7774 Ca 9.84661
FeO 0.02943 Fe 0.022876
MnO 0.084026 Mn 0.065074
Cr05 0.061102 Cr 0.04186

Y 0

O 45.1328
Total 97.5947 97.5947
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2.5 Single-Crystal Brillouin Spectroscopy

The Vp and Vs of tremolite crystals along 3 different crystallographic directions are
measured using Brillouin spectroscopy at 0,1.6 £0.12,2.6 +0.2, 3.3 +0.03, 5.4+ 0.1, and 7.7+
0.1 GPa at 300 K in the Mineral Physics laser spectroscopy lab at UNM. The single mode 532-
nm laser was used as the light source. The calibrated scattering angle is 50.77+0.06°. The plate
spacing used for all Brillouin measurements is 6.6 mm. The 6-path tandem Fabry-Perot
interferometer is used to obtain high resolution Brillouin frequency shifts (Sandercock, 1982).
One Vp, and one or two Vs are observed in each Brillouin spectrum. At each pressure, the
velocities are determined at 24 Chi angles along the 360° azimuth to prevent any geometric

errors. A sample Brillouin spectrum is shown in Figure 2.5.1
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Figure 2.5.1 A typical Brillouin spectrum of single-crystal tremolite at 300K and 7.7 GPa
Due to the quality issues of the spectra obtained from the (-0.831, 0.482, 0.279) and
(0.970, -0.022, -0.244) orientations, this study only used the velocities collected within the

(110) cleavage plane for data evaluation.
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2.6 Derivation of the single-crystal elastic properties at high-pressure condition

Monoclinic tremolite has 13 independent Cjs which are the abbreviated elasticity
tensor Cjj under Voigt notation. They can be obtained through the inversion of the Christoffel
equation (Musgrave 1970; Jackson et al. 2007; Mainprice 2015; Christoeffel 1877):

Det|Cyjxmn; — pV28y| =0 (D)

n represent the phonon direction. p is the density. §;;| is the Kronecker delta. V is sound
velocity along the probed phonon direction.

The Voigt-Ruess-Hill averaging scheme (VRH) are utilized to determine the aggregate
elastic properties of tremolite from the Cjs, including adiabatic bulk modulus (Ks), shear
modulus (G), Vp, and Vs. (Hill 1963).

The high-pressure single-crystal elastic properties (Vp, Vs, Ks, G, and Cj;s) and the
densities of tremolite at each experimental pressures are calculated through the least-square
inversion of Christoffel equation with an assumed fake density. The calculated parameters will
later be fitted with to the third-order finite strain equation of state to get the true densities under
high pressures and also the pressure derivatives of Ks and G. The obtained true densities will
then be used to update the single-crystal elastic moduli at high-pressure condition. (Davies
1974; Hao et al. 2019).

A few anisotropy indices are used to evaluate the anisotropy of tremolite at high-
pressure condition. The universal anisotropy index (A") provides a measurable index to
evaluate the anisotropy for crystals with arbitrary symmetry. The value of A" is 0 for isotropic
media, and increases with the differences between Voigt and Reuss bounds (Ranganathan and

Ostoja-Starzewski 2008; Kube 2016). A" was defined as following:
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A“=—+5Z——6 (2)

The A"P and AY® anisotropy is derived using equation (3) and (4) to show the maximum Vp

and Vs difference along different directions:

Vp -V i
AVp — max Pmin (3)
VDVRH
Vs —VsSmi
AVs — max min (4)
VSYyRH

in which Vpyru and Vsyry are the velocities derived from the Voigt-Reuss-Hill averaging
scheme (Hill 1963). D"* is the polarizational Vs anisotropy or Vs-splitting anisotropy, which
depends on the maximum velocity difference of two shear waves that are propagating in the
same direction with orthogonal polarization:

DVS — [Vs1=Vs2lmax (5)
VSsyrRH
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3. Results and Discussion

3.1 Equation of state of Tremolite

a. Unit cell parameters at ambient condition

At 300K, the unit cell volume obtained from single-crystal XRD is 901. 32 + 0.18 A’.
Comodi et al. (1991) and Ott et al. (2020) measured the ambient unit cell volume of closet end-
member tremolite, which are determined to be 905.76 A® and 904.9 A’, accordingly. The
differences in the unit cell volume are likely caused by the compositional difference between
the samples used in those studies. For the sample of this study, as Al and Mn substitute for Mg
in the M sites, Si is also replaced by Al in the tetrahedral chains. Moreover, the A site is also
occupied by Na, which is different from the vacancy of the A site from previous studies. The
chemical composition of tremolite from Ott et al. (2020) were close to the ideal end-member,
which was Ca;Mgs SisO2,(OH),, because of a minimal replacement of Mg”* by Fe*"(Ott and
William 2020). The EPMA analysis of the tremolite sample from Comodi et al. (1991) also
indicated that their sample was Caz(Mg4_95Fez+o_05) Sig02(OH);,..

The unit cell volume at ambient condition from Peng and Mookherjee (2020) using the
determined LDA and GGA approximation were 887.1 A® and 958.4 A°, respectively. Their
computational studies on the thermoelastic parameters also assumed the composition of Mg-
end member.

The value determined in this study is within the bounds given by LDA and GGA. The
ambient unit cell volume of this study differs less than 0.5 % from Comodi et al. (1991) and

Ott et al. (2020) as specified in Table 3.1
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Table 3.1 Comparison of normalized volume (V/Vj) at 300 K of this study with previous

publication
This study Peng and Mookherjee (2020) Comodi et al. 1991 Ott J. (2020)
Pressure Pressure | LDA | Pressure | GGA Pressure Pressure
(GPa) (GPa) (GPa) (GPa) (GPa)
VIV, V/Vy VIV, V/Vy V/Vy
0.001 1.0 0.001 1 0.001 1 0.03 1 0.001 1
1.00 0.989 | 0.65 0.992 | 1.37 0.981 0.79 0.991 1 0.985
2.00 0.979 1.61 0.980 | 3.07 0.960 1.23 0.982 1.9 0.977
3.00 0.969 | 2.65 0.970 | 5.05 0.940 1.83 0.976 2.5 0.969
4.00 0.961 | 3.75 0.958 | 7.33 0.918 2.73 0.967 3.7 0.955
5.00 0.952 | 4.94 0.947 | 9.97 0.890 2.93 0.964 4.9 0.945
6.00 0.945 | 6.22 0.936 3.28 0.963 5.9 0.940
7.00 0.938 | 7.58 0.924 3.56 0.962 7.2 0.926
8.00 0.931 | 9.05 0.913 3.53 0.961 8.8 0.914
4.10 0.958 9.4 0.914
10 0.910
10.3 0.910
11.1 0.905
11.6 0.900
% Differences of | 2.41% 4.12% 0.50% 0.40%
volume at 300 K
from this study

b. High-pressure Normalized V/V,

Sound velocity measurements can be utilized to calculate the density and unit cell
volume at high-P conditions through finite-strain equation of state (Davies & Dziewonski
1975). Therefore, it is worth to compare the V/V, values derived from the Brillouin
experiments in this study with previous computational study and XRD experiments. The
comparison between this study and previous studies are shown in Figure 3.1.1.

Previous studies are in agreement with each other. However, this study is different. The
sample is less compressible compared with previous studies. For example, the V/V,

determined in high-pressure x-ray diffraction study of Comodi et al. (1991) deviates from this
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study by 0.8% upon reaching 4 GPa. The V/V, values from the LDA method differ from this
study by 6% which is expected. These discrepancies are primarily caused by the compositional
differences. The substitution of Al in the tetrahedral site and the Na occupancy in the A site
both tend to stiffen the crystal structure (Brown and Abramson et al. 2016; Nestola et al. 2012).
The amount of substitution of Ca in the M4 site also affects the compressible properties in the
c*-direction (Yang and Prewitt 2000). Even though the sample from Ott J. (2020) and Comodi
etal. (1991) possessed a higher extent of Ca, the effect along a*-direction due to the occupancy
in the A site is approximately twice greater than that of c*-direction. Therefore, with the
occupancy of the A site of tremolite in this study, it is less compressible than those in previous

studies, which expressed through its higher V/V, values at high-pressure conditions.
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—This study
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0.94
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Figure 3.1.1 Normalized volume (V/Vj) of single-crystal tremolite determined from the
Brillouin experiments in this study and the comparison with previous studies (Peng and

Mookherjee 2020; Comodi et al. 1991; Ott J. 2020).

3.2 Elastic properties of tremolite at ambient condition

a. Comparison of Ks and G with previous studies

The ambient Ks, G, and C;;s of tremolite determined in this study are shown in Table
3.2. The Ks calculated using LDA and GGA approximations are 78.5£10 GPa and 66.3+10
GPa, respectively (Peng and Mookherjee, 2020). Both are smaller than the ambient Ks of 86+6
GPa determined in this study. The G of 58.0+10 GPa determined from LDA approximation is
similar to 59+4 GPa measured in this study. The Ks and G of tremolite measured in Brown
and Abramson (2016) are 78 GPa and 58 GPa, which agree well with the LDA approximation.
The higher Ks measured in this study is caused by the stiffening effects due to the element
substitutions in the tremolite structure. It also agrees with the higher V/V at elevated pressure

as depicted in Figure 3.1.1.

b. Comparison of Cj;s with previous studies

Tremolite amphibole has a monoclinic C2/m structure with 13 independent Cj;s. A least
square inversion of the Christoffel equation was used to calculate the best-fit values for the 13-
independent Cj;s at ambient condition (Weidner and Carleton 1977). The comparison of the

Cjs between this study and previous studies are shown in Figure 3.2.1 and Table 3.2. The
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measured velocities associated with the velocity model predicted by the Cjj model of tremolite
are shown on Figure 3.2.1.

At ambient condition, C;; of this study is identical to the C;; calculated from the LDA
results of Peng and Mookherjee (2020), which are 109+2 and 109.4, respectively. The C; of
this study is higher than the LDA approximation in Peng and Mookherjee (2020) and Brown
and Abramson (2016) values, which are 202+4, 191.5, and 191.6 GPa, respectively. The Cs;
from Brown and Abramson (2016) is the largest elastic constants, whereas Cs; of this study is
less than C,,, which is consistent with the LDA and GGA approximation. The Ces, Ci2, Cas,
Css, and Cy6 of this study fall between the bound of LDA and GGA results. The C;, and Cy; of
this study are higher than those of the LDA and GGA approximation. Overall, all the Cjjs of
this study are in reasonable agreement with the Cjs determined from these two previous

studies.
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<> <> Ambient tremolite Cij (Brown and Abramson 2016)
LDA ambient tremolite Cij (Peng and Mookherjee 2020)
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Figure 3.2.1 The 13 independent elastic moduli of tremolite amphibole at ambient condition.
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Brown and Abramson (2016) studied the compositional influence on the elastic moduli
at ambient conditions. Al and Fe contents were shown to affect the elastic properties
significantly. Cyi, Cia, Ci3, Caz, Caa, Css, and Cee increase with Al content, and decrease with
Fe content. This compositional effect is consistent with the larger value of C,,, Ci3, Ca4, Css,
and Cy; of this study than those from Peng and Mookherjee (2020). The tremolite sample used
in this study has the Al substitution in both M sites and silica tetrahedral site while Peng and
Mookherjee (2020) assumes the ideal Mg end-member composition. The Cas, Cy3, and C; also
increases with the higher occupancy of Na and K in the A sites. This compositional dependence
provides the explanation for the Cas, Ci3, and C;, of this study as they are larger than those
from Peng and Mookherjee (2020). These values agree with the fact that the tremolite of this
study has Na in the A site, while Peng and Mookherjee (2020) assume their A site to be vacant.
The Cys and C;s of this study agrees well with Cys and C;s from Brown and Abramson (2016)
and Peng and Mookherjee (2020) as they are close to 0. According to Brown and Abramson
(2016), C46 reduces with higher Al content. Thus, the Cye of this study is slightly smaller than

those of Peng and Mookherjee (2020) and Brown and Abramson (2016).
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Figure 3.2.2 Measured velocity data of the single-crystal tremolite as a function of the chi
angles for (0.710, 0.710, 0.000) orientations at ambient condition. Solid lines are the acoustic
velocities calculated from the best-fit single-crystal elasticity model; Open symbols are the
experimentally determined velocities. Errors are within the size of the symbols. The RMS error
is 65.8 m/s.

Ci1, Ci3, Caa, Cus, and Css, determined in this study is larger than from that of Brown
and Abramson (2016) because the tremolite used in this study has less Fe and more Al content.

Table 3.2. Summary of tremolite’s elastic properties from this study and previous publication

Elastic Moduli | Brown and | Peng and Mookherjee (2020) This study
Abramson
(2016)
0 GPa, 300K | 0 GPa, 300K | 0 GPa, 300K | 0 GPa, 300 K from Single-
from ISLS | from LDA | from GGA | Crystal Brilloun experiment
experiments approximation approximation
r=3.038 g/em’® | r=3.04 g/em’ r=2.81 g/em’ r=13.00 g/cm’
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C1 (GPa) 108.6 109.4 100.0 118+2
C2 (GPa) 191.6 191.5 168.2 188+4
C33 (GPa) 230.8 181.2 161.4 18142
Cu4(GPa) 77.0 80.0 71.8 7942
Css (GPa) 50.0 67.6 57.0 64+2
Ce6 (GPa) 48.6 47.9 44.3 4743
C12(GPa) 48.4 53.1 44.2 58+2
C13(GPa) 37.7 52.6 38.8 55+3
C»; (GPa) 59.2 49.1 43.0 4242
C15(GPa) 1.0 -11.6 -12.2 -10+2
Cas(GPa) -5.6 -5.1 -8.0 542
C3s(GPa) -29.6 -31.3 -33.5 2742
C46(GPa) 7.9 3.5 -1.2 2.3+0.4
Ks"""(GPa) |78 78.5 66.3 86+6
G (GPa) 58 58 NA 59+4
Vp (m/s) 7.38 7.24 7.07 7.37+0.1
Vs (m/s) 4.45 4.34 4.29 4.42+0.1
RMS (m/s) 40 NA NA 65.8

c. Comparison of ambient velocity with other upper mantle minerals

The stability and geochemical constraints from mantle xenoliths suggested that the upper
mantle primarily consists of olivine, clinopyroxene, orthopyroxene, and garnet (Frost D.J.
2008). Tremolite amphibole can also coexists with these mantle phases within its stability field
before encountering the dehydration processes at P-T condition exceeding 3-4 GPa and 1100-
1200 °C (Mandler and Grove 2016; Green et al. 2014). We can compare the velocities of
tremolite and other upper mantle minerals at ambient condition. Tremolite shows the smallest
Vp and Vs comparing to olivine, clinopyroxene, and orthopyroxene as shown in Table 3.3.

The lower values of Vp and Vs of tremolite are expected. Hydrous minerals usually have
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slower velocities compared to other anhydrous phases at the same P-T conditions (e.g.,
Hackers et al 2003; Selway et al. 2015).

Table 3.3 Velocity of mantle minerals at 300 K and 0 GPa.

References Vp (km/s) Vs (km/s)
Tremolite (This study) 7.37+0.1 442+0.1
Clinopyroxene (Ming et al. 2019) | 8.13 £0.4 4.70+£0.3
Orthopyroxene (Zhang and Bass | 8.06 +0.3 4.80+0.2
2016)

Olivine (Zhang and Bass 2016) 8.33+0.03 4.80+0.03
Clinopyroxene (Sang and Bass | 8.06 4.72

2014)

At ambient condition, the average of Vp of the most common mantle minerals are
higher that the Vp of tremolite of this study by 10%. The average of Vs of the most common
mantle minerals are higher that the Vs of tremolite of this study by 8%. The Vp and Vs of
common mantle minerals, amphibole group, and tremolite for each study are shown in Figure

3.2.3 and 3.2.4, respectively.
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Figure 3.2.3 Vp of typical minerals compared with tremolite in this study
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Figure 3.2.4 Vs of typical minerals compared with tremolite in this study
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3.3 Elastic properties of tremolite at high-pressure conditions

a. Aggregate elastic properties at high-pressure condition (Ks, G, Vp, and Vs)

The best-fit high-pressure elastic properties at 300 K determined in this study are
plotted in Figure 3.3.1 and listed in Table 3.4. The pressure derivatives of Ks and G are 7.5+3
and 1.9+1, respectively. Peng and Mookhergjee (2020) reported their pressure derivatives of
Ksand G as 5.9 and 1.3, respectively. Ks and G values increases with pressure, suggesting that
tremolite stiffens as the pressure increases.

The Ks and G of this study is significantly higher than all the values presented in Peng
and Mookherjee (2020). They are in slightly better good agreement with the LDA
approximation from Peng and Mookherjee (2020) compared with the GGA approximation,
which is expected. In terms of Vp and Vs, this study is consistent with Peng and Mookherjee
(2020) that the Vp increases at a much faster rate compared to Vs. Both Vp and Vs of this
study are significantly faster than the Vp and Vs from Peng and Mookherjee (2020) throughout
the investigated pressure range. The large discrepancy between this study and previous studies
suggests that either the composition has a large effect on the high-pressure aggregate elastic
properties, or the fact that the data presented in this study is not well-constrained because of

the use of only velocity data along (110) orientation.
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Figure 3.3.1 The Vp, Vs, Ks, and G of single-crystal tremolite at high-P and room-T

condition compared with the previous study of Peng and Mookherjee (2020)
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b. Cj;s at high-pressure condition

The pressure dependance of the Cj;s of this study are determined as C;;” =5.9+0.002,
Ci1”’ =-0.002+0.8, Cy’ =28.8+1, Cy’ =-7.6£0.4, C33° = 24.840.8, C33”’= -5.4+0.3, Cys’
=0.56+0.2, C4s”” =-0.1£0.01, Css* = 1.05+0.7, Css’> =-0.04%0.1, Cos’ = 4.6£1.2, Ces”” = -
0.8+0.4, Ci” =5.04£3.1 , C;2”” = -0.003£0.04, C;3> = 11.3+1.6, C;3>> =2.740.1, Cx3’
=18.05+0.3, Cy3’ =-5.4+0.1, C;5> =12.3+0.2, C;5>° =-3.240.09, Cys’ =1.5+0.9 , Cy5>* =-
0.9+0.11, C35* = 1.840.8, C35°” = -0.003%0.04, Cs6’ =1.9 £0.2, and Cyus’* =-0.7+0.06.

From the first-principles computational study of Peng and Mookhergjee (2020), all
pressure dependance of the principal Cjs (Ci1, Ca, and Cs;) are greater than 0, indicating the
stiffening of tremolite crystal structure upon increasing the pressure. The principal Cjs of this
study also shows a similar systematic pattern. The pressure derivatives of Cy, and Cs; of Peng
and Mookhergjee (2020) are larger than that of the off-diagonal and the shear elastic moduli
similar to the C»,, and Cs; of this study. All the unique monoclinic moduli such as C,s and Css
are not sensitive to pressure. The measured velocities of single-crystal tremolite at 1.6 GPa
associated with the velocity model predicted by the Cjjmodel of tremolite are shown on Figure
3.3.2. Some of the pressure derivative from this study are relatively large compare to Peng and
Mookherjee (2020), which is likely due to the poorly constrained data at 7.7 +£0.1 GPa. Some
of the Vs peaks overlapped with the pressure-transmitting medium at 7.7 £0.1 GPa. The
discrepancies on Cjs’ between this study and the computational study may arise due to the
velocity constraints of only one orientation in this study and compositional effects. All the

best-fit Cjjs models are plotted in Figure 3.3.3.
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Figure 3.3.2 Measured velocities of the single-crystal tremolite as a function of the chi angles
for (0.710, .710, 0.000) orientation at 1.6 GPa. Solid lines are the acoustic velocities calculated
from the best-fit single-crystal elasticity model; Closed symbols are the experimentally

determined velocities. Errors are within the size of the symbols. The RMS error is 67.14 m/s.
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Table 3.4 Single-Crystal and Aggregate Elastic Properties of Omphacite at Different Pressures
Determined in This Study

Pressure 1 atm 1.6 £0.12GPa | 2.6£0.1GPa | 3.3£0.03GPa | 7.7+0.01GPa
(GPa)

p (cm’/g) 3.00 3.05 3.08 3.10 3.23

C1 (GPa) 117.9+2 114+2 108+2 124+2 163.4+2
C2 (GPa) 188+4 239+3 262.7+3 254+3.5 259+3
Cs; (GPa) 180.9+1.7 224+1.5 230+1 237.4+1.4 257.4+1
Cu (GPa) 78.9+2 85+1 85+0.8 841 86+0.8
Css (GPa) 63.5+1.5 67+1.4 79+1.5 76.4+1.7 78.4+1.5
Ce (GPa) 46.6+2.5 62+1.4 59+1 57.3+1.4 68.7+1
C12 (GPa) 57.9+2 602 51+£1.5 65+£1.5 94 31
Ci3 (GPa) 55.242.9 82+2 68.4+2 74 +2 92.4 +1
C»; (GPa) 4242 80+2 90+2 89+2.4 78.4+2
Ci5 (GPa) -10+2 -5.3+1.6 4.4+1.5 6.6+1.7 -5.3+6
Cys (GPa) -4.9+1.5 -10£1.6 -18+1.5 -7.5+1.6 -15.7+1
C3s (GPa) -27.3+1.6 26+1.2 28+1.5 -28.5+1 -15.7+1
Cu (GPa) 2.3+0.4 1.7+ 0.4 5.2+1 5.5£1 1.46 =1
K (GPa) 80+1 98+ 1 93+0.8 1041 129+0.8
G*(GPa) 56+1 59+£0.5 62+0.5 62+0.6 69+0.5
K" (GPa) 92+1 113 £1 113+0.8 119 £1 134+ 0.8
G"(GPa) 62+1 66+ 0.5 71+0.5 69+0.6 74+0.5
K"* (GPa) 86+7 105+8 103+10 11148 13243
G"*(GPa) 59+4 62+ 4 66+4 66+4 7143
Vp (km/s) 7.4+ 0.1 7.8+0.1 7.9 0.1 8.0+0.1 8.4 0.1
Vs (km/s) 4.4+0.1 4.5+0.1 4.6 +0.1 4.6 +0.1 4.7+0.1
RMS (m/s) 65.83 67.14 53.32 63.20 56.16
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Figure 3.3.3 Single-crystal elastic moduli of tremolite at different pressures in this study and
Peng and Mokherjee (2020). The solid red lines represent the best fit finite strain elastic
models. The blue line and yellow dotted line are the GGA and LDA approximation,

respectively.
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c. Anisotropy indices of tremolite and other mantle minerals
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Figure 3.3.4 The anisotropy universal index (A") of single-crystal tremolite at 300K from 1

atm to 5 GPa comparing with other major upper mantle minerals in previous studies.

The anisotropy universal index (A") of single-crystal are plotted in Figure 3.3.4 along
with the A" of diopside (Sang and Bass 2014), Omphacite (Hao et al. 2019), Olivine (Zhang
et al. 2018), and Orthopyroxene (Zhang and Bass 2016). At the ambient condition, the A of
tremolite is 0.749 and gradually decreases to 0.581 at 4 GPa. Then, the A" starts to increase in
again and rises to >1.0 at 5 GPa. Regarding other anhydrous mantle minerals, the A" of
diopside, omphacite, olivine, and orthopyroxene fall in the range of 0.1 to 0.35 throughout the
pressure range of 0-5 GPa. Based on this index, tremolite is more anisotropic than diopside,

omphacite, olivine, and orthopyroxene at these given P-T conditions.
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Figure 3.3.5 A"? of single-crystal tremolite at 300K from single-crystal tremolite at 300K from

1 atm to 5 GPa comparing with other major upper mantle minerals in previous studies.

Throughout the pressure range of 0-10 Gpa, the AP of olivine, diopside, omphacite,
and orthopyroxene from previous study appear to be gradually decrease with pressure. Most
of them have A" of approximately 0.25, except for that of orthopyroxene (Zhang and Bass
2016). In comparison to this study, the A"? of tremolite is 0.412, which is about 1.6 times highr
than Avp of olivine, diopside, and omphacite. The AP determined in Peng and Mookherjee
(2020) is about 0.35 at ambient condition, which is smaller than our result.

At the pressure of 3 GPa, AP from Peng and Mookherjee (2020) reduces by 25% to
0.295. Our AP decreases to about 0.336, which accounts for 23% reduction of the A"P. This
decrease in A'? means our data are showing systematic agreement with their results upon

increasing the pressure.
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Figure 3.3.6 A"® of single-crystal tremolite at 300K from single-crystal tremolite at 300K from

1 atm to 5 GPa comparing with other major upper mantle minerals in previous studies

At the ambient condition, the AY® of tremolite in this study is 0.360, and it gradually
decreases with pressure up to 4 GPa as depicted in Figure 3.3.6. For the A" of Peng and
Mookherjee (2020), their ambient A"® is about 0.25, which is less than our result. At 3 GPa,
the AV® of Peng and Mookherjee (2020) increases to about 0.3, which is closer to our A"* of
0.33. Comparing with other major upper mantle minerals, the A"® of olivine, diopside, and
omphacite reside within the range of 0.22-0.25, before gradually decreasing upon increasing
the pressure. In summary, the A"* also suggests that tremolite is more anisotropic than those

of other mantle minerals throughout these investigated pressures.
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Figure 3.3.7 D"® of single-crystal tremolite at 300K from single-crystal tremolite at 300K from

1 atm to 5 GPa comparing with other major upper mantle minerals in previous studies

The D® depends on the maximum velocity difference of two shear waves that are
propagating in the same direction with orthogonal polarization. The DY* of this study at
ambient condition is 0.269, which is also higher than those of olivine, diopside, omphacite,
and orthopyroxene from previous study. When the pressure is increased, the DV® of tremolite
gradually decreases until about 4-4.5Gpa, where they start increasing at even higher rate. On
the contrary, the D"* of olivine, diopside, and omphacite all gradually decrease throughout the

investigated pressure range.
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4. Implications

4.1 Petrological and geochemical evidence of the MLD
To assess the plausibility of the hydrous mineral hypothesis, the compilation of the
petrological and geochemical data that verify that these phases are present at the MLD depth

is required.

(a) Palm-10 SEM image (b) Palm-10 Photo

Amphibole and secondary clinopyroxene
Grt

Figure 4.1.1 Metasomatized amphibole-bearing eclogite found under central Kaapvaal craton
(Smart et al. 2021) a) metasomatized eclogite under the light microscope showing the
crystallization of amphibole b) dark green amphibole grains were indicated by yellow arrows.

The occurrence of hydrous minerals in the cratonic lithosphere may derive from the
infiltration of the metasomatic agent that in turns crystallizing an assemblage of secondary
minerals. Generally, the abundance of amphibole and phlogopite is controlled by the bulk
alkali content, relative abundance of major cations, water, and temperature (Saha et al. 2021).
According to the petrological and geochemical study on metasomatized eclogite xenoliths from
the Kaapvaal craton by Smart et al. (2021), the occurrence of altered eclogites that are rich in
amphibole, phologopite, and magnesite are comfirmed as depicted in Figure 4.1.1. Their

analysis suggested that these samples used to reside at the depth of 85 kilometers,
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corresponding to the MLD layer detected under the Central Kaapvaal craton (e.g. Sodoudi et
al. 2013). The Pb isotope from their study indicated potassic-rich melts as a metasomatic agent,
and their results point to the calcic to sodic-calcic amphiboles to be parts of these
metasomatized and low-velocity layer at the MLD depth (Smart et al. 2021)

Rader et al. (2015) also compiled the xenolith data from the PetDB database with the
criteria that those xenoliths were found within the continental area, contained geochemical
information, and came from the MLD depth. From their results, 44 out of 174 xenoliths
consisted of amphibole or phlogopite from the depth corresponding to the pressure of 0.2-6.5
GPa. They had postulated the hypothesis that melts were derived from a deeper interior and
undergone crystallization once it reach the stability field of these hydrous phases (~3 GPa.).
The solidification of these melts turned into a compact layer and resulted in a gradient of
negative velocity phases (e.g. Rader et al 2015; Sparks and Parmentier 1991). Another study
from Wang and Kusky et al. (2019) also reported the occurrence of a amphibole/

phlogopite/chlorite/carbonatite -bearing layer within the Karelian craton.

4.2 Proposals of the abundance of amphibole at the MLD depth

With the possibility of amphibole contributing to the negative velocity gradients of the
MLD, several publications have quantitatively examined the appropriate abundance of
amphiboles that can lead to the observed velocity drops at MLD. Selway et al. (2015) had used
the mineral physics model based on Hacker and Abers (2014) and seismic receiver function
observations to simulate the condition for the MLD. They reported that 25% of amphibole
along with 1% of phlogopite were likely to cause a velocity reduction at the MLD depth by

4.4% (Selway et al. 2015). Peng and Mookherjee (2020) also utilized their computational
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results and postulated that 25% of amphibole were likely to cause a velocity reduction by 1.9%.
Saha et al (2018) compiled experimental phase equilibrium data on various hydrous peridotite
compositions, and found that with less than 1% CaO in the cratonic mantle lithosphere, the
abundance of amphibole is 10-15% at the relevant P-T conditions. They suggested that 10-
15% of amphibole combining with 5% phlogopite were needed to reproduce the velocity
reductions of MLD. Both Selway et al. (2015) and Saha et al. (2018) found that the velocity
reduction caused by the existence of reasonable amount of amphibole and phlogopite could
not cover the entire range of Vp and Vs drop observed over the globe. Other mechanisms are
needed to contribute to the MLD for the regions where large velocity reductions have been
observed (e.g. grain boundary sliding, fine-scale heterogeneity, change in azimuthal anisotropy
etc). However, these aforementioned previous modelling studies were based on either the
ambient elasticity data or computationally calculated elasticity data of relevant hydrous phases.
Future modelling based on the new results from this study may provide a more complete idea

on how the hydrous phases would behave under high-P condition.

4.3 Velocity comparison and anisotropy

To further explore the role of tremolite amphibole in contributing to the high anisotropy
and low velocity at MLD depth, comparison with the velocity and anisotropy of common
mantle rocks are needed.

Xu et al. (2008) calculated the Vp and Vs of mantle rocks with different compositions
in chemical equilibrium and mechanical mixtures along a 1600 K mantle adiabat in the Earth’s
interior. At the MLD depth (~100 km), the Vp and Vs of harzburgite are 7.8 and 4.4 km/s,

respectively. At the same P-T condition, the Vp and Vs of basalt are 7.8 and 4.7 km/s,
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respectively. In comparison, the Vp and Vs of tremolite determined at 3 GPa 300 K in this
study are 8.0 and 4.6 km/s, which are comparable to the velocities of harzburgite at similar
pressure but much higher temperature at 1700 K (Katsura et al. 2010). Since velocities decrease
significantly with temperature, we expect the velocity of tremolite at high P-T conditions to be
significantly slower than these mantle rock aggregates under MLD conditions. However, the
data presented in this study relied on the velocity measurements only within the (110) plane.
Due to the overlap between the Brillouin peak of Vs of the tremolite crystal and the pressure-
transmitting media, many inverted high-pressure elastic properties may not be reliable. Future
experiments on the single-crystal tremolite for different orientations at simultaneously high
pressure-temperature conditions are needed.

Yuan and Romanowicz (2010) reported the change in azimuthal anisotropy underneath
craton in North America. They suggested that a petrological boundary (i.e. MLD) separated
the cold and depleted Archean craton from the less-depleted hotter layer. The anisotropy
change can be caused by the different textures formed in those two layers. If the MLD is caused
by the existence of amphibole dominated rock assembly, then the anisotropy resulted from the
LPO of amphibole would surely be different from the anisotropy in the anhydrous mantle rock
aggregate. Future anisotropy modeling based on the single-crystal elasticity measured in this
study and previous deformation experiments (e.g. Jung and Ko 2015) is required for better
quantification of the MLD anisotropy.

The universal cause of the MLD remains debatable due to the wide range of the
observed depth thus the P-T conditions near MLD and the complicated lithologies in the
cratonic lithosphere. For example, the crystallized hydrous mineral layer which could contain

phlogopite or amphibole may not be responsible for the MLD observed at more than 150-km
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depth due to the stability of these hydrous phases. The investigation on the elasticity of
tremolite at simultaneously high P-T conditions are needed to provide mineral physicists and
geophysicist more constraints to the seismic velocities and anisotropy of amphiboles at MLD
conditions in nature. Therefore, the origin of the MLD has remained an open question and is
crucial for understanding the geophysical observations and geochemical evolution of the
lithospheric mantle under stable cratons.

5.Conclusion

Tremolite is a Ca-endmember amphibole and belongs to the double-chain silicate group
with a monoclinic C2/m structure. We measured its high-pressure single-crystal elastic
properties for the first-time using Brillouin spectroscopy, which are determined as Cj
=11842, Cyp=188+4, C335=181+£2, Cy49=79%2, Cs5¢=64+2, Cp0=47%3, C120=58%2, C13;=55+3,
Cp30=42+2, C50=-1042, Ca50=-5+2, C350=-27%2, Cs60=2.3%0.4, Kso= 86+6 GPa, Go= 59+4 GPa,
Ks’=7.5+3, G’=1.9%1, C;;” =5.9+0.002, C;;>* =-0.002+0.8, Cy,* =28.8£1, Cyp”” =-7.6+0.4, Cs3’
= 24.840.8, C33’= -5.440.3, Css’ =0.56+0.2, C4s”’ =-0.1£0.01, Cs5s> = 1.05+£0.7, Cs5>* =-
0.04£0.1, Ces” = 4.6+1.2, Css” = -0.810.4, Ci2” =5.0443.1 , Ci2”” = -0.003+0.04, Ci3° =
11.3£1.6, Ci3”” =2.740.1, Cy3* =18.05+0.3, Cp3”* =-5.4+0.1, C;5° =12.3+0.2, C;5°* =-3.2+0.09,
Cys”=1.5£0.9, Cp5> =-0.9+0.11, C35° = 1.8+0.8, C35°* =-0.003%0.04, C46’ =1.9 £0.2, and Cys”’
=-0.7+0.06. Our Ksy and Gy are in general agreement with the first-principles study of
thermoelastic properties of tremolite from Peng and Mookherjee (2020). However, our
inverted high-pressure elastic properties are different from Peng and Mookherjee (2020). The
discrepancies may arise from the compositional effects and/or the availability of velocity
measurements along more crystallographic directions. Comparing the velocities with other

major upper mantle minerals such as olivine, clinopyroxene and orthopyroxene, tremolite has
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generally slower Vp and Vs. The anisotropy indices of tremolite in this study suggested that
tremolite is more anisotropic than other major upper mantle minerals throughout the
investigated pressure range. The limited data of tremolite here seems in support of the possible
contribution of amphiboles to the seismic observations near MLD. However, this study mainly
relied on the velocities measured within the (110) plane. Future studies of elasticity of
amphibole at high pressure-temperature conditions along more crystallographic directions are

required to evaluate its role in generating the MLD under cratons.
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Appendix
Supplementary Materials

(\

50 um

TRE1-(110)

Figure S1: a) Photographs of the sample chambers inside the DAC assembly of single-crystal
Tremolite (110) TRE1 at room temperature and 1.6 GPa. These cells were loaded with
methanol-ethanol (4:1) pressure medium and rubies for pressure calibration. The gasket hold
decreased in diameter upon increasing the pressure. b) Two tremolite crystals were placed in
the DAC for the X-ray diffraction experiments.

wH:’l”l'lg’llll'll‘"'llllllll‘lll l| [l
\ 4
Advanced Diamond Products

'\'\\\m\mhlu\Tn\m\ml\l|‘ﬁ|h||||||l|||||‘||I|||||||I||||f||I|||||||I|l|"|'||h|vhhm

Figure S2: a) A hand specimen of TRE1 sample (Na()_()g (Cal,98 Nao_oz)(Mg4,735Mno,01 A10,24)
(Si7.72Al0.28)O22(OH),) before the sample preparation processes. b) A single-crystal tremolite
under the light microscope during the polishing process. A smooth and clean crystal face would
result in the successful and accurate velocity measurement.
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Table S1. Chemical analysis of Tremolite amphiboles for this project and previous elasticity

study
Element Formulae | TREI Ca-Na Amphibole (Brown
and Abramson 2016)
K 0.00 0.009
Ca 1.98 1.741
Na 0.11 0.146
Si 7.72 7.718
Al 0.52 0.395
F 0.00 0.035
OH 2.00 1.992
Ti 0.00 0.002
Cr 0.00 0.035
Mn 0.01 0.040
Mg 4.735 4.072
Fe 0.00 0.738
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Figure S3: Brillouin spectra of TRE1 under different pressure conditions. Two prominent
peaks of methanol-ethanol-water mixture can be observed at each pressure. The velocity peaks
of TRE1 become more distinct and sharper as the pressure increases since the refractive index
of the methanol-ethanol-water mixture increases with pressure.
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Figure S4: Acoustic velocity measurements of the 4:1 methanol-ethanol mixture as a pressure
medium in the Brillouin experiments are plotted in comparison to previous study using
different methods.
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