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abstract

We investigated the structure, equation of state, thermodynamics, and elastic properties of tremolite 
amphibole [Ca2Mg5Si8O22(OH)2] up to 10 GPa and 2000 K, using first principles simulations based 
on density functional perturbation theory. We found that at 300 K, the pressure-volume results can be 
adequately described by a third-order Birch-Murnaghan equation of state with bulk moduli K0 of 78.5 
and 66.3 GPa based on local density approximation (LDA) and generalized gradient approximation 
(GGA), respectively. We also derived its coefficients of the elastic tensor based on LDA and GGA 
and found that the LDA result is in good agreement with the experimental results. At 300 K, the shear 
modulus G0 is 58.0 GPa based on LDA. The pressure derivative of the bulk modulus K′ is 5.9, while 
that of the shear modulus G′ is 1.3. The second Grüneisen parameter, or dT = [–1/(aKT)](∂KT/∂T)P, 
is 3.3 based on LDA. We found that at ambient conditions, tremolite is elastically anisotropic with 
the compressional wave velocity anisotropy AVP being 34.6% and the shear wave velocity anisotropy 
AVS being 27.5%. At higher pressure corresponding to the thermodynamic stability of tremolite, i.e., 
~3 GPa, the AVP reduces to 29.5%, whereas AVS increases to 30.8%. To evaluate whether the pres-
ence of hydrous phases such as amphibole and phlogopite could account for the observed shear wave 
velocity (VS) anomaly at the mid-lithospheric discontinuity (MLD), we used the thermoelasticities of 
tremolite (as a proxy for other amphiboles), phlogopite, and major mantle minerals to construct syn-
thetic velocity profiles. We noted that at depths corresponding to the mid-lithosphere, the presence of 
25 vol% amphibole and 1 vol% phlogopite could account for a VS reduction of 2.3%. Thus based on 
our thermoelasticity results on tremolite amphibole, it seems that mantle metasomatism could partly 
explain the MLD.
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introduction

It is well known that the Earth’s surface is made up of rigid 
plates composed of the crust and the brittle part of the upper 
mantle, together known as the lithosphere. The lithosphere glides 
over the rheologically weaker part of the mantle known as the 
asthenosphere. The lithosphere and asthenosphere boundary 
(LAB) is characterized by a negative seismic shear wave velocity 
gradient (dVS/dz; where VS refers to the seismic shear wave veloc-
ity and z refers to the depth from the surface). This reduction of 
VS is thought to indicate the presence of partial melts at the LAB, 
as the conductive geothermal gradient of the relatively colder 
lithosphere intersects the solidus of mantle lithologies (Rychert 
et al. 2005; Rychert and Shearer 2009; Fischer et al. 2010).

Recent high-resolution, short-wavelength body wave studies 
across continents revealed a 3–10% reduction in VS at depths 
ranging between 50 and 160 km. This drop in VS is a nearly 
global phenomenon (Abt et al. 2010; Selway et al. 2015). In 
most regions where velocity drops have been reported, the depth 
range is tightly confined between 80–100 km, which is in the 
middle of the continental lithosphere. Therefore, this VS anomaly 
is referred to as the mid-lithospheric discontinuity (MLD) (Abt 
et al. 2010; Fischer et al. 2010). This is distinct from the LAB, 

which often occurs at depths between 150 and 300 km beneath the 
surface of the continental crust and is associated with a smaller 
velocity reduction than that of the MLD in many regions (Karato 
et al. 2015). The velocity anomaly at the MLD is a perplexing 
observation and challenges the existing view that the geologically 
older cratons (age >540 Ma) in the inner part of the continents are 
tectonically stable. The current understanding that the craton is 
stable over long geological time is based on geochemical studies 
of upper mantle rocks (Carlson et al. 2005) and long-wavelength 
surface wave studies (Gung et al. 2003). The key question is what 
could cause such a reduction of velocity at MLD depths. The 
reduction in VS could be related to the presence of partial melts 
(Fischer et al. 2010) such that they are interconnected across the 
matrix of the host rock. This is likely to affect the strength of the 
bulk rock and then the longevity of the craton as mechanically 
strong layers. However, the continental geotherm at MLD depths 
is unlikely to be hot enough to generate partial melts (Karato 
et al. 2015). Alternative mechanisms have been proposed to 
explain the VS reduction and include anisotropy (Yuan and Ro-
manowicz 2010; Selway et al. 2015), elastically accommodated 
grain boundary sliding (EAGBS) (Karato et al. 2015; Karato 
and Park 2019), and mantle metasomatism (Selway et al. 2015; 
Saha et al. 2018). Both azimuthal and radial anisotropy could 
produce MLD features. Yet, the azimuthal anisotropy depends 
on the station-source configurations, i.e., back-azimuths. The 
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