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 13	

Abstract: Talc is a layered hydrous silicate mineral that plays a vital role in transporting 14	

water into Earth’s interior and helps to explain many anomalous geophysical observations 15	

in subduction zone settings. In this study, we explored the structure, equation of state, and 16	

elasticity of both triclinic and monoclinic talc under high pressures up to 18 GPa using first 17	

principles simulations based on density functional theory corrected for dispersive forces. 18	

Our results indicate that principal components of the full elastic constant tensor C11 and 19	

C22, shear components C66, and several off-diagonal components show anomalous pressure 20	

dependence. This non-monotonic pressure dependence of elastic constant components is 21	

likely related to the structural changes and is often manifested in a polytypic transition from 22	

a low-pressure polytype talc-I to a high-pressure polytype talc-II. The polytypic transition 23	
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of talc occurs at pressures within its thermodynamic stability. However, the bulk and shear 24	

elastic moduli show no anomalous softening. Our study also shows that talc has low 25	

velocity, extremely high anisotropy, and anomalously high VP/VS ratio, thus making it a 26	

potential candidate mineral phase that could readily explain unusually high VP/VS ratio and 27	

large shear wave splitting delays as observed from seismological studies in many 28	

subduction systems. 29	

 30	

Keywords: Talc; elasticity; seismic anisotropy; hydrous minerals; subduction zone 31	

 32	

1. Introduction 33	

Water plays a vital role in the solid Earth by influencing melting processes, i.e., 34	

lowering solidus temperature, facilitating mantle convection by affecting rheological 35	

properties of rocks, and affecting geophysical observations such as seismic velocities and 36	

geoelectric fields. As plates subduct, bending-related faults often lead to hydration of the 37	

oceanic lithosphere, which in turn stabilizes a suite of hydrous minerals (Ranero et al., 38	

2003). Talc, Mg3Si4O10(OH)2, is one such hydrous mineral and contains ~4.7 wt.% water 39	

locked up in its crystal structure as hydroxyl ions. Talc and other hydrous minerals play an 40	

important role in transporting water into the Earth’s interior. These hydrous minerals have 41	

limited thermal stabilities. Talc has maximum thermal stability of ~800-820 ºC at ~3 GPa, 42	

i.e., 95 km. Due to its negative Clapeyron slope (dP/dT<0) at pressures greater than 3 GPa, 43	

the thermal stability of talc is reduced to 710 ºC at 5 GPa, i.e., 155 km (Pawley and Wood, 44	

1995). Upon reaching adequate depths, hydrous minerals dehydrate and release aqueous 45	

fluids. The upward migration of these aqueous fluids further stabilizes hydrous minerals 46	
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such as talc and serpentine in the relatively cooler regions of the overlying mantle wedge 47	

(Evans et al., 1976). The dehydration of these hydrous minerals is often manifested as the 48	

double seismic zones (Brudzinski et al., 2007; Dorbath et al., 2008; Rondenay et al., 2008).  49	

Effective transfer of water through the subduction zone is achieved by the transfer 50	

of water from progressively denser hydrous mineral phases. In other words, if the 51	

geothermal gradient overlaps with the stability field of hydrous minerals, water is likely to 52	

be effectively sequestered within the hydrous minerals and dragged along with the 53	

subducting plate. Serpentine is a hydrous mineral that is thermodynamically stable up to a 54	

depth of ~200 km in a relatively cold subduction zone. As serpentine dehydrates, it often 55	

transfers water to a denser hydrous mineral phase, phase A, which is stable at a deeper 56	

depth. Often the thermodynamic stability fields of serpentine and phase A do not fully 57	

overlap, i.e., the geothermal gradient passes through a region where no hydrous mineral is 58	

stable, creating a thermodynamic choke point in the effective transport of water into the 59	

deep Earth. Experimental studies have shown that at such a thermodynamic choke point, 60	

talc may intercalate water in its interlayer and stabilize the 10-Å phase that is crucial in 61	

transporting water deep down to dense hydrous mineral phases (Pawley and Wood, 1995; 62	

Pawley et al., 1995; Ohtani et al., 2004; Gleason et al., 2008; Rashchenko et al., 2016). 63	

Talc is a layered hydrous silicate mineral with a crystal structure that consists of an 64	

octahedral (O) layer sandwiched by two tetrahedral (T) layers (TOT), i.e., three MgO6 65	

octahedral units are sandwiched between two [Si2O5]2- units such that their apical oxygen 66	

atoms are pointing towards each other. The two hydroxyls (OH)- attached to the MgO6 67	

octahedra point within the di-trigonal rings formed by the tetrahedral units and are 68	

perpendicular to the (001) plane. The adjacent TOT layers are held by weak van der Waals 69	
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(vdW) forces. Due to the layered crystal structure, talc is one of the softest minerals with a 70	

Mohs hardness scale of 1 (Wenk and Bulakh, 2016) and has a very low coefficient of 71	

friction ~0.16-0.23 at room temperature (Moore and Lockner, 2008; Escartín et al., 2008).	72	

Talc is often resistant to slip when the rate of sliding is faster (Moore and Lockner, 2008). 73	

These characteristics make talc an ideal lubricant to allow slow and stable sliding/creeping 74	

along the subduction interface, inhibiting the elastic energy build-up and preventing fast 75	

sliding and unstable slip related to large earthquakes (Wibberley, 2007). 76	

Talc is a common mineral and is often found in metamorphosed or hydrothermally 77	

altered lithologies. Because of its widespread occurrence, stability, and unique physical 78	

properties, the presence of talc is often invoked to explain anomalous geophysical 79	

observations. For example, it is suggested that talc might explain observations along many 80	

oceanic faults that occur in slow and ultra-slow spreading mid-ocean ridges (Schroeder and 81	

John, 2004; Boschi et al., 2006) and stable fast creeping sections of the San Andreas fault 82	

(Moore and Rymer, 2007; Wibberley, 2007). It is proposed that a talc-rich mélange zone 83	

forms in the slab-mantle interface and contributes to the low-velocity zone observed at or 84	

above the slab surface (Bebout and Barton, 2002; Spandler et al., 2008; Marschall and 85	

Schumacher, 2012). The stable-sliding behavior of talc leads to aseismicity and therefore 86	

controls the maximum depth of earthquakes in subduction zones (Peacock and Hyndman, 87	

1999). It is also suggested that talc may promote slow-slip earthquakes, i.e., an earthquake-88	

like event that releases comparable energies with a much slower rate, five-order slower, 89	

than those of ordinary great earthquakes (Kawasaki, 2004; Mainprice et al., 2008). In the 90	

central Mexican subduction zone, a thin layer at the top of the slab, which is characterized 91	

by ultra-slow velocity, low viscosity, high P-to-S velocity ratio (VP/VS), and free of 92	
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earthquakes, has also been linked to the presence of talc (Kim et al., 2013). In the flat 93	

subduction system of central Mexico, talc is also suggested to play an important role in the 94	

dynamic process of slab-flattening (Manea and Gurnis, 2007; Kim et al., 2013). 95	

Despite the importance of talc in subduction zone settings, little is known about its 96	

elasticity. Owing to the difficulty in finding good quality single crystals, experimental data 97	

on full elastic constants are currently lacking. Attempts have been made to estimate the 98	

shear modulus from ultrasonic compressional sound wave velocity (Bailey and Holloway, 99	

2000); however, so far, no known Brillouin scattering result exists for talc. In contrast to 100	

the full elastic constant tensor, a significant amount of experimental studies has provided 101	

constraints on the bulk modulus from the studies of the equation of state (Pawley et al., 102	

2002; Gleason et al., 2008; Gatta et al., 2013). 103	

So far, the equation of state and elasticity of talc have been explored by at least 104	

three prior first principles simulation studies (Stixrude, 2002; Mainprice et al., 2008; Ulian 105	

et al., 2014). The equation of state study using first principles explored the high pressure 106	

evolution of the crystal structure and linear compressibility of triclinic talc but did not 107	

explore the full elastic constant tensor (Stixrude, 2002). This was followed by a study that 108	

determined the full elastic constant tensor and elastic anisotropy of both monoclinic and 109	

triclinic talc up to 12 GPa (Mainprice et al., 2008). However, since talc is a layered hydrous 110	

silicate, the vdW interactions often play a vital role, and relevant correction is needed to 111	

better describe its structure and elastic properties (Weck et al., 2015). In addition, the 112	

predicted pressure dependence of the elastic constants and elastic moduli for the triclinic 113	

and monoclinic polymorphs were quite different, and the pressure dependence also 114	

indicated a significant scattering due to poorly converged energetics. More recent work on 115	
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talc explored the structure and elastic properties using first principles simulation integrated 116	

with dispersive forces contribution (Ulian et al., 2014). However, the full elastic constant 117	

results were limited to ambient pressure. It is well known that pressure significantly 118	

influences the elasticity of layered hydrous minerals. Hence, in this study, we explored the 119	

structure, equation of state, and elasticity of both triclinic and monoclinic talc using first 120	

principles simulations incorporating dispersive interaction corrections at high pressures up 121	

to 18 GPa. 122	

 123	

2. Methods 124	

In nature, talc (Mg3Si4O10(OH)2) is reported to crystallize in either monoclinic 125	

space group symmetry (C2/c) with two TOT layers (Z= 4) (Gruner, 1934) or triclinic space 126	

group symmetry (C1) (Rayner and Brown, 1973; Perdikatsis and Burzlaff, 1981) with one 127	

TOT unit (Z=2). Hence, in this study, we explored both triclinic and monoclinic 128	

polymorphs. We explored the high-pressure behavior of crystal structure, equation of state, 129	

and elasticity of talc using static density functional theory as implemented in the Vienna 130	

ab-initio simulation package (VASP) (Hohenberg and Kohn, 1964; Kohn and Sham, 1965; 131	

Kresse and Hafner, 1993; Kresse and Furthmüller, 1996a, b; Kresse and Joubert, 1999). 132	

First principles simulations based on density functional theory are crucial in providing 133	

valuable insights into the energetics, structure, and elasticity of hydrous minerals (Tsuchiya 134	

et al., 2005, Tsuchiya and Tsuchiya, 2009, 2011; Chantel et al., 2012; Ulian et al., 2014; 135	

Mookherjee et al., 2015, 2016, 2019; Mookherjee and Tsuchiya, 2015; Peng et al., 2017; 136	

Yang et al., 2017; Ulian and Valdrè, 2017, 2019; Peng and Mookherjee, 2020; Saha et al., 137	

2021; Lee et al., 2021). We used generalized gradient approximation (GGA) (Perdew et 138	
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al., 1996) and the highly accurate projector augmented wave method (PAW) implemented 139	

in VASP (Kresse and Joubert, 1999). 140	

It is well known that dispersive interaction corrections often provide better 141	

prediction of the structure and properties of layered minerals (Ulian et al., 2014; Weck et 142	

al., 2015). Hence, to account for the long-range dispersive interactions, we computed the 143	

equation of state and elasticity of talc with optB88 vdW density functional as implemented 144	

in VASP (Dion et al., 2004; Román-Pérez and Soler, 2009; Klimeš et al., 2009, 2011).  145	

We performed a series of convergence tests on talc by varying the cutoff energy 146	

and k-points. Unlike the previous study where a low cutoff energy Ecut of 400 eV was used 147	

(Mainprice et al., 2008), we found that a cutoff energy Ecut= 900 eV was required to 148	

describe the ground state energy of talc adequately (Supplementary Table 1). Similarly, 149	

we found that it needed a k-point mesh of 6 3 3 Monkhorst-Pack grid with 27 irreducible 150	

k-points (Monkhorst and Pack, 1976) (Supplementary Table 2). 151	

We determined the elastic constants by straining the lattice parameters by ±1%, as 152	

outlined in previous studies (Mookherjee and Stixrude, 2009; Mookherjee and Capitani, 153	

2011; Chheda et al., 2014; Peng et al., 2017; Peng and Mookherjee, 2020). Next, we 154	

computed the compressional and shear wave velocities VP(n) and VS(n) as a function of 155	

propagation direction n (Mainprice, 1990). The P-wave anisotropy (AVP) is defined as AVP 156	

= (VPmax-VPmin)/[(VPmax+VPmin)/2]×100%. In an anisotropic media, the shear wave splits 157	

into two waves. We denoted the fastest and slowest wave as VS1 and VS2, respectively. We 158	

calculated the shear wave polarization anisotropy (AVS) along each direction by AVS = (VS1-159	

VS2)/[(VS1+VS2)/2]×100%. 160	

 161	

€ 

×

€ 

×
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3. Results 162	

3.1. Equation of State and crystal structure 163	

The energy-volume and pressure-volume behavior of talc can be well described by 164	

the 4th-order Birth-Murnaghan equation of state (EoS) (Murnaghan, 1937; Birch 1978; 165	

Katsura and Tange, 2019) (Figure 1). To better compare with prior EoS studies, we also 166	

fitted our data with Murnaghan EoS and 3rd-order Birth-Murnaghan EoS (Table 1). Our 167	

predicted zero-pressure volume for triclinic and monoclinic talc is V0tri= 461.8±0.1 Å3 and 168	

V0mon= 923.44±0.08 Å3, respectively (Table 1). Experimental studies reported that the 169	

zero-pressure volume of triclinic talc is 453.6±0.4 Å3 (Gleason et al., 2008) and 454.7±0.9 170	

Å3 (Gatta et al., 2013), while that of monoclinic talc is 912±2 Å3 (Pawley et al., 2002) and 171	

915±8 Å3 (Gleason et al., 2008). Our results are ~1-2% larger than the experimental results. 172	

We noted that the conventional GGA tends to underestimate the binding energy and thus 173	

overestimate the volume, while the conventional local density approximation (LDA) is the 174	

opposite. But the prediction with the vdW correction showed a much better agreement with 175	

the experimental results (Supplementary Figure 1). The 4th-order Birth-Murnaghan EoS 176	

fitting also yields the zero-pressure bulk modulus K0tri= 38.5±3 GPa and the pressure 177	

derivative of the bulk modulus K’0tri= 13.2±0.1 and K’’0tri= -4.3±0.1 GPa-1 for triclinic talc, 178	

and K0mon= 40.0±0.2 GPa and K’0mon= 12.2±0.3 and K’’0mon= -3.6±0.3 GPa-1 for monoclinic 179	

talc (Table 1). Our analysis indicates that different types of EoS fitting affect the fitting 180	

results significantly. In addition, there is also a strong correlation between K0 and K’0 which 181	

is known for other minerals. Such a correlation means that the energy-volume data can be 182	

fitted equally well by varying the value of K0 and K’0. This must be considered when 183	

comparing a set of EoS parameters with previous results (Angel, 2000). 184	



	

	 9	

The lattice parameters of talc decrease with pressures for both triclinic and 185	

monoclinic structures (Figure 2). However, the change in the c-axis is much more 186	

considerable compared with the a- and b-axis. We used fl-Fl relations to determine the 187	

linear incompressibility along each axis, where fl is linear finite strain and Fl is the linear 188	

normalized pressure (the subscript “l” represents each axis) (Davies, 1974; Weaver, 1976; 189	

Meade and Jeanloz, 1990; Wentzcovitch and Stixrude, 1997; Chheda et al., 2014). Both 190	

triclinic and monoclinic talc show the relation of Ka~Kb>>Kc, indicating a large anisotropy 191	

in the linear compressibility (Supplementary Table 3, Figure 2). Upon compression, the 192	

volume and average bond distance of each polyhedral unit decrease (Supplementary 193	

Figure 2). The hydroxyl bond distance slightly increases upon compression, and beyond 194	

1.4 GPa, it decreases monotonously with pressure. The tetrahedral rotation angle q = (∑195	

6i=1|fi-120°|)/12 captures the degree of distortion in the six-membered tetrahedral rings, 196	

where fi is the angle among three adjacent basal oxygen atoms. Our results show that the 197	

tetrahedral rotation angle q increases upon compression consistent with prior experimental 198	

studies (Perdikatsis and Burzlaff, 1981; Gatta et al., 2013) (Supplementary Figure 2). 199	

 200	

3.2. Elasticity 201	

To determine the elasticity of talc, we considered both triclinic and monoclinic 202	

polymorphs. The talc crystal with triclinic symmetry has 21 independent elastic constants, 203	

while the talc crystal with monoclinic symmetry has 13 independent ones (Nye 1985). In 204	

the pressure range explored in this study, the principal components of elastic constant 205	

exhibit the following relation of C11~C22>C33 (Figure 3, 4, Table 2, 3).  206	
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Upon compression, the principal components C11 and C22 first soften up to 207	

pressures of 3 GPa. Upon further compression beyond 3 GPa, C11 and C22 stiffen. In 208	

contrast to C11 and C22, the C33 increases monotonously. We also noted that C12, C15, C25, 209	

C36, and C45 of triclinic talc and C12 of monoclinic talc show initial softening till ~3 GPa, 210	

following which they show normal pressure dependence. While C66 and C14 of triclinic talc 211	

and C66 of monoclinic talc all exhibit opposite pressure dependence, i.e., they first stiffen 212	

up to 3 GPa and then soften upon compression (Figure 3, 4). The transition occurs within 213	

the thermodynamic stability of talc and is observed in both triclinic and monoclinic 214	

polymorphs. It is a rather unique behavior and is likely related to the reported polytypic 215	

transition between the low-pressure polytype talc-I to the high-pressure polytype talc-II 216	

(Scott et al., 2007; Gleason et al., 2008). This transition is related to the shearing between 217	

the weakly bonded adjacent TOT layers along the a-b plane, i.e., the change of the stacking 218	

angle of TOT layers. The shearing is likely to facilitate the water intercalation into talc and 219	

thus the formation of the 10-Å phase (Gleason et al., 2008). Owing to such shearing 220	

between the adjacent TOT layers, Cijs with stresses acting along the a- and b-directions, 221	

i.e.,  subscripts of 1, 2, and 6, tend to be more sensitive and hence show anomalous pressure 222	

dependence. 223	

The polytypic transition is often characterized by pressure-induced structural 224	

adjustments, resulting in iso-symmetric changes in the stacking sequences of the 225	

tetrahedral and octahedral layers. In addition to talc, similar transitions have been observed 226	

in several layered hydrous silicates relevant to subduction zones, including kaolinite 227	

(Welch and Crichton, 2010; Basu and Mookherjee, 2021), chlorite (Welch et al., 2004), 228	

and serpentine (Nestola et al., 2010). Such transitions are often associated with the 229	
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pressure-induced anomalies of elastic constants. For instance, prior first principles 230	

predictions of serpentine polymorphs- lizardite (Mookherjee and Stixrude, 2009; Tsuchiya, 231	

2013) and antigorite (Mookherjee and Capitani, 2011), and chlorite (Mookherjee and 232	

Mainprice, 2014) reported anomalous elasticity under compression. Experimental studies 233	

on the pressure dependence of elastic constants are often rare, except for one Brillouin 234	

scattering study of antigorite, which also revealed the pressure-induced anomaly (Bezacier 235	

et al., 2013). Hence, such transitions are often manifested in the changes in the pressure-236	

volume relations and high-pressure vibrational spectroscopy, as documented in serpentine 237	

polymorphs antigorite (Nestola et al., 2010) and lizardite (Auzende et al. 2004), chlorite 238	

(Welch et al., 2004), kaolinite (Welch and Crichton, 2010; Basu and Mookherjee, 2021), 239	

and dickite (Johnston et al., 2002; Dera et al., 2003). 240	

At pressures beyond the anomalous behavior, the rate of stiffening of C11 and C22, 241	

i.e., the pressure dependence dCii/dP, where i= 1 or 2, is significantly lower than that of 242	

C33, i.e., dC33/dP. Similar behavior has been often observed in other layered hydrous 243	

silicates, including serpentine polymorph lizardite (Mookherjee and Stixrude, 2009; 244	

Tsuchiya, 2013), antigorite (Mookherjee and Capitani, 2011; Bezacier et al., 2013), chlorite 245	

(Mookherjee and Mainprice, 2014), and phlogopite (Chheda et al., 2014). We noticed that 246	

the pressure dependence of C13 and C23 is much larger than that of C12, and similarly, the 247	

pressure dependence of C44 and C55 is much larger than that of C66 for the entire pressure 248	

range explored in this study.  249	

The comparison of elastic constants between our study and prior estimates showed 250	

significant differences in Cijs (Figure 3, 4) (Mainprice et al., 2008). These differences are 251	

likely due to both the dispersive interaction correction and the high cutoff energy (900 eV) 252	
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used in this study. In contrast, the previous study did not use any correction for the 253	

dispersive force and used much lower cutoff energy (400 eV). Owing to the low cutoff 254	

energy and very likely non-converged results, prior results exhibited scattered data of 255	

elasticity versus pressure (Mainprice et al., 2008). However, there is a qualitative 256	

agreement between the prior study and our work in the talc-I to talc-II transition, and both 257	

capture the change in pressure dependence of elastic constants. 258	

We determined the Hill averages of bulk and shear moduli based on Voigt and 259	

Reuss bounds (Figure 5). The zero-pressure bulk and shear moduli are in good agreement 260	

with previous experimental studies (Babeyko et al., 1994; Bailey and Holloway, 2000). 261	

Our results show that the elastic moduli of talc increase with pressure. In addition, the 262	

results of triclinic and monoclinic talc crystal match very well, indicating that the symmetry 263	

has almost no effect on the elastic properties of talc. At 0 GPa, the bulk and shear moduli 264	

of triclinic talc crystal are 58.0 and 26.9 GPa, respectively (Table 2). While the bulk and 265	

shear moduli of monoclinic talc crystal are 58.9 and 29.6 GPa, respectively (Table 3). The 266	

predicted P- and S-wave velocity of talc also increase with pressure. Similarly, the 267	

symmetry has almost no effect on the velocity of talc. At 0 GPa, the VP and VS of triclinic 268	

talc are respectively 6.0 and 3.2 km/s at a density of 2.70 g/cm3. For monoclinic talc, the 269	

VP and VS are 6.0 and 3.3 km/s with a density of 2.72 g/cm3.  270	

Prior simulation results show a scattering in the pressure dependence (Mainprice et 271	

al., 2008). In addition, the shear modulus and velocities predicted in earlier studies show 272	

significant divergence between the different symmetries (Mainprice et al., 2008) and are 273	

significantly higher than our current results (Mainprice et al., 2008; Ulian et al., 2014). 274	
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(Figure 5). Again, the scattering in the pressure dependence of the elasticity data of the 275	

prior study is likely due to the lower cutoff energy and non-converged results. 276	

 277	

4. Discussion 278	

4.1. Anisotropy 279	

It is well known that talc is an extremely anisotropic mineral, as evident from its 280	

structure and resulting elastic properties. It is also known to develop a strong 281	

crystallographic preferred orientation along interfaces of thrust faults and between 282	

subduction slab and mantle wedge (Lee et al., 2020; Nagaya et al., 2020). Thus, we 283	

determined the seismic wave velocities VP, VS1, and VS2 along different propagation 284	

directions (Supplementary Figure 3-8). At ambient conditions, the single-crystal 285	

anisotropy of talc is AVPtri ~68%, AVStri ~150%, AVPmon ~69%, and AVSmon ~141% (Figure 286	

6). Upon compression, both AVP and AVS decrease significantly. When the pressure 287	

increases to ~6 GPa, the anisotropy is almost converged with AVPtri ~29%, AVStri ~43%, 288	

AVPmon ~28%, and AVSmon ~39%. Compared with other layered hydrous silicates, including 289	

chlorite (Mookherjee and Mainprice, 2014) and antigorite serpentine (Mookherjee and 290	

Capitani, 2011), talc has the largest anisotropy at low pressures. Especially, AVS is almost 291	

three times larger than that of chlorite and antigorite. However, previous work significantly 292	

underestimated AVS (Mainprice et al., 2008). Again, it is owing to the use of low cutoff 293	

energy and poorly converged results. The stereographic projection of the P-wave, VP, 294	

shows that the propagation is slow perpendicular to the basal plane, i.e., along the c-axis 295	

or [001] direction. The stereographic projection of AVS, i.e., the difference between VS1 and 296	
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VS2, shows that AVS is relatively large along the c-axis. The crystal symmetry has little or 297	

no effect on anisotropy (Figure 6).  298	

For an anisotropic mineral such as talc, VP/VS ratio can be further examined as 299	

VP/VS1 and VP/VS2 and their variations along pressures and propagation directions 300	

(Supplementary Figure 9). It is noted that the different crystal symmetry has almost no 301	

effect on VP/VS ratio. Along the c-axis, i.e., [001] direction, the VP/VS1 of both triclinic and 302	

monoclinic talc ranges between 1.4-1.5 over the entire explored pressure range and is 303	

relatively insensitive to compression. In contrast, the VP/VS2 of talc is quite large and is ~5-304	

7 at zero pressure. Upon compression, VP/VS2 of triclinic talc decreases to ~3.0 at 1.5 GPa 305	

and ~2.1 at 4 GPa, while VP/VS2 of monoclinic talc decreases to ~3.4 at 1.5 GPa and ~2.1 306	

at 4 GPa. Beyond 4 GPa, the VP/VS2 is largely insensitive to pressures. Moreover, for the 307	

randomly oriented talc aggregate, the bulk VP/VS of both triclinic and monoclinic talc 308	

ranges between 1.7-1.9 that is in-between the VP/VS1 and VP/VS2. Additionally, the 309	

stereographic projection shows that the ratios vary a lot with propagation directions, 310	

especially VP/VS2 (Supplementary Figure 9). 311	

 312	

4.2. Poisson’s ratio 313	

When materials are compressed along a certain axis, they tend to expand in the 314	

direction perpendicular to the compression axis, and Poisson’s ratio quantitatively captures 315	

this phenomenon. It is defined as the negative ratio of the transverse deformation to the 316	

axial deformation. It is expected that softer material will expand more with the unit 317	

compression force, resulting in a larger Poisson’s ratio.  318	
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We estimated the Poisson’s ratio of triclinic talc along various extension directions 319	

(Supplementary Method; Figure 7). At low pressures, i.e., below 4 GPa, the Poisson’s ratio 320	

is negative for many directions. This means that if talc is stretched along the axial direction, 321	

the transverse directions will also expand. This is a special class of materials known as 322	

“auxetic materials” (Yang et al., 2004). Talc exhibits auxetic behavior at low pressures, 323	

i.e., P< ~4 GPa. At ~1.4 GPa, i.e., the depth of ~45 km, the Poisson’s ratio is as low as -324	

0.62. It gradually transitions to a normal behavior at high pressures. For instance, at P≥ 5.6 325	

GPa, talc exhibits the normal positive Poisson’s ratio in all directions (Figure 7). We noted 326	

that Poisson’s ratio is still very anisotropic at higher pressures. The Poisson’s ratio varies 327	

greatly with different directions, and even in a certain direction, the maximum and 328	

minimum directions yield very different Poisson’s ratios. 329	

 330	

5. Implication 331	

In the central Mexican subduction zone, a series of seismological studies based on 332	

the Meso-America Subduction Experiment (MASE) have revealed the presence of an ultra-333	

slow velocity layer between the subducting Cocos plate and the overriding North American 334	

plate (Figure 8). This layer is characterized by a small thickness of ~2-8 km, low-velocity, 335	

low-viscosity, and low-strength (i.e., aseismic) (Pérez-Campos et al., 2008; Song et al., 336	

2009; Kim et al., 2010, 2013; Manea and Manea, 2011; Dougherty et al., 2012). In addition 337	

to the existence of an ultra-slow velocity layer, the subduction zone is also unique because- 338	

(a) it has a shallow-flat-steep subduction configuration, and (b) the subducting slab is just 339	

located below the Moho and thus is almost devoid of overlying mantle wedge and directly 340	

overlain by the continental crust of North American plate. This thin, low-velocity, and 341	
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weak layer is interpreted as being made up of either hydrated mineralogy (talc and chlorite) 342	

or high pore fluid pressures (Audet et al., 2009; Song and Kim, 2012).  343	

Prior studies have also found that this flat segment of the slab is characterized by 344	

(a) a constant depth of ~45 km; (b) a low shear velocity of 2.4-3.4 km/s, i.e., even slower 345	

than the topmost of the slab by 1.3-1.5 km/s; (c) a high VP/VS ratio of 2.05±0.25 based on 346	

a VP of ~5.54 km/s; and (d) a slab surface temperature of 500-800 °C (Kim et al., 2010). 347	

Considering all these constraints, the pore fluid pressure is unlikely since the fluid is likely 348	

to be lost by this depth (Manea and Manea, 2011). In contrast, the hydrated mineral such 349	

as talc is likely to form by the reaction of serpentines and slab-derived silica-rich fluids 350	

along the slab-wedge interface, which lies in the thermodynamic stability field of talc 351	

(~800°C at 1-2 GPa) (Pawley and Wood, 1995; Bose and Ganguly, 1995). In addition, 352	

geophysical observations on MASE did show that fluids release due to slab dehydration 353	

and then hydrate the upper plate. For example, a ~13 km thick continental root is expected 354	

below the 2.2 km elevation of the Trans-Mexican Volcanic Belt based on isostatic 355	

equilibrium, but it is missing. Instead, low-density minerals induced by hydration are 356	

suggested to compensate for the negative buoyancy (Kim et al., 2010). Also, several 357	

regions of non-volcanic tremor have been reported above the flat slab suggesting lasting 358	

hydration and weakening of the overlying continental crust (Figure 8) (Manea and Manea, 359	

2011). Thus talc is a potential candidate for explaining the ultra-slow velocity layer in 360	

central Mexico (Kim et al., 2013).  361	

However, apart from being thermodynamically stable, talc also needs to fulfill the 362	

crucial constraints of low shear velocity and high VP/VS ratio observed in this subduction 363	

zone setting. We evaluated the potentiality of talc to explain the ultra-slow velocity layer 364	
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using our predicted elasticity and anisotropy. We compiled the reported VP/VS vs. VS in the 365	

central Mexican subduction zone (Kim et al., 2010). We compared the geophysical 366	

compilation with that of relevant hydrous minerals, including lizardite, antigorite, 367	

phlogopite, and chlorite (Mookherjee and Stixrude, 2009; Bezacier et al., 2010; Chheda et 368	

al., 2014; Manthilake et al., 2021) (Figure 8). At ~1.5 GPa, i.e., ~45 km depth, the VP/VS1 369	

ratio of triclinic talc varies between 1.2 and 1.8 and VP/VS2 varies between 1.2 and 6.3 with 370	

the bulk VP/VS ~1.7. At similar conditions, the VP/VS1 of monoclinic talc varies between 1.1 371	

and 1.8 and VP/VS2 varies between 1.2 and 5.6 with the bulk VP/VS ~1.8 (Supplementary 372	

Figure 9). The bulk VP/VS assumes an inherently homogenous nature, i.e., random 373	

orientation, of the minerals/rocks, while the VP/VS1 and VP/VS2 are estimated along specific 374	

propagation directions. However, it is likely for talc to develop a strong crystallographic 375	

preferred orientation along interfaces between subduction slab and mantle wedge (Lee et 376	

al., 2020; Nagaya et al., 2020). The range of VP/VS for talc due to different propagation 377	

directions can explain the VP/VS ratio as high as 2.05±0.25 observed in the ultra-slow 378	

velocity layer of the central Mexican subduction zone. 379	

Seismologically, the strength and geometry of anisotropy are generally reflected by 380	

the delay time between the fast and slow shear waves and the polarization direction of the 381	

fast shear wave, respectively (Long and van der Hilst, 2006; Long and Silver, 2008; 382	

Faccenda et al., 2008). Many subduction zones, including Ryukyu and Tonga, are often 383	

characterized by a large delay time of >1 s (Long and Silver, 2008; Katayama et al., 2009). 384	

The delay time is proportional to the ray path length and the strength of anisotropy along 385	

the ray path. Although olivine is the dominant mantle mineral, the elastic anisotropy of 386	

olivine is ~10 %, and significant thickness of mantle with preferred orientated olivine is 387	
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required to explain a large delay time. In contrast, the extremely anisotropic mineral such 388	

as talc could easily explain the large delay time within a thin layer. To further illustrate the 389	

degree of anisotropy associated with talc, we took the central Mexican subduction zone as 390	

an example. If we were to assume a talc layer of ~4±1 km thick (Song et al., 2009; Kim et 391	

al., 2010, 2013; Manea and Manea, 2011), the estimated delay time is likely to be 392	

~0.03±0.01 s to 2.1±0.5 s depending on the incidence angle based on the single-crystal 393	

anisotropy of triclinic talc. The largest delay time is observed when the ray path is parallel 394	

to the (001) plane of talc, i.e., along a-b plane of triclinic talc with the azimuth angle of 395	

150º (Figure 6). Similarly, the predicted delay time for monoclinic talc is ~0.04±0.01 s to 396	

1.8±0.4 s. The largest delay time is observed when the ray path is parallel to the (001) plane 397	

and along the b-axis of monoclinic talc (Figure 6). However, since talc is extremely 398	

anisotropic, the predicted delay time along the c-axis is still very high, with triclinic and 399	

monoclinic talc being ~1.8±0.4 s and 1.5±0.4 s, respectively. Clearly, a relatively thin layer 400	

of extremely anisotropic minerals such as talc could easily explain the large delay time >1 401	

s, assuming a perfect crystal alignment. However, our understanding of the elasticity of 402	

talc in subduction zone settings is likely to be enhanced by further investigations on the 403	

slip system and how non-hydrostatic stresses are likely to affect the crystallographic 404	

preferred orientation of talc bearing lithology. 405	

 406	

6. Conclusions 407	

In summary, we explored the structure, equation of state, and elasticity of both 408	

triclinic and monoclinic talc under high pressures up to 18 GPa using first principles 409	

simulations based on density functional theory corrected for dispersive forces. Owing to 410	
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the dispersive correction and high cutoff energy of 900 eV, our results are significantly 411	

improved compared to the previous high-pressure elasticity study (Mainprice et al., 2008). 412	

The prior estimation was widely used to explain the geophysical observations or build 413	

geophysical models relevant to subduction zone settings. However, our results indicate that 414	

the prior estimation greatly overestimated the shear moduli and shear wave velocity and 415	

significantly underestimated the shear wave anisotropy. Thus, it is required to re-evaluate 416	

the velocity models and/or interpretations using the previous data set. 417	

Our results also show that some components of the full elastic constant tensor, 418	

including C11, C22, and C66, exhibit anomalous pressure dependence. The non-monotonic 419	

pressure dependence of elastic constant components is very likely related to the structural 420	

changes, which usually manifests in a polytypic transition from a low-pressure polytype 421	

talc-I to a high-pressure polytype talc-II. This polytypic transition occurs at ~3 GPa, which 422	

is within the thermodynamic stability field of talc. The transition could be a structural 423	

precursor of the 10-Å phase, a hydrous mineral that is thermodynamically stable at a deeper 424	

depth and is crucial for transporting water into the deep Earth. 425	

Our study also shows that talc bearing hydrated lithology could readily account for 426	

anomalously low velocity, extremely high anisotropy, and anomalously high VP/VS ratio 427	

observed in subduction zone settings. In addition, talc bearing lithologies could also 428	

explain a large delay time in shear wave splitting as observed from seismological studies 429	

in many subduction systems. 430	
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 750	

Figure Captions 751	

Figure 1: Comparison between experimental results and our predicted pressure vs. unit-752	

cell volume for triclinic (tri) and monoclinic (mon) talc. Please note that the unit-cell 753	

volume of monoclinic talc has been divided by two to compare with that of triclinic talc. 754	

G13: Gatta et al., 2013; G08: Gleason et al., 2008; P02: Pawley et al., 2002. 755	

 756	

Figure 2: (a-c) Lattice parameters (a) a-; (b) b-; (c) c-axis of talc as a function of pressure. 757	

Please note that the c-axis of monoclinic talc has been divided by two to compare with that 758	

of triclinic talc. (d-f) Angular lattice parameters (d) a; (e) b; (f) g as a function of pressure. 759	

Our predicted results are compared with experimental results of talc (G13: Gatta et al., 760	

2013; G08: Gleason et al., 2008; P02: Pawley et al., 2002). (g-i) The linear normalized 761	

pressure, Fl, vs. the linear Eulerian finite strain, fl, are plotted for (g) a-; (h) b-; (i) c-axis. 762	

The intercept along the ordinate indicates the linear compressibility Ka, Kb, and Kc. The 763	
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error bars for the normalized pressure are estimated to be ±0.1 GPa based on the numerical 764	

precision of the calculations determined from the convergence of the energy. 765	

 766	

Figure 3: Elastic constants Cij of triclinic talc as a function of pressure. Triclinic talc has 767	

21 independent elastic constants, and each panel has been labeled. The gray shaded area 768	

marks talc-I to talc-II transition. Our results are compared with previous simulation results 769	

(black triangles) (Mainprice et al., 2008). 770	

 771	

Figure 4: Elastic constants Cij of monoclinic talc as a function of pressure. Monoclinic talc 772	

has 13 independent elastic constants, and each panel has been labeled. The gray shaded 773	

area marks talc-I to talc-II transition. Our results are compared with previous simulation 774	

results (black triangles) (Mainprice et al., 2008). 775	

 776	

Figure 5: (a) Voigt-Reuss-Hill averaging bulk (K) and shear (G) moduli of talc as functions 777	

of pressure. The cool color symbols represent bulk moduli, while the warm color symbols 778	

represent shear moduli. The circle symbols denote triclinic talc, while the square symbols 779	

denote monoclinic talc. The results are compared with previous simulation studies (M08: 780	

Mainprice et al., 2008; U14: Ulian et al., 2014) and experimental studies (B94: Babeyko et 781	

al., 1994; BH00: Bailey and Holloway, 2000). (b) Compressional (VP) and shear (VS) wave 782	

velocity of talc as a function of pressure. The cool color symbols represent compressional 783	

wave velocity, while the warm color symbols represent shear wave velocity. The circle 784	

symbols denote triclinic talc, while the square symbols denote monoclinic talc. The results 785	
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are compared with previous simulation studies (M08: Mainprice et al., 2008; U14: Ulian 786	

et al., 2014). 787	

 788	

Figure 6: (a) Compressional and shear wave anisotropy, AVP and AVS, as a function of 789	

pressure for various layered hydrous minerals relevant for the subduction zone settings. 790	

Mineral abbreviation: tlc-tri- triclinic talc (this study; Mainprice et al., 2008); tlc-mon: 791	

monoclinic talc (this study; Mainprice et al., 2008); atg- antigorite serpentine (Mookherjee 792	

and Capitani, 2011); and chl- chlorite (Mookherjee and Mainprice, 2014). (b) 793	

Stereographic projections down the c-axis of VP and AVS of both triclinic and monoclinic 794	

talc at ~1.3-1.4 GPa, which corresponds to a depth of ~45 km. The black square symbols 795	

denote the maximum values, and the white circle symbols denote the minimum values. The 796	

solid black lines mark the fixed azimuth angle for Figure 8c, i.e., 150° for triclinic talc and 797	

90° for monoclinic talc. 798	

 799	

Figure 7: Poisson’s ratio of triclinic talc along different directions at (a) low and (b) high 800	

pressures, i.e., 1.4 and 5.6 GPa. In each unit on the three-dimensional upper hemisphere 801	

stereogram, the bold short black line at the center of the circle points to the extension 802	

direction; the thin circle represents the undeformed cylinder; the bold circle represents the 803	

elastically deformed cylinder with 1% elastic extension applied; the blue and green lines 804	

represent the maximum and minimum direction of Poisson’s ratio, respectively; and the 805	

blue and green numbers are the maximum and minimum value of Poisson’s ratio. It is noted 806	

that red lines in panel (a) indicate that Poisson’s ratio is negative. 807	

 808	
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Figure 8: (a) Schematic diagram of the central Mexican subduction zone with the shallow-809	

flat-steep subduction configuration. In the ultra-slow velocity layer (UVL), it is assumed 810	

that the (001) plane of talc is nearly parallel to the flat slab, marked by the green bars. (b) 811	

P-to-S velocity ratio (VP/VS) vs. shear wave velocity VS of talc. Our results are compared 812	

with various layered hydrous minerals relevant for the subduction zone settings, including 813	

lizardite serpentine (lz) (Mookherjee and Stixrude, 2009), antigorite serpentine (atg) 814	

(Bezacier et al., 2010), phlogopite (phl) (Chheda et al., 2014), and chlorite (chl) 815	

(Manthilake et al., 2021). The gray and open diamonds represent the data of the upper and 816	

lower oceanic crustal (OC) layer of the subducting slab of the central Mexican subduction 817	

zone (Kim et al., 2010). (c) Delay time/ thickness of the anisotropic layer (dVS/VS1VS2) as 818	

a function of incidence angle of both triclinic and monoclinic talc at ~1.3-1.4 GPa, which 819	

corresponds to a depth of ~45 km. The profile of the data is marked by the solid black lines 820	

in Figure 6, i.e., the azimuth angle is 150° for triclinic talc and 90° for monoclinic talc. 821	

The incidence angle is between the ray path and c-axis, i.e., 0° indicates the ray path is 822	

along the c-axis while 90° indicates the ray path is parallel to a-b plane. 823	



Table 1. Equation of state parameters for talc compared with previous studies. Number in the parenthesis is the error in the last digit. 

  Symmetrya Pressure range (GPa) E0 (eV) V0 (Å3) K0 (GPa) K' K'' (GPa-1) EoS fittingb Methodsc 

Gatta et al., 2013 tri 0-15.5   454.7(9) 57(3) 4.9(5)   M SCND+SCXRD 

  tri 0-15.5   454.7(10) 56(3) 5.4(7)   III-BM SCND+SCXRD 

Pawley et al., 2002 mon 0-6.2   912(2) 41(4) 6(2)   M SEDXRPD 

Pawley et al., 1995 mon 0-6.05   902.7(2) 41.6(9) 6.5(4)   M XRPD 

Gleason et al., 2008 tri 0-10.0   453.6(4) 30(17) 18(27)   III-BM XRPD 

  mon 0-10.4   915(8) 44(2) 18(1)   III-BM XRPD 

Stixrude et al., 2002 tri/primitive cell -1.10-26.07   217.5(1) 37.8(4) 13.6(2) -4.0 IV-BM LDA static 

  tri/primitive cell -1.10-26.07   221.8(2) 29(5) 17 -8.6 IV-BM LDA 300 K 

Mainprice et al., 2008 tri 0-11.60   452.0 32.1 17.4 -9.1 IV-BM GGA PAW 

  mon 0-12.52   913.2 34.3 11.5 -3.0 IV-BM GGA PAW 

Ulian et al., 2014 tri -2.2-10.0   450.34 56.25 5.66   III-BM B3LYP-D* 

this studyd tri -2.4-18.1 -231.76(2) 466.5(8) 33(2) 8.3(6)   M GGA PAW+vdW 

  mon -1.4-10.8 -463.518(5) 924.4(5) 43(1) 7.2(3)   M GGA PAW+vdW 

this studyd tri -2.4-18.1 -231.75(1) 464.7(6) 34(1) 10.7(7)  III-BM GGA PAW+vdW 

 mon -1.4-10.8 -463.514(4) 924.2(4) 41.8(9) 8.4(4)  III-BM GGA PAW+vdW 

this studyd tri -2.4-18.1 -231.755(2) 461.8(1) 38.5(3) 13.2(1) -4.3(1) IV-BM GGA PAW+vdW 

 mon -1.4-10.8 -463.510(1) 923.44(8) 40.0(2) 12.2(3) -3.6(3) IV-BM GGA PAW+vdW 
Note: a: tri: triclinic; mon: monoclinic. 
b: M: Murnaghan fitting; III-BM: 3rd-order Birch-Murnaghan fitting; IV-BM: 4th-order Birch-Murnaghan fitting. 
c: SCND: single-crystal neutron diffraction; SCXRD: single-crystal X-ray diffraction; SEDXRPD: synchrotron energy-dispersive; XRPD: X-ray powder diffraction; LDA: local 
density approximation; GGA: generalized gradient approximation; PAW: projector augmented wave; B3LYP-D*: a hybrid exchange functional with the dispersive force correction; 
vdW: van der Waals correction. 
d: Results from this study have been fitted by Murnaghan fitting, 3rd-order Birch-Murnaghan fitting, and 4th-order Birch-Murnaghan fitting. The c2 of triclinic and monoclinic talc 
are 1.1E-2 and 3.9E-4 using Murnaghan fitting, 5.0E-3 and 2.2E-4 using3rd-order Birch-Murnaghan fitting, 8.6E-5 and 4.3E-6 using 4th-order Birch-Murnaghan fitting, respectively.  



Table 2. Elastic constants for triclinic talc. 

V P C11 C12 C13 C14 C15 C16 C22 C23 C24 C25 C26 C33 C34 C35 C36 C44 C45 C46 C55 C56 C66 KH GH 

[Å3] [GPa] 

470 -0.2 220.4 74.1 1.8 1.3 -3.3 0.1 220.0 5.3 1.4 -1.5 -0.2 43.4 1.1 -0.2 -2.7 16.7 -9.4 -0.9 6.2 0.0 73.3 53.2 24.6 

460 0.5 216.7 68.7 4.8 2.3 -3.9 0.4 216.3 9.7 2.9 -1.7 0.1 63.1 1.7 -0.3 -3.5 22.6 -12.2 -1.0 9.8 0.3 74.1 60.1 29.3 
450 1.4 214.5 64.5 10.1 3.1 -4.7 0.8 212.6 15.5 4.5 -1.8 0.5 83.2 2.1 -0.5 -4.1 30.2 -14.5 -1.0 14.1 0.9 74.7 67.2 35.6 

440 2.5 213.3 61.7 15.7 3.2 -5.3 1.4 209.6 21.7 5.5 -1.8 1.2 102.3 2.3 -0.8 -4.3 41.2 -14.7 -0.9 20.5 1.5 75.0 73.8 45.3 
430 3.9 215.4 62.5 24.1 3.9 -5.9 2.1 209.1 29.7 7.1 -1.7 1.9 120.7 3.1 -1.2 -4.2 46.2 -16.0 -1.0 28.3 2.1 75.0 81.8 51.1 

420 5.6 218.8 66.6 33.5 3.6 -6.1 2.9 213.0 39.1 7.7 -1.4 2.6 138.1 3.1 -1.5 -3.8 56.8 -14.8 -1.1 37.5 2.7 74.8 90.9 58.4 
410 7.7 224.7 71.9 45.0 3.9 -6.3 3.7 214.9 49.0 8.8 -1.2 3.2 155.4 3.8 -1.8 -3.0 63.4 -14.1 -1.2 47.3 3.1 74.3 100.6 63.3 

400 10.4 230.5 78.9 57.4 3.7 -6.2 4.6 219.1 59.7 9.0 -1.0 3.8 171.8 3.8 -2.1 -1.7 71.8 -12.7 -1.2 57.9 3.5 73.6 110.9 67.8 
390 13.8 238.6 88.8 71.2 3.4 -5.7 5.1 225.6 71.7 9.2 -0.6 4.1 188.3 3.8 -2.1 -0.4 80.4 -11.2 -1.3 68.5 3.8 72.5 122.7 71.6 

380 18.1 246.8 100.3 85.8 2.6 -5.1 5.3 233.9 84.1 8.8 -0.2 4.0 202.8 3.4 -2.1 1.1 89.1 -9.8 -1.3 78.7 4.0 71.3 134.9 74.6 
 finite strain fit 

466.5 Cij0 217.3 70.6 1.6 2.0 -3.6 0.0 218.0 6.1 2.0 -1.7 -0.2 51.4 1.2 -0.1 -3.2 20.0 -11.7 -0.9 6.3 -0.1 73.7 58.0 26.9 
 Cij' -1.5 -4.4 6.6 0.7 -1.0 0.8 -3.9 7.7 1.9 -0.0 0.7 25.2 0.8 -0.4 -0.7 8.5 -1.7 -0.1 7.3 0.8 0.9 6.5 6.3 
 Cij'' 0.9 2.2 -0.4 -0.3 0.3 -0.1 1.4 -1.0 -0.6 0.1 -0.2 -5.9 -0.2 0.1 0.4 -1.5 0.7 0.0 -0.9 -0.2 -0.6 -0.2 -0.4 

 
Note: Cij0 is the Cij at zero pressure in the unit of GPa, Cij' is the pressure derivative of Cij which is unitless, and Cij'' is the second order 
pressure derivative of Cij in the unit of GPa-1. 



Table 3. Elastic constants for monoclinic talc. 

V P C11 C12 C13 C15 C22 C23 C25 C33 C35 C44 C46 C55 C66 KH GH 

[Å3] [GPa] 

940 -0.7 221.7 77.7 7.8 1.7 226.8 0.4 1.5 43.7 0.7 1.0 0.4 22.1 73.0 54.5 23.2 

920 0.2 215.8 68.5 12.1 3.2 218.1 2.1 2.6 63.4 1.1 2.9 0.9 30.3 73.8 60.4 30.3 
900 1.3 212.0 64.2 19.3 4.8 215.7 7.0 3.5 83.2 1.7 6.9 1.5 38.8 74.4 66.8 37.5 

880 2.5 207.1 61.6 25.1 6.5 216.5 12.6 4.2 102.1 2.5 11.0 2.4 47.5 74.8 73.9 44.6 
860 4.0 206.3 62.4 32.9 7.7 218.9 20.4 4.7 120.4 3.0 26.3 3.3 55.5 74.8 81.7 51.3 

840 5.9 206.3 65.0 41.7 8.7 223.2 30.4 5.0 137.8 3.5 29.3 4.0 63.6 74.5 90.3 57.6 
820 8.1 209.0 70.7 51.1 9.5 230.2 42.6 5.0 155.2 3.8 43.9 4.4 71.3 73.8 100.0 63.2 

800 10.7 212.5 77.6 61.2 9.9 237.9 56.2 5.0 171.9 4.3 50.6 5.1 79.3 72.8 110.8 67.8 
 finite strain fit 

924.4 Cij0 217.3 69.5 12.4 2.9 218.5 1.1 2.4 59.1 1.1 1.8 0.7 28.4 73.7 58.9 29.6 
  Cij' -4.9 -4.6 4.9 1.7 -1.9 4.3 0.9 20.2 0.7 4.9 0.8 8.8 0.8 6.2 6.2 

  Cij'' 1.4 1.8 -0.0 -0.4 1.2 0.3 -0.2 -3.3 -0.1 -0.1 -0.1 -1.4 -0.4 -0.3 -0.5 

 
Note: Cij0 is the Cij at zero pressure in the unit of GPa, Cij' is the pressure derivative of Cij which is unitless, and Cij'' is the second order 
pressure derivative of Cij in the unit of GPa-1. 
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Anisotropic Poisson’s ratio 

 

The anisotropic Poisson’s ratio 𝜈(𝒏,𝒎) is defined as the negative ratio of the transverse 

strain (𝜀𝒎) to the axial strain (𝜀𝒏): 

𝜈(𝒏,𝒎) = −𝜀𝒎 𝜀𝒏⁄       (1) 

where 𝒏 and 𝒎 are two orthogonal unit vectors. The unit vectors can be expressed in the form of 

Euler’s angles: 

𝑛 = ,
sin𝜙 sin 𝜃
− cos𝜙 sin 𝜃

cos 𝜃
4      (2) 

𝑚 = ,
−sin𝜙 cos 𝜃 cos𝜓 − cos𝜙 sin𝜓
cos𝜑 cos 𝜃 cos𝜓 − sin𝜙 sin𝜓

sin 𝜃 cos𝜓
4    (3) 

With the determined elastic constant tensor, we could obtain the elastic compliance tensor 

by 𝑆#$%& = 𝐶#$%&'( . It is noted that, instead of the second-rank tensor (𝐶#$), here we use the fourth-

rank tensor (𝐶#$%&) in 4-index notation. The transition between the 4-index notation and 2-index 

notation (Voigt notation) (Nye, 1985) follows the rule of  

11 → 1; 	22 → 2; 	33 → 3; 	23 = 32 → 4; 	31 = 13 → 5; 	12 = 21 → 6  (4) 

The second-rank tensor of strain can be obtained by the generalized Hooke’s law: 

𝜀#$ = 𝑆#$%&𝜎%&      (5) 

Then we could estimate the anisotropic Poisson’s ratio by rewriting Eq.(1) (Sirotin and 

Shakolskaya, 1982; Wojciechowski, 2005):  

𝜈#$%& = −(𝜀%&𝑚%𝑚&) D𝜀#$𝑛#𝑛$E⁄ = −D𝑆#$%&𝑛#𝑛$𝑚%𝑚&E D𝑆#$%&𝑛#𝑛$𝑛%𝑛&EF   (6) 



To compare the 𝜈(𝒏,𝒎) or 𝜈#$%& with seismic wave propagation, we could choose the axial 

(𝒏) and transverse (𝒎) strain directions parallel to the orthogonal P- and S-wave polarization 

directions, respectively.  



Supplementary Tables 

 

Supplementary Table 1. The total energy as a function of increasing cut-off energy (Ecutoff) for 

triclinic talc using GGA with van der Waals correction. The K-points remain unchanged. 

 
K-Points Ecutoff (eV) Energy (eV) 

12 600 -287.00 
12 700 -287.10 
12 800 -287.14 
12 900 -287.14 
12 1000 -287.14 
12 1100 -287.15 
12 1200 -287.15 

 

Supplementary Table 2. The total energy as a function of increasing K-points for triclinic talc 

using GGA with van der Waals correction. The cut-off energy of 900 eV remains unchanged. 

 
K-points Ecutoff (eV) Energy (eV) 

12 900 -287.14 
28 900 -287.17 
68 900 -287.16 
126 900 -287.16 

 

Supplementary Table 3. Lattice parameters and linear compressibility for talc. 

 
Symmetry a0  

[Å] 
Ka 

[GPa] 
b0  

[Å] 
Kb 

[GPa] 
c0  

[Å] 
Kc 

[GPa] 
triclinic 5.370 270.6 9.309 293.9 9.324 41.1 

monoclinic 5.373 378.7 9.279 273.5 18.537 60.2 
 

 



Supplementary Table 4. The elastic constants as a function of cut-off energy (Ecutoff) for triclinic 

talc using GGA. 

 
Ecutoff C11 C12 C13 C14 C15 C16 C22 C23 C24 C25 C26 C33 C34 C35 C36 C44 C45 C46 C55 C56 C66 
[eV] [GPa] 

500 206.7 61.2 10.6 1.5 -4.3 0.6 209.2 14.8 2.9 -2.1 0.3 70.6 0.5 -0.4 -3.6 23.3 -11.0 -0.6 11.0 0.2 73.3 
700 206.7 60.7 9.9 1.5 -4.2 0.5 208.4 14.5 2.7 -2.0 0.3 69.6 0.4 -0.3 -3.5 23.4 -10.9 -0.6 10.8 0.2 73.1 
900 207.3 61.5 10.1 0.8 -4.2 0.5 209.3 14.8 2.8 -2.0 0.3 70.1 0.5 -0.3 -3.5 23.1 -11.0 -0.6 11.0 0.2 73.2 



Supplementary Figures 

 

 

Supplementary Figure 1. Comparison of total energy using GGA with van der Waals correction 

(GGA + vdW) and conventional GGA for triclinic talc. The vertical bars indicate the zero-

pressure unit-cell volume: red- GGA + vdW (this study); blue- conventional GGA (this study); 

black- conventional LDA (Stixrude, 2002); and green- experiments (Gatta et al., 2013; Gleason 

et al., 2008). 

 

LDA GGA

GGA + vdWEXP



 

Supplementary Figure 2. Structural change with increasing pressures for triclinic talc. (a) 

Volume of Mg octahedrons with pressures. The solid red line represents the average volume of 

Mg1 and Mg2 octahedrons. (b) Volume of Si tetrahedrons with pressures. The solid blue line 

represents the average volume of Si1 and Si2 tetrahedrons. (c) Bond distance of the hydroxyl 

group with pressures. (d) Tetrahedral rotation angle q with pressures which describes the 

distortion degree of the six-membered tetrahedral rings. Previous experimental (G13: Gatta et al., 

2013; PB81: Perdikatsis and Burzlaff, 1981) and simulation (U14: Ulian et al., 2014; S02: 

Stixrude, 2002) results are reported for comparison. 
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Supplementary Figure 3. Three-dimensional plot of VP as a function of incidence angle and 

pressure for triclinic talc. The data are taken along the plane with an azimuth angle of 60°. 
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Supplementary Figure 4. Three-dimensional plot of VS1 as a function of incidence angle and 

pressure for triclinic talc. The data are taken along the plane with an azimuth angle of 60°. 
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Supplementary Figure 5. Three-dimensional plot of VS2 as a function of incidence angle and 

pressure for triclinic talc. The data are taken along the plane with an azimuth angle of 60°. 
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Supplementary Figure 6. Three-dimensional plot of VP as a function of incidence angle and 

pressure for monoclinic talc. The data are taken along the plane with an azimuth angle of 0°. 
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Supplementary Figure 7. Three-dimensional plot of VS1 as a function of incidence angle and 

pressure for monoclinic talc. The data are taken along the plane with an azimuth angle of 0°. 
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Supplementary Figure 8. Three-dimensional plot of VS2 as a function of incidence angle and 

pressure for monoclinic talc. The data are taken along the plane with an azimuth angle of 0°. 
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Supplementary Figure 9. (a) P-to-S velocity ratio (VP/VS) vs. pressure of talc. Inset is an enlarged 

version to better show the VP/VS1 of talc. (b) Stereographic projections down the c-axis of VP/VS1 

and VP/VS2 of both triclinic and monoclinic talc at ~1.3-1.4 GPa, which corresponds to a depth of 

~45 km. The black square symbols denote the maximum values, and the white circle symbols 

denote the minimum values. The colored circle/square symbols indicate the propagation directions 

of the P-to-S velocity ratio we chose in this figure. 
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