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Section I 
The temperature dependence of the thermodynamic parameters at zero-pressure is discussed 
in the main draft. Here, we present additional analysis of the P-V-T data using two distinct 
formalisms: high-temperature Birch-Murnaghan (HTBM) equation of state (EOS) and Mie-
Grüneisen-Debye (MGD) EOS (Anderson, 1984; Fei et al., 1992; Nishihara et al., 2005; 
Litasov et al., 2007). 

High-temperature Birch-Murnaghan equation of state 
In high-temperature Birch-Murnaghan (HTBM) equation of state, the P-V-T data is described 
as 
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where 

𝐾& = 𝐾&6
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'(

78)
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and 
𝑉6& = 𝑉6exp 𝛼	d𝑇&

&6 (3) 

Since the thermal expansion coefficient can be empirically represented by 𝛼 = 𝑎6 + 𝑎B𝑇, the 
eq. (3) can be rewritten as 
𝑉6& = 𝑉6exp 𝑎6 𝑇 − 𝑇6 + CD

$
𝑇$ − 𝑇6$        (4)

In the HBTM EOS formalism, there are six thermoelastic parameters: the isothermal bulk 
modulus at standard temperature and pressure (STP) (𝐾&6), the unit-cell volume at STP (𝑉6), 
the pressure derivative of bulk modulus (𝐾&2), the second Grüneisen parameter (𝛿&), and the 
thermal expansivity parameters (𝑎6  and 𝑎B) (Supplementary Table 5). In this study, the 
standard temperature and pressure (STP) indicate 300 K and 0 GPa. Based on our analysis of 
the P-V-T data, we find that the root-mean-square (RMS) misfit from HTBM EOS formalism 
is ~0.12 GPa. The values of the 𝐾&6, 𝑉6, and 𝐾&2 are consistent with those derived from the 
isothermal fit at room-temperature data (Table 1). The thermal expansion coefficient 𝛼 , 
represented by 𝑎6 and 𝑎B, also agrees well with the 𝛼 determined at STP (𝛼FGH = 2.7×10-5 
K-1 and 𝛼JJH = 2.5×10-5 K-1). Similarly, the second Grüneisen parameter 𝛿&FGH agrees with
that determined directly from the temperature dependence of 𝐾&, which is 3.33. The second
Grüneisen parameter, 𝛿& < 𝐾&2  (𝛿&FGH − 𝐾2

&
FGH =  -1.7 and 𝛿&JJH − 𝐾2

&
JJH =  -4.6), and the
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large non-zero values indicate that the thermal pressure (𝑃LM ) for tremolite is strongly 
sensitive to the volume (Anderson, 1999). 
 
Mie-Grüneisen-Debye equation of state 
In the MGD EOS formalism, the pressure at a given volume and temperature can be 
expressed as the sum of static pressure and thermal pressure: 
𝑃 𝑉, 𝑇 = 𝑃 𝑉, 𝑇6 + 𝑃LM(𝑉, 𝑇)        (5) 
The static pressure is described by a third-order Birch Murnaghan equation of state, and the 
thermal pressure is expressed by 
𝑃LM 𝑉, 𝑇 = O

'
𝐸LM 𝑉, 𝑇 − 𝐸LM(𝑉, 𝑇6)        (6) 

where the first Grüneisen parameter 𝛾 is described as a function of volume 

𝛾(𝑉) = 𝛾6
'
'(

R
          (7) 

and the Debye energy is 

𝐸LM 𝑉, 𝑇 = STU&
V) & +

L+

WX7B
V) &
6 d𝑡        (8) 

where 𝑛 is the number of atoms in the formula unit, 𝑅 is the gas constant, and Θ&  is the 
Debye temperature which is described as 

Θ&(𝑉) = Θ&6
'
'(

7O
          (9) 

Thus, in the MGD EOS formalism, there are six thermoelastic parameters: the isothermal 
bulk modulus at STP (𝐾&6), the unit-cell volume at STP (𝑉6), the pressure derivative of bulk 
modulus (𝐾&2), the first Grüneisen parameter at STP (𝛾6), the dimensionless constant (𝑞), and 
the Debye temperature at STP (Θ&6) (Supplementary Table 5). Based on our analysis of the 
P-V-T data, we find that the RMS misfit from MDG EOS formalism is ~0.09 GPa. Again, the 
values of the 𝐾&6, 𝑉6, and 𝐾&2 do not exhibit significant variation across the two formalisms. 
The first Grüneisen parameters are similar as those determined based on 𝛾 = ^_)'

`a
 at STP 

(𝛾FGH = 0.86 and 𝛾JJH = 0.71). The Debye temperatures from the MGD EOS formalism 
(Supplementary Table 5) are comparable with the	Θ& (Θ&FGH = 650.6 K and Θ&JJH = 625.4 
K) determined from average seismic velocities (𝑣) as: 

Θ& =
ℏd
ef

gh5Ti
'

D
+          (10) 

where, the ℏ is the reduced Planck constant, 𝑘k is the Boltzmann constant, 𝑛 is the number of 
atoms in the formula unit, 𝑍 is the number of formula units in the unit-cell, and 𝑉 is the 
volume of the unit-cell. The average seismic velocity (𝑣 ) is expressed as a function of 
compressional (𝑉m) and shear (𝑉n) wave velocity 

𝑣 = 3 B
'p
+ +

$
'q
+

D
+
          (11) 

The large volume dependence of thermal pressure 𝑃LM in the MGD EOS formalism yields 
𝑞 < 0, with 𝑞FGH = -0.7 and 𝑞JJH = -3.6. An alternate check on the determination of 𝑞 could 
be based on the definition of 𝑞, i.e.,	 rstO

rst' &
 where, 𝛾 = ^_)'

`a
 (Bassett et al., 1968; Anderson, 

1984; Anderson and Yamamoto, 1987; Bina and Helffrich, 1992), thus 
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𝑞 = rstO
rst' &

= r(st^ust_)ust'7st`a)
rst' &

= 𝛿& − 𝐾&2 + 1 −
rst`a
rst' &

   (12) 

Assuming the last term, i.e., rst`a
rst' &

 in eq. (12) is negligible, the 𝑞  will be consistent 

between the HTBM and the MGD EOS formalisms.  
In most earlier studies on silicate mineral phases, 𝑞  is often assumed to be 1 and this 
assumption implies 𝛿& ≈ 𝐾&2 . This suggests that 𝑃LM  is not sensitive to volume along an 
isotherm (Anderson, 1999). In contrast, the thermal pressure (𝑃LM) of tremolite has a strong 
dependence on volume. Since the 𝛿& describes the temperature effect on the 𝐾&, while the 
𝐾&2 is the pressure dependence of 𝐾&, the relationship of 𝛿& = 𝐾&2also gives us an insight on 
how the 𝐾& changes along an isochore 
r_)
r& '

= −𝑉 r(^_))
r' &

= −𝛼𝐾&(𝛿& − 𝐾&2)       (13) 

Thus, 𝐾&  is a constant along an isochore when 𝛿& = 𝐾&2  is satisfied. However, 𝐾&  of 

tremolite increases with temperature along the isochore with the r_)
r& '

FGH
= 3.6 MPa/K and 

r_)
r& '

JJH
= 6.5 MPa/K. It is to be noted that the large non-zero values with 𝛿& < 𝐾&2 are 

also observed in other mineral phases which include magnesite (Anderson, 1999; Litasov et 
al., 2008). 
 

Section II 
To predict the lithospheric mantle velocity-depth profiles, we used thermoelastic codes 
(Abers and Hacker, 2016). The thermoelastic parameters for calculating the aggregate 
velocities and the formalisms used to extend them at high pressures and temperatures are 
provided in detail (Table 3, Supplementary Table 11). 
 
Thermoelastic parameters- effect of temperature 
The temperature dependence of volume of a mineral phase is captured by a dimensionless 
parameter, F, defined as (Hacker and Abers, 2004): 
Φ ≡ ln ' &

'(
= 𝛼 𝑇 𝑑𝑇&

&(
          (14) 

where 𝑉6 is the volume of the mineral phase at STP. The thermal expansion coefficient a(T) 
is defined by a constant 𝑎6 for each mineral phase (Holland and Powell, 1998): 

𝛼 𝑇 = 𝑎6 1 − B6
&

           (15) 

Thus, eq. (14) can be rewritten as: 
Φ ≡ 𝛼 𝑇 𝑑𝑇&

&(
= 𝑎6 𝑇 − 𝑇6 − 20 𝑇 − 𝑇6        (16) 

Thus, temperature dependence of density could also be expressed in terms of Φ as:  
𝜌(𝑇) = 𝜌6𝑒7�          (17) 
where 𝜌6 is the density at STP. 
The temperature dependence of isothermal bulk modulus 𝐾& 𝑇  can also be expressed in 
terms of Φ as: 
𝐾& 𝑇 = 𝐾&6𝑒78)�           (18) 
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where 𝐾&6  is the isothermal bulk modulus at STP, 𝛿&  is the isothermal second Grüneisen 
parameter and is related to r_)

r& m
 (Bina and Helffrich, 1992; Anderson et al., 1992) as: 

𝛿& ≡ − B
^_)

r_)
r& m

= − rst_)
rst' m

= rst_)
rst� m

       (19) 

Similarly, the temperature dependence of shear modulus 𝐺 𝑇  can also be expressed in terms 
of Φ as: 
𝐺 𝑇 = 𝐺6𝑒7��           (20) 
where 𝐺6  is the isothermal shear modulus at STP, and Γ  is related to rJ

r& m
 (Duffy and 

Anderson, 1989; Anderson et al., 1992) and defined as: 
Γ ≡ − B

^J
rJ
r& m

= − rstJ
rst' m

= rstJ
rst� m

        (21) 

 
Thermoelastic parameters- effect of pressure 
The pressure dependence of volume and density of a mineral phase is often best described by 
a finite strain equation of state (Birch, 1978): 
m
_)
= 3𝑓 1 + 2𝑓

-
5 1 + #

$
𝐾2 − 4 𝑓         (22) 

where 𝑓  is the Eulerian finite strain, 𝐾2  is the pressure dependence of isothermal bulk 
modulus, i.e., r_)

rm &
. 

The density at high pressures can be expressed in terms of 𝑓 as: 

𝜌 𝑃 = 𝜌6 1 + 2𝑓
+
5           (23) 

 
Thermoelastic parameters- combined effect of pressure and temperature 
The combined effect of pressure and temperature on density can be expressed by combining 
eq. (17) and eq. (23) as: 

𝜌 𝑃, 𝑇 = � m
�(

𝜌 𝑇 = 𝜌6 1 + 2𝑓
+
5𝑒7�       (24) 

Similarly, the combined effect of pressure and temperature on bulk modulus can be expressed 
as: 

𝐾& 𝑃, 𝑇 = 𝐾&6 1 + 2𝑓
-
5[1 + 3𝐾2 − 5 𝑓]𝑒78)�      (25) 

and the combined effect of pressure and temperature on shear modulus can be expressed as: 

𝐺 𝑃, 𝑇 = 𝐺6 1 + 2𝑓
-
5 1 + 3𝐺2 _) &

J &
− 5 𝑓 𝑒7��  

 = 𝐺6 1 + 2𝑓
-
5 1 + 3𝐺2 _)(W

��)�

J(W���
− 5 𝑓 𝑒7��     (26) 

The thermal expansion coefficient at high pressure and temperature is 

𝛼 𝑃, 𝑇 = 𝛼 𝑇 � m
�(

78)
= 𝑎6 1 − B6

&
1 + 2𝑓 7+58)     (27) 

The adiabatic bulk modulus is 
𝐾n 𝑃, 𝑇 = 𝐾& 𝑃, 𝑇 1 + 𝑇𝛾LM𝛼 𝑃, 𝑇   

 = 𝐾&6 1 + 2𝑓
-
5[1 + 3𝐾2 − 5 𝑓] 1 + 𝑇𝛾LM𝛼(𝑃, 𝑇) 𝑒78)�    (28) 

where 𝛾LM is the first isothermal Grüneisen parameter defined by 
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𝛾LM ≡
^'_)
`a

≡ ^'_q
`p

          (29) 

 
Aggregate properties 
For a rock consisting of n mineral phases, the density can be expressed as: 
𝜌 = 𝜈�𝜌�T

��B            (30) 
where 𝜌� and 𝜈� are the density and volume proportion of each mineral phase, respectively. 
The aggregate bulk and shear modulus of the rock are calculated by Hashin-Shtrikman 
average (Hashin and Shtrikman, 1962). The bulk modulus can be expressed as: 

𝐾 =
_Du

�D
�D�D�D

u _�u
��

�����D

$
         (31) 

where, the 𝐾B is the softest bulk modulus, 𝐾T is the stiffest bulk modulus, and 
𝛼B = − #

#_Du0JD
  

𝛼T = − #
#_�u0J�

  

𝐴B =
��

D
����D

7^D
T
��$   
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��

D
�����

7^�
T7B
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The shear modulus is analogous: 

𝐺 =
JDu

D
5

fD
�DfD�D

u J�u
D
5

f�
��f��D

$
        (33) 

where, the 𝐺B is the softest shear modulus, 𝐺T is the stiffest shear modulus, and 
𝛽B =

^D(_Du$JD)
�JD

  

𝛽T =
^�(_�u$J�)

�J�
  

𝐵B =
��

5
����D

7�D
T
��$   

𝐵T =
��

5
�����

7��
T7B
��B           (34) 

The compressional and shear seismic wave velocities at given temperature and pressure are 
then calculated as 

𝑉m =
_qu

�
+J

�
           (35) 

and 

𝑉n =
J
�
           (36) 
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Supplementary Tables 
 
Supplementary Table 1. The total energy as a function of increasing cut-off energy (Ecutoff) 
at a constant volume of 870 Å3 using LDA. The K-points remain unchanged. 
 

K-Points Ecutoff (eV) Energy (eV) 
6 500 -647.28 
6 600 -647.48 
6 700 -647.71 
6 800 -647.79 
6 900 -647.80 
6 1000 -647.81 
6 1100 -647.82 

 
Supplementary Table 2. The total energy as a function of increasing K-points at the 
constant volume of 870 Å3 using LDA. The cut-off energy of 800 eV remain unchanged. 
 

K-points Ecutoff (eV) Energy (eV) 
2 800 -647.68 
6 800 -647.79 
20 800 -647.79 
36 800 -647.79 
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Supplementary Table 5. Thermoelastic parameters of tremolite from the high-temperature 
Birch-Murnaghan (HTBM) equation of state and the Mie-Grüneisen-Debye (MGD) equation 
of state. 
 

 LDA GGA 
Parameters Unit HTBM MGD HTBM MGD 

K0 GPa 79.9 80.2 64.9 65.1 
K0'  5.2 5.2 6.8 6.7 
V0 Å3 888.1 887.5 958.6 958.1 
a0 x10-5 K-1 2.5 - 2.7 - 
a1 x10-8 K-2 0.6 - 0.3 - 
dT  3.5 - 2.2 - 
g0  - 0.7 - 0.6 
q  - -0.7 - -3.6 
QT0 K - 566.1 - 589.8 

RMS misfit GPa 0.12 0.09 0.08 0.06 
 

American Mineralogist: June 2020 Deposit AM-20-67189 



	
9	

Su
pp

le
m

en
ta

ry
 T

ab
le

 6
. P

re
ss

ur
e 

de
pe

nd
en

ce
 o

f p
ol

yh
ed

ra
l v

ol
um

es
 a

nd
 b

on
d 

le
ng

th
s o

f t
re

m
ol

ite
 a

t 3
00

 K
. 

 Pr
es

su
re

 
Po

ly
he

dr
al

 V
ol

um
e 

A
ve

ra
ge

 b
on

d 
di

st
an

ce
 w

ith
in

 th
e 

po
ly

he
dr

al
 

H
yd

ro
xy

l 
bo

nd
 

P 3
00

 K
 

A
(v

ac
an

t) 
B

 
M

1 
M

2 
M

3 
T1

 
T2

 
<A

-O
> 

<B
-O

> 
<M

1-
O

> 
<M

2-
O

> 
<M

3-
O

> 
<T

1-
O

> 
<T

2-
O

> 
d(

O
H

) 
[G

Pa
] 

[Å
3 ] 

[Å
3 ] 

[Å
3 ] 

[Å
3 ] 

[Å
3 ] 

[Å
3 ] 

[Å
3 ] 

[Å
] 

[Å
] 

[Å
] 

[Å
] 

[Å
] 

[Å
] 

[Å
] 

[Å
] 

LD
A

 (P
A

W
) 

12
.3

 
35

.4
3 

22
.0

5 
10

.5
2 

10
.3

7 
10

.3
9 

2.
13

0 
2.

14
6 

2.
73

9 
2.

36
8 

1.
99

8 
1.

98
8 

1.
98

8 
1.

60
9 

1.
61

3 
0.

97
46

 
10

.6
 

36
.4

3 
22

.3
4 

10
.6

2 
10

.4
8 

10
.4

8 
2.

13
7 

2.
15

5 
2.

75
9 

2.
37

9 
2.

00
5 

1.
99

5 
1.

99
5 

1.
61

0 
1.

61
5 

0.
97

47
 

9.
0 

37
.4

4 
22

.6
4 

10
.7

2 
10

.5
9 

10
.5

7 
2.

14
4 

2.
16

4 
2.

77
9 

2.
38

9 
2.

01
1 

2.
00

2 
2.

00
2 

1.
61

2 
1.

61
8 

0.
97

48
 

7.
6 

38
.4

9 
22

.9
5 

10
.8

1 
10

.7
0 

10
.6

7 
2.

15
1 

2.
17

2 
2.

79
9 

2.
39

9 
2.

01
8 

2.
00

8 
2.

00
8 

1.
61

4 
1.

62
0 

0.
97

49
 

6.
2 

39
.5

5 
23

.2
7 

10
.9

1 
10

.8
1 

10
.7

6 
2.

15
7 

2.
18

0 
2.

81
9 

2.
41

0 
2.

02
4 

2.
01

5 
2.

01
5 

1.
61

5 
1.

62
2 

0.
97

51
 

4.
9 

40
.6

5 
23

.5
9 

11
.0

1 
10

.9
2 

10
.8

5 
2.

16
4 

2.
18

8 
2.

83
8 

2.
42

1 
2.

03
0 

2.
02

2 
2.

02
1 

1.
61

7 
1.

62
4 

0.
97

52
 

3.
8 

41
.7

7 
23

.9
2 

11
.1

0 
11

.0
2 

10
.9

3 
2.

16
9 

2.
19

5 
2.

85
8 

2.
43

2 
2.

03
7 

2.
02

8 
2.

02
7 

1.
61

8 
1.

62
6 

0.
97

53
 

2.
6 

42
.9

3 
24

.2
5 

11
.1

9 
11

.1
3 

11
.0

2 
2.

17
5 

2.
20

2 
2.

87
9 

2.
44

3 
2.

04
3 

2.
03

5 
2.

03
3 

1.
62

0 
1.

62
8 

0.
97

54
 

1.
6 

44
.1

2 
24

.6
0 

11
.2

9 
11

.2
3 

11
.1

0 
2.

18
0 

2.
20

8 
2.

89
9 

2.
45

4 
2.

04
9 

2.
04

1 
2.

03
9 

1.
62

1 
1.

63
0 

0.
97

55
 

0.
6 

45
.3

6 
24

.9
6 

11
.3

8 
11

.3
4 

11
.1

8 
2.

18
5 

2.
21

4 
2.

92
0 

2.
46

6 
2.

05
5 

2.
04

8 
2.

04
5 

1.
62

2 
1.

63
2 

0.
97

57
 

-0
.2

 
46

.6
3 

25
.3

2 
11

.4
7 

11
.4

4 
11

.2
6 

2.
18

9 
2.

21
9 

2.
94

1 
2.

47
7 

2.
06

0 
2.

05
4 

2.
05

1 
1.

62
3 

1.
63

4 
0.

97
58

 
 G

G
A

 (P
A

W
) 

10
.0

 
40

.6
3 

24
.3

1 
11

.3
4 

11
.3

2 
11

.2
0 

2.
21

2 
2.

23
8 

2.
83

9 
2.

44
8 

2.
05

0 
2.

04
6 

2.
04

1 
1.

62
9 

1.
63

6 
0.

96
84

 
8.

6 
41

.6
6 

24
.6

4 
11

.4
4 

11
.4

3 
11

.2
9 

2.
21

8 
2.

24
6 

2.
85

8 
2.

45
8 

2.
05

6 
2.

05
3 

2.
04

8 
1.

63
0 

1.
63

8 
0.

96
86

 
7.

3 
42

.7
3 

24
.9

7 
11

.5
4 

11
.5

5 
11

.3
8 

2.
22

4 
2.

25
3 

2.
87

7 
2.

46
9 

2.
06

2 
2.

06
0 

2.
05

4 
1.

63
2 

1.
64

0 
0.

96
88

 
6.

1 
43

.8
1 

25
.3

0 
11

.6
4 

11
.6

6 
11

.4
7 

2.
23

0 
2.

26
1 

2.
89

5 
2.

48
0 

2.
06

9 
2.

06
7 

2.
06

0 
1.

63
3 

1.
64

2 
0.

96
89

 
5.

0 
44

.9
2 

25
.6

5 
11

.7
3 

11
.7

7 
11

.5
6 

2.
23

6 
2.

26
8 

2.
91

5 
2.

49
1 

2.
07

5 
2.

07
3 

2.
06

6 
1.

63
5 

1.
64

4 
0.

96
91

 
4.

0 
46

.0
7 

26
.0

0 
11

.8
3 

11
.8

9 
11

.6
5 

2.
24

1 
2.

27
4 

2.
93

4 
2.

50
2 

2.
08

1 
2.

08
0 

2.
07

2 
1.

63
6 

1.
64

6 
0.

96
93

 
3.

1 
47

.2
4 

26
.3

5 
11

.9
2 

12
.0

0 
11

.7
3 

2.
24

7 
2.

28
0 

2.
95

3 
2.

51
3 

2.
08

7 
2.

08
7 

2.
07

8 
1.

63
7 

1.
64

8 
0.

96
94

 
2.

2 
48

.4
5 

26
.7

2 
12

.0
2 

12
.1

1 
11

.8
1 

2.
25

1 
2.

28
6 

2.
97

3 
2.

52
5 

2.
09

3 
2.

09
3 

2.
08

4 
1.

63
8 

1.
65

0 
0.

96
95

 
1.

4 
49

.6
9 

27
.1

0 
12

.1
1 

12
.2

2 
11

.8
9 

2.
25

6 
2.

29
1 

2.
99

3 
2.

53
7 

2.
09

8 
2.

10
0 

2.
08

9 
1.

63
9 

1.
65

1 
0.

96
97

 
0.

6 
50

.9
6 

27
.5

1 
12

.2
0 

12
.3

3 
11

.9
7 

2.
26

0 
2.

29
6 

3.
01

4 
2.

54
9 

2.
10

4 
2.

10
6 

2.
09

5 
1.

64
0 

1.
65

3 
0.

96
98

 
-0

.1
 

52
.2

7 
27

.9
3 

12
.2

9 
12

.4
4 

12
.0

5 
2.

26
4 

2.
30

1 
3.

03
5 

2.
56

2 
2.

11
0 

2.
11

3 
2.

10
1 

1.
64

1 
1.

65
4 

0.
97

00
 

-0
.8

 
53

.6
2 

28
.3

6 
12

.3
8 

12
.5

5 
12

.1
2 

2.
26

8 
2.

30
5 

3.
05

6 
2.

57
5 

2.
11

5 
2.

11
9 

2.
10

6 
1.

64
2 

1.
65

6 
0.

97
01

 

American Mineralogist: June 2020 Deposit AM-20-67189 



	 10	

Supplementary Table 7. Polyhedral volumes (V0) [Å3], polyhedral bulk moduli (K0) [GPa] 
and the pressure derivative of the bulk modulus (K’) of tremolite at 300 K. 
 

  T1 T2 M1 M2 M3 B A (vacant) 
LDA 

V0 2.2 2.2 11.4 11.4 11.2 25.2 46.3 
K0 411.6 348.7 113.2 98.6 128.5 59.7 31.6 
K' 7.4 4.3 6.2 5.6 5.0 6.4 3.0 

GGA 
V0 2.3 2.3 12.3 12.4 12.0 27.9 52.1 
K0 401.6 348.4 94.6 78.1 110.1 45.7 26.9 
K' 5.6 2.5 7.3 6.8 6.3 7.1 3.3 

Experimental results (Comodi et al., 1991) 
V0 2.19 2.22 11.72 11.88 11.51 26.13 47.19 
K0 - - 106.0 66.0 128.0 74.0 45.0 
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Supplementary Table 8. Experimentally determined elastic constants for tremolite using a 
reference frame where X is not parallel to the a-axis, but Y and Z are parallel to the b- and c-
axes, respectively (Brown and Abramson, 2016). To compare this result directly with our 
study where X and Z are not parallel to the a- and c-axes, but Y is parallel to the b-axis, we 
have rotated the experimental elastic constants at ambient conditions. 
 

Reference: X is not parallel to the a-axis, Y||b, and Z||c 
Cij 1 2 3 4 5 6 
1 107 47 37 0 -1 0 
2 47 186 60 0 -8 0 
3 37 60 232 0 -30 0 
4 0 0 0 79 0 7 
5 -1 -8 -30 0 48 0 
6 0 0 0 7 0 50 

Rotated Reference: X is not parallel to the a-axis, Y||b,  
and Z is not parallel to the c-axis 

Cij 1 2 3 4 5 6 
1 114 52 54 0 -14 0 
2 52 186 55 0 -10 0 
3 54 55 191 0 -44 0 
4 0 0 0 81 0 -1 
5 -14 -10 -44 0 65 0 
6 0 0 0 -1 0 48 

 
Supplementary Table 9. Pressure dependence of compressional (AVP) and shear (AVS) wave 
anisotropy of tremolite at 300 K based on LDA. 
 
P300 K [GPa] 0 1 2 3 4 5 6 7 8 9 10 

AVP [%] 34.6 32.8 31.1 29.5 28.1 26.9 25.7 24.7 23.9 23.2 22.6 

AVS [%] 27.5 28.6 29.7 30.8 32.0 33.1 34.2 35.4 36.5 37.6 38.8 
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Supplementary Table 10a. Bulk rock oxide compositions and mineral modes of the 
representative cratonic rock, the Kaapvaal Craton lherzolite (Griffin et al., 2009). 
 

AV. High-T lherzolite Kaapvaal craton 
Oxides wt% 
SiO2 44.3 
TiO2 0.17 
Al2O3 1.74 
Cr2O3 0.30 
FeO 8.1 
MnO 0.12 
MgO 43.3 
CaO 1.27 
Na2O 0.12 
NiO 0.26 
Sum 99.7 
Mg# 90.5 

Calculated HP database (100 km, 800 ºC) 
phase vol% 

olivine 70.6 
orthopyroxene 19.8 
clinopyroxene 3.5 

garnet 6.1 

American Mineralogist: June 2020 Deposit AM-20-67189 



	 13	

Supplementary Table 10b. Modal proportions of mineral end members used for 
constructing velocity-depth profiles. We used the modal proportions for the major mineral 
phases reported in Supplementary Table 10a. Tremolite is used as a proxy for the general 
amphibole group. 
 

  0% Phlogopite 
  reference 5% amph 10% amph 15% amph 20% amph 25% amph 

phases vol% vol% vol% vol% vol% vol% 
grossular 1.0 0.9 0.9 0.8 0.8 0.7 
pyrope 5.1 4.9 4.6 4.4 4.1 3.8 

fosterite 63.4 60.2 57.0 53.9 50.7 47.5 
fayalite 7.2 6.9 6.5 6.2 5.8 5.4 
enstatite 17.8 16.9 16.0 15.1 14.2 13.3 

ferrosilite 2.0 1.9 1.8 1.7 1.6 1.5 
diopside 3.1 3.0 2.8 2.7 2.5 2.4 

hedenbergite 0.4 0.3 0.3 0.3 0.3 0.3 
tremolite   5.0 10.0 15.0 20.0 25.0 

phlogopite   0.0 0.0 0.0 0.0 0.0 
Sum 100 100 100 100 100 100 

  1% Phlogopite 
  0% amph 5% amph 10% amph 15% amph 20% amph 25% amph 

phases vol% vol% vol% vol% vol% vol% 
grossular 1.0 0.9 0.9 0.8 0.8 0.7 
pyrope 5.1 4.8 4.6 4.3 4.0 3.8 

fosterite 62.7 59.6 56.4 53.2 50.1 46.9 
fayalite 7.2 6.8 6.4 6.1 5.7 5.4 
enstatite 17.6 16.7 15.8 14.9 14.0 13.2 

ferrosilite 2.0 1.9 1.8 1.7 1.6 1.5 
diopside 3.1 3.0 2.8 2.6 2.5 2.3 

hedenbergite 0.4 0.3 0.3 0.3 0.3 0.3 
tremolite 0.0 5.0 10.0 15.0 20.0 25.0 

phlogopite 1.0 1.0 1.0 1.0 1.0 1.0 
Sum 100 100 100 100 100 100 
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Supplementary Figures 
 

 
 
Supplementary Figure 1: Stress vs. strain relations involved in the calculation of thirteen 
elastic constants of tremolite. Symbols are the calculated stresses and the dashed lines 
represent the initial linear slopes passing through 0% and 0.5% strain, i.e., the zero strain 
limit. The stresses are notated with 4 indices, the first two represent the direction of stress and 
the last two represent the direction of applied strain. For example, sij_kl means the difference 
of stresses (sij) when we applied both positive and negative strains (ekl) by various 
magnitudes. The figure shows that the ±1.0% strains we applied is within the elastic limit. 
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Supplementary Figure 2: Plot of Helmholtz free energy of tremolite vs. unit-cell volume for 
(a) LDA and (b) GGA. The temperatures are labeled. The open circles indicate the zero-
pressure volume at different temperatures. 
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Supplementary Figure 3: (a) Schematic diagram of the I-beam structure in tremolite: the 
octahedral strip is sandwiched between two tetrahedral chains. Three I-beams are connected 
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together by a B site. The A site is located between the two I-beams and is vacant in tremolite. 
Arrows indicate the inner and outer thickness of I-beam and separation of I-beams. (b) 
Structure of the tetrahedral ring: the two tetrahedral chains parallel to the c-axis form 
ditrigonal rings. The angle 𝜃 defines the tetrahedral rotation. (c) Inner (O7-O7’) and outer 
(O4-O4’) thicknesses of the I-beam vs. pressure. Inset shows the pressure dependence of the 
bending of I-beam, i.e., the difference between the outer and inner thickness of I-beam. (d) 
Inner (O7-O7’’) and outer (O4-O4’’) separation of I-beam vs. pressure. Inset shows the outer 
separation of I-beam for LDA which shows a non-monotonic behavior. For the oxygen atom 
labels used in panels (c) and (d), please refer to Figure 1 in the main draft. (e) Tetrahedral 
rotation angle vs. pressure. (f) Pressure dependence of the opposite basal oxygen distances of 
the ditrigonal ring. 
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