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aBstract

The isothermal bulk modulus, together with its temperature dependence, and the thermal expan-

VLRQ�RI�GLDPRQG�DW�YDULRXV�SUHVVXUHV�ZHUH�FDOFXODWHG�IURP�¿UVW�SULQFLSOHV�LQ�WKH�>������*3D@�DQG�>���
3000 K@� SUHVVXUH� DQG� WHPSHUDWXUH� UDQJHV��ZLWKLQ� WKH� OLPLWV� RI� WKH� TXDVL�KDUPRQLF� DSSUR[LPDWLRQ�
(QHA). The hybrid HF/DFT functional employed (WC1LYP) proved to be particularly effective in 

providing a very close agreement between the calculated and the available experimental data. In par-

ticular, the bulk modulus at 300 K was estimated to be 444.6 GPa (Kމ� ��������DW�WKH�VDPH�WHPSHUDWXUH��
WKH��YROXPH��WKHUPDO�H[SDQVLRQ�FRHI¿FLHQW�ZDV�����u10�6 K�1. To the authors’ knowledge, among the 

theoretical papers devoted to the subject, the present one provides the most accurate thermo-elastic 

GDWD�LQ�KLJK�SUHVVXUH�DQG�WHPSHUDWXUH�UDQJHV��6XFK�GDWD�FDQ�FRQ¿GHQWO\�EH�XVHG�LQ�WKH�GHWHUPLQDWLRQ�
of the pressure of formation using the “elastic method” for minerals found as inclusions in diamonds 

(recently applied on different minerals included in diamonds), thus shedding light upon the genesis of 

diamonds in the Earth’s upper mantle.
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introDuction

This work is part of a wider project devoted to the study 

of diamond formation in the upper mantle and its growth 

relationships with those minerals that are commonly found as 

inclusions in diamonds. In particular, subcratonic diamonds 

can contain inclusions of other minerals like olivine, garnet, 

VSLQHO��S\UR[HQHV��DQG�VXOILGHV��1HVWROD�HW�DO��������6KLUH\�HW�
al. 2013). Diamonds and their inclusions are among the deep-

est materials originating from the Earth’s interior and reaching 

the planet surface. Their study plays a key role in understand-

ing and interpreting the geodynamics, geophysics, petrology, 

geochemistry, and mineralogy of the Earth’s mantle (Stachel 

and Harris 2008, and references therein). By the study of such 

inclusions, in situ, by means of diffrattometric or spectroscopic 

WHFKQLTXHV�� LW� LV� SRVVLEOH� WR� GHWHUPLQH� WKH� SUHVVXUH� �DQG� WKH�
corresponding depth in the Earth’s mantle) at which the inclu-

VLRQV�ZHUH� IRUPHG� �1HVWROD� HW� DO�� ������ ,]UDHOL� HW� DO�� ������
using the so-called “elastic method” (see Shirey et al. 2013 for 

a review). However, to this end, very accurate data concerning 

WKH�SUHVVXUH�YROXPH�HTXDWLRQ�RI�VWDWH��WKH�WKHUPDO�H[SDQVLRQ�
and the bulk modulus temperature dependence of both diamond 

and its inclusions are absolutely crucial to obtain low error in 

the pressure of formation. 

As concerns diamond, previous experimental and theo-

retical determinations of the elastic parameters and thermal 

expansion existed. In particular, from the experimental side, 

the elastic constant measurements from Brillouin scattering, 

at room or higher temperatures, allowed the estimation of the 

bulk modulus and its temperature dependence (Grimsditch and 

5DPGDV�������0F6NLPLQ�DQG�$QGUHDWFK�������9RJHOJHVDQJ�HW�
DO��������=RXERXOLV�HW�DO���������([SHULPHQWDO�WKHUPDO�H[SDQ-

sion data (from low to high temperature up to 3000 K) at room 

pressure are available from Stoupin and Shvyd’ko (2011) and 

IURP�5HHEHU�DQG�:DQJ���������'XH�WR�WHFKQLFDO�GLIILFXOWLHV�LQ�
the experimental determinations of accurate bulk moduli and 

thermal expansion at simultaneous high pressure and tempera-

ture, a number of theoretical works were devoted to the subject, 

ERWK�DW�WKH�DE�LQLWLR�OHYHO��+HEEDFKH�������.XQF�HW�DO��������
,YDQRYD�DQG�0DYULQ�������0DH]RQR�HW�DO��������0RXQHW�DQG�
0DU]DUL�������9DOGH]�HW�DO��������;LH�HW�DO��������=KL�-LDQ�HW�
DO��������RU�WKH�HPSLULFDO�RQH��IRUFH�ILHOGV�DQG�RWKHU�WHFKQLTXHV�
EDVHG� RQ� VRPH� VSHFLILF�PRGHOV��$JXDGR� DQG�%DRQ]D� ������
Gao et al. 2006). Strongly depending upon the specific method 

employed, the calculated bulk moduli could be overestimated 

or underestimated by more than 10 GPa with respect to the 

experimental datum at 300 K, so that a more reliable ab initio 

PHWKRGRORJ\�LV�UHTXLUHG� WR�JHW�YDOXHV� WKDW�FRXOG�SDUDOOHO� WKH�
H[SHULPHQWDO�WHFKQLTXHV�LQ�DFFXUDF\�DQG�XQGHU�YHU\�H[WUHPH�
conditions of P and T��7R�WKLV�HQG�� WKH�HTXDWLRQ�RI�VWDWH�DQG�
WKH�WKHUPDO�H[SDQVLRQ�RI�GLDPRQG�LQ�WKH�>��������.@�DQG�>���
���*3D@� WHPSHUDWXUH�DQG�SUHVVXUH� UDQJHV�� UHVSHFWLYHO\��KDYH�
EHHQ�GHWHUPLQHG�E\�XVLQJ�WKH�PRVW�UHFHQW�DE�LQLWLR�WHFKQLTXHV�
so far developed. In particular, an hybrid Hartree-Fock/density 
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