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Abstract

The thermal equation of state (EoS) of a natural schorl has been determined at high temperatures up 
to 673 K and high pressures up to 15.5 GPa using in situ synchrotron X-ray diffraction combined with 
a diamond-anvil cell. The pressure-volume (P-V) data were fitted to a third-order Birch-Murnaghan 
EoS with V0 = 1581.45 ± 0.25 Å3, K0 = 111.6 ± 0.9 GPa, and K′0 = 4.4 ± 0.2; additionally, when K′0 was 
fixed at a value of 4, V0 = 1581.04 ± 0.20 Å3, and K0 = 113.6 ± 0.3 GPa. The V0 (1581.45 ± 0.25 Å3) 
obtained by the third-order Birch-Murnaghan EoS agrees well with the V0 (1581.45 ± 0.05 Å3) mea-
sured at ambient conditions. Furthermore, the axial compression data of schorl at room temperature 
were fitted to a “linearized” third-order Birch-Murnaghan EoS, and the obtained axial moduli for 
the a- and c-axes are Ka = 621 ± 9 GPa and Kc = 174 ± 2 GPa, respectively. Consequently, the axial 
compressibilities are βa = 1.61 × 10–3 GPa–1 and βc = 5.75 × 10–3 GPa–1 with an anisotropic ratio of 
βa:βc = 0.28:1.00, indicating axial compression anisotropy. In addition, the compositional effect on 
the axial compressibilities of tourmalines was discussed. Fitting our pressure-volume-temperature 
(P-V-T) data to a high-temperature third-order Birch-Murnaghan EoS yielded the following thermal 
EoS parameters: V0 = 1581.2 ± 0.2 Å3, K0 = 110.5 ± 0.6 GPa, K′0 = 4.6 ± 0.2, (∂KT/∂T)P = –0.012 ± 
0.003 GPa K–1 and αV0 = (2.4 ± 0.2) × 10–5 K–1. These parameters were compared with those of previ-
ous studies on other tourmalines, and the potential factors influencing the thermal EoS parameters of 
tourmalines were further discussed.
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Introduction

Tourmaline is the most abundant and widespread borosilicate 
mineral on Earth. It forms over a wide range of temperature and 
pressure conditions and typically occurs in a wide variety of 
granites, granitic pegmatites, sedimentary, metamorphic rocks, 
and even (ultra)high-pressure metamorphic rocks (Slack 1996; 
Dutrow and Henry 2011; van Hinsberg et al. 2011; Nabelek 
2021; Ertl et al. 2022; Han et al. 2023; Vincent et al. 2023). 
Therefore, tourmaline is stable in environments that extend 
from the crust to ultrahigh-pressure conditions prevailing in 
the upper mantle (Ota et al. 2008; Dutrow and Henry 2011; van 
Hinsberg et al. 2011; Henry and Dutrow 2012) and can maintain 
equilibrium with various geological fluids (Meyer et al. 2008; 
Konzett et al. 2012; Berryman et al. 2016). The diffusion rate of 
the main and trace elements in tourmaline is extremely low (van 
Hinsberg et al. 2011); thus, tourmaline may preserve textural, 
compositional, and isotopic features during growth and hence re-
veal considerable details regarding its crystallized environment 

(e.g., Maloney et al. 2008; van Hinsberg et al. 2011; Berryman 
et al. 2017; Kotowski et al. 2020; Qiu et al. 2021; Feng et al. 
2022; Li et al. 2022b; Guo et al. 2023). More importantly, as 
a dominant carrier of light elements (e.g., lithium and boron), 
tourmaline plays a vital role in the lithium and boron cycles in 
the deep Earth, especially in subduction zones (e.g., Nakano and 
Nakamura 2001; Bebout and Nakamura 2003; Ota et al. 2008; 
van Hinsberg et al. 2011; Liu and Jiang 2021; Srivastava and 
Singh 2022). Thus, studying the thermal stability and equation 
of state (EoS) of tourmaline in the subduction slab can aid in 
the assessment of the lithium and boron cycle depth and explain 
the formation of lithium deposits.

Tourmaline is a kind of ring-silicate mineral, and its structure 
can be expressed as XY3Z6T6O18(BO3)3V3W, where X = Na+, K+, 
Ca2+, vacancy; Y = Mg2+, Fe2+, Al3+, Li+, Fe3+, Cr3+, V3+, Mn2+; Z 
= Al3+, Fe3+, Cr3+, V3+, Mg2+, Fe2+; T = Si4+, Al3+, B3+; B = B3+; V 
= (OH)−, O2−; W = (OH)−, F−, O2− (Hawthorne and Henry 1999; 
Henry et al. 2011). Tourmaline has a trigonal crystal system and 
belongs to the R3m space group (Fig. 1). Its structure consists of 
two alternating basic structural layers. One consists of sixfold 
rings of tetrahedra (T sites) with a threefold axis along the c 
direction. The other consists of octahedral clusters on top of the 
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