

[image: image]





Frontiers eBook Copyright Statement

The copyright in the text of individual articles in this eBook is the property of their respective authors or their respective institutions or funders. The copyright in graphics and images within each article may be subject to copyright of other parties. In both cases this is subject to a license granted to Frontiers.

The compilation of articles constituting this eBook is the property of Frontiers.

Each article within this eBook, and the eBook itself, are published under the most recent version of the Creative Commons CC-BY licence. The version current at the date of publication of this eBook is CC-BY 4.0. If the CC-BY licence is updated, the licence granted by Frontiers is automatically updated to the new version.

When exercising any right under the CC-BY licence, Frontiers must be attributed as the original publisher of the article or eBook, as applicable.

Authors have the responsibility of ensuring that any graphics or other materials which are the property of others may be included in the CC-BY licence, but this should be checked before relying on the CC-BY licence to reproduce those materials. Any copyright notices relating to those materials must be complied with.

Copyright and source acknowledgement notices may not be removed and must be displayed in any copy, derivative work or partial copy which includes the elements in question.

All copyright, and all rights therein, are protected by national and international copyright laws. The above represents a summary only. For further information please read Frontiers’ Conditions for Website Use and Copyright Statement, and the applicable CC-BY licence.



ISSN 1664-8714
ISBN 978-2-88976-543-0
DOI 10.3389/978-2-88976-543-0

About Frontiers

Frontiers is more than just an open-access publisher of scholarly articles: it is a pioneering approach to the world of academia, radically improving the way scholarly research is managed. The grand vision of Frontiers is a world where all people have an equal opportunity to seek, share and generate knowledge. Frontiers provides immediate and permanent online open access to all its publications, but this alone is not enough to realize our grand goals.

Frontiers Journal Series

The Frontiers Journal Series is a multi-tier and interdisciplinary set of open-access, online journals, promising a paradigm shift from the current review, selection and dissemination processes in academic publishing. All Frontiers journals are driven by researchers for researchers; therefore, they constitute a service to the scholarly community. At the same time, the Frontiers Journal Series operates on a revolutionary invention, the tiered publishing system, initially addressing specific communities of scholars, and gradually climbing up to broader public understanding, thus serving the interests of the lay society, too.

Dedication to Quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely collaborative interactions between authors and review editors, who include some of the world’s best academicians. Research must be certified by peers before entering a stream of knowledge that may eventually reach the public - and shape society; therefore, Frontiers only applies the most rigorous and unbiased reviews. 

Frontiers revolutionizes research publishing by freely delivering the most outstanding research, evaluated with no bias from both the academic and social point of view.

By applying the most advanced information technologies, Frontiers is catapulting scholarly publishing into a new generation.

What are Frontiers Research Topics?

Frontiers Research Topics are very popular trademarks of the Frontiers Journals Series: they are collections of at least ten articles, all centered on a particular subject. With their unique mix of varied contributions from Original Research to Review Articles, Frontiers Research Topics unify the most influential researchers, the latest key findings and historical advances in a hot research area! Find out more on how to host your own Frontiers Research Topic or contribute to one as an author by contacting the Frontiers Editorial Office: frontiersin.org/about/contact





EARTH DEEP INTERIOR: HIGH-PRESSURE EXPERIMENTS AND THEORETICAL CALCULATIONS FROM THE ATOMIC TO THE GLOBAL SCALE

Topic Editors: 

Lidong Dai, Institute of geochemistry, Chinese Academy of Sciences, China

Haiying Hu, Institute of Geochemistry, Chinese Academy of Sciences, China/Institute of Geochemistry, China

Jianjun Jiang, Institute of Geochemistry, Chinese Academy of Sciences (CAS), China

Xi Liu, Peking University, China

Geeth Manthilake, UMR6524 Laboratoire Magmas et Volcans (LMV), France

Vassilios Saltas, Hellenic Mediterranean University, Greece

Citation: Dai, L., Hu, H., Jiang, J., Liu, X., Manthilake, G., Saltas, V., eds. (2022). Earth Deep Interior: High-pressure Experiments and Theoretical Calculations From the Atomic to the Global Scale. Lausanne: Frontiers Media SA. doi: 10.3389/978-2-88976-543-0





Table of Contents




Editorial: Earth Deep Interior: High-Pressure Experiments and Theoretical Calculations From the Atomic to the Global Scale

Lidong Dai, Geeth Manthilake, Vassilios Saltas, Haiying Hu, Jianjun Jiang and Xi Liu

High Pressure Behaviors and a Novel High-Pressure Phase of Cuprous Oxide Cu2O

Fei Qin, Dongzhou Zhang and Shan Qin

Review of Electrical Resistivity Measurements and Calculations of Fe and Fe-Alloys Relating to Planetary Cores

Meryem Berrada and Richard A. Secco

Influence of Saline Fluids on the Electrical Conductivity of Olivine Aggregates at High Temperature and High Pressure and Its Geological Implications

Wenqing Sun, Lidong Dai, Haiying Hu, Jianjun Jiang, Mengqi Wang, Ziming Hu and Chenxin Jing

Effect of Thermoelastic Properties of the Pyrope-Almandine Solid Solutions on the Entrapment Pressure of Garnet-Related Elastic Geobarometer

Bo Li, Junjie Jiang, Jingui Xu, Sergey N. Tkachev, Zhilin Ye, Shijie Huang, Weihua Guo, Yongjun Zeng, Vitali B. Prakapenka, Dawei Fan and Wenge Zhou

An Efficient Rock Physics Scheme for Estimating Crack Density and Fluid Saturation of Shale Gas Reservoir

Ziran Jiang, Qiaomu Qi, Xudong Jiang, Jikun Meng and Xing-Jian Wang

A Novel Method for Determining Geophone Orientations From Zero-Offset VSP Data Constrained by Scalar Field

Yuyong Yang, Qiaomu Qi, Huailai Zhou and Zhengyang Wang

The Structure and Elasticity of CaO3 Under High Pressure by First-Principles Simulation

Hanyu Wang, Lei Liu, Longxing Yang, Fengxia Sun, Li Yi and Hong Liu

Anisotropic Elastic Properties of Montmorillonite With Different Layer Charge Densities and Layer Charge Distributions Through Molecular Dynamic Simulation

Xueying Wang, Tongcheng Han and Li-Yun Fu

Pressure Calibration of Large-Volume Press: A Case Study of Hinged 6-8 Type Large-Volume High-Pressure Apparatus

Dongsheng Ren and Heping Li

Effect of Terrigenous Sediment Addition on the Generation of Arc Silicic Magma: Constraints From the Comparative Partial Melting Experiment at 1.5 GPa

Chunjuan Zang and Mingliang Wang



		EDITORIAL
published: 17 June 2022
doi: 10.3389/feart.2022.915318


[image: image2]
Editorial: Earth Deep Interior: High-Pressure Experiments and Theoretical Calculations From the Atomic to the Global Scale
Lidong Dai1, Geeth Manthilake2, Vassilios Saltas3, Haiying Hu1*, Jianjun Jiang1 and Xi Liu4*
1Key Laboratory for High-Temperature and High-Pressure Study of the Earth’s Interior, Institute of Geochemistry, Chinese Academy of Sciences, Guiyang, China
2Laboratoire Magmas et Volcans, CNRS, IRD, OPGC, Université Clermont Auvergne, Clermont-Ferrand, France
3Institute of Physics of Earth’s Interior and Geohazards, UNESCO Chair in Solid Earth Physics and Geohazards Risk Reduction, Hellenic Mediterranean University Research Center, Crete, Greece
4MOE Key Laboratory of Orogenic Belts and Crustal Evolution, School of Earth and Space Sciences, Peking University, Beijing, China
Edited and reviewed by:
Sergey S. Lobanov, GFZ German Research Centre for Geosciences, Germany
* Correspondence: Haiying Hu, huhaiying@vip.gyig.ac.cn; Xi Liu, xi.liu@pku.edu.cn
Specialty section: This article was submitted to Solid Earth Geophysics, a section of the journal Frontiers in Earth Science
Received: 07 April 2022
Accepted: 09 May 2022
Published: 17 June 2022
Citation: Dai L, Manthilake G, Saltas V, Hu H, Jiang J and Liu X (2022) Editorial: Earth Deep Interior: High-Pressure Experiments and Theoretical Calculations From the Atomic to the Global Scale. Front. Earth Sci. 10:915318. doi: 10.3389/feart.2022.915318

Keywords: synchrotron single-crystal X-ray diffraction, electrical conductivity, elastic wave, partial melting, crystalline structure, rock physics, theoretical calculation, high pressure
Editorial on the Research Topic 
Earth Deep Interior: High-pressure Experiments and Theoretical Calculations from the Atomic to the Global Scale

This Research Topic, hosted by Frontiers in Earth Science, responds to the eighth “From Atom to Earth” Symposium on High-Pressure Science and Earth Science, held at the Institute of Geochemistry, Chinese Academy of Sciences (IGCAS), Guiyang, China between July 2 and 5, 2021. Professor Lidong Dai from the IGCAS Key Laboratory of High-temperature and High-pressure Study of the Earth’s Interior (HTHPSEI) was the conference president. Since 2007, this symposium has been organized as a major platform for Chinese scientists in the high-P research field to share their latest progress and discoveries in the field of physicochemical properties of minerals and rocks at high-temperature and high-pressure conditions. This time, 156 Chinese scholars and researchers from Peking University, Nanjing University, the Chinese Academy of Sciences, etc., participated in the conference. Of these delegates, 65 gave oral presentations, and professors Xi Liu, Duanwei He, Lidong Dai, Chun-An Tang, and Zizheng Gong delivered conference speeches (Figure 1). As distinguished and invited delegates, professors Hongsen Xie and Heping Li attend this conference. CAS Key Laboratory of HTHPSEI, together with IGCAS and the Chinese Society of Mineralogy, Petrology, and Geochemistry, provided the conference service.
[image: Figure 1]FIGURE 1 | Group photo for the eighth “From Atom to Earth” Symposium on High-Pressure Science and Earth Science held in IGCAS, Guiyang, China between July 2nd and fifth, 2021.
The Research Topic contains ten papers including nine original studies and one review article reporting on the physicochemical properties of minerals and rocks obtained by using high-temperature and high-pressure experiments and theoretical calculations. The experimental studies mainly focus on high-P crystallographic features, electrical conductivity properties, and the partial melting of minerals and rocks. The theoretical calculations mostly investigate crystalline structures and rock physical parameters including crack density, fluid saturation, scalar field, charge density, and layer charge distribution, etc.
In their review, Berrada and Secco focus on research progress for electrical resistivity of Fe and Fe-alloys from the laboratory-based high-P experiments using diamond anvil cell, multi-anvil press, and shock compression equipment, as well as from first-principles calculations. Special attention is paid to the effects of some light elements (Si, S, O) on the electrical resistivity of pure Fe and Fe-alloys in the deep interior of the Earth and other planets (Moon, Mercury, Mars, Ganymede).
Some high-P experimental and theoretical calculating investigations have been reported for some minerals and rocks. Using synchrotron-based single-crystal X-ray diffraction (SCXRD) measurements in a diamond anvil cell, Qin et al. investigated the phase structure of the copper-bearing oxide of cuprite (Cu2O) up to ∼30 GPa and ambient temperature conditions and provide insights into the phase stability and elastic properties of copper oxides and chalcogenides in extreme conditions. Li et al. determined the equations of state of pyrope-almandine garnet solid solutions based on SCXRD experiments at 0–20 GPa and 293–700 K using a diamond anvil cell, outlining that the chemical composition has a crucial influence on the thermoelastic properties of garnet. Sun et al. measured the electrical conductivities of hydrous olivine (Ol) aggregates and Ol–H2O, Ol–NaCl–H2O (salinity: 1–21 wt%; fluid fraction: 5.1–20.7 vol%), Ol–KCl–H2O (salinity: 5 wt%; fluid fraction: 10.9–14.0 vol%) and Ol–CaCl2–H2O systems (salinity: 5 wt%; fluid fraction: 10.7–13.7 vol%) at 2.0–3.0 GPa and 773–1073 K using a YJ‒3000t multi-anvil apparatus. They conclude that the Ol–NaCl–H2O system with its salinity of ∼5 wt% NaCl and fluid fraction larger than 1.8 vol% can account for the high-conductivity anomalies observed in the mantle wedges. Zang and Wang conducted partial melting experiments on the system of garnet plagioamphibolite and 90 wt% garnet plagioamphibolite +10 wt% plagioclase slate mixtures at a temperature range of 1123–1273 K and 1.5 GPa using a piston-cylinder apparatus. They think that the terrigenous sediment made a large contribution to silicic magma generation on both chemical component and melt ratio during the process of partial melting of subducted oceanic crust. Wang et al. performed first-principles theoretical simulations using the density functional theory and obtained the crystalline structure, electrical properties, elasticity, and anisotropy of the observed mantle mineral, CaO3, within a pressure range of 10–50 GPa. Their results provide further constraints to the compositional and anisotropic issues of the mantle transition zone.
Some acquired theoretical modeling resulting in rock physics parameters are also included in this special topic. An efficient rock physics scheme for the characterization of elastic properties is presented by Jiang et al. The authors applied it to estimate the crack density and fluid saturation of a shale gas reservoir. In the contribution by Wang et al., they conducted molecular dynamic simulations to explore the anisotropic elastic properties of montmorillonite (MMT) with different layer charge densities and layer charge distributions. They think that the density and distribution of layer charges influence the anisotropic elastic properties of MMTs, which may have potential applications to the exploration of unconventional MMT‒bearing shale reservoir resources.
In addition, some developments in the high-P instrument and technique are presented in this volume. Ren and Li report on the experimental platform establishment of the six to eight type large-volume high-pressure multi-anvil apparatus in the Key Laboratory of High-temperature and High-pressure Study of the Earth’s Interior, IGCAS. The room-T pressure calibration was completed by using room-T phase transitions of water, ZnTe, ZnS, and GaAs, and its high-pressure calibration was realized with the phase transitions of KCl (850–1,100°C), LiCl (750°C–900°C), KCl + LiCl (450°C–750°C), and SiO2 (quartz/coesite, 1,000–1,500°C) at high temperature. Yang et al. provided a method for determining geophone orientations based on the zero-offset vertical seismic profile data constrained by a scalar field. In order to check its accuracy, two examples of synthetic and field data were tested, and their results proved that the scalar field method can solve the issue of signal weakness in the first-arrival P-wave well, meaning it is more advantageous than the conventional eigenvalue method.
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In the present study, we extensively explored the phase stabilities and elastic behaviors of Cu2O with elevated pressures up to 29.3 GPa based on single-crystal X-ray diffraction measurements. The structural sequence of Cu2O is different than previously determined. Specifically, we have established that Cu2O under pressure, displays a cubic-tetragonal-monoclinic phase transition sequence, and a novel monoclinic high-pressure phase assigned to the P1a1 or P12/a1 space group was firstly observed. The monoclinic phase Cu2O exhibits anisotropic compression with axial compressibility βb > βc > βa in a ratio of 1.00:1.64:1.45. The obtained isothermal bulk modulus of cubic and monoclinic phase Cu2O are 125(2) and 41(6) GPa, respectively, and the KT0’ is fixed at 4. Our results provide new insights into the phase stability and elastic properties of copper oxides and chalcogenides at extreme conditions.
Keywords: Cu2O, phase transitions, synchrotron single-crystal X-ray diffraction, copper compounds, high pressure
INTRODUCTION
The behaviors of transition metals and their oxides under high-temperature and high-pressure conditions have been studied extensively over a few decades, and knowledge about such material has important applications in physics, materials science, and engineering (Austin and Mott, 1970; Errandonea, 2006). Copper and its oxides are among the most investigated transition-metal materials. Cuprous oxide is a high-temperature semiconductor and one promising candidate materials for photo-electrochemical applications (Maksimov, 2000; Laskowski et al., 2003; Khanna et al., 2007). However, variations in physical properties and structural change of cuprous oxide Cu2O at extreme conditions have not been fully investigated.
Cu2O crystalizes in a simple cubic Bravais lattice with space group Pn-3m under normal thermodynamic conditions, while it has numerous structure forms at extreme conditions (Machon et al., 2003; Cortona and Mebarki, 2011; Feng et al., 2017). Most of previous studies have focused on the structural variations under high P-T conditions based on first-principles calculations. Cortona and Mebarki (2011) described the transition from cubic Cu2O to the CdI2-type structure (hexagonal, R-3m) at 10 GPa, while Feng et al. (2017) suggested two phase transitions, one at 5 GPa (Pn-3m→R-3m) and the other at 12 GPa (R-3m→R-3m1). However, this is hard to reconcile with some experimental results on the pressure-induced structural transformations of Cu2O. A tetragonal phase was demonstrated by Machon et al. (2003) at pressures between 0.7 and 2.2 GPa using angle-dispersive powder X-ray diffraction (XRD), and another pseudocubic phase was detected at ∼8.5 GPa. What is more, Sinitsyn et al. (2004) found a new hexagonal phase with lattice parameters of a = 5.86 Å and c = 18.78 Å at 21 GPa which was significantly different from those reported earlier by Werner and Hochheimer (1982), who studied a hexagonal phase with CdCl2-type structure with a = 2.82 Å and c = 12.7 Å measured at 18 GPa. Therefore, phase relations of Cu2O at higher pressures are more sparse and show less mutual agreement. Further investigation is needed to study the exact high temperature and high pressures phases of Cu2O.
There are limited studies on the behavior of cuprous oxides and copper chalcogenides under high pressure and high temperature conditions. In this present work, we report the phase transformations and elastic properties of Cu2O up to ∼30 GPa at room temperature, by using synchrotron-based single-crystal XRD with diamond anvil cell (DAC). We confirmed the tetragonal phase Cu2O observed between 10.4 and 13.8 GPa, and a novel monoclinic phase at higher pressures is also reported. As is well-known, physical properties of materials can be modified by tailoring either chemical composition or microstructure. These results can improve our knowledge of how pressure affect their elastic and physical properties. In this report we also present the measured compressibilities and equations of states of these high pressure phases of Cu2O.
MATERIALS AND METHODS
The cuprite measured in this study was originated from the Tonglushan Copper Miners in Daye, Hubei province. Single-crystal samples of natural, brick-red cuprite were selected as the starting material of our study. We screened several chips and polished them to ∼10 μm in thickness. At ambient conditions, the Cu2O was characterized in an empty diamond anvil cell (DAC) by single crystal X-ray diffraction, at the GSECARS beamline 13-BM-C of the Advanced Photon Source (APS), Argonne National Laboratory (Zhang et al., 2017). Diffraction collected at ambient conditions showed that the cuprite crystal had a Pn-3m space group with a = 4.2733(7) Å, and the Cu2O samples with a purity of 99.99% were used for the current study.
High-pressure compression measurements were performed, using short symmetric DACs fitted with Boehler-Almax diamond anvils with 300 μm flat culets and mounted into seats with 60° opening. Rhenium gaskets were preindented to ∼40 μm thickness, and holes were drilled to ∼170 μm diameter for the samples. On compression, the gasket thickness and sample chamber diameter both decrease to ∼20 μm at the highest pressures reached. The polished Cu2O sample was loaded together into the sample chamber along with Pt foil for pressure calibration (Fei et al., 2007). To achieve quasi-hydrostatic conditions and maintain similar pressure environments everywhere in the sample chamber, we loaded the cell with neon as the pressure-transmitting medium using the COMPRES/GSECARS gas-loading system (Rivers et al., 2008).
In situ high-pressure single-crystal X-ray diffraction experiments on Beamline 13-BM-C used a monochromatic X-ray beam with a wavelength of 0.4340 Å and focused to a 15 × 15 μm2 spot. The experimental details were also described previously (Qin et al., 2017; Zhang et al., 2017). To obtain adequate number of diffraction peaks of samples and increase the coverage of the reciprocal space, we collected data at four different detector positions. The diffraction images were analyzed using the ATREX/RSV software package (Dera et al., 2013). Integrated diffraction data were analyzing using the DIOPTAS software (Prescher and Prakapenka, 2015), the high-pressure synchrotron XRD patterns were indexed by Dicvol06 (Louër and Boultif, 2007). Lattice parameters were calculated by the program UnitCell and the Le Bail refinement by GSAS (Holland and Redfern, 1997; Toby, 2001).
RESULTS
Tetragonal Phase
In situ X-ray diffraction patterns of Cu2O were measured up to 29.3 GPa under hydrostatic pressure which presented in Figure 1A. At ambient conditions, all peaks can be indexed as the Pn-3m cubic structure (Hahn et al., 1983). When pressure increased to 16.1 GPa, an abrupt change in the integrated diffraction pattern was observed. As can be seen in the diffraction patterns in Figure 1B, reflections from the crystal show diffuse scattering and appear as short streaks at pressures above 16.1 GPa. Some diffraction peaks become fainter at higher angle, making it more difficult to determine the peak positions exactly (Figure 1B). We compared our integrated data of the high-pressure phase with previous studies but did not find any compatible structures (Werner and Hochheimer, 1982; Cortona and Mebarki, 2011; Feng et al., 2017).
[image: Figure 1]FIGURE 1 | (A) Integrated XRD patterns of Cu2O at elevated pressures. Backgrounds were subtracted from the origin data. Asterisk (*) represents the scattering peaks of neon. (B) Diffraction patterns of Cu2O at 1.2 and 13.8 GPa, respectively. The very intense diffraction spots are from the diamond anvils. Diamond peaks and diffraction lines attributed to the neon are not marked.
A suspected phase transition from cubic to tetragonal between 0.7 and 2.2 GPa was reported previously (Machon et al., 2003), and our diffraction measurements confirmed this transition but at a different pressure (between 8.4 and 10.4 GPa, Figure 2A). We noticed that all the diffraction peaks deviated from a cubic lattice at pressures above 10.4 GPa, and can be well indexed as tetragonal lattice Cu2O with space group P42/nnm. The high-pressure tetragonal phase Cu2O at 10.4 GPa, was refined by Rietveld method in GSAS program shown in Figure 2B. The quality of the refinement is illustrated by the small R-factors and reduced Χ2; Rp = 0.18%, Rwp = 0.25%, and Χ2 = 0.93. As the tetragonal phase is the subgroup of the cubic phase (Pn-3m) and the two phases have very similar lattice parameters, i.e., for cubic phase, a = 4.267 Å and for tetragonal phase, a = 4.193, a/c = 0.988 (Hahn et al., 1983; Restori and Schwarzenbach, 1986; Machon et al., 2003). This tetragonal structure is also indicated by the asymmetry of the peaks centered at ∼8.5°, 14.6°, 17° and 20°, resulting from the overlap of the (110)(011), (211)(112), (220)(202) and (131)(113) pairs of the tetragonal structure, respectively (Figure 2A). The tetragonal structure can be regarded as the distorted cubic structure under the uniaxial stress in the DAC.
[image: Figure 2]FIGURE 2 | (A) Selected XRD patterns of Cu2O in the tetragonal phase. Asterisk (*) represents the scattering peaks of neon. (B) The Rietveld refinement of Cu2O (P42/nnm). Observed and the calculated profiles are shown using black crosses and red solid line, respectively. The residual between them is shown by the blue line at the bottom. Bragg peak positions are indicated by the small ticks.
Novel Monoclinic Phase
During the compression of Cu2O, all the diffraction peaks move to larger 2θ values, as expected for pressure-induced bond shortening, and their intensities weaken gradually. When the pressure exceeds 16.1 GPa, some new peaks appeared (d spacings at ∼2.83. 2.74, 2.42, 2.30, 2.03, 1.97, 1.76 Å and so on) and the d values of these peaks are totally different from those previous patterns, suggesting that the Cu2O undergoes a reconstructive phase transition, and with further compression to the highest pressure, the structure can persist and no other transition was observed (Figure 1A). We have compared our patterns with some predicted hexagonal high-pressure phases of Cu2O based on previous ab initio calculation and measurement results, but none of the predicted structures matches our measured diffraction pattern (Werner and Hochheimer, 1982; Cortona and Mebarki, 2011; Liu et al., 2014; Feng et al., 2017). In this case, the high quality data allow us to determine the crystal structure of the new high-pressure phase of Cu2O. We chose several recognizable Debye rings, except for the neon rings, to index the crystal lattice using Dicvol06 software (Louër and Boultif, 2007). According to our results, the 16 chosen peaks of high-pressure phase Cu2O, obtained at 16.1 GPa, can be successfully indexed as a monoclinic structure with the lattice parameters: a = 5.665(3) Å, b = 2.741(2) Å, c = 4.255(2) Å, β = 93.54(8)° and V = 65.94(2) Å3 (Table 1).
TABLE 1 | Calculated and Observed d spacings of a new monoclinic polymorph Cu2O, as well as the normalized intensity Iobs for the h k l reflections.
[image: Table 1]Crystal lattice parameters, characteristic X-ray extinctions and diffracted intensities unambiguously documented that the crystal structure of the monoclinic phase Cu2O belongs to the primitive lattice with no exception. 0k0 manage the requirement of k = 2n + 1, and h00, 00l are also fulfilled the rules h = 2n and l = 2n. Consequently, space groups fulfilling these conditions are P1a1 (No. 7) and P12/a1 (No. 13) (Hahn et al., 1983). However, the quality of our diffraction pattern is not enough to differentiate the two space groups, as the space group Pa is a subgroup of P2/a, and both have very similar diffraction peak distributions.
Compressibility of Cu2O
The P-V data of both Cu2O phases were fitted using the third-order Birch-Murnaghan equation of state (BM3-EoS) with the data all equally weighted, since the errors in volume and pressure were similar for all measurements (Angle et al., 2014) (Figure 3). The refined lattice parameters of Cu2O at various pressures are listed in Table 2. As the tetragonal structure could be regarded as the distorted cubic phase and the volumes of two phases only have marginal difference, thus we used cubic structure model to calculate the equation of state between 10.4 and 13.8 GPa to get higher accuracy. The resulting fitted parameters of volume, bulk modulus and its pressure derivative of cubic Cu2O are as follows: V0 = 78.05(3) Å3, KT0 = 137(5) GPa and KT0’ = 1.8(7), respectively, which are 4.6% higher compared with the corresponding values from the experimental data from Werner and Hochheimer (1982), who reported 131 GPa when K′ is 5.7. In this present study, we also calculated the equation of state by fixing KT0’ at 4, resulting in KT0 = 125(2) GPa.
[image: Figure 3]FIGURE 3 | The volume of Cu2O as a function of pressure. A volume collapse of 7.7% at about 10.4–13.8 GPa, which is the location where the phase transition occurs between the tetragonal and monoclinic phases.
TABLE 2 | Lattice parameters of Cu2O (cubic, tetragonal and monoclinic phases) at various pressures.
[image: Table 2]Here, we also firstly determined the elastic properties of the monoclinic phase Cu2O using the EoSFit7c software (Angle et al., 2014). The measured lattice parameters are also provided in Table 2. The derived BM2-EoS (KT0’ = 4 implied) parameters yield the following bulk modulus KT0 = 41(6) GPa, and it is three times softer than the low-pressure phase. Axial compression behaviors are also presented in Figure 4. It is noteworthy that the b-axis possesses a larger axial compressibility compared with a- and c-axes, and therefore being the most compressible direction within the structure. The interaxial angle β has an increasing trend with compression.
[image: Figure 4]FIGURE 4 | Pressure dependence of normalized cell lengths (a, b and c) of monoclinic phase Cu2O. EoS fits in the current study are shown by solid curves.
DISCUSSION
The high-pressure behavior of cuprous oxide Cu2O has attracted broad interests due to their various structures at different P-T conditions and its potential applications. Several previous studies have been published which focus on the phase transitions and decompositions of Cu2O and its thermodynamic properties as well (Machon et al., 2003; Sinitsyn et al., 2004; Cortona and Mebarki, 2011; Liu et al., 2014; Feng et al., 2017). However, these previous results were unclear about the high-pressure crystal structure of Cu2O (tetragonal or hexagonal phase) and it is obvious that a large discrepancy of transformation pressure between the cubic and high-pressure phases existed between literatures. In this study, we re-confirmed the phase transition sequence from cubic-to-tetragonal phase occurred between 8.4 and 10.4 GPa using single-crystal XRD, which is significantly more higher than previously estimated (Machon et al., 2003). A new high-pressure phase of Cu2O was also indexed using Dicvol06 software (Louër and Boultif, 2007). A volume collapse of ∼7.7% in the region of 13.8–16.1 GPa was observed during the structural transformation from cubic to monoclinic phase (Figure 3). There is no indication of structural decomposition in this case. In addition, it is obvious that a considerable anisotropy in axial compressibility with βb > βc > βa and we found the ratio of zero-pressure axial compressibility is 1.00:1.64:1.45 according to our data. Thus, it can be concluded that the largest anisotropy in compressibility is along the b axis, which behaves about twice as compressible than the a-axis in the structure (Figure 4). Further investigation should be done to investigate the exact high temperature phases of Cu2O.
In some recent studies, several members of copper chalcogenides, such as Cu2S and Cu2Se have been theoretically proposed and experimentally exhibited as the thermoelastic materials (Danilkin et al., 2011; Santamaria-Perez et al., 2014; Zhang et al., 2018; Zimmer et al., 2018; Xue et al., 2019). The high-pressure phase Cu2O, Cu2Se and Cu2S may adopt the same monoclinic structure at different pressure conditions, which indicates that these copper compounds may have a similar crystal chemistry configuration (Santamaria-Perez et al., 2014; Zhang et al., 2018). The structural complexity of Cu2S have been studied previously, in which two phase transitions occurred at 3.2 and 7.4 GPa from the P21/c phase to two different monoclinic structures (Santamaria-Perez et al., 2014). Pressure-induced structural transition sequence is also identified in Cu2Se. The initial low-pressure phase (C2/c) transformed to phase II and semimetallic phase III at 3.2 GPa, and then followed by a reconstructive transformation to bulk metallic phase IV (Pca21) at 7.4 GPa. These mentioned phases could be confidently associated with the electronic state transitions (Zhang et al., 2018; Chuliá-Jordan et al., 2020). As for the copper sulfide, three phase-transitions occurred at 3.2, 7.4 and 26 GPa, respectively, and there is a significant difference of the reported values of bulk modulus, ranging from 72 to 113 GPa (Santamaria-Perez et al., 2014). The determination of the phase stability of such stoichiometric copper oxides under compression will give more insight into possible systematic trends in group copper chalcogenides, and provide a direct comparison with such thermoelastic materials at extreme conditions where their phase behaviors could converge.
CONCLUSION
The high-pressure behaviors of cuprous oxide Cu2O have been studied by synchrotron-based single-crystal XRD at pressures up to ∼30 GPa at 300 K conditions. The initial low-pressure cubic phase transforms to distorted P42/nnm phase between 10.4 and 13.8 GPa, and the tetragonal structure persisted at pressure up to ∼16 GPa. A new high-pressure phase of Cu2O (monoclinic phase, P1a or P12/a1) was obtained at 16.1 GPa at room temperature and the high-pressure elastic properties was firstly measured in this study. It is expected that the three times more compressible high-pressure phase Cu2O may process some advantages properties than previously thought. The findings contribute to broadening our knowledge of the crystal chemistry of cuprite at high-pressure conditions, thus giving a better understand of thermoelastic materials in the copper chalcogenide system.
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There is a considerable amount of literature on the electrical resistivity of iron at Earth’s core conditions, while only few studies have considered iron and iron-alloys at other planetary core conditions. Much of the total work has been carried out in the past decade and a review to collect data is timely. High pressures and temperatures can be achieved with direct measurements using a diamond-anvil cell, a multi-anvil press or shock compression methods. The results of direct measurements can be used in combination with first-principle calculations to extrapolate from laboratory temperature and pressure to the relevant planetary conditions. This review points out some discrepancies in the electrical resistivity values between theoretical and experimental studies, while highlighting the negligible differences arising from the selection of pressure and temperature values at planetary core conditions. Also, conversions of the reported electrical resistivity values to thermal conductivity via the Wiedemann-Franz law do not seem to vary significantly even when the Sommerfeld value of the Lorenz number is used in the conversion. A comparison of the rich literature of electrical resistivity values of pure Fe at Earth’s core-mantle boundary and inner-core boundary conditions with alloys of Fe and light elements (Si, S, O) does not reveal dramatic differences. The scarce literature on the electrical resistivity at the lunar core suggests the effect of P on a wt% basis is negligible when compared to that of Si and S. On the contrary, studies at Mercury’s core conditions suggest two distinct groups of electrical resistivity values but only a few studies apply to the inner-core boundary. The electrical resistivity values at the Martian core-mantle boundary conditions suggest a negligible contribution of Si, S and O. In contrast, Fe-S compositions at Ganymede’s core-mantle boundary conditions result in large deviations in electrical resistivity values compared to pure Fe. Contour maps of the reported values illustrate ρ(P, T) for pure Fe and its alloys with Ni, O and Si/S and allow for estimates of electrical resistivity at the core-mantle boundary and inner-core boundary conditions for the cores of terrestrial-like planetary bodies.
Keywords: electrical resistivity, planetary body cores, diamond anvil cell, multi-anvil press, first-principle calculations, dynamical mean field theory, density-functional theory, shock compression
INTRODUCTION
The current interest in direct measurements and modelling of electrical resistivity (ρ) originates mainly from an interest in heat flow modelling of planetary cores. For terrestrial-like planetary bodies that contain predominantly Fe cores, the applications are thermal evolution of the core, which includes freezing of an inner core and sustenance of a dynamo. To model core thermal evolution, the adiabatic heat flow is needed and is normally calculated via the thermal conductivity (k). Although ρ and k of metals are directly related through electron transfer of charge and energy, respectively, the following quote indicates the tolerance for variation in each of these properties in relation to our understanding of core processes. “A factor of two or so uncertainty in ρ does not appear critical to dynamo theory but it has a strong impact on calculations of the thermal regime of the core.” (Stacey and Anderson, 2001). The literature on ρ of pure Fe is rich and the values are scattered while the reported data on Fe-alloys is more scarce but less dispersed. The inconsistencies in measurements and modelling may be the result of different techniques in addition to the range of pressures and temperatures attributed to planetary cores. Much of the total work has been carried out in the past decade and Figure 1 shows the cumulative number of papers published on ρ of pure Fe and Fe-alloys during the past half-century. At the time of writing this article, the four studies labelled on Figure 1 combined for more than 1,000 citations and are viewed as responsible for the increased rate of activity following their publication. This review attempts to summarize both older and recent results to identify a range of reliable and representative values for ρ of the cores of terrestrial-like planetary bodies composed of pure Fe or Fe-alloys.
[image: Figure 1]FIGURE 1 | Cumulative number of publications on theoretical and experimental methods of estimating ρ of Fe, Fe-Ni, Fe-O and Fe-Si and S alloys at the core conditions of Earth, Moon, Mercury, Mars, and Ganymede.
A general formulation of the core adiabatic heat flow is described as:
[image: image]
where kc is k of the core, [image: image] is thermal expansion coefficient, [image: image] is gravitational acceleration, T is temperature at the top of the core, and [image: image] is heat capacity at constant pressure (P). Direct measurements of k are difficult to make at core-relevant P and T. In contrast, direct measurements of electrical conductivity (σ), which is inversely proportional to ρ, are achievable with relatively high accuracy. The two variables may be related through the electronic component of k (ke) with the Wiedemann-Franz Law (WFL), where L is the Lorenz number:
[image: image]
Thermal conductivity is controlled by electrons and phonons, but the phonon contribution is negligible in metals and metallic alloys (Klemens and Williams, 1986). The appropriate values of the Lorenz number for specific compositions at relevant T are not well constrained. The theoretical value, the Sommerfeld value ([image: image] = 2.44·10−8 W·Ω·K−2), has been shown to account for more than 99% of ke for Fe, suggesting that its use at high T and P < 6 GPa is reasonable (Secco, 2017). While L > L0 for Fe-Si alloys at high T and low P (Secco, 2017), calculations at Earth core P, T conditions have shown that L < L0 (de Koker et al., 2012; Xu et al., 2018). The following relationship was developed from measurements of the Seebeck coefficient of Fe up to 6 GPa and 2,100 K (Secco, 2017):
[image: image]
where KT is isothermal bulk modulus. For metals in general, ρ is governed by the scattering rate of conduction electrons. Similarly, the Lorenz number has been shown to be both lower and higher than L0 depending on the state and composition of the system (Pozzo et al., 2012; Pozzo et al., 2013; Pozzo et al., 2014; Pozzo and Alfè, 2016a; Pozzo and Alfè, 2016b; Pourovskii et al., 2020). The scattering rate of conduction electrons is affected by electron-phonon, electron-magnon, and electron-electron interactions. Electrical resistivity is proportional to the inverse of the electron mean free path (d), which is proportional to the amplitudes of atomic vibrations (A) and thus proportional to T:
[image: image]
Electron-phonon interactions are electron scattering caused by lattice vibrations and are relatively negligible at low T. At high T, the occupation of phonon density of states shifts toward higher energy states which increases the frequency of collisions with conduction electrons. Electron-magnon interactions, or spin-disorder scattering, is only relevant in ferromagnetic metals such as Fe and their ferromagnetic alloys. This interaction increases scattering as a function of T2 up to the Curie T (Tc) and dominates ρ up to approximately 300 K. In Fe-alloys, the interaction of electron-lattice defects (including impurities) also affects the scattering rate of conduction electrons. The increased lattice defects cause electron structure perturbations and shorter electron mean free paths, which results in a larger ρ. The interactions between electrons and lattice defects dominate over the electron-phonon, electron-magnon and electron-electron interactions at low T. Overall, the net effect of T is to increase ρ, while ρ decreases with P as the decreased amplitude of lattice vibrations increases the electron mean free path. The Ioffe-Regel criterion argues that the growth of resistivity is reduced with T increase, i.e. saturates, as the electron mean free path approaches the interatomic distance (Mooij, 1973; Wiesmann et al., 1977; Gurvitch, 1981). Bohnenkamp et al. (2002) estimated a saturation value of 1.68 μΩm for Fe at 1 atm and up to 1,663 K, while there are variations in the saturation value of Fe-Si alloys at high P (Kiarasi and Secco, 2015; Gomi et al., 2016). Gomi et al. (2013) were the first to propose the idea of resistivity saturation for Fe at Earth core conditions however recent work (Zhang et al., 2020) provides contradictory results and suggests resistivity saturation behavior was an experimental artifact.
METHODS OF ELECTRICAL RESISTIVITY DETERMINATION
Theory: First-Principles Calculations
Initially meant to describe the diffusion of gases in the atmosphere, Boltzmann (1894) developed the following equation that considers the electronic band structure, phonon dispersion and electron-phonon interactions:
[image: image]
where [image: image] is the electronic density of states per atom per spin at the Fermi energy (εF) level, [image: image] is the Boltzmann constant, [image: image] is the unit cell volume, [image: image] is the Fermi velocity, and [image: image] is the transport coefficient. This work was followed by the introduction of the Free Electron model by Sommerfeld (1928), based on the classical Drude model of electrical conduction (Drude, 1900a; Drude, 1900b) and Fermi-Dirac statistics describing the distribution of particles over energy states. The model predicts σ from the electron density, the mean free time (time between collisions), and the electron charge. The model includes many relations, including the Wiedemann-Franz law, the Seebeck coefficient of the thermoelectric effect and the shape of the electronic density of states function. In their analysis of Earth’s magnetic field variations, Elsasser (1946) estimated the ρ of a pure Fe core from the theory of electronic conductivity, which states that σ is inversely proportional to the absolute T and directly proportional to the square of the Debye temperature ([image: image]D).
[image: image]
The Debye temperature is proportional to the sound velocity and the acoustic phonon cut-off frequency and inversely proportional to volume (Kittel, 2005). Ziman (1960) later described the Nearly-Free Electron model, which is based on the behavior of electrons, ions, and holes. In the Free Electron model, all energy states from 0 to [image: image] are allowed, whereas the Nearly-Free Electron model allows for weak perturbations of electrons by periodic potential ions. Following this idea, Ziman (1961) developed a theory for the behavior of liquid metals. This model was modified by Evans et al. (1971) to include a transition matrix term, introducing a more complex method of calculating ρ of a metallic liquid for metals that have empty d-band states in to which s-conduction electrons may jump (s-d transitions):
[image: image]
where e is the electron charge, [image: image] is the radius of the Fermi surface, [image: image] relates to the scattering angle of the Fermi surface, [image: image] is the atomic volume of the liquid, [image: image] is the structure factor, [image: image] is the modified Planck constant, and [image: image] is the transition matrix that describes the scattering cross-section related to s-electron to d-band (s-d) scattering. While this formulation focuses on the liquid state of a metal, Mott (1972) and Mott (1980) derived a relationship for the solid state of a metal. Mott’s theory considers the thermal and impurity contributions, as well as a magnetic contribution in ferromagnetic metals. The theory describes the relationship between ρ and the area of the Fermi surface (SF). The relationship can be written as follows:
[image: image]
The more complex, and commonly used, Kubo-Greenwood formula (Kubo, 1957; Greenwood, 1958) describes the frequency dependent electron conductivity and yields the linear contribution to the current response. The T dependence of ρ, which is related to electron-phonon interactions, is described by the Bloch–Grüneisen equation. Combined with the Bloch–Grüneisen equation for ρ as a function of volume (V) and T, the Kubo–Greenwood equation can be written as follows:
[image: image]
where a and b are constants relating to the volume dependence of the vibrational frequencies, the subscript R refers to the reference state, and [image: image] and [image: image] are composition-dependent model parameters (de Koker et al., 2012). The electronic structure of a system can be investigated via Density-Functional Theory (DFT), which mainly describes the potential energies of a system. The DFT approach investigates an approximate solution to the Schrödinger equation in 3D based on the electron density, which results in solutions for ion-electron, ion-ion, and electron-electron potential energies (Argaman and Makov, 2000). Often used in combination with DFT, the dynamical mean field theory (DMFT) is a powerful numerical approximation of the potential of a many-particle system, such as electrons in solids. The complex many-particle system is studied by reducing it to a simpler single-particle system with an external mean field. The external field essentially accounts for the other particles in addition to the interactions and local quantum fluctuations that would occur in the many-particle system (Vollhardt et al., 2012). Drchal et al. (2019) and Korell et al. (2019) investigated the effects of magnetism on the electronic properties of metals via the Kubo-Greenwood equation along with DFT and the Tight-Binding Linear Muffin-Tin Orbital method (a method of calculating short-range transitions between electrons in s-, d- and f- orbitals), respectively. Korell et al. (2019) suggested that spin polarization must be accounted for in order to reconcile the first-principle calculations of ρ with measurements. In addition to drawing a similar conclusion, Drchal et al. (2019) suggested that the contributions of the various scattering mechanisms (caused by electron-phonon interactions, electron-magnon interactions, electron-electron interactions, and electron-lattice defects) are comparable but not additive. Through these first-principle calculations which require values of the thermal properties at a reference P and T, theoretical studies are able to estimate ρ of any metal or metal-alloys.
Experiments
Static: Multi-Anvil Press
Static experiments are typically carried out in a multi-anvil press. A typical multi-anvil press uses hydraulic pumps to drive uniaxially a hydraulic ram to compress a pressure cell located at the center of an arrangement of tungsten carbide (WC) anvils. In the 3000-ton press at the University of Western Ontario for example, there are three steel wedges on the bottom and three wedges on the top part of the pressure module. The wedges provide a nest for eight truncated WC cubes that house and converge on an octahedral pressure cell assembly. The octahedral cell may vary in size depending on the truncation edge length (TEL) of the WC cubes. The TEL may vary from 3 to 25 mm, and the smallest sizes are used to reach higher P, albeit on smaller sample volumes. The octahedral pressure cells are usually composed of Magnesium Oxide (MgO) which provides a balance between machinability, low k and hardness that allows for efficient conversion of applied force to the sample inside. With compression, the octahedral cell extrudes out between the WC cubes creating gaskets. Similarly, other multiple anvil apparatus designs such as the cubic anvil press, which consists of six WC anvils that compress a cubic pressure cell assembly made typically of the mineral pyrophyllite, creates gaskets as the cell extrudes out between the anvils. The insulating material, furnace, sample, and electrodes are placed inside the cell, and arranged co-axially in a hole connecting two opposite faces. Elevated temperatures are generated by Joule heating of an electrically resistant furnace, typically made of graphite, lanthanum chromite or rhenium foil, surrounding the sample. The electrical resistance (R) of the sample is measured with a four-wire method, where a pair of thermocouple wires is placed at each end of the sample. Each pair acts as a temperature sensor, while opposite pairs are assigned as potential and current leads in a switchable circuit configuration. The electrical resistivity is then calculated using the following equation which combines Ohm’s law and Pouillet’s law:
[image: image]
where ΔE is the voltage drop across the sample, I is the input current, [image: image] is the cross-sectional area of a wire-shaped sample and [image: image] the length of the sample. The general experimental methods for multi-anvil apparatuses are described in more detail by Liebermann (2011) and Ito (2015).
Static: Diamond-Anvil Cell Experiments
A Diamond-Anvil Cell (DAC) consists of two opposing gem-quality diamonds that enable the compression of small (∼10−4 mm3 scale) samples placed between the two diamond culets. Applying moderate force generates high pressures due to the small diameter, typically 50–250 µm, of the culet. Considering that P is applied uniaxially, a metal gasket with a hole drilled to form the sample chamber provides lateral support. A pressure-transmitting medium such as a gas (Ne, Ar, He, N2) in the sample chamber must be added to obtain hydrostatic pressure but for high T experiments a solid medium (SiO2, KCl, Al2O3, KBr, NaCl) is often used. The system is therefore translucent and allows for the use of XRD to determine the crystallographic structure of the sample. The two main pressure scales are the equation of state of a reference material and the shift in ruby fluorescence lines, although the latter is less reliable at high T. The equation of state describes the relationship between P, T, and V. Measurements of changes in V are compared with a known V-P relation in order to determine the experimental P. The second pressure scale relies on the P-dependent shift in fluorescence wavelength of an irradiated ruby included in the sample chamber. The sample is insulated from the gasket by adding a layer of insulating material, such as Al2O3. High temperatures can be achieved with single or double-sided laser heating or by internal resistive heating of a metal element, which may be the sample itself. Resistive heating allows for the precise measurement of T with thermocouples but is limited by the oxidization of diamond in air at approximately 973 K. Laser heating can achieve much higher T (up to 7000 K), although large T gradients can exist and care is needed to locate the sample measurements in a relatively uniform T-field. A common method for measuring the sample resistance in DAC experiments is the Van der Pauw method. This method is used for samples of arbitrary shape, as long as the sample is approximately two-dimensional such as a sheet or foil. Four electrodes are connected to the perimeter of the sample. Two opposite electrodes serve as potential leads, which can be machined within the same foil as the sample or carefully connected manually and fixed by applying pressure. The ρ of the sample at a particular P can be calculated as follows:
[image: image]
where the subscript zero refers to the ambient conditions. The experimental methods for DAC are described in more detail by Mao and Mao (2007) and Anzellini and Boccato (2020).
Dynamic: Shock Compression Experiments
Shock compression is a dynamic method of generating high pressures which can be used in conjunction with an experimental configuration that allows determination of the physical properties of a sample, usually conducted in a vacuum. This apparatus consists of using compressed gas and/or gunpowder to launch a metallic projectile onto a stationary sample. The collision generates a strong shock wave that results in simultaneous high P and high T across the sample. The projectile, typically referred to as a flyer plate and made of W or Fe, accelerates to the desired velocities on the order of a few km/s (Bi et al., 2002). A high P, T conductivity zone propagates through the sample under shock compression. The σ of the sample can be measured by contact or contactless methods. The contactless method requires the remote probing of the sample by optical and electromagnetic field sources, which results in values of the impact velocity of the flyer and shock velocity. The arrival of the shock waves generates two electromotive forces that relate to the product of σ and thickness of sample (Gilev, 2011). The contact method requires typically four electrodes placed in contact with the sample. Two electrodes provide the voltage measurements while the other two are used to input constant current. The interface temperatures are usually measured with an optical pyrometer (Gilev, 2011). The most fundamental shock wave characteristic of the sample is its principal Hugoniot curve, which is formed by the locus of shock states along a compression path from initial P, T, and density. The P, T and density properties at the final state are obtained using a standard impedance matching method (Bi et al., 2002). In both methods, σ can be calculated from:
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where the subscripts 0 and F refer to the initial and final states, respectively, and [image: image] is the specific volume. The experimental methods for shock compression experiments are described in more detail by Ahrens (2007) and Asimow (2015).
ELECTRICAL RESISTIVITY OF THE CORES OF TERRESTRIAL-TYPE BODIES
Earth
It is widely accepted that the Earth’s core composition must be composed of Fe, Ni and some light elements in order to satisfy the core density (Birch, 1961; Birch, 1964; Jeanloz, 1979; Mao et al., 1990). Approximately 10 wt% of light elements is expected in the outer core (Poirier, 1994; Litasov and Shatskiy, 2016). In the inner core, approximately 3–8 wt% of light elements has been suggested (Alfè et al., 2007; Badro et al., 2007; Mao et al., 2012). In addition to approximately 5–10 wt% Ni in the core, light elements include C, H, Si, O and S (Poirier, 1994; Stixrude et al., 1997; Li and Fei, 2003; Alfè et al., 2007). Accordingly, the ρ of multiple Fe binary, ternary and even quaternary alloys must be investigated.
Gardiner and Stacey (1971) used available ρ measurements of liquid Fe from the literature to investigate the effects of T, P, and composition. They reported ρ of 0.25 µΩm at 2,500 K and 3,000 km, which corresponds to the Core-Mantle Boundary (CMB). Similarly, they reported 0.69 µΩm at 5,500 K and 5,000 km, which corresponds to the Inner-Core boundary (ICB). These extrapolations were achieved by applying a P-dependence of ρ of solid Fe (Bridgman, 1957) to measurements of liquid Fe at 1 atm (Baum et al., 1967), as shown below:
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where the subscript P refers to the final pressure, the subscript 0 refers to zero pressure, and D is density. Shock wave experiments by Keeler and Royce (1971) reported a similar value of 0.67 µΩm at 140 GPa, which corresponds to CMB conditions. However, it has been suggested by Bi et al. (2002) that the previous shock compression experiments above 50 GPa underestimated ρ due to the shunting effect of epoxy, which is used to fill gaps between the sample and insulator. Bi et al. (2002) conducted shock compression measurements of σ of Fe up to 208 GPa, corrected for the shunting effect, and suggested a value for ρ of 0.69 µΩm at conditions near the CMB (2,010 K, 101 GPa) and 1.31 µΩm for conditions near the ICB (5,220 K, 208 GPa). Although these values represent a correction to previously underestimated values, they remain lower than the values reported by Jain and Evans (1972). Jain and Evans (1972) carried out first-principle calculations using the Nearly-Free Electron model and reported ρ of a pure Fe core between 1.00 and 2.00 µΩm. These higher values are in agreement with direct measurements by Secco and Schloessin (1989), who used a large-volume press to measure ρ of Fe up to 7 GPa and above the melting T. The similarities in their measurements with calculations of the density of state functions at low and high P suggest ρ of an Fe solvent is probably between 1.2 and1.5 µΩm at outer core conditions.
A theory was developed by Stacey and Anderson (2001) suggesting a constant ρ along the melting boundary of pure metals such as Fe, based on a cancelling of the decreasing effects of P on ρ by the increasing effects of T on ρ. The description of their analysis, rooted mainly in thermo-elastic considerations, begins with the theory of electronic conductivity, as mentioned earlier by Elsasser (1946), while also considering the electron energy. According to the Free-Electron model and the approximation of the electron energy at the Fermi surface, the total energy varies with volume as V−2/3. This term is multiplied by the inverse square of the Debye T in Equation 6 to calculate ρ. Stacey and Anderson (2001) then extrapolated ρ of Fe at 140 GPa (Matassov, 1977) and 2,180 K (Anderson, 1998) to core temperatures and reported values of 1.22 µΩm at CMB and 1.12 µΩm at ICB, in agreement with earlier estimates (Jain and Evans, 1972; Secco and Schloessin, 1989; Stacey and Anderson, 2001). Stacey and Loper (2007) revised the theory of constant ρ along the melting boundary and suggested that the constant behavior only applies to electronically simple metals with filled d-bands such as Cu but not Fe. They reported a revised ρ of Fe of 3.62 µΩm at the CMB and 4.65 µΩm at the ICB, higher than the values reported thus far. Experiments on several simple metals showed the ρ invariance prediction of Stacey and Loper (2007) to be over-simplified as ρ of Cu (Ezenwa et al., 2017), Ag (Littleton et al., 2018), Au (Berrada et al., 2018), all decrease on their pressure-dependent melting boundaries whereas Zn (Ezenwa and Secco, 2017a), Co (Ezenwa and Secco, 2017b), Ni (Silber et al., 2017) and Fe (Silber et al., 2018; Yong et al., 2019) all show invariant ρ along the melting boundary. Similarly, Davies (2007) revised the results of Stacey and Anderson (2001) and Bi et al. (2002) by correcting for T at the top of the core (∼4,023 K, 135 GPa), which suggested a ρ of 1.25–1.9 µΩm for Fe at CMB conditions.
First-principle calculations using the Boltzmann equation suggested ρ of 0.75 µΩm for solid ε-Fe at ICB conditions (Sha and Cohen, 2011), while using the Kubo–Greenwood equation via the Bloch–Grüneisen equation on liquid Fe suggested a ρ of ∼0.61–0.69 µΩm at core conditions (de Koker et al., 2012). These results are comparable with first-principle calculations of transport properties based on DFT on liquid Fe alloy mixtures by Pozzo et al. (2012) who reported a value of 0.64 µΩm at the ICB, and 0.73–0.74 µΩm at the CMB. Soon after this work, Pozzo et al. (2013) used first-principle simulations from DFT calculations with the Kubo-Greenwood relation to obtain k while ρ was independently calculated from σ. The appropriate Lorenz number for liquid Fe (2.47–2.51·10−8 WΩ K−2) was then calculated using the Wiedemann-Franz law. Their results also showed 0.64 µΩm for Fe at the ICB, and 0.747 µΩm at the CMB. First-principle calculations combined with molecular dynamic simulations on solid Fe by Pozzo et al. (2014) suggested lower values of 0.50–0.53 µΩm at ICB conditions. Pozzo and Alfè (2016a) extended the set of calculations of core ρ of ε-Fe by Pozzo et al. (2014) to lower temperatures in order to investigate the T dependence of ρ. Their results suggested that ρ increases linearly with T and eventually saturates at high T, implying ρ of Fe of ∼0.72 µΩm not far from CMB conditions (4,350 K, 97 GPa) and ∼0.54 µΩm at Earth’s center (6,350 K, 365 GPa), comparable to previous results mentioned above. This study is also in agreement with DAC experiments up to 70 GPa and 300 K by Gomi and Hirose (2015), who suggested values of 0.537 (+0.049/−0.077) µΩm and 0.431 (+0.058/−0.095) µΩm at CMB (3,750 K, 135 GPa) and ICB (4971 K, 330 GPa) conditions respectively. In contrast, extrapolations of DAC measurements from 26 to 51 GPa up to 2,880 K, assuming resistivity saturation suggested the ρ of Fe is 0.404 (+0.065/−0.097) µΩm at CMB conditions (Ohta et al., 2016). However, in the first study to measure k of Fe at CMB conditions, Konôpková et al. (2016) measured the propagation of heat pulses across Fe foils in a DAC, up to 130 GPa and 3,000 K, and then modelled the T and P dependences of ρ. They derive ρ of Fe of 3.7 ± 1.5 µΩm at the outer core. Although in agreement with the high values reported by Stacey and Loper (2007), this value is higher than the saturation resistivity of 1.43 µΩm suggested by Xu et al. (2018). Xu et al. (2018) computed the electron-phonon and electron-electron contributions to the ρ of solid ε-Fe, from first-principle calculations and molecular dynamics. They suggested values of 0.998 µΩm and 1.008 µΩm at ICB (6,000 K, 330 GPa) and CMB (4,000 K, 136 GPa) respectively. Their results also suggested that previous DAC data (Ohta et al., 2016) may have overestimated the saturation effect. Zhang et al. (2020) proposed that the saturation effect observed at high T by Ohta et al. (2016) should be considered an experimental artifact due to the incorrect positioning of the laser over the sample during heating and inaccurate geometries of the four-probe method. First, the misalignment of the laser during heating generates a large T gradient across the sample. The ρ measurements at high T are then dominated by the colder regions, leading to lower ρ values. Secondly, the measurement uncertainties are expected to be significantly larger than the reported values considering the small size of the sample compared to the location of the electrodes. The geometries of the assembly essentially result in a two-probe method. While considering these key factors, Zhang et al. (2020) used first-principle calculations to compare with their ρ measurements of ε-Fe up to ∼170 GPa and ∼3,000 K in a laser heated DAC using the Van der Pauw method. Their analysis suggested a ρ of 0.80 ± 0.05 µΩm at CMB conditions (4,000 K, 136 GPa). Values obtained from DAC measurements extrapolated based on the resistivity saturation model (Gomi and Hirose, 2015; Ohta et al., 2016) are thus expected to be almost doubled according to the results of Zhang et al. (2020). However, these results remain lower than those extrapolated from multi-anvil press measurements (Secco and Schloessin, 1989; Yong et al., 2019). For example, the reported value from Yong et al. (2019) is 1.6× higher than that from Zhang et al. (2020). While Yong et al. (2019) reported measured values of ρ of Fe on the liquid side of the melting boundary, their reported value for ρ at the CMB was linearly extrapolated to 200 GPa based on the P-dependency observed between 14–24 GPa. Zhang et al. (2020) assumed a 10% increase resistivity on melting but only extrapolated from 133 to 136 GPa. In general, the differences in values for ρ at the CMB reported from multi-anvil and DAC experimental studies may arise from uncertainties from large extrapolations, from predispositions specific to each method such as errors in sample geometries, temperature homogeneity of heated sample region, lack of sample symmetry, possible thermoelectric effects and other parasitic voltages, etc.
Silber et al. (2018) reported an invariant behavior of Fe ρ at ∼1.2 µΩm, from direct measurements in a multi-anvil press up to 12 GPa and at liquid T. A similar method was used by Yong et al. (2019), who carried out static experiments in a 3000-ton multi-anvil press from 14–24 GPa into the liquid. Their results suggested an invariant ρ of liquid Fe of 1.20 ± 0.02 µΩm along the melting boundary. However, a statistical linear regression of their measurements, in order to account for the effect of P, suggested a slight deviation from invariant behavior to 1.28 ± 0.09 µΩm along the melting boundary of Fe at 200 GPa. Wagle and Steinle-Neumann (2018) focused on the behavior of liquid Fe from first-principle calculations based on Ziman’s theory on liquid metals. Combining their ICB value of 0.58 µΩm for ε-Fe with the literature values of liquid Fe-Si/S alloys (de Koker et al., 2012; Pozzo et al., 2014), ρ of outer core is expected to be up to 36% larger than that of the inner core. In contrast, estimations of pure Fe from DFT and molecular dynamics suggested almost no increase between ICB and CMB conditions, from 0.60 ± 0.27 µΩm to 0.67 ± 0.27 respectively (Wagle et al., 2019). Recent DFT simulations by Pourovskii et al. (2020) accounted for electron-electron interactions at high T and suggested an inner core ρ of 0.637 µΩm for pure Fe, in general agreement with the lower values mentioned above. Pourovskii et al. (2020) applied DFT and DMFT to Fe and concluded that thermal disorder suppresses the non-Fermi-liquid behavior of bcc Fe which reduces electron-electron scattering at high T. The variations among pure Fe results seem to range between 0.25 µΩm (Gardiner and Stacey, 1971) and 3.7 ± 1.5 µΩm (Konôpková et al., 2016), and may not simply be attributed to the method used.
The thermal properties of Fe-Ni alloys show similar variations. Gardiner and Stacey (1971) also estimated ρ of Fe with up to 25 wt% of light element (Ni, S, Si, MgO). Their results indicate an upper bound of 2.77 µΩm at CMB conditions and 6.03 µΩm at ICB conditions. Direct measurements at 1 atm up to ∼1,373 K by Johnston and Strens (1973) show comparable results. Assuming ρ at core pressures is smaller than that at 1 atm, Johnston and Strens (1973) suggested that ρ should not exceed 2.0 µΩm for Fe-10 wt% Ni-2.6 wt% C-15 wt% S (hereinafter referred to as Fe10Ni2.6C15S) at core pressures. Stacey and Anderson (2001) predicted the addition of 23 wt% and 15 wt% Si (or Fe23Ni15Si) to increase ρ to 2.12 µΩm at CMB and 2.02 µΩm at ICB, in agreement with Johnston and Strens (1973). Davies (2007) also reported ρ in the range of 2.15–2.8 µΩm for Fe23Ni15Si at CMB conditions. In contrast, DAC experiments combined with the Bloch–Grüneisen equation suggested values of 0.675 µΩm for ε-Fe10Ni, 1.26 (+0.05/−0.17) µΩm for ε-Fe5Ni4Si and 1.77 (+0.05/−0.25) µΩm for ε-Fe5Ni8Si at CMB conditions (4,000 K, 140 GPa) (Zhang et al., 2021). Gomi and Hirose (2015) suggested similar ρ values for Fe-Ni with up to 13.4 wt% of light elements (O, Si, S, C) of 0.53–1.19 µΩm at CMB and 0.39–0.96 µΩm at ICB. Similarly, Ohta et al. (2016) combined their DAC measurements with Matthiessen’s rule and the resistivity saturation model to infer ρ of Fe11.9Ni13.4Si of 0.869 (+0.154/−0.216) µΩm at 140 GPa and 3,750 K. Gomi et al. (2016) estimated the ρ of Fe12Ni15Si (or Fe65Ni10Si25) between 1.12 and 1.16 µΩm at 4,000–5,500 K and 156–175 GPa from the Kubo–Greenwood formula. As expected from additional impurity scattering, the previous values of Fe-alloys (Gomi and Hirose, 2015; Gomi et al., 2016) are greater than that of pure Fe (Ohta et al., 2016) using similar methods. First-principle electronic band structure calculations of Fe-alloys accounting for the saturation theory suggested values ranging from 0.58–0.74 µΩm for Fe-(5.4 to 31.6 wt%)Ni at CMB conditions (Gomi and Yoshino, 2018). In agreement with these studies, Zidane et al. (2020) also used first-principle calculations based on the Kubo-Greenwood relation and reported values of 0.62–1.22 µΩm for Fe-Ni with 2.7–37.7 wt% light elements (O, Si, S) at ICB conditions (5,500 K, 360 GPa).
The results of Gomi and Yoshino (2018) also suggested values ranging from 0.71–0.88 µΩm for Fe-(1.6 to 11.7 wt%)O at CMB conditions. Similarly, de Koker et al. (2012) reported a range of 0.67–0.82 µΩm for Fe-O alloys at core conditions, while Pozzo et al. (2012) also reported a value of ∼0.80 µΩm for Fe-O-S/Si (2.7–3.5 wt% O and wt% S/Si between 9.1 and 11.4) at the ICB and 0.90 µΩm at the CMB. Wagle et al. (2019) reported ρ values in very good agreement with de Koker et al. (2012) for the same alloys. Their results suggested that at ICB conditions, ρ is 0.65 ± 0.24 µΩm and 0.71 ± 0.27 µΩm, while at the CMB conditions ρ is 0.74 ± 0.24 µΩm and 0.81 ± 0.27 µΩm, for Fe3.9O (or Fe7O) and Fe8.7O (or Fe3O) respectively (Wagle et al., 2019). Similarly, Pozzo et al. (2013) reported a calculated ρ of ∼0.79 µΩm for Fe2.7O6Si (or Fe0.82O0.08Si0.10) and ∼0.80 µΩm for Fe4.6O4.9Si (or Fe0.79O0.13Si0.08) at the ICB, not unlike the direct calculations of resistivity for Fe-O-S/Si by Pozzo et al. (2012). They also report a Lorenz number for liquid Fe-alloys varying from 2.17 to 2.24·10−8 WΩK−2 from the Wiedemann-Franz law (Pozzo et al., 2013).
The recent DAC experiments by Zhang et al. (2021) suggested a value of 1.00 µΩm for ε-Fe1.8Si at CMB conditions. Gomi and Yoshino (2018) considered a greater Si content and reported values ranging from 0.71–1.13 µΩm for Fe-(2.8 to 18.8 wt%)Si and 0.72–0.94 µΩm for Fe-(3.1 to 20.9 wt%)S at CMB conditions. The first-principle calculations and molecular dynamics simulations on Fe4.5Si (or Fe0.92Si0.08) and Fe3.9Si (or Fe0.93Si0.07) suggested ρ of 0.65–0.66 µΩm at the ICB (Pozzo et al., 2014). The agreement with the reported values of Fe3.9O (de Koker et al., 2012) and Fe (Keeler and Royce, 1971) suggested the contribution of Si and O to the total ρ at inner core conditions may not be significant. It has been shown though at lower pressures that increasing Si content from 2 to 17 wt% increases ρ (Berrada et al., 2020), yet Wagle et al. (2019) reported lower values than Zhang et al. (2021) for a higher Si content. At CMB and ICB conditions, ρ of Fe6.7Si (or Fe7Si) is calculated to be 0.81 ± 0.5 µΩm and 0.73 ± 0.5 µΩm, while that of Fe14.4Si (or Fe3Si) is 1.02 ± 0.5 µΩm and 0.92 ± 0.5 µΩm (Wagle et al., 2019). Wagle et al. (2019) also revised previous estimates by Wagle et al. (2018) of Fe7.6S (or Fe7S) and Fe16.1S (or Fe3S) and reported values of 0.82 ± 0.22 µΩm and 1.01 ± 0.42 µΩm at CMB conditions, and 0.75 ± 0.22 µΩm and 0.95 ± 0.42 µΩm at ICB conditions, respectively. Gomi et al. (2013) estimated that ρ of ε-Fe13.2Si (or Fe78Si22) is 1.02 (+0.04/−0.11) µΩm at the CMB and 0.820 (+0.054/−0.131) µΩm at the ICB. Their results are in very good agreement with Wagle et al. (2019) and were extrapolated from a combination of DAC measurements up to 100 GPa and first-principle calculations while considering the effect of ρ saturation. Silber et al. (2019) conducted direct measurements of ρ of Fe4.5Si from 3 to 9 GPa and up to liquid T and postulated that the ρ of liquid Fe alloyed with light elements remains unchanged from that of Fe at inner core conditions, but the variation in T at the CMB suggested that ρ could increase up to ∼1.50 µΩm. In only the second study to measure experimentally k of a composition in the Fe system at Earth’s core conditions, Hsieh et al. (2020) used a pulsed laser method with a DAC to measure k of Fe-Si alloys up to 144 GPa and 3,300 K. Calculations of ρ using the Wiedemann-Franz law, with the Sommerfeld value of the Lorenz number, and extrapolations to high T suggested approximately 4.6 µΩm (or 20 Wm−1 K−1) at ∼136 GPa and 3,750 K for ε-Fe8.7Si (or Fe0.85Si0.15) (Hsieh et al., 2020). Hsieh et al. (2020) note that the discrepancy with previously mentioned results may be caused by the assumptions made by studies that did not directly measure k. Both the modeled T-dependence of ρ and the use of the Sommerfeld value of the Lorenz number at high P and T lead to underestimates of k at Earth’s core conditions. Shock compression experiments by Matassov (1977) on Fe-Si alloys up to 140 GPa and 2,700 K suggested a ρ of 1.12 µΩm for an Fe33.5Si core, which is within previously reported values from shock wave measurements. As mentioned earlier, this value may be underestimated due to the shunting effect of epoxy above 50 GPa (Bi et al., 2002). The results of de Koker et al. (2012) also suggested a lower range of 0.74–1.03 µΩm for Fe-Si alloys at core conditions. Similar to the results of de Koker et al. (2012), DAC measurements up to 60 GPa and 300 K indicate ρ values for Fe9Si of 0.6–1.3 µΩm at the CMB (Seagle et al., 2013). Their measurements were extrapolated to CMB conditions using a model of ρ as a function of T, V, and Debye temperature. These results are in agreement with measurements in a cubic-anvil press up to 5 GPa and 2,200 K, indicating ρ of Fe17Si in the range of 0.90–0.94 µΩm at outer core conditions (Kiarasi, 2013). In comparison, Suehiro et al. (2017) reported CMB values of approximately 0.699 µΩm for Fe12.8S (or Fe80.8S19.2), 0.741 µΩm for Fe6.1Si6.7S (or Fe79.7Si10.3S10), and 0.784 µΩm for Fe13.5Si (or Fe77.5Si22.5). Suehiro et al. (2017) carried out measurements in a laser-heated DAC up to 110 GPa and 300 K and used Matthiessen’s Rule and the saturation resistivity value of 1.68 µΩm, to obtain ρ of Fe-Si-S alloys at core conditions. Thus, the contribution of S to the ρ of Fe-alloys is reported to be weaker than that of Si. Gomi and Hirose (2015) proposed higher ρ values for Fe13.5Si of 1.02 (+0.04/−0.13) µΩm and 0.820 (+0.055/−0.130) µΩm at the CMB and ICB, respectively. These higher values are in agreement with Zhang et al. (2018), who applied their model of k to Fe13.5Si and reported ρ values of 0.92 µΩm at CMB conditions (4,050 K, 136 GPa). Recently, the saturation resistivity of ε-Fe-Si alloys was further investigated in an internally heated DAC up to 117 GPa and 3,120 K (Inoue et al., 2020). Results show that the saturation resistivity of ε-Fe-Si alloys is comparable to that of pure Fe at ∼100 GPa (Inoue et al., 2020). They obtained ρ values for ε-Fe12.7Si of 1.040 (+0.126/−0.212) µΩm and 0.775 (+0.150/-0.231) µΩm at ICB (3,760 K, 135 GPa) and CMB (5,120 K, 330 GPa) respectively. All values discussed above are summarized in Tables 1–4. The variations in ρ, organized in terms of composition, are visualized in Figure 2.
TABLE 1 | Electrical resistivity values of Fe at Earth’s CMB (4,000 K, 136 GPa) and ICB (5,000 K, 330 GPa) conditions determined by different methods.
[image: Table 1]TABLE 2 | Electrical resistivity values of Fe-Ni alloys at Earth’s CMB (4,000 K, 136 GPa) and ICB (5,000 K, 330 GPa) conditions determined by different methods.
[image: Table 2]TABLE 3 | Electrical resistivity values of Fe-O alloys at Earth’s CMB (4,000 K, 136 GPa) and ICB (5000 K, 330 GPa) conditions determined by different methods.
[image: Table 3]TABLE 4 | Electrical resistivity values of Fe-Si/S alloys at Earth’s CMB (4000 K, 136 GPa) and ICB (5000 K, 330 GPa) conditions determined by different methods.
[image: Table 4][image: Figure 2]FIGURE 2 | Combined values of ρ from the literature applied to Earth’s core presented in date order. The blue dashed line represents the average values (without values > 3 µΩm) at the CMB, while the red dashed line represents the average values at the ICB. The average of all reported values at CMB (4,000 K, 136 GPa) conditions is 1.07 µΩm, and that at ICB (5,000 K, 330 GPa) is 0.97 µΩm. The * denotes theoretical studies. Repeated references indicate different compositions.
A large quantity of theoretically- and experimentally-based estimates are considered for the ρ of a terrestrial core of pure Fe. In general, ρ values of Fe are centered about 1.05 and 1.08 µΩm at the CMB and ICB, respectively, without considering the high values (>3 µΩm) from Stacey and Loper (2007) and Konôpková et al. (2016). The high values reported in the theoretical work of Stacey and Loper (2007) and very challenging experimental work of Konôpková et al. (2016) can hardly be explained by the selection of P and T values since they are similar to those reported by the studies reporting lower ρ values. However, the values reported by Konôpková et al. (2016) are direct measurements of k, which include the phonon contribution. Their values are thus expected to be higher than measurements or calculations of ke, although such a large discrepancy (3.5× higher than the average) cannot be explained by currently understood physics of the relative contributions of electron and phonon components of k in metals. The average ρ of Fe-Ni alloys is 1.35 and 1.22 µΩm at the CMB and ICB respectively, without considering the high value from Gardiner and Stacey (1971) at ICB conditions. The theoretical work of Gardiner and Stacey (1971) reported the highest values corresponding to the estimated ρ of Fe-25Ni,S,Si,MgO. The reported data on Fe-Ni alloys are scattered and a clear relationship between light element content and ρ, or even between theoretical and experimental methods, cannot be readily seen. The average ρ of Fe-O alloys is 0.80 and 0.74 µΩm at the CMB and ICB respectively. Theoretical and experimental ρ values of Fe-Si/S alloys are centered about 1.08 and 0.83 µΩm at the CMB and ICB respectively, without considering the high value from Hsieh et al. (2020) at ICB conditions. Indeed, the ρ value for Fe8.7Si (Hsieh et al., 2020) is expected to be higher than that of Fe7.6Si (Wagle et al., 2019) but lower than that of Fe9Si (Seagle et al., 2013) and higher Si content alloys. The averages of all studies reporting values for Earth are 1.07 and 0.97 µΩm at CMB and ICB conditions, respectively. Higher P and lower light element content generally result in a lower ρ for a given core composition, while high T acts to increase ρ. Yet, the consistently greater averages at CMB conditions, which consider a higher light element content and lower P, suggested that the effects of light element content and P dominate over the effects of T.
Moon
A combination of the lunar seismic profiles (Weber et al., 2011) and sound wave velocity measurements of Fe-alloys (Antonangeli et al., 2015) indicates that the Moon is currently composed of a liquid outer core and solid inner core. The exact amount and nature of light element(s) in the core is not constrained but S, C, and Ni are expected (Wieczorek et al., 2006; Steenstra and van Westrenen, 2017). The presence of Si in the lunar core is also considered possible since the lunar Si isotope composition suggests a mantle composition similar to Earth’s (Armytage et al., 2012; Nazarov et al., 2012; de Meijer et al., 2013; Zambardi et al., 2013). Szurgot (2017) reported at least 2.7 wt% Si in the lunar core when considering the uncompressed density of the Moon.
The calculated k of Fe (25–50 W m−1 K−1) by Anderson (1998) and Stacey and Anderson (2001) have been commonly used in thermal evolution models of the lunar dynamo (Stegman et al., 2003; Zhang et al., 2013; Evans et al., 2014; Laneuville et al., 2014; Scheinberg et al., 2015; Laneuville et al., 2018). However, the corresponding ρ via the Wiedemann-Franz law varies from study to study due to the large variations in T assigned to the lunar CMB. Direct resistivity measurements of Fe in a multi-anvil press from 3–12 GPa and into the liquid state suggested ρ of 1.23–1.31 µΩm on the core side of the CMB (1,687–1,800 K, 4.9 GPa) (Silber et al., 2018). Using a similar method, Pommier (2018) measured ρ in a multi-anvil apparatus up to 10 GPa and over a wide range of T. Their results suggested a value of 0.66 µΩm, or slightly more than half of the value measured by Silber et al. (2018). Also, Pommier (2018) reported a ρ of 2.15 µΩm for Fe5S at 4.5 GPa and 1,700 K. According to their results, the effect of S, even for such a small wt%, is not negligeable. Recently, Yin et al. (2019) reported measurements of ρ of Fe35.7P (or FeP), Fe21.7P (or Fe2P) and Fe15.6P (or Fe3P) in a multi-anvil press at 3.2 GPa. These authors include P as a possible light element in the lunar core considering its large solubility in liquid Fe and Fe-S alloys (Zaitsev et al., 1995; Stewart and Schmidt, 2007). Their results indicate that ρ of Fe35.7P is approximately four times that of Fe. Yin et al. (2019) conclude that ρ is expected to be lower than 1.65 µΩm for a lunar core with Fe15.6P. In addition, the direct measurements of Berrada et al. (2020) constrained the ρ of Fe-Si alloys (2, 8.5, 17 wt% Si) between 1.17–1.66 µΩm at the top of the lunar outer core (1,600 K, 5–7 GPa). These studies have all used a multi-anvil apparatus with a four-wire measurement method to measure ρ. The values discussed in this section are summarized in Table 5 and the variations in ρ are visualized in Figure 3.
TABLE 5 | Electrical resistivity values of Fe and Fe-alloys according to different methods, at the lunar CMB.
[image: Table 5][image: Figure 3]FIGURE 3 | Combined values of ρ from the literature applied to the Moon’s core presented in date order. The blue dashed line represents the average values at the CMB. The average of all reported values at CMB (1,687–1,800 K, 4.5 GPa) conditions is 1.40 µΩm. Repeated references indicate different compositions.
Although the exact identity and amount of light elements in the lunar core is not constrained, to our knowledge, only few studies have reported ρ values to the relevant P and T conditions of the lunar core. At CMB conditions, the measured ρ of Fe15.6P is lower than that reported for Fe-Si alloys (up to 17 wt% Si) and Fe5S, suggesting the effect of P on the core ρ is relatively negligible. The reported Fe-alloys show greater ρ than that of Fe, as expected considering the additional scattering mechanism caused by electron-impurity interactions. The average of all studies reporting values at CMB conditions is 1.40 µΩm.
Mercury
Our understanding of the light element content of Mercury is mainly based on solar-system chemical abundances, models based on the compositions of Earth and the Moon, and data returned from the MESSENGER X-ray spectrometer (Harder and Schubert, 2001; McCubbin et al., 2012). Early estimates of the core composition of Mercury suggest ∼99 wt% is metal (Fe, Ni, Co) and ∼1 wt% is Fe36.5S (or FeS) (Morgan and Anders, 1980). Nittler et al. (2017) has argued a Si-bearing core with perhaps some small amounts of S and C, while Rivoldini et al. (2009) suggest a minimum of 5 wt% S. Various thermal evolution models consider an Fe-Si core with uncertainty on the exact Si composition (Knibbe and van Westrenen, 2017; Knibbe and van Westrenen, 2018). Estimates of Si content range between 5 and 25 wt% Si (Malavergne et al., 2010; Chabot et al., 2014), although recent studies propose that 10.5 wt% Si provides the best modelling results of the core’s elastic property and geodesy data (Terasaki et al., 2019; Steinbrügge et al., 2021).
Early models of Mercury’s core formation generally consider k of 40–43 W m−1 K−1, which correspond to 1.06–1.15 µΩm, at 1,880 K for a core of mainly Fe with 1–5 wt% S (Stevenson et al., 1983; Christensen, 2006; Tosi et al., 2013). Thermal evolution models by Knibbe and van Westrenen (2018) considered a range of k from 30 to 60 W m−1 K−1 for an Fe-Si core with T between 1,800–2,200 K, which corresponds to 0.73–1.79 µΩm via the Wiedemann-Franz law. In contrast, direct measurements of ρ of γ-Fe at 5, 7 and 15 GPa into the liquid state in a multi-anvil press suggested values of ∼0.36 µΩm and ∼0.44 µΩm at ICB (2,200–2500 K, 36 GPa) and CMB (1800–2000 K, 5–7 GPa) conditions respectively (Deng et al., 2013). The direct measurements of ρ for γ-Fe at Mercury core temperatures in a laser-heated DAC suggested values of 1.08–2.44 µΩm (or 35 ± 10 W m−1 K−1) at 2,200–2,500 K and ∼40 GPa (Konôpková et al., 2016). Considering the variations in the Lorenz number with T, Secco (2017) reported ρ for Fe of 1.044 µΩm at 1,823 K and 5.5 GPa. Silber et al. (2018) used direct ρ measurements of Fe from 3–12 GPa and up to liquid T and suggested a value of 0.87 ± 0.10 µΩm for Fe at CMB conditions (1,900 K, 5 GPa). Ezenwa and Secco (2019) revised previous measurements of ρ of Fe at Mercury’s CMB conditions (1,880 K, 5 GPa) to 1.18 µΩm on the solid side just before melting and 1.24 µΩm on the liquid side. Berrada et al. (2021) reported higher ρ values of Fe8.5Si between 1.40–1.44 µΩm at CMB conditions (1,600–2,100 K, 5–7 GPa) from measurements in a multi-anvil press up to 24 GPa and above the liquid T. Similarly, Pommier et al. (2019) conducted direct measurements in a multi-anvil apparatus up to 10 GPa and over a wide range of T. Their results suggested approximately 0.35 µΩm for Fe10Si, 0.49 µΩm for Fe33.5Si, and 0.33 µΩm for Fe8Si3S at CMB conditions (2,000 K, 6 GPa). In contrast, Manthilake et al. (2019) reported σ data from resistance measurements of Fe36.5S, which convert to 8.01 µΩm near CMB conditions (1,300 K, 8 GPa). This result is significantly larger that of any composition reported in the literature thus far at similar P and T conditions. The values discussed in this section are summarized in Table 6 and the variations in ρ are visualized in Figure 4.
TABLE 6 | Electrical resistivity values of Fe and Fe-alloys according to different methods, at Mercury’s CMB and ICB conditions.
[image: Table 6][image: Figure 4]FIGURE 4 | Combined values of ρ from the literature applied to Mercury’s core presented in date order. The blue dashed line represents the average values at the CMB, while the red dashed line represents the average values at the ICB. The average of all reported values at CMB (1,900 K, 5 GPa) conditions is 0.88 µΩm, and that at ICB (2,200–2,500 K, 36 GPa) is 1.12 µΩm.
Reported theoretical and experimental values of the ρ of Fe applied to Mercury’s CMB and ICB conditions show an important disagreement. Deng et al. (2013) reported lower values (∼35% less) than those reported by Konôpková et al. (2016), Secco (2017), Silber et al. (2018), and Ezenwa and Secco (2019). Such a discrepancy is not negligible when calculating qad at the top of the outer core. The direct k measurements by Konôpková et al. (2016) convert to similar ρ values to the direct ρ measurements by Secco (2017), Silber et al. (2018) and Ezenwa and Secco (2019). The values reported for Fe-Si/S alloys also show two distinct trends. Berrada et al. (2021) reported higher values than those by Pommier et al. (2019), although Pommier (2018) considered a higher light element content (up to 33.5 wt% Si). Indeed, the light element content is expected to increase the scattering contribution and thus the measured ρ. The values reported by Pommier (2018) are consistent with the lower ρ values for Fe reported by Deng et al. (2013) and Konôpková et al. (2016). Similarly, the values reported by Berrada et al. (2021) are consistent with the high ρ of Fe values reported by Secco (2017), Silber et al. (2018),and Ezenwa and Secco (2019). The averages of all studies reporting values for Mercury are 0.88 and 1.12 µΩm at CMB and ICB conditions, respectively, without considering the high values (>3 µΩm) from Manthilake et al. (2019). Although all the reported data at the ICB consist only of pure Fe measurements, the average ρ at ICB conditions is greater than that at CMB conditions which considers Fe-alloys. This contrast with the observations at Earth’s core conditions could be explained by the strong effect of T over the effects of light elements and P at Mercury’s core conditions, although further studies are necessary to draw reliable conclusions.
Mars
The chemical composition of the Martian core is presumed to be Fe14.2S based on analyses of Martian meteorites (Wänke et al., 1988). Laser-heated DAC experiments and in-situ X-ray diffraction confirm the phase stability of Fe36.5S at core conditions (Kavner et al., 2001). Thermal evolution models also consider a core primarily composed of Fe with 6–8 wt% Ni, and 10–17 wt% S, in addition to containing lower amounts of O, C, H and P (Rivoldini et al., 2011).
Stevenson et al. (1983) investigated core evolution models of Mars by combining theories of geomagnetism and fluid dynamics. In their model, the value of k of Fe used for Earth, Mercury, Mars and Venus is 40 W m−1 K−1, which corresponds to 1.15 µΩm at 1,880 K (Stevenson et al., 1983). Thermal evolution models based on measurements by Anderson (1998) suggested a range of 43–88 W m−1 K−1 at Martian CMB conditions (25 GPa, 1,800 K) (Nimmo and Stevenson, 2000). Using the Wiedemann-Franz law, this suggested ρ values for Fe ranging from 0.50–1.02 µΩm, which are lower than previously mentioned. In fact, Deng et al. (2013) estimated ρ of γ-Fe to be at most 0.40 µΩm at the outermost part of the Martian core (2,000 K, 24 GPa) based on their measurements at 7 GPa. Recent measurements by Silber et al. (2018) reported ρ of Fe of 1.7 µΩm at CMB conditions (1,770 K, 23 GPa), higher than previously reported. Similar experiments by Ezenwa and Yoshino (2021) in a multi-anvil apparatus from 14 to 22.5 GPa and above the liquid T, estimated ρ of 0.68 ± 0.03 µΩm at CMB conditions (2,106 K, 23 GPa). The measurements by Ezenwa and Yoshino (2021) are in agreement with first-principle calculations of pure Fe reporting values from 0.74 ± 0.29 µΩm to 0.75 ± 0.29 at the ICB and CMB respectively (Wagle et al., 2019). Wagle et al. (2019) also calculated the ρ of Fe3.9O, Fe8.7O, Fe7.6S, Fe16.1S, Fe6.7Si, and Fe14.4Si at the Martian ICB and CMB conditions, as reported in Table 7. Direct measurements of ρ up to 110 GPa at 300 K suggested values from 1.064 µΩm at the CMB to 0.952 µΩm at the center of an Fe15S (or Fe77.7S22.3) core (Suehiro et al., 2017). The values discussed in this section are summarized in Table 7 and the variations in ρ are visualized in Figure 5.
TABLE 7 | Electrical resistivity values of Fe and Fe-alloys according to different methods, at the Martian CMB (1,770 K, 23 GPa) and ICB (2,000 K, 40 GPa) conditions.
[image: Table 7][image: Figure 5]FIGURE 5 | Combined values of ρ from the literature applied to Mars’ core presented in date order. The blue dashed line represents the average values at the CMB, while the red dashed line represents the average values at the ICB. The average of all reported values at CMB (1770 K, 23 GPa) conditions is 0.95 µΩm, and that at ICB (2,000 K, 40 GPa) is 0.93 µΩm. The * denotes theoretical studies. Repeated references indicate different compositions.
The literature on ρ values at Martian core conditions is insufficient to determine a reasonable value at CMB and ICB conditions. While both Deng et al. (2013) and Silber et al. (2018) reported values for solid Fe, the value reported by Deng et al. (2013) is in best agreement with the reported values of liquid Fe (Wagle et al., 2019; Ezenwa and Yoshino, 2021). However, Silber et al. (2018) considered lower T values at the CMB than Ezenwa and Yoshino (2021). Their measured ρ is therefore expected to be lower than that of Ezenwa and Yoshino (2021), although the opposite is observed. Within the results of Wagle et al. (2019), the effect of O in increasing ρ seems to be less than that of Si and S, although all alloys seems to be in agreement within uncertainty. The values for an Fe15S (Suehiro et al., 2017) are in agreement with those of Fe16.1S (Wagle et al., 2019). The average of all studies reporting values at CMB conditions is 0.95 µΩm, while that at ICB conditions is 0.93 µΩm. The greater average at CMB conditions relative to ICB conditions is comparable to that observed at Earth’s core conditions.
Ganymede
The presence of Fe36.5S in meteorites indicates that S is probably a major light element in Ganymede’s core (Krot, 2005). Hydrogen is also a light element candidate considering that a layer of H2O in Ganymede’s interior has been proposed (Anderson et al., 1996). Although the exact composition is not constrained, the light element content is greatly dependent on the core size and oxidation state of the interior during differentiation. The CMB conditions are expected to be near 2,000 K and 7 GPa in the case of a low (1 wt%) S content, while near 1,400 K and 5 GPa in the case of a near eutectic (36.5 wt%) S content (Hauck et al., 2006; Bland et al., 2008; Kimura et al., 2009).
Silber et al. (2018) measured ρ of Fe at 1.20 µΩm at 1,500 K (Shibazaki et al., 2011) and 5.9 GPa (Hussmann et al., 2007), while a considerably lower value of 0.59 µΩm is proposed by Pommier (2018) at 1,400 K and 4.5 GPa. Similar to the measurements by Silber et al. (2018), Ezenwa and Secco (2019) estimated values of 1.17 µΩm and 1.38 µΩm on the solid and liquid sides of the ICB (2,200 K, 9 GPa) respectively. Regardless of the variation in these Fe results, adding S is expected to increase ρ, in agreement with the direct measurements of Pommier (2018). Pommier (2018) reported values of 2.23 µΩm for Fe5S at 1,880 K and 4.5 GPa, and 4.32 µΩm for Fe20S at 1,400 K and 4.5 GPa. To our knowledge, only two studies have reported measurements of Fe36.5S at the relevant P and T conditions. First, the results of Manthilake et al. (2019) applied to Ganymede’s conditions suggest 8.01 µΩm near CMB. In contrast, direct ρ measurements of Fe36.5S, from 2 to 5 GPa and up to 1,785 K in a multi-anvil press, suggested a value of 4.13 ± 0.07 µΩm at CMB conditions (1,411 K, 5 GPa) (Littleton et al., 2021). The values discussed in this section are summarized in Table 8 and the variations in ρ are visualized in Figure 6.
TABLE 8 | Electrical resistivity values of Fe and Fe-alloys according to different methods, at Ganymede’s CMB.
[image: Table 8][image: Figure 6]FIGURE 6 | Combined values of ρ from the literature applied to Ganymede’s core presented in date order. The blue dashed line represents the average values at the CMB, while the red dashed line represents the average at the ICB. The average of all reported values at CMB (1,400–2000 K, 5–7 GPa) conditions is 1.90 µΩm, and that at the ICB (2,200 K, 9 GPa) is 1.28 µΩm. Repeated references indicate different compositions.
As with the other small planetary bodies reviewed, the available literature is scarce and insufficient to distinguish a reasonable value for ρ at core conditions. Overall, the addition of S impurity scattering increases ρ as expected. However, ρ of Fe36.5S as measured by Littleton et al. (2021) is greater than that of Fe20S (Pommier, 2018). Pressure is expected to decrease ρ, yet the ρ of Fe36.5S from Manthilake et al. (2019) at 8 GPa is almost double that from Littleton et al. (2021) at 5 GPa. Although total k measurements include the phonon contribution to conductivity, it likely does not explain the extent of the disagreement between these two studies. The average of all studies reporting values at CMB conditions is 1.90 µΩm, larger than that at the other planetary bodies reviewed, while the average at ICB conditions is 1.28 µΩm.
CONTOUR MAPS OF Ρ(P, T)
Figure 7 illustrates contour maps generated from the available literature on ρ for Fe, Fe-Ni alloys, Fe-O alloys and Fe-Si/S alloys, without excluding high values (>3 µΩm). The contour maps suggest ρ(P, T) is unique for each composition, and can hardly be defined by a linear function of P and T. The rich literature on Fe at Earth’s and Mercury’s CMB and ICB conditions produce an accurate contour map at the relevant P and T. Similarly, the contour map results of the ρ of Fe at the lunar and Martian CMB consist of the mean of the few reported values. However, Fe-Ni alloys were only reported at P and T conditions relevant to Earth’s core. Thus, the contour map results for Fe-Ni alloys for the Moon, Mercury, Mars, and Ganymede’s cores are unreliable extrapolations. The contour map of Fe-Ni alloys suggest ρ at low P and T is considerably higher than the values reported at high P and T. This would mean the effect of decreasing P, which acts to increase ρ, dominates over the effect of decreasing T, which acts to decrease ρ. In the same idea, ρ of Fe-O alloys was only reported at Earth’s and Mars’ core conditions, which implies the most reliable areas of the contour map are within those P and T boundaries. The contour map of Fe-Si/S alloys is in agreement with the reported data at the planetary core conditions of Earth, Moon, Mercury, Mars and Ganymede. The advantage of the contour maps is that they take into account the various P and T values used for the planetary core conditions and allow for a general estimate at a specific P and T combination. For example, the contour map of Fe-Si/S shows ρ of ∼1.70 µΩm at the lunar CMB (at 1,750 K which is the mid-T range, and 4.5 GPa), while the average of reported values is 1.66 µΩm without considering the differences in P and T conditions.
[image: Figure 7]FIGURE 7 | 3D visualization of the reported ρ with P and T of (A) Fe, (B) Fe-Ni alloys, (C) Fe-O alloys, and (D) Fe-Si/S alloys. Studies that did not state the exact P, T conditions for Earth’s CMB and ICB are placed at 4,000 K and 136 GPa, and 5,000 K and 330 GPa, respectively. Similarly, the lunar CMB is placed at 1,750 K (which is the mid-T range of 1,687–1,800 K) and 4.5 GPa. Mercury’s CMB and ICB are placed at 1,900 K and 5 GPa, and 2,350 K (which is the mid-T range of 2,200–2,500 K) and 36 GPa, respectively. The Martian CMB and ICB are placed at 1,770 K and 23 GPa, and 2,000 K and 40 GPa, respectively. Ganymede’s CMB is located at 1,700 K (which is the mid-T range of 1,400–2,000 K) and 6 GPa (which is the mid-P range of 5–7 GPa), while the ICB is at 2,200 K and 9 GPa. The areas encompassing the reported data are in full colour, while the faded colors are areas of extrapolations.
DISCUSSION
The interest in determining qad is namely motivated by thermal evolution modelling. Direct measurements of thermal properties, and in particular k, of metals and metal-alloys at planetary core conditions are challenging and extrapolations from relatively low P and T conditions are not always consistent. Experimental progress made so far in measuring k at core conditions is very promising and future studies are needed to establish conclusively this important core property. The available literature on ρ at Earth’s core conditions is focused on pure Fe, while a few studies have considered various light elements and a range of concentrations. Results suggest that the ρ of Fe-alloys at Earth’s CMB and ICB does not significantly deviate from that of pure Fe. The scarce literature on ρ at the lunar core suggest the effect of P is negligible when compared to that of Si and S at similar wt%. On the contrary, the effect of Si and S at Mercury’s core conditions remains unclear as the literature seems to be divided into two distinct groups of ρ, with ∼35% difference. At the Martian core, the ρ of Fe-alloys are within the variations of ρ for pure Fe. In contrast, the reported ρ of Fe-S alloys at Ganymede’s CMB conditions show a great deviation from pure Fe measurements. Overall, the calculated ρ from the reported k values via the Wiedemann-Franz law, with the Sommerfeld value for L, do not significantly vary from direct measurements of ρ. Results from first-principle calculations are within the variations of those from direct measurements from multi-anvil press, DAC and shock compression experiments. Although ρ values depend on the P and T, the variations in the selection of P and T at the planetary core conditions among the literature seem to have a negligible effect on the average ρ values. The contour maps provide an interpolation of ρ as a function of P and T within the boundaries of the reported values.
Further experimental research on ρ should focus on different light element compositions, particularly in Fe with multi-light element alloys, in order to constrain reliably ρ for likely core compositions at planetary core conditions. A larger data set on measurements of k will be needed to verify both theoretically determined values of the Lorenz number at extreme conditions of P and T for pure Fe and its many alloys as well as to substantiate the use of ρ data to calculate k. Calculations that account for spin polarization and the effects of magnetism on the electron scattering have recently been developed and further progress in this area to quantify this important contribution to electrical and thermal properties at planetary core conditions is likely.
It is clear there is much to be done in the area of ρ and k property determination for application to thermal modelling of terrestrial-like planetary bodies in our Solar System. However, an even greater challenge appearing on the horizon is for similar studies to be carried out at the even greater P, T conditions of terrestrial-type exoplanets where the internal pressures are an order of magnitude higher than in Earth. Studies of those systems, which are currently in the nascent stages of characterizing equation of state and other structure-related characteristics of Fe (Smith et al., 2018) and Fe alloys (Wicks et al., 2018), will then turn to interior modelling of heat flow and core dynamics to understand dynamos in super-Earths, which will require knowledge of ρ and k behavior over much greater P, T space.
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The electrical conductivities of hydrous olivine (Ol) aggregates and Ol–H2O, Ol–NaCl–H2O (salinity: 1–21 wt%; fluid fraction: 5.1–20.7 vol%), Ol–KCl–H2O (salinity: 5 wt%; fluid fraction: 10.9–14.0 vol%) and Ol–CaCl2–H2O systems (salinity: 5 wt%; fluid fraction: 10.7–13.7 vol%) were measured at 2.0–3.0 GPa and 773–1073 K using a multi-anvil apparatus. The electrical conductivity of saline fluid-bearing olivine aggregates slightly increases with increasing pressure and temperature, and the electrical conductivities of both hydrous and saline fluid-bearing samples are well described by an Arrhenius relation. The dihedral angle of the saline fluids is approximately 50° in the Ol–NaCl–H2O system with 5 wt% NaCl and 5.1 vol% fluids, which implies that the fluids were interconnected along grain boundaries under the test conditions. The electrical conductivities of the Ol–NaCl–H2O system with 5 wt% NaCl and 5.1 vol% fluids are ∼two to four orders of magnitude higher than those of hydrous olivine aggregates. The salinity and fluid fraction moderately enhance the sample electrical conductivities owing to the interconnectivity of the saline fluids. The activation enthalpies of the electrical conductivities for the Ol–NaCl–H2O systems range from 0.07 to 0.36 eV, and Na+, Cl−, H+, OH−, and soluble ions from olivine are proposed to be the main charge carriers. For a fixed salinity and fluid fraction, the electrical conductivities of the Ol–NaCl–H2O system resemble the Ol–KCl–H2O system but are slightly higher than that of the Ol–CaCl2–H2O system. The Ol–NaCl–H2O system with a salinity of ∼5 wt% NaCl and fluid fraction larger than 1.8 vol% can be employed to reasonably explain the origin of the high-conductivity anomalies observed in mantle wedges.
Keywords: olivine, saline fluids, fluid fraction, electrical conductivity, high pressure, high-conductivity anomaly
INTRODUCTION
Electrical conductivities of geological materials at high temperatures and pressures in combination with magnetotelluric data can be used to infer the material compositions and thermodynamic conditions of the Earth’s interior (Vallianatos, 1996; Heise et al., 2019). Previous field magnetotelluric results confirmed that high-conductivity layers (HCLs), as the special weak zones, are widely distributed in the Earth’s interior (McGary et al., 2014; Selway, 2015; Hata et al., 2017). Typically, the HCLs have a characteristic of abnormally low velocity on the basis of seismic sounding data (Selway and O’Donnell, 2019; Manthilake et al., 2021a). The electrical conductivities of geological samples at high temperatures and high pressures are required to invert the MT profiles. Numerous studies have therefore investigated the conductivity of the dominant geological materials in the Earth’s interior (Reynard et al., 2011; Saltas et al., 2013, 2020; Manthilake et al., 2015, 2016; Dai and Karato, 2020). Dehydration, metasomatism, and magmatism processes are considerably more active in subduction zones than in the stable continental lithosphere. The dehydration products of hydrous minerals (e.g., amphibole, lawsonite etc.) have been proposed to be the main origin of the high-conductivity anomalies in subduction zones (Manthilake et al., 2015; Hu et al., 2018). However, the dehydration products of typical hydrous minerals are present throughout the subduction tunnel and therefore widely distributed between the transitional interface of the subducted slab and mantle wedge. The aqueous fluid dehydration products migrate upward to the mantle wedge, as do silicate and carbonate melts from subduction zone magmatism (Wang et al., 2020). Aqueous fluids and melts have thus been inferred to be plausible candidates for the origin of the high-conductivity and low-velocity anomalies in mantle wedge regions (Pommier and Evans, 2017; Vargas et al., 2019; Manthilake et al., 2021c). Silicate/carbonate melts with or without aqueous fluids form and converge in regions at sufficiently high temperature; however, aqueous fluids as an independent fluid phase can be stable in regions with temperatures below the rock matrix solidus. The high-conductivity anomalies have been shown to occur in relatively cold subduction zones, which might be caused by the presence of aqueous fluids (Pommier and Evans, 2017). Previous studies of fluid inclusions in deep Earth rocks and high-temperature and high-pressure experiments have demonstrated that aqueous fluids with some form of volatile and salt species are abundant in subduction zones (Carter et al., 2015; Huang et al., 2019; Lacovino et al., 2020). NaCl-bearing aqueous fluids have been proposed to be the most significant saline fluid in subduction environments because Na+ and Cl− are the most dominant ions in most saline fluid inclusions (Morikawa et al., 2016). Free water, as the solvent of saline fluids, dominantly forms by the dehydration of hydrous minerals in subduction slabs (Manthilake et al., 2015; Hu et al., 2018). Saline ions (Na+ and Cl−) in aqueous fluids are released from subduction slabs during dehydration and metasomatism (Reynard, 2016; Förster et al., 2019; Manthilake et al., 2021b). Numerous studies have attributed the origin of the high-conductivity anomalies in the mid-lower crust and some subduction zones to the distribution of NaCl-bearing aqueous fluids along the grain boundaries of silicate minerals (Shimojuku et al., 2012, 2014; Guo et al., 2015; Sinmyo and Keppler, 2017; Li et al., 2018; Sun et al., 2020). However, the effect of saline fluids on the electrical conductivity of silicate minerals in mantle wedge regions remains poorly constrained.
Olivine (Ol) is the dominant rock-forming mineral of the Earth’s upper mantle with a volume percentage of ∼63% (Ringwood, 1982; Lin et al., 2013). The Ol–NaCl–H2O system is therefore a relevant representation of the composition of wet regions in the uppermost mantle, e.g., mantle wedges of subduction zones. Although numerous studies have reported the high-pressure electrical conductivity of olivine single crystals and polycrystalline aggregates (Dai et al., 2010; Dai and Karato, 2014a; Dai and Karato, 2014b; Dai and Karato, 2014c; Dai and Karato, 2014d; Dai and Karato, 2020), the detailed Ol–NaCl–H2O system has not been previously reported under high-temperature and high-pressure conditions. In addition to the effects of pressure and oxygen fugacity, the molar percentages of magnesium and iron in synthetic olivine also exert a significant effect on the electrical conductivity of anhydrous samples at high temperatures and pressures (Dai and Karato, 2014b). Water is another crucial factor that can enhance the electrical conductivity of olivine and its high-pressure polymorphs at high temperatures and pressures by several orders of magnitude (Dai and Karato, 2009; Dai and Karato, 2014b). Previous geophysical field observations of the electrical conductivity in the asthenosphere, including the high and highly anisotropic conductivity regions, have been attributed to the high water contents, which is consistent with geochemical models based of the reported electrical conductivity values of anisotropic hydrous single-crystal olivine (Dai and Karato, 2014a). The olivine in geologically active regions is hydrous owing to the existence of aqueous fluids from the dehydration of hydrous minerals. Hydrogen-related point defects can significantly enhance the conductivity of olivine; thus hydrous olivine is a possible candidate for the origin for the high-conductivity anomalies in the upper mantle (Dai and Karato, 2014a). However, the electrical conductivity of hydrous olivine at its maximum probable water content (∼1,000 ppm) in the mantle wedge region is approximately 10–1 S/m (Dai and Karato, 2014b), whereas the center of the semi-ellipsoidal HCL shapes in mantle wedges show maximum conductivities of ∼1 S/m, which gradually decrease to approximately 10–2 S/m at the edges (McGary et al., 2014; Hata et al., 2017). The presence of hydrous olivine may therefore generate conductivities in the range of ∼10−2–10−1 S/m (Dai and Karato, 2014b), but cannot be employed to interpret conductivities in the range of ∼10−1–1 S/m. It is possible that interconnected saline fluids can be employed to interpret the high conductivities of ∼10−1–1 S/m in some HCLs of mantle wedges, in which interconnected saline fluid-bearing peridotite is surrounded by hydrous peridotite with or without disconnected saline fluids. Huang et al. (2019) recently demonstrated that NaCl-bearing aqueous fluids might be interconnected in mantle wedges. The electrical conductivities of clinopyroxene (Cpx)–NaCl–H2O, plagioclase (Pl)–NaCl–H2O, albite (Ab)–NaCl–H2O and pure NaCl-bearing saline fluid systems have been previously investigated (Guo et al., 2015; Li et al., 2018; Guo and Keppler, 2019; Sun et al., 2020), but the electrical conductivity of saline fluid-bearing olivine aggregates has not been reported. Although saline fluids exert a dominant control over the conductivities of saline fluid-bearing mineral aggregates, the mineral species still play a significant role in the system conductivity as a whole (Guo et al., 2015; Li et al., 2018; Sun et al., 2020). The conductivities of saline fluids in mineral–NaCl–H2O systems calculated using theoretical models (e.g., Hashin–Shtrikman upper model (HS+) and cube model) were reported to be substantially lower than those of pure NaCl-bearing aqueous fluids (Sinmyo and Keppler, 2017; Li et al., 2018; Guo and Keppler, 2019; Sun et al., 2020). This implies that the dissolution of silicate minerals into saline fluids significantly affects the conductivities of the aqueous fluids, and the distribution characteristics and channel morphology of the aqueous fluids on the mineral boundaries might influence the conductivity of saline fluid-bearing mineral aggregates to some extent. An accurate determination of the electrical conductivity of saline fluid-bearing olivine aggregates is therefore difficult to precisely estimate using the HS+ and cube theoretical models based on the conductivity of hydrous olivine aggregates and pure saline fluids. In-situ measurements of the electrical conductivity of saline fluid-bearing polycrystalline olivine are therefore required to interpret the origin of the high-conductivity anomalies in mantle wedges.
In the present study, the electrical conductivity of olivine aggregates mixed with saline fluids (solute: NaCl, KCl and CaCl2) was measured in-situ over a pressure range of 2.0–3.0 GPa and temperature range of 773–1073 K. The effects of temperature, pressure, salinity, fluid fraction, and ionic species on electrical conductivity were explored in detail. Three representative saline fluid-bearing systems (Ol–NaCl–H2O, Ol–KCl–H2O, and Ol–CaCl2–H2O) were comprehensively compared over the investigated pressure and temperature range. The results are applied to discuss the possible geological implications of the electrical conductivities of saline fluid-bearing olivine aggregates at high temperature and pressure.
EXPERIMENTAL METHODS
Sample Preparation
The natural, fresh and pure olivine with a gem-grade single crystal grain was collected from Damaping village, Wanquan County, Zhangjiakou City, Hebei Province, China. The chemical compositions of the olivine were tested using an electron probe microanalyzer (EPMA) at the State Key Laboratory of Ore Deposit Geochemistry, Chinese Academy of Science (CAS), Guiyang, China. The molar Fe/(Fe + Mg) ratio was 9.3%, which is very similar to that for San Carlos olivine (10%) (Supplementary Table S1). As described in supplementary material in detail, the samples of hydrous olivine aggregates, Ol–H2O and Ol–NaCl/KCl/CaCl2–H2O systems were precisely prepared. For the saline fluid-bearing olivine aggregates, the salinity and fluid fraction ranges were 0–21 wt% and 5.1–20.7 vol%, respectively. The detailed salinity and fluid fraction values of the saline fluid-bearing olivine aggregates are listed in Table 1. High-temperature-resistant quartz glass sleeves (SiO2 content: ∼100 wt%) with a 3-mm inner diameter, 6-mm outer diameter and 4-mm height were employed as the sample capsules. Although the reaction of quartz and olivine can take place at high temperatures and pressures and produce a very thin pyroxene-bearing layer, the contribution to the bulk conductivity could be negligible because the conductivity of pyroxene is much lower than that of interconnected fluid phases (Huang et al., 2021). Two Au stoppers were applied to seal the top and bottom of the sample capsule using a small amount of silver colloid.
TABLE 1 | Thermodynamic parameters for the electrical conductivities of hydrous olivine aggregates, the Ol–H2O system, and saline fluid-bearing olivine aggregates with various salinities and fluid fractions at 2.0 GPa and 773–1073 K, except for runs a and b, which were conducted at 2.5 and 3.0 GPa, respectively.
[image: Table 1]Impedance Spectra Measurements
Sample assembly for the in-situ measurement of electrical conductivity was displayed in Supplementary Figure S1. The high-temperature and high-pressure conditions were provided using a YJ–3000t cubic multi-anvil apparatus at the Key Laboratory of High-Temperature and High-Pressure Study of the Earth’s Interior, Institute of Geochemistry, CAS, Guiyang, China. The target pressure was achieved using a slow compression rate of 0.5 GPa/h to avoid damaging the quartz sleeve. Once reaching the target pressure, the temperature was rapidly increased to 1073 K. Our measurement results have shown that the resistance of saline fluid-bearing polycrystalline olivine dramatically increases with time to values greater than 1 MΩ at 1073 K when the quartz sleeve sample capsule is damaged. However, the quartz sleeves remained undamaged in the successful runs and the low resistance values of the saline fluid-bearing systems only slightly increased with time. This is because saline fluids might weakly diffuse to the exterior of the sample capsule when the aqueous fluids and olivine grains have approximately equilibrated. At a given pressure, the impedance spectra were firstly collected continuously at the highest temperature of 1073 K, and the spectra gradually reached stable after ∼30 min. It reflected that the saline fluids gradually diffused along olivine grain boundaries, and finally it reached a uniform distribution of fluid in the sample. Meanwhile, a very small amount of olivine is dissolved into the saline fluids with time. At a fixed temperature, pressure and volume fraction, the electrical conductivities of olivine–NaCl–H2O systems slightly decreased due to the loss of saline fluids. In order to avoid the inevitable influence of the loss of saline fluids, at the highest measurement point of 1073 K, the olivine–NaCl–H2O system was kept a relatively longer time in order to reach an equilibrium state by continuously checking the variation of impedance spectroscopy of sample. After that, a decreasing temperature cycle from 1073 to 773 K was chosen to quickly measure the electrical conductivity of sample at the temperature interval of 50 K. Due to the small solubility of olivine in the saline fluids, the change of the geometry of the olivine grain boundaries was feeble (Macris et al., 2003). We proposed that the distribution of saline fluids was dominated by the salinities and volume fractions of fluids, and the grain sizes and geometries of olivine grains. And thus, the textures of the olivine–NaCl–H2O systems were almost stable, and the very slight change of texture due to the dissolution of olivine in the saline fluids cannot affect the conductivities of the olivine–NaCl–H2O systems. The fluid fraction of the aqueous fluid-bearing system remained mostly stable during the impedance spectra measurements, with less than 10% error of the fluid fraction in the aqueous fluid-bearing system, and the salinity remained unchanged during the experiments. The impedance spectra of the aqueous fluid-bearing system were continuously collected twice at a given temperature, and the two measured resistances were similar. This supports that the impedance spectra of the aqueous fluid-bearing system were collected during a relatively stable state. It is worthily mentioned that the reaction of quartz and olivine can take place at high temperatures and pressures, and a very thin pyroxene-bearing layer might be produced. However, the contribution of the thin pyroxene-bearing layer to the bulk conductivity could be negligible because the conductivity of pyroxene is much lower than that of interconnected fluid phases (Huang et al., 2021). Stable impedance spectra of hydrous polycrystalline olivine were collected using a similar process to that for the aqueous fluid-bearing system. The detailed thermodynamic conditions of the runs are listed in Table 1. The errors of the experimental pressures and temperatures were ±0.2 GPa and ±10 K, respectively.
Post-Experiment Sample Analysis
The chemical compositions of the recovered olivine for the olivine–NaCl–H2O system with 5 wt% salinity and 20.3 vol% volume fraction were measured by EPMA. The chemical compositions of olivine were similar before and after the electrical conductivity measurements, as shown in Supplementary Table S1. The internal structures of the recovered samples were also observed using a scanning electron microscope (SEM) at the Center for Lunar and Planetary Sciences, Institute of Geochemistry, CAS, Guiyang, China. The SEM images show that the boundaries of the large olivine grains were curved and smooth, and small ellipsoidal olivine grains were distributed in the triangular spaces between the large olivine grains. A corrosion border is clearly visible on the olivine grains and numerous small circular holes are observed in the grain interiors (Figure 1). These phenomena reflect the strong dissolution and corrosion of olivine by the saline fluids at high temperature and pressure. Furthermore, the median dihedral angle of the saline fluids in of the Ol–NaCl–H2O system with 5 wt% NaCl and 5.1 vol% fluids was found to be 50° (Supplementary Figure S2). The detail relevant analysis process was described in the supplementary material.
[image: Figure 1]FIGURE 1 | Scanning electron microscope images of the recovered samples of saline fluid-bearing olivine aggregates after electrical conductivity measurements. (A) and (B) show the Ol–NaCl–H2O system with a salinity of 5 wt% and fluid fraction of 13.7 vol%, (C) and (D) show the Ol–CaCl2–H2O system with a salinity of 5 wt% and fluid fraction of 10.7 vol%, and (E) and (F) show the Ol–NaCl–H2O system with a salinity of 5 wt% and fluid fraction of 18.0 vol%. The saline fluids are uniformly distributed on the olivine grain boundaries, and the cross-sections of pores occupied by saline fluids contain triangular, elliptical, and irregular shapes. Fluid channels formed in the shattered zones among the large olivine grains.
RESULTS
The representative impedance spectra of the Ol–H2O and Ol–NaCl–H2O systems comprise two parts: an approximate semicircle in the high-frequency region (106–103 Hz), and an additional tail in the low-frequency region (103–10−1 Hz) (Figure 2). Previous relevant studies have shown that the high-frequency semicircle reflects the conduction process of the bulk sample (Guo et al., 2015; Sinmyo and Keppler, 2017), and the low-frequency tail might correspond to an electrode effect (Tyburczy and Roberts, 1990). A comparison of the impedance spectra of the Cpx–NaCl–H2O system suggests that inductive reactance did not appear for all of the saline fluid-bearing systems (Sun et al., 2020). For all of the hydrous olivine, Ol–H2O system and Ol–NaCl–H2O system samples, the bulk resistances were obtained by fitting the impedance spectra. The equivalent circuit of the impedance spectra comprises a series connection of RS–CPES and RE–CPEE, where RS and CPES represent the sample resistance and sample constant–phase element, respectively, and RE and CPEE indicate the resistance and constant–phase element for the interaction of the charge carrier with the electrode. The RS errors were caused by the weak diffusion of aqueous fluids and fitting errors of the impedance spectra. Our evaluation indicates that the sample resistance errors were less than 10%. The calculation formula for the electrical conductivity (σ) is given as:
[image: image]
where G is the sample geometric constant calculated based on L/S, in which L is the sample height (m) and S is the cross-sectional area of the electrodes (m2), and R is the fitting resistance (Ω) of the sample.
[image: Figure 2]FIGURE 2 | Representative complex impedance spectra for (A) the Ol–H2O system with a fluid fraction of 10.9 vol% and (B) the Ol–NaCl–H2O system with a salinity of 5 wt% and fluid fraction of 17.8 vol% at 2.0 GPa and 773–1073 K. The equivalent circuit for the impedance spectra of the Ol–H2O and Ol–NaCl–H2O systems comprises a series connection of RS–CPES and RE–CPEE, where RS and CPES represent the sample resistance and sample constant–phase element, respectively, and RE and CPEE indicate the resistance and constant–phase element for the interaction of the charge carrier with the electrode.
The results show that the conductivity of the Ol–NaCl–H2O system with 9 wt% salinity and 20.7 vol% volume fraction slightly increases with increasing pressure (Figure 3). This indicates that pressure has a weakly positive effect on the conductivity of saline fluid-bearing olivine aggregates. A comparison of the relationship between temperature and electrical conductivity of hydrous olivine aggregates shows that the positive temperature effect is substantially weaker on the conductivities of the Ol–H2O and Ol–NaCl–H2O systems, as shown in Figure 4. In comparison with the thermodynamic conditions (T and P), the salinity and fluid fraction have a much more significant effect on the olivine aggregate conductivities. The electrical conductivity of the Ol–NaCl–H2O system moderately increases with increasing salinity and fluid fraction (Figures 4, 5).
[image: Figure 3]FIGURE 3 | Electrical conductivities of the Ol–NaCl–H2O system with a salinity of 9 wt% and fluid fraction of 20.7 vol% at 2.0–3.0 GPa and 773–1073 K.
[image: Figure 4]FIGURE 4 | Electrical conductivities of hydrous olivine aggregates and the Ol–NaCl–H2O system with a salinity of 0–5 wt% and fluid fraction of 5.1–20.3 vol% at 2.0 GPa and 773–1073 K.
[image: Figure 5]FIGURE 5 | Electrical conductivities of the Ol–NaCl–H2O system with a salinity of 0–21 wt% and fluid fraction of 10.9–14.5 vol% at 2.0 GPa and 773–1073 K.
The median dihedral angle (50°) for the Ol–NaCl–H2O system with 5 wt% NaCl, and 5.1 vol% saline fluids is less than 60°, which indicates that the saline fluids were interconnected in the systems where fluid fractions were substantially higher than 5.1 vol% (Bulau, 1982; Holness, 1995). The conductivities of the olivine aggregates with interconnected saline fluids do not regularly increase with increasing salinity and fluid fraction (Figures 4, 5). The conductivity of the Ol–NaCl–H2O system is similar to that of the Ol–KCl–H2O system under similar salinity and fluid fraction conditions, but slightly higher than that of the Ol–CaCl2–H2O system (Figure 6). The activation enthalpy of the electrical conductivity of the saline fluid-bearing olivine aggregates provides a crucial thermodynamic parameter that reveals the difficulty level for potential charge carriers to migrate in the samples. At a given pressure, the logarithmic electrical conductivities of the samples and reciprocal temperatures conform to approximate linear relations (Figures 4–6). The activation enthalpies of the conductivities of saline fluid-bearing olivine aggregates can thus be obtained by the following modified Arrhenius relation:
[image: image]
where σ (S/m) denotes the sample conductivity, σ0 is a fitting constant, k is the Boltzmann constant, T is temperature (K) and ΔH is the activation enthalpy for the sample conductivity. We calculated the activation enthalpies of the hydrous olivine aggregates, Ol–H2O and Ol–NaCl/KCl/CaCl2–H2O systems based on Eq. 2 and the slopes of the linear fitting relation for the logarithmic conductivities and reciprocal temperatures (details given in Table 1). The activation enthalpy of hydrous olivine aggregates (0.97 eV) is substantially higher than those for the Ol–H2O and Ol–NaCl/KCl/CaCl2–H2O systems (0.07–0.36 eV) owing to the different conduction mechanisms that operate at high temperatures and pressures.
[image: Figure 6]FIGURE 6 | Electrical conductivities of the Ol–NaCl–H2O, Ol–KCl–H2O and Ol–CaCl2–H2O systems with various salinity and fluid fraction conditions at 2.0 GPa and 773–1073 K.
Disscussion
Effect of Temperature and Pressure on Conductivity
Temperature and pressure, which are crucial thermodynamic conditions of the Earth’s interior, affect the electrical conductivity of most minerals, rocks, melts and aqueous fluids to varying degrees. Temperature and pressure fundamentally constrain the species, molar concentration and mobility of thermally activated charge carriers in materials and further influence the bulk conductivity. The conductivity of hydrous olivine aggregate is highly sensitive to temperature and increases by approximately two orders of magnitude upon increasing the temperature from 773 to 1073 K at 2 GPa (Figure 4). The effect of temperature on the conductivities is closely related to the activation enthalpy, which is directly constrained by the conduction mechanism in the samples. The conductivities and temperatures of hydrous olivine aggregates conform to an Arrhenius relation under the conditions of 2.0 GPa and 773–1073 K. The activation enthalpy for the conductivity of hydrous olivine aggregates is 0.97 eV and hydrogen-related point defects are proposed to be the dominant charge carriers (Dai and Karato, 2014a, 2020). This value is substantially lower than that from the model of Karato (1990) (1.50 eV), but similar to that from Dai and Karato, 2014b (0.82 eV). Huang et al. (2005) proposed that the electrical conductivity of hydrous olivine is related to the migration of free protons produced by an ionization reaction:
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where [image: image] represents two hydrogen ions at an M-site, [image: image] is a proton trapped at the M-site vacancy, and [image: image] is a free proton. For hydrous olivine with a fixed water content, the molar concentration and migration rate of the free proton might increase with increasing temperature. The temperature effect on the conductivity of hydrous olivine is also substantially weaker than that for dry olivine, where small polaron is the dominant charge carrier, owing to the different conduction mechanisms (Dai and Karato, 2014b). For the Ol–NaCl/KCl/CaCl2–H2O systems, the conductivities slightly increase with increasing temperature and conform to an Arrhenius relation. The effect of temperature on the conductivities of the Ol–NaCl/KCl/CaCl2–H2O systems is considerably weaker than that for hydrous olivine aggregates at 2.0 GPa and 773–1073 K (Figures 4–6). This is because of the lower activation enthalpies (0.07–0.36 eV) for the dominant charge carriers of the Ol–NaCl/KCl/CaCl2–H2O systems. The electrical conductivity of olivine aggregates with interconnected aqueous fluids is dominantly constrained by the conductivities of the aqueous fluids. Free ions of Na+/K+/Ca2+, Cl−, H+, and OH− have been proposed to be the dominant charge carriers for olivine aggregates with interconnected saline fluids. According to the previous studies, the dissociation ratios of NaCl in the fluid phase of Ol–NaCl–H2O systems were estimated to be ∼95–100% under the conditions of 2.0–3.0 GPa and 773–1073 K (Manning, 2013). It was implied that the dissociation ratios of NaCl were very high, and thus the Na+ and Cl− might be the most dominant charge carriers in the Ol–NaCl–H2O systems. In addition, Macris et al. (2003) reported that the solubility of olivine in the saline aqueous fluid is much higher than that of pure water, and decreases the dihedral angle simultaneously. As shown in Figure 1, corrosion borders are widely distributed on the olivine grains of the recovered samples. The conductivities of saline fluid-bearing olivine aggregates were measured from the highest temperature (1073 K) to the lowest temperature (773 K); thus, the olivine content dissolved in the aqueous fluids was approximately the same over the full temperature region in each experiment. The ionic groups from the reaction of olivine and saline fluids at high temperatures and pressures participate in the conduction process to some extent. The effect of pressure on the conductivity of dry and hydrous olivine has been previously reported to have a slightly negative correlation (Dai et al., 2010; Dai and Karato, 2014d). In this study, the electrical conductivity of saline fluid-bearing olivine aggregates is found to slightly increase with increasing pressure. As shown in Figure 3, the electrical conductivity of the Ol–NaCl–H2O system with a salinity of 9 wt% and fluid fraction of 20.7 vol% increased by 0.05–0.15 orders of magnitude with increasing pressure from 2 to 3 GPa. According to previous studies, the conductivity of NaCl-bearing aqueous fluids weakly increases with pressure between 1 and 4 GPa and 773–1073 K (Guo and Keppler, 2019). The weak positive pressure effect on the conductivity of the Ol–NaCl–H2O system is thus due to the presence of interconnected saline fluids. At a certain temperature, the saline fluids on the boundary of olivine particles become more interconnected with increasing pressure. The pressure might also increase the rate of salt decomposition in the aqueous fluids, and the molar concentration of the charge carriers in the fluids thus increase correspondingly. These might be the primary causes for the positive effect of pressure on the conductivity of the Ol–NaCl–H2O system.
Effect of Salinity and Fluid Fraction on Conductivity
Salinity directly affects the conductivity of saline fluids, and the fluid fraction significantly influences the interconnectivity of the fluids in the matrix. The salinity and fluid fraction are thus closely related to the conductivity of saline fluid-bearing olivine aggregates. The median dihedral angle for the saline fluids of the Ol–NaCl–H2O system with a salinity of 5 wt% and fluid fraction of 5.1 vol% is 50°, which indicates that the saline fluids were interconnected on the polycrystalline olivine boundaries (Supplementary Figure S2). The dihedral angles of the Ol–(NaCl)–H2O system are found to be higher than those of the Pl–NaCl–H2O and Cpx–NaCl–H2O systems and dehydration products of lawsonite (Supplementary Figure S3). This might imply that aqueous fluids in the uppermost mantle are more difficult to interconnect than those in the mid-to lower crust and interfaces of subduction slabs. It’s should be noted that pressure and temperature affect the dihedral angles for the aqueous fluids in the polycrystalline silicate minerals to some extent (Yoshino et al., 2007), but the dihedral angles for the aqueous fluids-bearing systems might be dominated by the mineral constituent and the salinity and fluid fraction of the saline fluids. As shown in Figure 5, the conductivities of the Ol–NaCl–H2O system with a salinity of 1 wt% and fluid fraction of 14.5 vol% are ∼1–1.5 orders magnitudes higher than those of the Ol–H2O system with the fluid fraction of 10.9 vol%. However, the conductivities of the Ol–NaCl–H2O system with a salinity of 5 wt% and fluid fraction of 13.7 vol% are only ∼0.2–0.5 orders magnitudes higher than those of the Ol–H2O system with a salinity of 1 wt% and fluid fraction of 14.5 vol%. This implies that a small quantity of salt can dramatically enhance the conductivity of the Ol–H2O system owing to the sharp increase of charge carrier concentrations in the aqueous fluids. The molar concentration of Na+ and Cl− increases with increasing salinity and accordingly enhances the conductivity of the Ol–NaCl–H2O system. However, the decomposition ratio of the solute might decrease with increasing salinity at a certain temperature and pressure; thus the conductivity of saline fluid-bearing olivine aggregates does not proportionately increase with increasing salinity (0–21 wt%). Supplementary Figure S4 shows the logarithmic conductivity values versus salinity for the Ol–NaCl–H2O system with similar fluid fractions (10.9–14.5 vol%). The conductivity of the Ol–NaCl–H2O system dramatically increases with increasing salinity in the lower salinity range (< 17 wt%), but remains nearly unchanged in the higher salinity range (17–21 wt%). It should be noted that the conductivity of the Ol–NaCl–H2O system with a salinity of 13 wt% and fluid fraction of 10.9 vol% is slightly lower than that of the Ol–NaCl–H2O system with a salinity of 9 wt% and fluid fraction of 13.7 vol% at 2 GPa and 873–1073 K. We propose that the degree to which the fluid fraction influences the conductivity of saline fluid-bearing olivine aggregates is more significant than that of salinity when salinities are sufficiently high (>9 wt%). Salinity might also influence the solubility of olivine in saline fluids, which would explain the different activation enthalpies of the various saline fluid-bearing olivine aggregates (Table 1). Previous studies have shown that the solubility of quartz and albite in NaCl–H2O fluids decreases with increasing salinity, whereas the solubility of diopside in NaCl–H2O fluids positively relates to salinity (Newton and Manning, 2000; Shmulovich et al., 2001). According to the research of Macris et al. (2003), the solubility of olivine in the saline aqueous fluid is much higher than that of pure water, which increases the concentration of dissolved component and decreases the dihedral angle simultaneously. We propose that the dissolution of olivine in saline fluids might play an important role in the conductivity of the Ol–NaCl–H2O system. The logarithmic conductivity of the Ol–NaCl–H2O system with a salinity of 5 wt% linearly relates to the logarithmic fluid fractions (Supplementary Figure S5). The bulk conductivity and fluid fraction thus conform to Archie’s law (Archie, 1942):
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where σbulk and σf are the conductivities of the Ol–NaCl–H2O systems and saline fluids, respectively, Φ is the fluid fraction, and as well as c and n are constants, respectively. Upon increasing the temperature from 773 to 1073 K, n increases from 2.34 to 4.12. This reflects that the conductivity of the Ol–NaCl–H2O system significantly increases with increasing fluid fraction, and the fluid fraction has a more significant influence on conductivity at higher temperatures. The electrical conductivity of aqueous fluids (σf) distributed in the interspaces of the olivine aggregates remains unclear and is difficult to directly measure in the Ol–NaCl–H2O system. The conductivity of interconnected aqueous fluids distributed in the solid matrix can be calculated based on the HS+ model and cube model (Hashin and Shtrikman, 1962; Waff, 1974). According to the HS+ model, the electrical conductivity of the aqueous fluids in the Ol–NaCl–H2O system is calculated by:
[image: image]
where σb, σs and σf are the conductivities of the Ol–NaCl–H2O system, hydrous olivine aggregates and saline fluids, respectively. The mathematical formula for the cube model is expressed as:
[image: image]
We apply our experimental data to calculate the conductivity of aqueous fluids using Eq. 5, Eq. 6. As shown in Table 2, the conductivities of NaCl–H2O fluids calculated from the HS+ and cube models are substantially lower than experimental data reported by Sinmyo and Keppler (2017) and Guo and Keppler (2019). A similar phenomenon was reported by Guo et al. (2015), Li et al. (2018) and Sun et al. (2020). This discrepancy might be mainly caused by the compositional differences between the pure NaCl–H2O fluids and aqueous fluids in the Ol–NaCl–H2O system. For aqueous fluids in the Ol–NaCl–H2O system, Na+ and Cl− have been proposed to be the dominant charge carriers and a small quantity of H+, OH− and soluble ions from olivine slightly enhance the conductivity, whereas tiny particles of silicate minerals in the aqueous fluids might dramatically impede charge carrier migration. The degree of NaCl dissociation might decrease owing to the presence of olivine aggregates. Furthermore, the true distribution of aqueous fluids in the systems possibly differs from those for the ideal HS+ and cube models. Aqueous fluids are distributed in a variety of pathways, such as on mineral surfaces, spherical holes, triple junctions and local channels. Although the hydrodynamic pressure of the fluids is relatively homogeneous, the geometric shapes of the local aggregation fluids are constrained by the sizes and shapes of the olivine grains. In addition, the olivine has faceted interfaces due to its anisotropy, which could affect the fluid connectivity even with a low dihedral angle (Price et al., 2006), resulting in a more tortuous network of fluid. Notably, it is inevitable that a slow fluid movement from the temperature gradient of sample capsule is also of the possible effect on the measured conductivity results of the NaCl–H2O and Ol–NaCl–H2O systems.
TABLE 2 | Electrical conductivities (S/m) of saline fluids with various NaCl contents in the Ol–NaCl–H2O, Cpx–NaCl–H2O, Pl–NaCl–H2O, Ab–NaCl–H2O, and Qtz–NaCl–H2O systems, and NaCl solutions calculated on the basis of the HS+ and cube models at high temperatures and pressures.
[image: Table 2]Comparison With Previous Studies
The electrical conductivity of hydrous olivine aggregates determined in this study (∼10–3.5–10−1.25) is similar to that reported by Dai and Karato, 2014b, and the iron contents of the two hydrous olivine aggregates are very similar (Figure 7). This supports that the water content in our olivine is similar to that in the olivine from Dai and Karato, 2014b (130 ppm). The presence of pure water dramatically enhances the conductivity of olivine aggregates at lower temperature, but the conductivity of the Ol–H2O system is similar to those of hydrous olivine aggregates with increasing temperature. The effect of saline fluids on the conductivity of olivine aggregates is substantially more significant than that of pure water (Figure 7). As shown in Figure 7, we compared the electrical conductivities of iron-free forsterite–fluid system from Huang et al. (2021) and the conductivities of iron-bearing olivine–fluid system from the present study. It was shown that the conductivity of iron-free forsterite–fluid system was moderately higher than that of iron-bearing olivine–fluid system at the same salinity and similar fluid fractions. And thus, the existence of iron in the olivine might be obstructive to the interconnectivity of saline fluids. The influence of aqueous fluids on the various silicate mineral aggregates also differs to some extent. The conductivity of olivine aggregates with interconnected pure water (10.9 vol%) is approximately one order of magnitude lower than that of clinopyroxene aggregates with 25 vol% pure water. In comparison with the electrical conductivity of Cpx–NaCl–H2O system with a salinity of 10 wt% and fluid fraction of 20 vol%, the conductivity of Ol–NaCl–H2O system with a salinity of 9 wt% and fluid fraction of 20.7 vol% is slightly lower. Under similar salinity and fluid fraction conditions, the conductivity of the Ol–NaCl–H2O system is slightly lower than that of the Pl–NaCl–H2O system, but dramatically lower than that of the Ab–NaCl–H2O system (Figure 7). For example, the conductivity of the Ol–NaCl–H2O system with a salinity of 5 wt% and fluid fraction of 9.9 vol% is slightly lower than that of the Pl–NaCl–H2O system with a salinity of 3.3 wt% and fluid fraction of 8.3 vol%, but approximately 1.5 orders of magnitude lower than that of the Ab–NaCl–H2O system with a salinity of 3.4 wt% and fluid fraction of 8.9 vol% (Guo et al., 2015; Li et al., 2018). The interconnected saline fluids thus dominantly constrain the conductivity of saline fluid-bearing silicate mineral aggregates, but the silicate minerals still play a significant role in the electrical properties of the systems. This is because the conductivities of various silicate minerals, (e.g., olivine, clinopyroxene, plagioclase and albite) differ under a given temperature and pressure condition. The various dissolution mechanisms and solubilities of different silicate minerals in saline fluids might therefore significantly affect the species and migration speed of the charge carriers in the fluids. Furthermore, the distribution characteristics of saline fluids in the interspaces of the solid matrix might be closely related to the grain size and shape, viscosity, defect concentration, and solubility of the minerals in the saline fluids-bearing systems. The electrical conductivity of the Ol–NaCl–H2O system slightly increases with increasing pressure. A similar effect of pressure on the conductivity of the NaCl–H2O system was reported by Guo and Keppler (2019). Salinity significantly affects the conductivity of the NaCl–H2O system at high temperatures and pressures (Sinmyo and Keppler, 2017; Guo and Keppler, 2019), and further influences the conductivity of saline fluid-bearing rocks. The electrical conductivity of the Ol–NaCl–H2O system with a salinity of 9 wt% and fluid fraction of 20.7 vol% is similar to that of the NaCl–H2O system with a molar concentration of 0.01 mol/L (salinity: ∼0.059 wt%), and approximately one order of magnitude lower than that of the NaCl–H2O system with a molar concentration of 0.1 mol/L (salinity: ∼0.58 wt%). Furthermore, the conductivity of the NaCl–H2O system with a molar concentration of 1 mol/L (salinity: ∼5.5 wt%) is substantially higher than that of the silicate mineral–NaCl–H2O system with higher salinities (>5.7 wt%) (Figure 7). We propose that the dissolution of silicate minerals into the saline fluids might affect the conductivities of the aqueous fluids to some extent, and the hydrological regime in the silicate rocks dramatically affects the conductivities of fluid–rock systems. The measured conductivities of pure saline fluids are therefore significantly different from the calculated conductivities of saline fluids in silicate mineral–NaCl–H2O systems based on the HS+ and cube models.
[image: Figure 7]FIGURE 7 | Electrical conductivities of hydrous olivine aggregates and the Ol–H2O and Ol–NaCl–H2O systems in this study and relevant systems from previous studies. The dashed orange line indicates the conductivities of the hydrous olivine aggregates (Dai and Karato, 2014b). The purple five-pointed star indicates the conductivity of saline fluids-bearing forsterite aggregates (Huang et al., 2021). The solid and dashed blue lines indicate the conductivities of the Cpx–H2O and Cpx–NaCl–H2O systems (Sun et al., 2020), respectively. The dashed and solid brown lines indicate the conductivities of the Pl–NaCl–H2O systems (Li et al., 2018). The dashed and solid green lines indicate the conductivities of the Ab–NaCl–H2O systems (Guo et al., 2015). The red and pink lines indicate the conductivities of NaCl–H2O systems (Sinmyo and Keppler, 2017; Guo and Keppler, 2019). The relationships between the logarithmic conductivities of the various hydrous olivine aggregates and saline fluid-bearing systems and reciprocal temperature are distinguished in different colors.
Electrical conductivities of the Ol–NaCl–H2O systems were the latest measuring results at the various thermodynamic conditions of 2.0–3.0 GPa and 773–1073 K. Effects of temperature and pressure on the conductivities of the Ol–NaCl–H2O systems were very slight, but salinity and fluid fraction are important influence factors on the conductivities. Electrical conductivities of the Ol–NaCl–H2O systems were compared with the conductivities of the Ol–KCl–H2O and Ol–CaCl2–H2O systems with a certain salinity and fluid fraction. It was shown that the conductivities of the Ol–NaCl–H2O systems were close to those of the Ol–KCl–H2O systems, but moderately higher than the Ol–CaCl2–H2O systems at the similar salinities and fluid fractions. Although the formation mechanism and evolution low for the saline fluids in the mantle wedges have not been researched in detail, the previous studies have proposed that NaCl is the dominant salt in the saline fluids based on the material compositions of the inclusion fluids in the mantle xenoliths (Kawamoto et al., 2013; Morikawa et al., 2016; Huang et al., 2019). And thus, the presence of NaCl fluids might be the origin of the high-conductivity anomalies in the mantle wedges. It’s important to constrain the volume fractions of the saline fluids in the high-conductivity layers of the mantle wedges.
Geophysical Implications
Subduction zones are the most active geological environments on Earth, where various geological processes lead to complex material compositions and structural characteristics. Magnetotelluric profiles indicate that high-conductivity geological bodies are widely distributed in the mantle wedges of subduction zones. Various hypotheses regarding the origin for the high-conductivity anomalies have been proposed based on field geological investigations and high-temperature and high-pressure experiments (Dai and Karato, 2014a; Manthilake et al., 2015; Guo et al., 2017; Hu et al., 2018; Li et al., 2018). In subduction zones, the dehydration products of hydrous minerals, which contain residual minerals and aqueous fluids, are located along the interface between the subduction slab and mantle wedge. Owing to the wide distribution of aqueous fluids in mantle wedges (Peslier et al., 2017), hydrogen-related defects are likely to exist in nominally anhydrous minerals (Karato, 1990), causing a significant increase of the electrical conductivity in relevant regions (Dai and Karato, 2014b). According to the magnetotelluric profiles, the unusually high electrical conductivities of the high-conductivity layers in the mantle wedges were ∼10−2–1 S/m (Yamaguchi et al., 2009; Burd et al., 2013; McGary et al., 2014; Hata et al., 2017). The largest conductivity of hydrous San Carlos olivine with 0.1 wt% H2O (close to the solubility of water in olivine) is approximately 10–1 S/m under the uppermost mantle conditions (Dai and Karato, 2014b), and thus the unusually high electrical conductivities of ∼10−2–10−1 S/m in the high-conductivity layers of the mantle wedges can be interpreted by the conductivities of hydrous peridotite. However, the unusually high conductivities of 10−1–1 S/m in the mantle wedges were higher than the largest conductivity of hydrous peridotite (10–1 S/m), indicating that the conductivities of hydrous peridotite cannot interpret the unusually high electrical conductivities of 10−1–1 S/m in the mantle wedges. Therefore, it’s possible that the interconnected saline fluids cause the high-conductivity anomalies with the conductivities of ∼10−1–1 S/m in the mantle wedges.
Hydrous minerals (e.g., chlorite, epidote, serpentine, phengite) in subducting plates are transported into the Earth’s deep interior, and subsequent dehydration reactions are triggered under the dehydration thermodynamic conditions of high temperatures and pressures (Zheng, 2019). A large proportion of free water released from hydrous minerals migrates upwards to a certain depth within the mantle wedges. A certain amount of solutes dissolve into the free water during the compositional differentiation of free water and residual minerals. The presence of NaCl-bearing aqueous fluids has been determined to be a significant cause of the high-conductivity anomalies in the middle to lower crust of subduction zones (Guo et al., 2015; Sinmyo and Keppler, 2017; Li et al., 2018; Guo and Keppler, 2019; Sun et al., 2020). The question of whether or not saline fluids are present and interconnected in the mantle wedges of subduction zones has been long debated. Huang et al. (2019) recently demonstrated that interconnected NaCl-bearing aqueous fluids are present in mantle wedges based on high-temperature and high-pressure experiments. This was an important discovery, which implies that NaCl-bearing aqueous fluids might cause the high-conductivity anomalies in the mantle wedges. Fluid fraction and salinity are significant factors that influence the conductivities of HCLs that might be caused by saline fluids. To quantitatively constrain the origin of the high-conductivity anomalies related to NaCl-bearing aqueous fluids in mantle wedges, we compare the conductivities of the HCLs in mantle wedges and NaCl-bearing aqueous fluids with various salinities and fluid fractions. Magnetotelluric profiles indicate that the highest conductivities of the HCLs in most mantle wedges are close to 1 S/m (Yamaguchi et al., 2009; Burd et al., 2013; McGary et al., 2014; Hata et al., 2017). The conductivities of ellipsoidal HCLs gradually decrease from core to edge. In regions with aqueous fluids, the lattice water in nominally anhydrous minerals should be saturated. The presence of hydrous olivine can be employed to interpret the origin of HCLs with conductivities on the order of 10−2–10−1 S/m (Dai and Karato, 2014b), but regions with conductivities of 10−1–1 S/m are possibly related to saline fluids. The conductivities of the Ol–NaCl–H2O system with various fluid fractions (0.1–100 vol%) and salinities (1–21 wt%) were calculated based on the HS+ and cube models, as shown in Figure 8. The effects of temperature and pressure on the conductivities of the interconnected saline fluid-bearing olivine aggregates are very limited; thus the calculated conductivities are obtained based on the experimental data at 2.0 GPa and 1073 K. In the conductivity range of 10−1–1 S/m, the conductivities of the Ol–NaCl–H2O system estimated from the HS+ and cube models at a certain salinity and fluid fraction differ slightly. This discrepancy might be caused by differences of the fluid distribution in the ideal cube and HS+ models and real Ol–NaCl–H2O system. For the Ol–NaCl–H2O system with a certain salinity and electrical conductivity, the real fluid fractions are close to the average fluid fractions obtained from the HS+ and cube models. The fluid fractions in the HCLs can be approximated by combining the electrical conductivities of HCLs in mantle wedges and those of the Ol–NaCl–H2O system at a certain salinity. For the lower bound of conductivity (10–1 S/m) in the HCLs, the fluid fractions of the Ol–NaCl–H2O system with a salinity of 1, 5, 9, 17 and 21 wt% are 9.0, 1.8, 1.5, 0.7 and 0.5 vol%, respectively. For the upper bound of conductivity (1 S/m) in the HCLs, the fluid fractions of the Ol–NaCl–H2O system with a salinity of 5, 9, 17 and 21 wt% are 21.9, 17.9, 6.9 and 5.9 vol%, respectively. For the Ol–NaCl–H2O system with a salinity of 1 wt%, the fluid fraction employed to interpret the upper bound for the high conductivities (1 S/m) is close to 100 vol%. The presence of the Ol–NaCl–H2O system with a salinity of ∼1 wt% can therefore not be the origin of the HCLs in mantle wedges. The original salinities of the aqueous fluids from the dehydration of subduction slabs are proposed to be 0.5–2.0 wt% NaCl (Li and Hermann, 2015). However, the salinity of the saline fluids measured in a peridotite xenolith from a mantle wedge was reported to be 5.1 ± 1.0 wt% NaCl (Kawamoto et al., 2013). In addition, the NaCl contents in slab-derived aqueous fluids that upwell up to forearc regions are close to 6.6 wt% (Morikawa et al., 2016). The higher salinities might be caused by the chromatographic fractionation during the hydration reaction of the mantle wedge after the fluid is released from the subduction slab (Huang et al., 2019). According to all of these above-mentioned evidences, it makes clear that the salinities of most stable aqueous fluids in the mantle wedges are close to 5.0 wt%. The Ol–NaCl–H2O systems with the salinity of ∼5.0 wt% and fluid fractions larger than 1.8 vol% might thus be the origin of the HCLs in mantle wedges.
[image: Figure 8]FIGURE 8 | Electrical conductivities of the Ol–NaCl–H2O systems with constant salinity (1, 5, 9, 17, and 21 wt%) and various fluid fractions (0.1–100 vol%) based on the HS+ and cube models at 2.0 GPa and 1073 K. The electrical-conductivity region (0.1–1 S/m) of the high-conductivity layers in the mantle wedges of subduction zones is indicated by a gray rectangle (Yamaguchi et al., 2009; Burd et al., 2013; McGary et al., 2014; Hata et al., 2017). The solid and dashed color curves represent the conductivities from the HS+ and cube models, respectively.
CONCLUSION
Pressure and temperature play a relatively minor role on the electrical conductivity of olivine aggregates with interconnected saline fluids. The conductivity of saline fluid-bearing olivine aggregates slightly increases with the rise of temperature and pressure. The salinity and fluid fraction significantly affect the conductivity of saline fluid-bearing olivine aggregates at 2.0 GPa and 773–1073 K. At a fixed salinity and fluid fraction condition, the conductivity of the Ol–NaCl–H2O system is similar to that of the Ol–KCl–H2O system, but slightly higher than that of the Ol–CaCl2–H2O system. The electrical conductivity of the Ol–NaCl–H2O system with interconnected saline fluids is constrained by the conductivity of NaCl-bearing saline fluids. For the Ol–NaCl–H2O system, the dominant charge carriers are proposed to be Na+, Cl−, H+, OH−, and soluble ions from olivine. The activation enthalpies of charge carriers in the Ol–NaCl–H2O systems are 0.07–0.36 eV, which are substantially lower than that of hydrous olivine aggregates (0.97 eV). Under a similar salinity and fluid fraction condition, our presently obtained electrical conductivity of the Ol–NaCl–H2O system is slightly lower than those of other previous saline fluid-bearing systems (Cpx–NaCl–H2O, Pl–NaCl–H2O, and Al–NaCl–H2O). The conductivities of saline fluids in the Ol–NaCl–H2O system and other systems calculated using theoretical models (HS+ and cube) differ to some extent and are substantially lower than the measured conductivities of saline fluids. The dissolution of olivine and other silicate minerals is proposed to dramatically reduce the conductivity of saline fluids distributed on the boundaries of silicate mineral aggregates. The distribution characteristics of saline fluids in olivine or other silicate mineral aggregates significantly influence the conductivities of saline fluid-bearing mineral aggregates. The salinity of stable saline fluids in mantle wedges is close to 5 wt% NaCl, and fluid fractions larger than 1.8 vol% can be employed to interpret the high-conductivity anomalies in mantle wedges based on the magnetotelluric result and calculated conductivities of the Ol–NaCl–H2O system.
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The pyrope (Prp)–almandine (Alm) solid solutions are the most fundamental garnet components on the Earth, and both the quartz inclusions in garnet (QuiG) barometry and the garnet inclusions in diamond barometry need to be constrained by the thermoelastic parameters of Prp-Alm solid solution garnets. Here, we report the thermoelastic properties of a series of synthetic Prp-Alm solid solutions based on the high-pressure and high-temperature (HP–HT) in situ synchrotron single-crystal x-ray diffraction (SCXRD) experiments up to ∼20 GPa and 700 K, using diamond anvil cell (DAC). Fitting the SCXRD data by the Birch-Murnaghan equation of state (BM-EoS) and the thermal-pressure EoS, we obtain the thermoelastic parameters of Prp-Alm solid solution garnets, including bulk modulus (K0), its pressure derivative (K′0), and the thermal expansion coefficient ([image: image]). The K0 along the Prp-Alm solid solution changes linearly with Prp content within their uncertainties and can be expressed by K0 (GPa) = 181.0(8) – 0.11(1) Xprp (R2 = 0.91, Xprp is the Prp mole fraction and K′0 fixed at 4). Our result indicates that the compressibility of the Prp-Alm solid solution increases with the increasing Prp content. However, the thermal expansion coefficient of Prp-Alm solid solution at ambient pressure shows a non-linear trend with Prp content and can be expressed by α0 (10−5 K−1) = 2.7 (1) + 3.0 (5) XPrp − 3.2 (4) X2Prp (R2 = 0.985). It shows that the Prp-Alm solid solution with intermediate composition has a larger thermal expansion coefficient than those close to the endmembers at ambient conditions. Furthermore, we also evaluated the influence of thermoelastic properties of the Prp-Alm solid solution on the entrapment pressure (Pe) estimation for two types of elastic geobarometers. Our results indicate that the garnet component may significantly influence entrapment pressure, and among the thermoelastic parameters of garnet, the thermal expansion coefficient has the main effect on the estimation of Pe.
Keywords: pyrope-almandine solid solution, elastic geobarometer, equation of state, high pressure and high temperature, diamond anvil cell
INTRODUCTION
Diamond is the only direct sample obtained from inaccessible portions of Earth (Nestola et al., 2019) and the subduction zone metamorphism controls many global geochemical cycles and the lithosphere (Ashley et al., 2016). Estimating the pressure and temperature of these minerals or rocks provides fundamental data for studying many such geological processes, but their determination remains extremely controversial (Bebout, 2007; Tajčmanová et al., 2021). To date, various methods have been developed to address the geological history of rocks. Previous studies have used mineral–mineral equilibrium based on Gibbs free energy minimization or partitioning major or trace elements between phases to recover these geological processes (De Capitani and Petrakakis, 2010; Holland and Powell, 2011). Despite advances in analytical techniques, geothermobarometers still suffer from problems due to alteration processes, such as the erasure of peak metamorphic mineral assemblages (e.g., Korsakov et al., 2009; Jamtveit et al., 2016), chemical re-equilibration, diffusion, and kinetic limitations (e.g., Anzolini et al., 2019; Gonzalez et al., 2019). Additionally, part of the difficulty in determining the pressure of rocks is the lack of typical pressure-dependent mineral equilibria, especially for the diamond-inclusion system (Ashley et al., 2016; Nestola et al., 2017).
Ideally, geobarometers should yield accurate pressure estimates using only commonly found minerals and not be susceptible to significant resetting during exhumation. Recently, an alternative method based on the mechanical equilibrium between entrapped mineral inclusions (e.g., quartz and garnet) and host mineral (e.g., garnet and diamond) has received significant attention and could vastly expand the range of barometers available to petrologists (e.g., Enami et al., 2007; Kohn, 2014; Milani et al., 2015; Cisneros et al., 2020). Inclusions encapsulated in host minerals such as garnet or diamond have different elastic properties; they produce a residual pressure (Pinc) following exhumation, thereby allowing us to determine the entrapment pressure (Rosenfeld and Chase, 1961; Zhang, 1998). The Pinc and the equations of state (EoS) of the host-inclusion system can be used to calculate unique P–T curves (called isomekes) along which the pressure of the host and the inclusion are equal despite the changes in P–T conditions. Detailed discussions of this application are given by Angel et al. (2015) and Gonzalez et al. (2019).
Much of the previous work has focused on the factors affecting the calculation accuracy of the elastic geobarometer, such as the viscosity/plasticity relaxation properties of the inclusions (Zhong et al., 2020), the elastic anisotropy of minerals (Murri et al., 2018; Mazzucchelli et al., 2019), and the non-ideal geometry of inclusions (Mazzucchelli et al., 2018). Moreover, precisely determining the Pinc in inclusions has attracted many studies, as measured by x-ray diffractometry (Angel et al., 2014b) or Raman spectroscopy (Enami et al., 2007; Korsakov et al., 2009; Ashley et al., 2016; Murri et al., 2018; Bonazzi et al., 2019). However, researchers rarely explored the effect of thermoelastic parameters of minerals in entrapment pressure (Pe) calculations, which is crucial to improving elastic geobarometry precision (Angel et al., 2015; Moulas et al., 2020). Only Angel et al. (2015) considered the influence of thermoelastic parameters of diamond in determining the pressure of formation of diamond-inclusion systems. Moreover, as garnet rarely has a homogeneous composition, Moulas et al. (2020) considered the possible propagation of errors caused by the uncertainty of garnet composition in entrapment pressure (Pe) calculations. Therefore, in this study, we evaluated the influence of the thermoelastic parameters of the concerned minerals on the calculated results of the two types of elastic geobarometers, garnet (inclusion)–diamond (host) system and quartz (inclusion)–garnet (host) system (QuiG). The garnet–diamond system is very appropriate for estimating the formation pressure of diamond because the garnet is the most abundant occurring inclusion mineral in the diamond (Milani et al., 2015). Similarly, QuiG is also suitable for geobarometers because quartz is highly compressible relative to garnet, and the garnet host can maintain a large stress difference caused by changes in P–T conditions (Ashley et al., 2016). In these two types of elastic geobarometers, diamond and quartz are generally virtually pure endmember, and their thermoelastic parameters have been accurately determined (Angel et al., 2015; Angel et al., 2017a). However, the effect of composition of garnet on its thermoelastic parameters is still not very clear (Fan et al., 2017; Fan et al., 2018; Xu et al., 2019).
Garnet has cubic symmetry with Ia [image: image] d. The structure of garnet [image: image] consists of a mixed framework of corner-sharing SiO4 tetrahedra and YO6 octahedra, with XO8 triangular dodecahedron lying in between (Geiger, 2013) (Supplementary Figure S1). Garnet is flexible in accommodating a variety of cations with different ionic radii. Generally, divalent cations (e.g., Mg2+, Fe2+, Ca2+, Mn2+) occupy the X-site while trivalent cations (e.g., Al3+, Fe3+, Cr3+) occupy the Y-site. Natural garnet usually does not exist as pure endmember components but form solid solutions through element partitioning (Fan et al., 2015). Summary and analysis of garnet compositions from the global major ultra-high-pressure metamorphic (UHPM) rocks and kimberlites indicate that garnet is mainly composed of pyrope (Prp, Mg3Al2Si3O12), almandine (Alm, Fe3Al2Si3O12), and grossular (Grs, Ca3Al2Si3O12) with some other endmember components like spessartine (Sps, Mn3Al2Si3O12) and andradite (Adr, Ca3 [image: image] Si3O12) (Zhang et al., 2010; Kosman et al., 2016; Riches et al., 2016; Broadwell et al., 2019; Cruciani et al., 2019; Xu et al., 2019; Liu et al., 2020). In addition, the modal abundance of Prp and Alm can reach ∼70% and become higher with the increasing of the metamorphic pressure.
Understanding the thermoelastic properties of garnet, especially the Prp-Alm solid solution, is not only important to model the structure of the subducted slab but also a primary step in quantifying the P–T conditions of subduction and exhumation (Bass et al., 2008; Ashley et al., 2014). There are already extensive studies about the thermoelastic properties of Prp and Alm endmember component (Zhang L. et al., 1998; Gwanmesia et al., 2006; Fan et al., 2009; Li et al., 2011; Zou et al., 2012; Arimoto et al., 2015; Chantel et al., 2016; Hu et al., 2016; Fan et al., 2019b; Hartwig and Galkin, 2021). However, there is still a lack of tight constraints on the variation behavior of thermoelastic parameters developed when Prp-Alm solid solution is varying with composition (Takahashi and Liu, 1970; Huang and Chen, 2014; Milani et al., 2015). It is known that, for different mineral compositions, a variety of different cations incorporated in the garnets will affect their thermoelastic properties (Zhang et al., 1999; Kuang et al., 2019). In the 1970s, Takahashi and Liu (1970) conducted the pressure–volume (P–V) EoS study on four garnet samples with different compositions (Prp100, Prp60Alm31, Prp22Alm72, and Alm100) up to 32.8 GPa using single-crystal x-ray diffraction (SCXRD) and diamond anvil cell (DAC). They inferred that the bulk modulus (K0) of the Prp-Alm solid solution decreases with the increasing Alm content. However, the conclusion from Takahashi and Liu (1970) needs to be further verified because they did not use any gasket in their high-pressure SCXRD experiments, which may significantly influence their experimental results. Similarly, Huang and Chen (2014) also performed the P–V EoS study on three synthetic Prp-Alm solid solutions (Prp83Alm17, Prp54Alm46, and Prp30Alm70) up to ∼21 GPa using in situ XRD combined with DAC, but obtained the opposite conclusion from Takahashi and Liu (1970), that is, the K0 increases with the increasing Alm content. Furthermore, Huang and Chen (2014) also obtained the relationship between the K0 of the Prp-Alm solid solutions and Alm content: K0 = 170.5 (2.6) + 0.12 (4) XAlm (XAlm is the mole fraction of Alm). Subsequently, Milani et al. (2015) studied the P–V EoS on three synthetic Prp-Alm solid solutions (Prp100, Prp60Alm40, and Alm100) and obtained the same conclusion as that of Huang and Chen (2014). Nevertheless, to date, the thermoelastic properties of the Prp-Alm solid solutions at simultaneous high-pressure and high-temperature (HP–HT) conditions are still not entirely well constrained.
In this study, we selected eight synthetic Prp-Alm solid solution samples (Prp9Alm91, Prp23Alm76, Prp31Alm68, Prp48Alm52, Prp57Alm43, Prp67Alm32, Prp78Alm22, and Prp87Alm12) for the synchrotron SCXRD measurements up to ∼20 GPa and four Prp-Alm solid solution samples (Prp14Alm86, Prp31Alm68, Prp48Alm52, and Prp67Alm32) for the synchrotron SCXRD measurements up to ∼20 GPa and 700 K. Based on the obtained thermoelastic parameters of the systematic Prp-Alm solid solutions, we discussed the effects of composition (Mg2+-Fe2+ substitution) on the thermoelastic parameters of Prp-Alm solid solutions. Finally, we used these results to calculate the Pe in two host-inclusion systems and discussed the effects of the thermoelastic parameters of Prp-Alm-rich garnet on the results of Pe calculations.
SAMPLES AND EXPERIMENTAL METHODS
The single crystals of Prp-Alm solid solutions (Prp9Alm91, Prp14Alm86, Prp23Alm76, Prp31Alm68, Prp48Alm52, Prp57Alm43, Prp67Alm32, Prp78Alm22, and Prp87Alm12) used in this study were synthesized at HP–HT conditions using a multi-anvil pressure apparatus (YJ-3000t) at the Institute of Geochemistry, Chinese Academy of Sciences, Guiyang, China. The detailed information about the garnet sample synthesis and subsequent compositional and structural analysis are described by Kuang et al. (2019). In general, with the increasing Alm content, the typical size of granular Prp-Alm crystals increases from ∼60 μm to more than 100 μm. The Prp-Alm solid solutions with good euhedral crystals, high quality, and without inclusions were selected for the SCXRD experiments. We successively double-side polished our sample pieces to ∼20–30 μm thickness, using the 3M diamond lapping films with grain size from coarse to a final 1 μm. The polished platelets were then cleaved into several square pieces of the desired size (∼40–60 μm) for SCXRD experiments.
High pressure and room temperature (HP–RT) SCXRD experiments were conducted on eight Prp-Alm solid solution samples using three short symmetrical DACs (cell-1: Prp9Alm91, Prp31Alm68, Prp48Alm52; cell-2: Prp57Alm43, Prp67Alm32, Prp78Alm22, and Prp87Alm12, and cell-3: Prp23Alm76). Rhenium (Re) gaskets of ∼250 μm thickness were pre-indented to ∼65 μm thickness using a pair of 500-μm culet size diamond anvils. Subsequently, a ∼300-μm-diameter cylindrical hole was drilled in the pre-indented area as the sample chamber. The selected single-crystal platelets with diameters of ∼40–60 μm were then placed into the sample chamber together with gold powder, which served as the pressure standard (Fei et al., 2007). The diffraction patterns of gold were collected before and after sample data collection for each pressure, and the average pressure values were used for the EoS fitting. A small ruby sphere of ∼10 μm was also loaded into each DAC sample chamber and used as the pressure indicator during the neon gas-loading. The neon pressure medium was loaded into the sample chamber using the gas-loading system at GeoSoilEnviroCARS (GSECARS) (Rivers et al., 2008). After the neon gas loading, the diameter of the sample chamber was ∼220 μm.
HP–HT SCXRD experiments were carried out using an externally heated DAC (EHDAC) equipped with an alumina ceramic heater coiled with two Pt wires of 200 μm in diameter and 48 cm length (Kantor et al., 2012; Fan et al., 2019a). A rhenium foil was used as the gasket material and pre-indented to ∼60 μm thickness using a pair of diamond anvils with 500-μm culet size and then a 300-μm-diameter sample chamber was drilled at the center of pre-indentation. The selected single-crystal platelets (Prp14Alm86, Prp31Alm68, Prp48Alm52, and Prp67Alm32) with a diameter of ∼40 μm were loaded into the sample chamber together with gold powder, which served as the pressure standard at HP–HT conditions. For each P–T point, the diffraction patterns of gold were collected before and after sample data collection, and the average pressure values were used. Likewise, a small ruby sphere of ∼10 μm was loaded as the pressure indicator for the gas-loading with neon as the pressure transmitting medium using the GSECARS gas-loading system. Heating was carried out by a resistance-heating system (Fan et al., 2010). A Pt90Rh10-Pt100 thermocouple was attached to one of the diamond surfaces, approximately 500 μm away from its culet, and clad with a ceramic adhesive (Resbond 920) for temperature measurements (Kantor et al., 2012). To minimize temperature instability for each heating run, we first heated the sample chamber to an expected temperature and then kept it at this temperature for 15 min. The temperatures of the sample chamber were actively stabilized within ±1 K using the temperature-power feedback program with a remotely controlled Tektronix Keithley DC power supply during the experiments (Sinogeikin et al., 2006).
Both of the HP–RT and HP–HT synchrotron SCXRD experiments were conducted at the 13-BMD beamline of the GeoSoilEnviroConsortium for Advanced Radiation Sources (GSECARS) of Advanced Photon Source (APS), Argonne National Laboratory (ANL). An incident x-ray beam of 0.3344 Å wavelength focused on a 3 × 7 μm2 area was used to determine the unit-cell volume of Prp-Alm solid solution samples in the DACs. Diffraction images were acquired on a stationary Perkin-Elmer area detector. Tilting and rotation of the detector and the sample-to-detector distance were calibrated using ambient LaB6 as the diffraction standard. Wide and stepped φ-rotation exposure were collected for the single-crystal samples at each loading run, with an exposure time of 2 s/deg. The φ-rotation (the opening angle of the DAC is ±15°) axis was horizontal and perpendicular to the incident x-ray direction. The diffraction images collected at each P–T point were analyzed using the GSE_ADA/RSV software (Dera et al., 2013).
RESULTS
Equations of State of Prp-Alm Solid Solutions at High Pressure and Room Temperature
The unit-cell volumes change with pressure at room temperature for eight Prp-Alm solid solution garnets and are presented in Supplementary Table S1 and Figure 1, showing that the unit-cell volumes of Prp-Alm solid solution with increasing pressure garnets decrease systematically. Using the console program EosFit7c (Angel et al., 2014a; Gonzalez-Platas et al., 2016), the EoS parameters, including the room P–T volume, the isothermal bulk modulus, and its pressure derivative of these Prp-Alm solid solutions, were refined by fitting their P–V data using two different EoSs (Birch-Murnaghan EoS and Vinet EoS).
[image: Figure 1]FIGURE 1 | Unit-cell volume compression of pyrope-almandine solid solution garnets at high pressure and room temperature in this study. The error bars of the data points are smaller than the symbols.
Birch-Murnaghan equation of state. The P–V relations of these Prp-Alm solid solutions have been determined by fitting their HP–RT data to the third-order Birch-Murnaghan EoS, which is given in the following form:
[image: image]
where V0, K0, and K′0 are the unit-cell volume, isothermal bulk modulus, and its pressure derivative at ambient conditions, respectively. We obtained the V0, K0, and K′0 of Prp-Alm solid solutions, as shown in Table 1. The refined value of V0 was within 1σ or so of the measured V0 by XRD at ambient conditions, indicating the accuracy of the refined results (Angel, 2000). It can be found that the bulk moduli of Prp-Alm solid solutions gradually increase with increasing Alm content, especially when K′0 was fixed at 4 (Table 1). Furthermore, this trend is also in agreement with the conclusion of Huang and Chen (2014) and Milani et al. (2015).
TABLE 1 | Bulk moduli and their first pressure derivative of garnets along the Prp-Alm join.
[image: Table 1]Vinet equation of state. We also analyzed the P–V data using the Vinet EoS (Vinet et al., 1986), which is derived from a “universal equation” for solids and is represented as follows:
[image: image]
where y = x1/3, x = V/V0, and ƞ0 = (3/2) (K′ 0-1). Analyses of Equation 2 yielded V0, K0, and K′0 for the Prp-Alm solid solutions (Table 1), which are reasonably consistent with those derived by fitting to the Birch-Murnaghan EoS.
Supplementary Table S2 summarizes the bulk moduli and their pressure derivatives for Prp and Alm endmembers and their solid solutions determined with various experimental techniques. As shown in Supplementary Table S2, the K0 values of Prp endmember from the literature range from 163.7 (17) to 175 (2) GPa. Among them, Milani et al. (2015) reported the least value (163.7 GPa) due to their largest K′0 value (6.4) than those of other studies (4.3–4.6). There is a trade-off between the bulk modulus and its pressure derivative, which negatively correlates (Gatta et al., 2011). So, we obtained the confidence ellipses of K0 and K′0 for pyrope from previous XRD studies, as shown in Figure 2. From Figure 2, we can see that the previous XRD results of pyrope all fall within the 68.3% (1σ) confidence interval, with mean values of 171 (8) GPa and 4 (2) for K0 and K′0, respectively. Meanwhile, the obtained K0 of pyrope [170.0 (2)–175 (2) GPa] by using Brillouin light spectroscopy (BLS) and ultrasonic interferometry (UI) methods are also consistent with the results from the XRD method (Supplementary Table S2 and Figure 2). For the Alm endmember, the K0 value [172.6 (15) GPa] obtained by Milani et al. (2015) was also smaller than other XRD results [179 (3)–185 (3) GPa]. The main reason remains that the K′0 value (5.6) obtained by Milani et al. (2015) is higher than those of other studies (4–4.2). Moreover, Arimoto et al. (2015) reported that the K0 value [174.2 (12) GPa] of Alm endmember using the UI method is slightly smaller than the result [179 (3) GPa] using the XRD method.
[image: Figure 2]FIGURE 2 | Confidence ellipses of K0 and K′ for pyrope from previous studies.
As a comparison, until now, the previous EoS studies on the Prp-Alm solid solutions are relatively limited. Huang and Chen (2014) measured three synthetic Prp-Alm solid solutions (Prp83Alm17, Prp54Alm46, and Prp30Alm70) by the XRD method up to 7, 21, and 19 GPa, respectively. With fixed K′0 at 4.3, the K0 obtained for these three samples were 172 (4), 174 (2), and 183 (2) GPa, respectively. Subsequently, Milani et al. (2015) reported a significantly smaller value [167.2 (17) GPa], also using the XRD method for synthetic Prp60Alm40. As a consequence, the previous experimental studies indicated that the K0 range along the Prp-Alm solid solutions from Prp to Alm endmembers is expected to be 163.7 (1)–185 (3) GPa (Supplementary Table S2). Our results show that the bulk moduli of our eight Prp-Alm solid solutions (Table 1) are within this range. Because the bulk modulus and its pressure derivative have a negative correlation of bulk modulus and its pressure derivative, the K′0 is permanently fixed at 4 for the following discussion of the relationship between the bulk moduli of Prp-Alm solid solutions and their compositions. Figure 3 shows the bulk moduli of Prp-Alm solid solutions as a function of composition, and we can observe that the compressibilities of Prp-Alm solid solutions increase with increasing Prp concentrations. Furthermore, by linear fitting of the results in this study, the bulk moduli of the Prp-Alm solid solutions as a function of Prp content can be expressed by K0 (GPa) = 181.0 (8)–0.11(1) Xprp (R2 = 0.91, K′0 fixed at 4). It is worth noting that the K0 of most previous studies are in harmony with our fitting line, except for Milani et al. (2015) (Figure 3). It may be attributed to the higher K′0 [5.6 (5)–6.4 (4)] of Milani et al. (2015) than those of others [3.9 (3)–4.61 (14)] (Supplementary Table S2).
[image: Figure 3]FIGURE 3 | Bulk moduli of pyrope-almandine solid solution garnets as a function of pyrope content.
Equations of State of Prp-Alm Solid Solutions at High Pressure and High Temperature
The unit-cell volumes of Prp14Alm86, Prp31Alm68, Prp48Alm52, and Prp67Alm32 at HP–HT conditions up to ∼19.67 GPa and 700 K are shown in Supplementary Table S3. Figure 4 also shows the pressure–volume–temperature (P–V–T) data of these Prp-Alm solid solution samples. In this study, we applied the thermal-pressure model EoS to describe the P–V–T behavior of Prp-Alm solid solutions. There are two ways to calculate the P–V–T properties of a mineral (as shown in Figure 1 of Milani et al., 2017). One way to characterize the P–V–T behavior of minerals is to describe how the VT0, KT0, and K'T0 vary with temperature (at room pressure) and then use these parameters to calculate the isothermal compressibility at the high temperature (as shown by the rough path in Figure 1 of Milani et al., 2017). A potential weakness of this method is that the variation of K'T0 with temperature has rarely been measured, where K'T0 should increase slightly with increasing temperature, rather than not change with temperature, as the common assumption. Additionally, this assumption, coupled with the approximation that dKT0/dT is a constant, has often given rise to a non-physical negative coefficient of thermal expansion for many materials at reasonably moderate pressures (Helffrich and Connolly, 2009).
[image: Figure 4]FIGURE 4 | The unit-cell volume of pyrope-almandine solid solution garnet as a function of pressure and temperature. The lines represent the isothermal compression curve from fitting HTBM EoS at 300, 400, 500, 600, and 700 K. The error bars of the data points are smaller than the symbols.
Furthermore, the maximum experimental temperature of only 700 K in this study and the relatively limited number of high-temperature data points make the fitting of the thermal expansion coefficient at high temperatures more inaccurate. Therefore, we employ the concept of thermal pressure (Anderson, 1995) to describe the P–V–T behavior of Prp-Alm solid solutions. Then, as shown by the thin path in Figure 1 of Milani et al., 2017, the P at a given V and T can be expressed as the sum of two terms:
[image: image]
The P(V, Tref) is the isothermal EoS for minerals at the reference temperature, up to the volume at P and Tref. The thermal-pressure Pth(T) is the pressure generated by raising the temperature from Tref to T at a constant volume, which is the isochor of the mineral passing through the final P–T point. Details of the employment of a thermal-pressure EoS and any necessity assumptions have been reviewed by Milani et al. (2017). In this study, we used the Birch-Murnaghan isothermal EoS in combination with the Holland and Powell (2011) model of thermal-pressure EoS to determine the thermoelastic parameters of four Prp-Alm solid solutions, as shown in Table 2. All described in this study have been performed with the EosFit7c program (Angel et al., 2014a; Gonzalez-Platas et al., 2016). The Einstein temperature, θE, of Prp-Alm solid solutions in this study are calculated from the values of the pyrope (320 K) and almandine (400 K) and according to the ideal solution model (Milani et al., 2015). The V0 and KT0 derived from HP–HT data were roughly consistent with that from P–V data at room temperature, especially as the K'T0 was fixed at 4 (Table 1 and Table 2).
TABLE 2 | Thermoelastic parameters of garnets along the Prp-Alm join, as compared with previous studies.
[image: Table 2]Figure 5 shows the thermal expansion coefficient at ambient conditions (α0) of four Prp-Alm solid solutions in this study, combined with the results from previous studies. As shown in Figure 5, there is a non-linear correlation between α0 and the Prp content of the Prp-Alm solid solution. The α0 of Prp-Alm solid solution varies with the composition getting a parabola. At ambient conditions, Prp-Alm solid solution with intermediate composition demonstrates a larger α0 than the composition close to endmember, the maximum variation in the α0 from Prp14Alm86 to Prp48Alm52 is about 23%. The α0 of the Prp-Alm solid solutions as a function of Prp content can be expressed by α0 (10−5K−1) = 2.7 (1) + 3.0 (5) XPrp − 3.2 (4) X2Prp (R2 = 0.985).
[image: Figure 5]FIGURE 5 | The thermal expansion coefficient of pyrope-almandine solid solution garnet at 300 K as a function of pyrope content.
DISCUSSION
Mg2+-Fe2+ Substitution Effect on Bulk Moduli of Prp-Alm Solid Solutions
Among previous studies about the compositional effect on bulk modulus of different mineral groups, minerals with Mg2+-Fe2+ solid solutions have been extensively investigated because of their importance in understanding the composition and dynamic property of the Earth’s interior (Takahashi and Liu, 1970; Zhang J. et al., 1998; Zhang et al., 1999; Speziale et al., 2004; Huang and Chen, 2014). The Fe and Mg component dependence of bulk modulus in mantle minerals is interesting for modeling the mineralogical composition of the mantle and mineral crystal chemistry. Anderson and Anderson (1970) proposed a simple bulk modulus (K0)–volume (V0) systematics, where K0V0 = constant. However, for most of the ferromagnesian silicates and carbonates that have been studied so far, the bulk modulus appears to increase with increasing Fe content, such as garnet (Huang and Chen, 2014), olivine (Speziale et al., 2004), and siderite (Zhang J. et al., 1998), which is inconsistent with bulk modulus–volume systematics. To sum up, it is necessary to understand the Mg2+-Fe2+ substitution effect on the bulk modulus of garnet.
Figure 3 shows the bulk moduli of Prp-Alm solid solutions as functions of compositions in this study and compared with those of previous studies. Mg2+-Fe2+ substitution results in a nearly linear decrease of the bulk modulus. The reduction of bulk moduli from Prp9Alm91 to Prp87Alm12 is ∼3%, mainly consistent with the ∼6% decrease from Prp30Alm70 to Prp83Alm17 reported by Huang and Chen (2014).
The bulk moduli of minerals are mainly controlled by their constituent polyhedral compressibilities, primarily determined by the mean cation–oxygen bond length in the polyhedral (Hazen et al., 1994). Many previous high-pressure studies have shown that the SiO4 tetrahedrons of silicate minerals are essentially rigid units (Robinson et al., 1971; Zhang et al., 1997; Xu et al., 2017). The selected bond distances of Prp-Alm solid solutions at the ambient condition (data from Kuang et al., 2019) as functions of composition are shown in Figure 6. Inspection of Figure 6 demonstrates that the d<M-O> (M is the divalent cations in X-site) decreases significantly with the increasing Prp content, mainly due to the smaller effective ionic radius of Mg2+ (0.89 Å) in eightfold coordination than that of Fe2+(0.92 Å) (Shannon, 1976). In contrast, the average d<Si-O> of the SiO4 tetrahedron and d<Al-O> of the AlO6 octahedron change negligibly with increasing Prp mol%. These results imply that the compressibility of the MO8 dodecahedron mainly controls the bulk modulus of the Prp-Alm solid solution. However, other factors, such as the compressibilities of the SiO4 tetrahedron and the AlO6 octahedron, may be secondary important to the bulk modulus of Prp-Alm solid solution.
[image: Figure 6]FIGURE 6 | The bond length of the pyrope-almandine solid solution garnet at ambient conditions as a function of pyrope content.
Besides, this study shows that FeO8 dodecahedron is less compressible than MgO8 dodecahedron. Similar conclusions were also obtained about the structures with sixfold coordinated Mg2+ and Fe2+ cations (Zhang et al., 1997), implying that the bonding character plays an essential role in such anomalous compression, whereas structure type and polyhedral coordination may be less critical. Furthermore, the electronegativity of the element, which describes the ability of an atom to attract electrons, may be an essential factor for the bonding character. The electronegativity of Mg (1.31) is distinctly smaller than that of Fe (1.83) (Allred, 1961), resulting in the less compressible FeO8 dodecahedron than MgO8 dodecahedron.
Moreover, Hazen et al. (1994) suggested that the SiO4 octahedra and AlO6 tetrahedra framework may also dictate the bulk modulus of garnet. Subsequently, Zhang L. et al. (1998) showed that the kinking degree of the Si-O-Al angle decreased continuously with increasing pressure, and the Si-O-Al angle in Alm is less kinked than that in Prp over the same pressure range (Zhang et al., 1999). Furthermore, the Raman spectroscopy results of Kuang et al. (2019) show that both the stretching motions of Si-O and the rotation motions of SiO4 decreased linearly with increasing Alm content. Thus, the degree of distortion and rotation of SiO4 may also affect the bulk moduli of the Prp-Alm solid solutions.
To sum up, the bulk moduli of Prp-Alm solid solutions are primarily governed by the compressibility of MO8 dodecahedra. The difference in the compressibilities of MO8 can be attributed to the different effective ionic radius and electronegativities of the Mg and Fe atoms. Also, the kinking degree of the Si-O-Al angle and the distortion and rotation of SiO4 may affect the bulk moduli of Prp-Alm solid solutions.
Mg2+-Fe2+ Substitution Effect on Thermal Expansion Coefficient of Prp-Alm Solid Solutions
Contrary to the effect of Mg2+-Fe2+ substitution on the bulk modulus of Prp-Alm solid solutions, the α0 of Prp-Alm solid solutions varies with the composition forming a parabola. As shown in Figure 5, at ambient temperatures, the composition of the Prp-Alm solid solution near the intermediate composition displays a larger thermal expansion coefficient than the composition near the endmember. While the causes of this result are yet to be revealed, we think that the most likely reason is the local arrangement of Mg2+and Fe2+. For the garnet, the different-sized divalent cations substitution on the dodecahedral site can make its thermodynamic properties (e.g., volume, enthalpy, entropy, free energy, etc.) deviate from the ideal mixing results (Bosenick et al., 2001; Vinograd et al., 2004; Dachs et al., 2014; Du et al., 2016). Besides, the magnitude of the non-ideal mixing is correlated with the size difference between the substituting cations on the dodecahedral site (Geiger and Rossman, 1994). The study on the local structure of the pyrope-grossular garnet solid solution shows that the Mg/Ca substitution can produce significant amounts of short-range order rather than long-range order in garnets (Bosenick et al., 2000). Furthermore, the compositions near Prp50Grs50 depart most strongly from random mixing, and all the compositions tend to random disorder at high temperatures. Although the size difference between Mg2+ (0.89Å) and Fe2+ (0.92Å) is smaller than that between Mg2+and Ca2+ (1.12 Å) (Shannon, 1976), the influence on the local arrangement by the Mg/Fe substitution cannot be overlooked. It is speculated that local disorder caused by the Mg/Fe substitution is the main reason for a non-linear relationship between thermal expansion coefficient and the composition of the Prp-Alm solid solution.
IMPLICATIONS FOR ELASTIC GEOBAROMETER
It is ordinary to use host-inclusion systems to infer the geological history of a mineral or a rock (Guiraud and Powell, 2006). The history of study on elastic geobarometers can be traced back to the 1980s. Roedder and Bodnar (1980) made the first estimation for the formation pressure of minerals from the fluid inclusions in them. The basic principle is that when the host mineral captures the fluid, it experiences a different P–T path than the host mineral because its volume is limited by the space inside the mineral and is subjected to the pressure exerted on it by the host mineral during subsequent changes in temperature and pressure conditions. In turn, this difference and its associated physicochemical properties can be used to estimate the P–T conditions experienced by the host mineral. This principle is not only applicable to fluid/melt inclusions but also to other solid mineral inclusions within the mineral that differ from its thermoelastic properties. This method underwent significant developments in the past decade and is gradually gaining the interest of geologists (e.g., Murri et al., 2018; Alvaro et al., 2019; Anzolini et al., 2019; Bonazzi et al., 2019; Gonzalez et al., 2019; Mazzucchelli et al., 2019; Moulas et al., 2020).
The pressure estimation by an elastic geobarometer has some prerequisite assumptions (Bonazzi et al., 2019): (1) The inclusions are in the same pressure environment as the host mineral at the time of capture, and the inclusions fill the vacancies entirely within the host mineral. (2) The host mineral and the inclusions are always reversibly and elastically deformed after capture. In this way, the captured pressure can be estimated by measuring the residual pressure of the inclusions due to the difference in elastic properties between the two minerals under normal temperature and pressure conditions and by combining the equation of the state of the two minerals. In this study, the method for estimating the pressure is based on entrapment isomekes proposed by Angel et al. (2017b). Entrapment isomekes is a single P–T path along which the fractional volume change in host and inclusion are equal (Gonzalez et al., 2019). The calculation of Pe was performed with EosFit-Pinc, and the details of this method were described in Angel et al. (2017b).
As mentioned in the introduction section of this study, much of the previous work has focused on the factors affecting the calculation accuracy of the elastic geobarometer except the influence of the thermoelastic parameters of minerals. So, we selected two garnet-related host-inclusion pairs to evaluate the influence of the thermoelastic parameters of the concerned minerals on the calculated results of elastic geobarometers. Quartz is generally a virtually pure endmember, and it is stable over a wide range of metamorphic conditions (Korsakov et al., 2009). Garnet has also served as a central focus of metamorphic studies to discern P–T paths because it can store the entire history of metamorphism by its inclusion suites such as quartz, graphite, and rutile (Ague and Carlson, 2013; Baxter et al., 2013; Caddick and Kohn, 2013). Hence, QuiG is considered a particularly useful geobarometer and has been widely used to infer the geological history of the rock from the collisional orogenic belts (Wolfe and Spear, 2018), the subduction complex (Bayet et al., 2018; Alvaro et al., 2019), and ultrahigh-pressure metamorphic complex (Korsakov et al., 2009; Gonzalez et al., 2019; Zhong et al., 2019; Moulas et al., 2020). Similarly, as the primeval samples from inaccessible regions of Earth, diamonds and their inclusions provide direct information of deep Earth’s evolution. This information is precious if it can be combined with depth estimates (Anzolini et al., 2019). An estimate of their formative pressure (depth of provenance) can be used to constrain and understand the environment in which they formed. Therefore, the thermoelastic parameters of the minerals play a crucial role in determining the accuracy of the pressure calculation. The garnet, a widespread mineral solid solution in nature, can have varying elastic properties depending on its composition (Du et al., 2015; Fan et al., 2017; Fan et al., 2018; Xu et al., 2019). In most cases, however, the thermoelastic properties used for calculation are the results of the endmember garnet (Milani et al., 2015; Gonzalez et al., 2019; Zhong et al., 2019), or assumed that the solid solution is isotropic and ideal (Johnson et al., 2021). Based on the results of this study, the thermoelastic properties of the Prp-Alm solid solutions may not follow the ideal mode (e.g., Figure 5). Therefore, the thermoelastic properties of garnet estimated from the endmember components may cause divergence. It is necessary to discuss the influence of garnet composition on the accuracy of these two elastic geobarometers.
These calculations utilized the thermoelastic coefficients of quartz with a curved α-β transition (Angel et al., 2017a) and the thermoelastic coefficients of the diamond from Angel et al. (2015). The shear modulus and its P and T derivative of Prp-Alm garnet were calculated by combining the results of the endmembers pyrope and almandine in proportion to their measured abundances, assumed as an ideal solid solution (Arimoto et al., 2015; Fan et al., 2019b). The final full set of thermoelastic coefficients for the Pe estimation are shown in Table 3.
TABLE 3 | Room pressure–temperature EoS coefficients for selected minerals ( Prp-Alm garnets, diamond and quartz).
[image: Table 3]Firstly, the uncertainties of the thermoelastic properties of garnets in the QuiG application should be considered. Here, we take the Prp14Alm86 garnet to demonstrate the effect of the uncertainties in thermoelastic properties. We chose 0.65 GPa as the Pinc obtained by laser Raman spectroscopy for quartz inclusions in garnet from eclogite for our Pe estimation (Zhong et al., 2019). Supplementary Table S4 lists the calculated Pe for Prp14Alm86 considering the uncertainties of the thermoelastic properties. Compared to the bulk modulus, the thermal expansion coefficient in this study has the most considerable effect in calculated Pe (Figure 7A). A 1.7% uncertainty in the value of α0 of garnet changes the Pe by ∼0.007 GPa at 500 K, and with the temperature rising, it makes the Pe change ∼0.016 GPa at 1300 K. The accuracy of bulk modulus obtained in this study has almost no effect on the Pe estimation. A 0.22% uncertainty in the value of K0 of garnet changes the Pe by only 0.001 GPa. In conclusion, the maximal error caused by the thermoelastic properties of garnet on Pe estimation is less than 0.02 GPa (Figure 7A). Besides, as shown in Figure 7A, we have calculated the Pe of the other two garnets with different components (Prp48Alm52 and Prp87Alm12), and the results obtained are consistent with the Prp14Alm86.
[image: Figure 7]FIGURE 7 | The total uncertainty of the thermal equation of state parameters on the results of Pe. (A): Garnet-quartz elastic barometer; (B): Diamond-garnet elastic barometer.
For the Pe calculations of the diamond–garnet pair, we assume a residual pressure Pinc on the garnet inclusion of 0.2 (1) GPa, and we use the thermoelastic properties given in Table 3. Supplementary Table S5 lists the calculated Pe for Prp14Alm86. The conclusions drawn from Supplementary Table S5 and Figure 7B are that a 0.22% uncertainty of K0 may contribute an error of ∼0.03 GPa to the calculated Pe. Same as in QuiG, the thermal expansion coefficient in this study has the most considerable effect in the calculated Pe of the diamond–garnet system (Figure 7B). A 1.7% uncertainty in the value of α0 of garnet changes the Pe by ∼0.092 GPa at 800 K, and with the temperature rising, it makes the Pe change ∼0.254 GPa at 1600 K. The maximal error caused by the thermoelastic properties of garnet in the diamond–garnet system is ∼0.3 GPa at 1,600 K (Figure 7B). It can be found that for the same garnet composition, the Pe change caused by the uncertainties of its thermoelastic properties is unequal in the two types of elastic geobarometers. The Pe change in the diamond–garnet pair is almost ten times as large as it is in QuiG.
Here, the Pyp-Alm garnets of different compositions (Table 3) are used to calculate the Pe, and the results of two elastic geobarometers are shown in Figures 8A,B. The effect of garnet composition on the predicted entrapment pressure is relatively large, especially for the diamond–garnet system (Figure 8B). At 1,400 K, the different compositions of garnet can cause a variation of Pe up to 4.5 GPa in the diamond–garnet system. In the QuiG, the difference of inferred entrapment pressure may reach ca. 0.35 GPa at 1,060 K. As mentioned above, this is mainly due to the distinct thermal expansion coefficient among them.
[image: Figure 8]FIGURE 8 | Pe results for different garnet components in (A) Garnet-quartz elastic barometer and (B) Diamond-garnet elastic barometer.
To sum up, even though the procedure of applying an elastic barometer to host-inclusion mineral systems requires several steps that involve various assumptions (Angel et al., 2015), and there are lots of possible factors that could influence the precision and accuracy of calculated Pe value as mentioned above, its advantages could not be ignored. Much previous work suggested that QuiG, and diamond–garnet elastic barometer, may preserve different aspects of garnet history in complex terranes (Wolfe and Spear, 2018; Alvaro et al., 2019; Spear and Wolfe, 2020; Johnson et al., 2021). The advantages of QuiG or other inclusion-based methods are relatively easy to apply and require far less data acquisition than conventional methods. Our results suggest that the entrapment pressure may be significantly influenced by the thermoelastic parameters of garnet, which is selected to have a different component from the research sample, while the thermal expansion coefficient is the main influencing factor for the elastic barometer to Pe estimation, compared with other thermoelastic parameters. Therefore, the effect of the composition of garnet on the Pe estimation could not be ignored. Furthermore, one factor that must not be overlooked is the effect of viscous relaxation, which occurs very rapidly at temperatures >110 K (Moulas et al., 2020) and the preserved Pe may then be a reflection of re-equilibration (Zhong et al., 2020). In the future application of elastic barometer, as the most common garnet component in the Earth, the thermoelastic parameters (especially the thermal expansion coefficient) of the pyrope-almandine-grossular ternary solid solutions must also be considered.
CONCLUSION
In summary, the thermoelastic parameters of systematic Prp-Alm solid solutions were obtained by fitting the P–V–T or P–V data to the EoS and compared with previous studies. The relationship between the bulk moduli of the Prp-Alm solid solutions and Prp content can be expressed as K0 (GPa) = 181.0 (8) − 0.11 (1) Xprp (R2 = 0.91, K′0 fixed at 4). Our results demonstrate that the Prp content will decrease the incompressibilities of Prp-Alm solid solutions, which is inconsistent with bulk modulus–volume systematics: K0V0 = constant. The possible reasons for this difference may be multiple and complicated. In our view, the most likely reason is the larger compressibility of MgO8 than that of FeO8. Also, the kinking degree of the Si-O-Al angle and the degree of distortion and rotation of SiO4 may affect the compressibilities of the Prp-Alm solid solutions. The thermal expansion coefficient with the component of Prp-Alm solid solution also has a relational expression, α0 (10−5K−1) = 2.7 (1) + 3.0 (5) XPrp − 3.2 (4) X2Prp (R2 = 0.985), where the Prp-Alm solid solutions with intermediate composition show a larger coefficient than the endmembers at ambient condition. Furthermore, for two types of elastic geobarometers, we evaluate the correlation of the uncertainties of thermoelastic properties with Pe estimation accuracy. Compared with bulk modulus, the thermal expansion coefficient has the main effect on the estimation of Pe. The Pe change caused by the uncertainties of thermoelastic properties of garnets in the diamond–garnet pair is almost 10 times larger than it is in QuiG. Besides, by calculating Pe with different garnet components, the result suggests that the garnet component may significantly influence entrapment pressure, especially in the diamond–garnet system and the pyrope-almandine-grossular ternary solid solutions EoS must also be considered in the future study.
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We propose a simple rock physics model for the characterization of elastic properties of shale. The model combines a dual-porosity concept and the effective medium theory for constructing the anisotropic elastic tensor of the multimineral organic-rich shale. Based on the model, we address how to estimate two key shale gas evaluation parameters, i.e., crack density and gas saturation from well-log and seismic data. Application to Wufeng-Longmaxi Shale shows that the estimated crack porosity decreases with increasing burial depth and decreasing clay content. The analysis indicates that the microcracks are mainly developed among clay minerals, which is consistent with the results from mercury injection and SEM imaging experiments. More importantly, we show that the velocity of the Wufeng-Longmaxi Shale is primarily controlled by the crack porosity instead of the total porosity. Both P- and S-wave velocities decrease linearly as the volume of microcrack increases. The fluid substitution analysis shows that the Poisson’s ratio and P-impedance of the shale are sensitive to the change of pore-fluid saturation. Based on the above sensitivity analyses, we customize a rock physics template for quantifying crack density, and gas saturation from the shale elastic properties. The interpretation results show that there is an overall good agreement between the measured and predicted petrophysical properties from well-log and seismic data.
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1 INTRODUCTION
Quantitative seismic interpretation is the core of shale gas reservoir identification and evaluation. During the exploration stage, seismic data are employed to determine buried depth, thickness, and structural shape of the shale reservoir (Rich and Ammerman, 2010; Bachrach et al., 2014; Jiang et al., 2019). This is followed by applying the inversion technique for mapping the distribution of organic matter content, porosity and this leads to the determination of the favorable area with economical gas potential (Chopra et al., 2012). In the development stage, the seismic technology is used to determine the mechanical and anisotropy characteristics of the reservoir, so as to provide the basis for the deployment of horizontal wells, and well bore design and fracturing stimulation (Goodway et al., 2010; Sena et al., 2011). Understanding the relationship between the elastic and petrophysical properties of shale is fundamental to the geophysical research of shale gas exploration and development. Shale gas reservoir has complex lithologic, pore and structural characteristics. Among them, the compactness caused by low porosity and low permeability is a more obvious feature of shale gas reservoir (Passey et al., 2010). Former empirical formulas and theoretical rock physics models developed for conventional clastic and carbonate formations may not be applicable for shale gas reservoirs.
A lot of work have been done around the experimental and theoretical investigations of shale elastic properties. Vernik and Nur (1992); Vernik and Liu (1997) measured the elastic anisotropy of Bakken Shale under dry conditions. They analyzed the effects of organic matter content and maturity on rock velocity and anisotropy. They pointed out that the kerogen has a dramatic effect on seismic velocity and the anisotropy of shale is largely controlled by the preferred direction of minerals and micro-fractures. Sondergeld et al. (2000); Sondergeld and Rai (2011) conducted experimental study on the acoustic properties of Kimmeridge Shale and found that the anisotropy of shale increases with increasing organic matter content. The increase of organic matter content will lead to the decrease of density, resulting in the effect opposite to compaction. They also showed that the assumption of weak anisotropy (Thomsen, 1986) cannot be used in the seismic modeling of shale. Domnesteanu et al. (2002); Deng et al. (2009) studied the velocity and attenuation of shale under different saturation and pressure conditions using ultrasonic transmission technique. The experimental results suggest that there is a strong link between the pressure-dependent anisotropy of velocity/attenuation and the pore geometry, connectivity and the response of pore fluid to the propagation direction of the seismic waves. Hornby et al. (1994) combined the self-consistent approximation (SCA) and the differential effective medium (DEM) theories to characterize the seismic elastic properties of Kimmeridge Shale. In the model, clay is treated as the supporting matrix that forms the continuous skeleton of the rock, other minerals such as quartz, feldspar, and pyrite are regarded as isolated inclusions dispersedly distributed in clay. Carcione et al. (2011) used Backus average to evaluate the effect of clay particle orientation on the elastic properties and anisotropy of shale. Guo et al. (2013) developed a seismic petrophysical model of organic-rich shale and investigated the effects of pore shape and mineral composition on the elastic properties of shale.
Organic-rich shale exhibits relatively higher resistivity, higher sonic transit-time and lower density than nonorganic rich sediments (Passey et al., 2010). Tight shale hydrocarbon reservoirs are characterized by total porosity in the range of 3–7% and matrix permeability in the range of micro-to nano-Darcy. The seismic elastic properties of shale are controlled by its own structural characteristics. The key to analyze its seismic elastic properties and influencing factors is to accurately describe the structural characteristics of shale at microscale including the spatial distribution of main constituent minerals, organic matter, and pore structure (Vasin et al., 2013; Luan et al., 2016). Due to the differences in sedimentary history and depositional environment (i.e., stress field change, mineral composition, etc.) of different reservoir rocks, the petrophysical experimental results for specific reservoirs are also regional, and can not be extrapolated arbitrarily (Zhao et al., 2020; Deng et al., 2021). Therefore, it is important to establish site-specific rock physics model to characterize the local elastic properties of shale.
Natural cracks in shale provide necessary fluid conduits for shale gas migration and can greatly enhance the seepage capacity (Guo et al., 2014; Wu et al., 2020). The degree of microcracks contributes to the total porosity which affects the storage capacity of shale reservoir. The evaluation of microcrack volume is of great importance for the exploration and development of shale gas. On the other hand, shale gas saturation is important for predicting reservoir performance in terms of production (Lucier et al., 2011; Qi et al., 2017). Accurate estimation of gas saturation remains as one of the most difficult tasks associated with shale reservoir characterization (Rezaee, 2015; Qi et al., 2021). In order to predict the rock and fluid parameters of gas shale by geophysical methods, it is necessary to establish the relationship between elastic properties and petrophysical parameters. In this work, we address an important issue of estimating two key shale gas evaluation parameters, i.e., crack density and gas saturation from well-log and seismic data. The paper is organized as follows: first, we introduce a simple but effective rock physics modeling scheme for organic-rich shale. Then, we demonstrate how this model can be applied to the inversion of pore structures, fluid substitution, and reservoir characterization with rock physics template. This is followed by the discussion on the novelty and applicability of the model. Finally, we elaborate the main conclusions and set the basis for future works.
2 METHODOLOGY
In this work, we propose a simple anisotropic dual-porosity effective medium model (ADPM) for calculating the elastic property of the organic rich shales. The microstructure of the organic-rich shale can be extremely complex (Vanorio et al., 2008; Uvarova et al., 2014; Qi et al., 2021). The pores of different shapes, such as intergranular pores and microcracks, can develop between or on the edges of the rock matrix minerals such as quartz, and clay. Intraparticle pores of nanoscale can also develop among the organic matter. Despite the complex nature of the shale microstructure, we assume that at any specific logged depth location, the shale porosity system (ϕtotal) can be simplified and divided into two spaces: the stiff-pore space (stiff-porosity) and the microcrack space (crack-porosity), i.e.,
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Stiff porosity (ϕstiff) and crack porosity (ϕcrack) are defined here as the volumetric fraction of spheres with larger aspect ratio and oblate spheroid inclusions with very small aspect ratio, respectively. The key to our assumption is that we do not consider how the different pore structures fit into the rock frame since their distributions can be arbitrary and are unknown. Later we show that this assumption greatly simplifies the modeling (inversion) procedure and yields results that are consistent with laboratory and field measurements. With the above dual-porosity model, we propose the following rock physics workflow for modeling shale elastic properties.
First, since different components in the organic-rich shale possess very different stiffness, an accurate mineralogy analysis is crucial for constructing the right rock matrix to start with. First of all, we can obtain the volume fraction of the mineral content in shale from the spectral gamma-ray (well-log) or the X-ray diffraction analysis (core sample). When the exact mineralogy of shale cannot be assessed, simple gamma-ray log can be used to provide an estimate for the volumes of silt and clay in the formation. The mineralogy of the organic-rich shale can be broadly divided into the brittle minerals, clay and kerogen components. The brittle minerals include quartz, carbonate and pyrite whereas the kerogen is the typical soft material. When the volume fractions of each component are determined, we can apply the Voigt-Reuss-Hill average (Mavko et al., 2009) to compute the isotropic effective moduli of the brittle mineral aggregate. Because the shale anisotropy is mainly caused by the lamination of clay and kerogen, we use a three-phase Backus average (Backus, 1962; Vernik and Nur, 1992) to mix the brittle minerals, clay and kerogen. This procedure yields the anisotropic effective moduli of multimineral solid matrix.
The organic-rich shale is typically of low porosity and low permeability with poor pore connectivity. These shales may contain randomly distributed microcracks with crack size below well-log resolution. Theoretical estimates of the effective moduli of the cracked porous shale not only depend on the volume fraction of the inclusions (i.e., cracks and pores) but also the geometric details of shapes and spatial distributions of these inclusions. Several effective medium theories can be used to estimate the effective moduli of the shale. In this work, we use the anisotropic self-consistent approximation (SCA) theory to compute the stiffness tensor of the shale frame. The choice of the SCA model is due to the following consideration. Since the inclusion adding process in the SCA theory is a symmetrical process, it does not identify a specific phase as the host material. This is different for the differential effective medium (DEM) theory. Due to the difference in depositional and diagenetic processes, shale can transits from clay-supporting matrix to quartz-supporting matrix as the burial depth changes (Zhao et al., 2020; Deng et al., 2021). The reservoir section usually contains shales of more than one type. Therefore, we consider the SCA model is more flexible and can adapt to more complex lithologic enviroment. By incorporating the dual-porosity concept into the SCA modeling scheme, the effective stiffness tensor of the shale can be written as
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where,
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and i represents the matrix (m) or the pore spaces (stiff, crack), I is the identity tensor. Ci is the stiffness tensor matrix of the i-th phase. Gi is a fourth-rank tensor calculated from the response of an unbounded matrix of the effective medium Eshelby (1957); Mura (1982).
Brown and Korringa (1975) extended the Gassmann’s equations and established the model suitable for fluid replacement in anisotropic media such as shale. On the basis of dry shale model, we apply the Brown-Korringa’s (BK) equation to compute the stiffness tensor of the saturated shale. In the BK model, the compliance of the saturated shale is given by
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where [image: image] is the effective elastic compliance tensor element of dry rock, [image: image] is the effective elastic compliance element of rock saturated with pore fluid, [image: image] is the effective elastic compliance element of the solid mineral, βfl is the fluid compressibility, and β0 is the mineral compressibility. The stiffness can be obtained by taking the inverse of the compliance matrix. To model the partially saturated gas shale, we use the Brie’s model (Brie et al., 1995) to calculate the effective fluid moduli of a brine and gas mixture. In accordance with the BK model, the compliance of the fluid mixture can be calculated as
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The fluid compliance depends on the bulk moduli of brine Kw and gas Kg, the gas saturation Sg and an empirical exponent e. The empirical exponent e varies from 1 for patchy saturation to 3.4 for uniform saturation. They provide the upper and lower bounds for the effective bulk modulus of the mixed fluids, respectively. We can substitute the equivalent compliance of brine-gas mixture (5) into the BK model (4) to replace the empty pores with fluids.
Based on the above anisotropic dual-porosity model, the equivalent elastic tensor of fluid saturated rock can be converted to velocities according to the relationship provided by Thomsen (1986). For a vertical well, the acoustic logging tool records the P- and S-waves traveling perpendicular to the bedding plane, that is parallel to the axis of symmetry of the transversely isotropic shale formations. The expressions for these velocities are
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where C33 and C44 are the stiffnesses in Voigt notation. ρ is the effective density of the shale, which can be calculated by the volume average of the grain and fluid densities
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To test the effectiveness and applicability of the APDM model, in the following sections, we apply the rock physics model to a suite of analyses including pore type inversion, shear-log prediction, fluid substitution, and seismic reservoir characterization.
3 ROCK PHYSICS ANALYSIS
3.1 Geological Background
We conduct rock physics analysis on the organic-rich shale in the Wufeng-Longmaxi Formation. The Wufeng-Longmaxi Shale are widespread units, and their geologic characteristics are similar to five of the leading shale gas producing basins in North America (Pollastro, 2007; Guo and Liu, 2018; Xu et al., 2019). Therefore, establishing a quantitative characterization model for the Wufeng-Longmaxi Shale would have global impacts. Well-Y1 is a shale gas exploration well located in a shale gas field in Southern Sichuan Basin, China. The section in Figure 1 is composed of the lower Silurian Longmaxi formation and the upper Ordovician Wufeng formation. The organic-rich shale at the lower part, which shows high gamma and low density, and is the main target layer. The thickness of organic-rich shale in well-Y1 is 67 m, the total organic carbon content (TOC) is 1.8–4.8 wt%, and the thermal maturity is 2.5–3.0. All geological evaluation parameters show that Wufeng-Longmaxi Formation in the work area has superior conditions for shale gas accumulations.
[image: Figure 1]FIGURE 1 | The logging data of Well-Y1 from a shale gas field in Southern Sichuan Basin: (A) mineral components; (B) gamma-ray; (C) density; (D) total organic content (TOC); (E) shallow (LLS) and deep (LLD) resistivities; (F) water saturation evaluated based on resistivity; (G) absorb and free gas contents.
As shown in Figure 2, measurements of density, gamma ray, shallow- and deep-resistivities, compressional, and shear velocities are available. The porosity can be calculated based on the density log. In these reservoirs, the total porosity varies from 2 to 10% with an average value of 5%. Figure 2A shows that the average values of clay, quartz, and carbonate are 38, 48, and 11%, respectively. Pyrite is also present, ranging from trace amounts to as much as 7%. The quartz is present in the form of silt and siliceous cement. TOC is estimated from resistivity and sonic logs using the method of Passey et al. (1990). The Wufeng-Longmaxi shale reservoir is a typical low-resistivity reservoir as indicated by Figure 1E. Conventional resistivity method, such as Archie’s equation (Han T.-C. et al., 2021), will lead to overestimation on the water saturation as shown in Figure 1F. To overcome this problem, water saturation is estimated using the neutron-density porosity difference method (Qi et al., 2021). Figure 2D shows that the corrected water saturation value varies from 18 to 100% in the reservior section. In the rock physics modeling, the bulk moduli and densities of the brine and gas of in-situ pressure and temperature are estimated using the equations of Batzle and Wang (1992). The elastic moduli and densities for the minerals and pore-fluids are presented in Table 1.
[image: Figure 2]FIGURE 2 | The logging data of the target section in Well-Y1 (this corresponds to the bottom part of the logging data in Figure 1): (A) mineral components; (B) density; (C) total porosity; (D) water saturation evaluated based on neutron-density method; (E) measured and predicted P-wave velocities; (F) measured and predicted S-wave velocities; (G) porosities of microracks and stiff pores.
TABLE 1 | The bulk, shear moduli and density of the primary minerals and fluids in shale.
[image: Table 1]3.2 Inversion of Different Pore Volume Fractions
The rock physics model provides a nonlinear relation between P- and S-wave velocities and the volume fractions of soft and stiff pores. Using this relation, we can forward calculate the P- and S-wave velocities of rocks based on rock and fluid properties including mineral moduli, porosity, and fluid saturation and pore aspect ratio. Alternatively, we can determine the stiff and soft porosities by matching well-log velocity data with theoretically predicted velocities. Here, we assume that the stiff pores and microcracks are spheroidal inclusions with aspect ratios of 1 and 0.01, respectively. Thus, we keep the pore aspect ratio as constant at all depths in the inversion procedure. The choice of aspect ratio 1 for stiff pore is based on the fact that sphere is the stiffest among all pore shapes. For cracks of small aspect ratio, the key parameter is the crack density ϵ = 3ϕcrack/4παcrack (O’Connell and Budiansky, 1974), which is proportional to the crack porosity divided by the aspect ratio. The choice of exact crack aspect ratio value is of secondary importance. We also assume that all cracks have identical shapes, i.e., aspect ratios. In this case, the effect of crack porosity on elastic moduli is equivalent to the crack density (Vernik, 2016). To determine the volume fractions of cracks and stiff pores from sonic-log data, we propose the following objective function
[image: image]
where Vobs and Vmodel are the measured and modelled velocities, respectively. Wp, Ws are the weights, for case that the shear-log is not available, Wp = 1, Ws = 0 and when both compressional- and shear-logs are available, Wp = 0.5, Ws = 0.5. By minimizing the objective function (9), ϕcrack and ϕstiff are jointly inverted from two velocities Vp and Vs. A grid search method can be applied to find the two porosities required to accomplish the velocity match at each well-logging depth. Other formation properties such as mineral component, total porosity and fluid saturation are provided by the well-log data.
The estimated crack and stiff porosities are plotted in Figure 2G. We see that the microcracks are well developed in the upper and middle parts of the Wufeng-Longmaxi Shale. As the burial depth increases, the amount of microcracks diminishes and the pore-space is dominated by stiff pores. The average porosities of the crack and stiff pores in the reservoir section are 0.012 and 0.043, respectively. The volume fraction of the stiff pores is 3.6 times of the microcrack overall. Figures 2E,F shows the modeled P- and S-wave velocities based on the inverted crack and stiff porosities. There is a satisfactory match between the measured and the modeled velocity. The root-mean-square error (RMSE) for the predicted P- and S-wave velocities are 34.9 m/s and 23.4 m/s, respectively. The correlation coefficients between the measured and predicted velocities are 0.992 3 for P-wave and 0.991 6 for S-wave. The consistent prediction of the two velocity logs shows that the rock physics model is effective for characterizing the elastic behavior of the shale. To further analyze the relationship between the elastic properties of shale and its pore structure, we plot the velocities as functions of different porosities. Figure 3A shows that there is a weak dependence of the velocities on the total porosity of the shale. The P-wave velocity increases slowly with increasing total porosity, which is counter-intuitive. The total porosity shows limited influence on the velocities. Figure 3B shows the relationship between the velocities and the crack porosity. Interestingly, both P- and S-wave velocities exhibit overall linear correlations with the crack porosity. A linear least-square fit provides the following relations
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[image: Figure 3]FIGURE 3 | Relationship between the sonic-log velocities and different porosities: (A) velocity versus total porosity; (B) velocity versus crack porosity.
The velocities decrease as the volume of microcracks in shale increases. The clear dependence of the velocity on crack porosity shows that the presence of small-aspect-ratio cracks is a key parameter in controlling the elastic property of the Wufeng-Longmaxi Shale.
Figure 4 shows that the development of the microcracks in the Wufeng-Longmaxi Shale generally decreases as burial depth increases. The data points are color-coded by the clay content, as can be seen the crack porosity tends to increase with increasing volume of clay in shale. This observation is consistent with the laboratory results of Sun et al. (2019) who conducted mercury injection experiments to quantify the volume of microcracks in the Longmaxi shale samples. They found that the majority of the microcracks were formed inside the clay particles, followed by those developed in organic matter and brittle minerals (see more details in the discussion section). The SEM images in Figure 5 reveal the microstructure of the Wufeng-Longmaxi organic-rich shale. In Figures 5A,B, the pores between clay platelets or around the edge of rigid particles are shown as elongated, compliant shape. Whereas the intergranular pores, which have a rigid triangular structure, are mainly developed between the quartz minerals as shown in Figures 5C,D. Our observation that the microcracks are more likely to develop in the clay is consistent with both the mercury injection statistics and the actual microstructure revealed by the SEM images of the Wufeng-Longmaxi Shale. Once we determine the crack and stiff porosities of the shale formation, a detailed fluid substitution analysis can be carried out at each logged depth. This is discussed in the next section.
[image: Figure 4]FIGURE 4 | Cross-plot between the crack porosity and burial depth. The data points are color-coded by clay content.
[image: Figure 5]FIGURE 5 | The SEM images showing the microstructure of the Wufeng-Longmaxi Shale: (A,B) shows that the pores between clay platelets or around the edge of rigid particles are of elongated, compliant shape; (C,D) shows that the intergranular pores, which have a rigid triangular structure, are mainly developed between the quartz minerals.
3.3 Fluid Substitution Analysis
Fluid substitution is important for examining the sensitivity of the elastic properties to the change of amount of fluids in the pore-space. It directly helps seismic interpreter to determine area with favorable gas potential from cross-plot of seismic attributes. With the calibrated crack and stiff porosity logs, we can conduct fluid substitution for the entire reservoir section based on the dual-porosity model. By assigning different levels of gas saturation Sg to Eq. 5 and substituting the effective fluid compressibility into Brown-Korringa’s equation, we can evaluate the elastic properties of the partially saturated shale. It has been confirmed by studies that due to low permeability and poor pore connectivity, patchy saturation instead of uniform saturation is likely to take place in tight reservoir rocks (Si et al., 2016; Li et al., 2020). We pick the exponent e = 1 in Brie’s model based on an empirical fit to the data. This corresponds to the upper bound for the velocity-saturation relation in shale.
The water saturation log in Figure 2D indicates that the gas saturation in the shale formation varies from 0 to 72% with an average value of 37%. As shown in Figure 6A, the corresponding Poisson’s ratio varies from 0.25 to 0.36 and the P-impedance varies from 0.95e4-1.2e4 g ⋅m/cm3 ⋅s. The red squares in Figure 6 represent the shale formation with full water saturation. The blue circles in Figures 6A–D denote the original well-log data and the formation with gas saturation of 30, 70 and 90%, respectively. For low formation gas saturation, the gas shale shows similar characteristics with the water shale and it is difficult to distinguish them on a Poisson’s ratio versus P-impendance cross-plot. When the gas saturation increases to 70%, both the Poisson’s ratio, and P-impedance decrease dramatically. For 90% gas saturation, the Poisson’s ratio becomes less than 0.25 and the P-impedance reduces by 9%. Overall, with favorable gas saturation larger than 70%, there exists a clear separation between the original, and substituted results on the cross-plot. This indicates that the Wufeng-Longmaxi shale is relatively sensitive to the change of pore fluid saturation. The results suggest that the cross-plot between Poisson’s ratio and P-impedance can be useful and applied to seismic inversion results for gas zone identification in the work area.
[image: Figure 6]FIGURE 6 | Fluid substitution results of the Wufeng-Longmaxi Formation in well-Y1. The red squares represent the formation with 100% water saturation. The blue circles represent the original well-log data in (A) and formations with gas saturations of 30, 70, and 90% in (B–D), respectively.
3.4 Seismic Characterization With Rock Physics Template
Rock physics template (RPT) is an essential tool for mapping the effect of fluids, porosity, and lithology on elastic properties such as P-, S-impedances and Vp/Vs (Avseth et al., 2010; Zhou et al., 2021). Because impedance and Vp/Vs are properties that can be obtained from seismic inversion, RPT allows quantitative interpretation and classification not only of well-logs, but also of seismic data. The main goal is to use the RPT for quantifying two primary properties, i.e., crack density and gas saturation from the well-log and seismic data in the work area. In the last two sections, we have shown that the velocities of the Wufeng-Longmaxi Shale strongly linked to the crack porosity while the Poisson’s ratio is sensitive to the fluid saturation. The P-impedance and Vp/Vs can be viewed as proxies for P-wave velocity and Poisson’s ratio, respectively. Therefore, we design the RPT so that it outputs a cross-plot between the P-impedance and Vp/Vs for quantitative interpretation. To construct the RPT, we set the crack density and gas saturation as variables in the model and fix other depth-dependent properties to reference values. For example, model parameters such as effective mineral moduli, porosity and fluid properties are defined using the average values in the reservoir section. Thus, for each crack density and gas saturation, the template predicts a pair of P-impedance and Vp/Vs.
Figure 7 shows the RPT with the data points color-coded by the well-log crack density. The RPT predicts that at high gas saturation, the Vp/Vs decreases with increasing crack density. When the gas saturation is below 60%, the Vp/Vs increases as crack density increases. The P-impedance decreases with increasing crack density at all saturations. There is a good agreement between the data and the predictions by the RPT. The crack density of the shale formation can be accurately predicted from the RPT analysis. Figure 8 presents the same RPT with the data points color-coded by the well-log saturation. Again, there is an overall excellent match between the log and predicted saturation values. The interpretation of the well-log data shows the effectiveness and accuracy of the constructed RPT. Next, we apply the RPT to the seismic data and obtain the spatial distribution of the crack density and gas saturation.
[image: Figure 7]FIGURE 7 | Rock physics template analysis for the interpretation of crack density and gas saturation from cross-plot between the Vp/Vs and P-impedance. The data points are from Well-1 and color-coded by crack density log. The arrow shows the direction of increasing crack density.
[image: Figure 8]FIGURE 8 | Rock physics template analysis for the interpretation of crack density and gas saturation from cross-plot between the Vp/Vs and P-impedance. The data points are from Well-1 and color-coded by gas saturation log. The arrow shows the direction of increasing gas saturation.
To obtain the seismic attributes required for RPT analysis, we perform the pre-stack seismic inversion. In the inversion process, the differences between the seismic amplitudes from different reflection angles are used to obtain the corresponding variation in the shale elastic properties. The pre-stack inversion is based on the Fatti’s reflectivity equation in terms of acoustic and shear impedances (Fatti et al., 1994). The inversion results are shown in Figure 9. The top and bottom of the shale reservoir are denoted by the horizons T1 and T2, respectively. The high-quality shale at the bottom of Longmaxi formation in the work area are characterized by low impedance (blue color stripes). We can compute the Vp/Vs by taking the ratio of P- and S-impedance volumes. Similar to the log data analysis, by projecting the seismically-derived Vp/Vs, and P-impedance onto the RPT, we can predict the corresponding crack density and gas saturation. Figure 10 shows the interpreted sections. The zones of interest can be clearly identified from the interpreted sections. The main target at the lower part of the Wufeng-Longmaxi Formation shows high gas saturation and considerable microcrack concentration. The maps indicate that the lateral distribution of high-quality shale is stable and distributed throughout the region. Such depositional pattern is consistent with the geological studies of this area (Chao et al., 2012; Liu et al., 2013). The difference in the lateral change between crack density and gas saturation can be explained by the fact that the rock and fluid property variations contribute to the change in P- and S-impedances differently (Avseth et al., 2010; Vernik, 2016). The study shows that the RPT based on dual-porosity model is an efficient tool for quantitative interpretation of the well-log and seismic data of the Wufeng-Longmaxi Shale reservoir.
[image: Figure 9]FIGURE 9 | Seismic inversion results of the shale gas field: (A) acoustic impedance and (B) shear impedance. The location of Well-Y1 is indicated by the black line.
[image: Figure 10]FIGURE 10 | By projecting the inversion results in Figure 9 onto the rock physics template in Figures 7, 8, we obtain the interpreted sections of (A) crack density, and (B) gas saturation.
4 DISCUSSION
Based on the dual-porosity model, we proposed an inversion scheme for estimating the volume fractions of different pore structures. Our analysis shows that the majority of the microcracks are formed within the clay minerals, which is consistent with the observation from the SEM images (see Figure 5). Sun et al. (2019) carried out a thorough analysis on the correlation between the volume of microcrack and the mineral components in the Longmaxi shale samples based on the electron microscopy and high-pressure mercury injection experiments. The results show that the contribution of clay minerals to the volume of microcracks is the largest, accounting for 70%, followed by the organic matter, and accounting for 24%. The brittle minerals (including quartz, feldspar, and dolomite) contribute to the least volumes of microcracks, accounting for 6%. The experiment also shows that there exists a positive correlation between the volumes of microcrack and clay. This agrees with the sonic-log inversion results based on the dual-porosity model.
The clay minerals reduce the brittleness of shale to a certain extent, this is not in favor of forming the microcracks by mechanical deformation due to tectonic stress (Han et al., 2021b). However, the microcracks can form in terms of small openings between the crystal layers of different clay minerals as revealed from the SEM images (Deng et al., 2021). On the other hand, clays are composed of fine sheet-like particles, they tend to form pores with much smaller aspect ratios than those associated with quartz grains. These pores are very compliant, most of which can be closed by the lithostatic stress at larger burial depth. However, overpressure is a common phenomenon in the shale gas reservoirs of Upper Ordovician Wufeng Formation and Lower Silurian Longmaxi Formation in the southern Sichuan Basin (Gao et al., 2019; Han et al., 2021a). Hydrocarbon generates from organic matter during thermal evolution, which is the main cause for abnormal high pressure in the region. The overpressure reduces the effective stress on reservoir and therefore, the majority of the microcracks still remain open for the Wufeng-Longmaxi Shale. This corroborates with our observation of considerable microcrack growth in well-Y1.
Xu and White (1995) published a velocity model for clay-sand mixtures, which is developed in terms of the Kuster-Toksöz effective medium theory and Gassmann model. In their model, the total pore-space is assumed to consist of pores associated with sand grains, and clays, respectively. The model also assumes that the pores of small aspect ratio are strictly developed in the clays whereas the pores of large aspect ratio only exist among the sand grains. Therefore, for its application one must first determine the volume of sand grain and clay content. In presence of more complex mineral components and microstructures, such as in organic-rich shales, and the classic Wu-White’s model may no longer be applicable. Unlike the Xu-White’s model, the dual-porosity model proposed in this work does not differentiate how the pore structures fit into the rock frame. Instead, we consider that the microcrack and stiff pores can develop in all mineral components. This assumption greatly simplifies the modeling and inversion procedures. The results as discussed earlier confirms the effectiveness of the dual-porosity model. The pore-volume inversion workflow can serve as fast evaluation tool for assessing the microcrack development in shale reservoir. In this work, the model is applied to the Wufeng-Longmaxi Shale Formation which is of uniform lithology. More future work is needed to examine the applicability of the model for reservoirs with complex lithologies.
5 CONCLUSION
In this work, we propose a simple dual-porosity model for the characterization of elastic properties of shale. The model assumes that the pore-space of shale can be divided into two parts including the pore-spaces of microcracks and stiff pores, respectively. The crack and stiff pore are defined as spheroid inclusion with contrasting aspect ratios. The dual-porosity concept is incorporated into the anisotropic self-consistent approximation theory for obtaining the effective elastic tensor of the multimineral organic-rich shale. We use the model to analyze the elastic behavior of the Wufeng-Longmaxi Shale in Sichuan Basin, China. We address the important issue of estimating two key shale gas evaluation parameters, i.e., crack density and gas saturation from well-log and seismic data. The main conclusions can be summarized as follows:
1) The log data analysis shows that the estimated crack porosity in Wufeng-Longmaxi Shale exhibits a decreasing trend with increasing burial depths and decreasing clay content. The microcracks are mainly developed between clay minerals, which is consistent with the experimental results and observation from SEM images.
2) The velocities of the Wufeng-Longmaxi Formation is primarily controlled by the crack porosity instead of the total porosity. Both the P- and S-wave velocities show linear decreasing trends with increasing crack porosity in shale.
3) The fluid substitution analysis indicates that the gas shale is sensitive to the change of pore-fluid saturation. We can separate the gas shale from the water shale on a cross-plot between the Poisson’s ratio and P-impedance.
4) The rock physics template predicts that at low gas saturation, Vp/Vs increases with increasing crack density whereas at high gas saturation, Vp/Vs decreases with increasing crack density. The well-log crack density and gas saturation can be accurately predicted from the RPT analysis. The interpreted seismic sections show that the high-quality shale at the bottom of Wufeng-Longmaxi Formation is stable and distributed throughout the region.
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In vertical seismic profile (VSP) acquisition, the orientation of the three-component geophones in a borehole is often not aligned due to random rotation of the wireline receiver array. Knowing the geophone orientation is crucial for rotating the waveforms back to the position where the geophones are assumed to be aligned. This procedure is critical in three-component VSP data processing as it provides the correct wavefields for subsequent VSP data imaging and inversion. For zero-offset or near zero-offset VSP measurements, the direct P-wave propagates nearly vertically, and the horizontal geophones receive only a small fraction of the direct P-wave energy. The first-arrival in the horizontal component data is often of low signal-to-noise ratio (SNR). As a result, it is difficult to apply conventional first-arrival–based methods for obtaining accurate geophone orientations. On the other hand, a seismic event comprising individual waveform would achieve maximum correlation if all corresponding geophones are aligned. The geometric characteristics, that is, the slope and continuity of a seismic event in the vector wavefield are the same with those of the modules of the vector wavefield. The latter, also known as the scalar wavefield, can be used for scanning geophone orientations based on waveform correlation. In this study, we propose to use the scalar field to extract the slope of seismic events. The orientation of the individual geophone was calculated with the constraint of the slope. We use both synthetic and field data to demonstrate the effectiveness and applicability of the proposed method. The results show that the new method can provide wavefields of horizontal component VSP data with much higher accuracy and resolution.
Keywords: geophysical signal processing, seismic waves, vertical seismic profile, geophone orientations, scalar field
INTRODUCTION
The orientations of the geophones are hard to control in the borehole, which leads to random rotation of horizontal geophones in the three-component VSP acquisition. A universal coordinate system is required for processing vector field data of different acquisition positions. The inconsistent orientation of geophones not only leads to inconsistent coordinate systems of geophone data but also cause poor continuity of the events of the received vector wavefield (DiSiena et al., 1984). This makes the processing and analysis of VSP data difficult. Accurate information about the orientations of geophones is critical for transforming the geophone coordinate systems with Z-, X-, and Y-component axes into a consistent acquisition coordinate system with Z-, R- (radial of shot-receiver), and T-component (transverse of shot-receiver) axes (Liu et al., 2003), which is also the foundation of subsequent vector wave separation (Lu et al., 2018, 2019).
In the methods for determining geophone orientation, the most common one is based on the first-arrival of P-wave. In a VSP acquisition, the polarization direction of first-arrival is parallel to the direction of the shot-to-receiver array. Therefore, the direction of the geophone can be determined by analyzing the polarization characteristics of first-arrivals. Methods related to first-arrival include signal correlation (Becquey and Dubesset, 1990; Guevara and Stewart, 2001), matrix transform (Greenhalgh and Mason, 1995; Hendrick and Hearn, 1999; Li and Yuan, 1999; Park et al., 2004), principal component analysis (Michaels 2001), polarization analysis (Knowlton and Spencer, 1996; Oye and Ellsworth, 2005), energy maximization (Lagos and Velis, 2019), and eigenvector and eigenvalue method (Zaręba and Danek, 2018). Menanno et al. (2013) pointed out that the geophone orientation in a walkaround VSP can be estimated more accurately by using a 3D velocity model and allowing for ray bending. The aforementioned methods rely on accurate picking of P-wave first-arrival. The advantages of these methods are fewer data input and fast evaluation. They are commonly suitable for VSP data with strong first-arrivals. However, for zero-offset or near zero-offset VSP measurements, the direct P-wave propagates vertically to the subsurface sediments, leading to weak energy of horizontal components. Furthermore, due to attenuation and dispersion of seismic waves, the amplitude decay of signals becomes more pronounced with increasing depth. In addition, noises in field data may also smear the weak direct P-wave signals. Therefore, in practice, it is difficult to obtain the orientations of geophones by simply analyzing the first-arrival signals.
There also exist a group of methods that do not make use of the first-arrival signals. Zeng and McMechan proposed the relative angle method (Zeng and McMechan, 2006; Katou et al., 2018), where the orientations of the geophones are obtained by averaging the relative azimuths calculated from all shot points. Huo et al. (2021) determined the relative orientations between the sensor pairs by maximizing the waveform coherence along all the traces for the seismic events. These methods are especially suitable for the cases where multiple resources are located at different positions. However, for single-shot data, it is not easy to collect the statistics of relative angles. Grigoli et al. (2012) proposed a complex linear least-squares method to derive relative and absolute geophone orientations. Krieger and Grigoli (2015) used the eigenvectors of a real symmetric matrix to form quaternions and performed coordinate rotation. Zhu et al. (2018) developed a least squares method and combined an attitude and heading reference system for the orientation of all geophones in geographical coordinates. In essence, these methods are used to rotate the signal of one geophone to the coordinate system of another geophone. This requires that the distance between the geophones is much smaller than the wavelength and presence of limited number of geophones so that the time difference between detectors can be ignored. However, when the number of geophones increases, the non-zero time difference can lead to cumulative errors.
On the other hand, the geometric characteristics (slope and continuity) of the seismic events in vector wavefields are consistent with those of scalar fields (i.e., module of vector field). If the geophones are aligned, meaning each component of the geophone points to the same direction, the seismic event would achieve maximum correlation. Therefore, this important information can be used as a constraint to scan the orientations of geophones based on waveform correlation. In this study, we propose to divide the shot gather data into shallow and deep parts because in the shallow part, the P-waves travel a shorter distance and experience less attenuation. For this situation, the direct first-arrivals can still be evident and applied to determine geophone orientations. In the deep part, based on the scalar field of the horizontal component, the slopes of events are obtained. With the constraint of this attribute, we extract the accurate orientations of geophones. This is followed by reconstructing the correct horizontal component wavefields. Both synthetic and field VSP data were used to demonstrate the applicability of the proposed method.
METHODS
Orientation Determination Based on First-Arrival Eigenvalue Method
Signals received by the geophone at shallow depth show the characteristics of approximate linear polarization. This is because with shorter travel distance, the first-arrival amplitude experiences less attenuation and hence, the signal-to-noise ratio (SNR) is high. The conventional eigenvalue methods that use first-arrivals can be directly used to calculate the geophone orientations. First, we need to determine the average value within the time window of first-arrivals. This can be achieved by using the following equations:
[image: image]
Then, a covariance matrix is created as follows:
[image: image]
where xi(t) and yi(t) are original signals of x and y components, tfi is the first-arrival at the ith geophone, and wt is the half-length of the time window. The largest eigenvector of the covariance matrix Eq. 2 is associated with the polarization direction and represents the deflection angle. The ratio of the minimum and maximum eigenvalues is the polarizability (Jolliffe, 1986). Therefore, the R- and T-component data can be calculated based on the deflection angle αs follows:
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Orientation Scanning Constrained by Scalar Field
For deep geophones, it is difficult to determine the geophone orientation through the first-arrivals with low signal-to-noise ratio. The vector wavefield comprising X- and Y-components cannot reflect the slope and continuity of events due to random geophone orientations. However, the module of the vector wavefield, that is, the scalar wavefield is independent of the geophone orientations. This feature enables the scalar field of horizontally polarized waves (mainly S-wave and possibly P-wave) to reflect the characteristics of the slope and continuity of the events.
In the first step, we calculate the scalar field by taking the modules of the horizontally polarized wave, that is, the ith horizontal components xi(t) and yi(t):
[image: image]
The seismic events associated with the scalar field of the horizontal components are usually continuous. The corresponding slope indicates the apparent velocity of the seismic wave. The slope can be used as a constraint for scanning geophone orientation. A fast method to calculate the slope of events is to use the negative ratio of the x- and t-direction (i.e., time-depth domain) scalar field data with Hilbert and inverse Fourier transformations (Liu et al., 2015):
[image: image]
where σ is the dip angle of events. The next step is to choose an appropriate time window for orientation scanning. It is unnecessary to choose the slope of all sampling points as the constraint because this increases computation cost. Instead, it can be optimized by selecting the time window where the sample point attains maximum correlation in the scalar field. The correlation between trace i and previous M traces can be calculated by
[image: image]
where Δx is the interval of geophones, and n is sample number. The maximum correlation of trace i is determined through
[image: image]
Setting the orientation of the horizontal geophone as αd, the signals of R- and T-components can be rotated as follows:
[image: image]
The objective function of orientation scanning is the sum of the correlation of R- and T-components constrained by the slope of events in the scalar field:
[image: image]
where H0 is the number of geophones in the shallow region. Because the orientations of the shallow geophones are obtained by the eigenvalue method, the shallow trace data need to satisfy the following conditions: 1) the polarizability is small enough; 2) the SNR of the first-arrival is high, which is the basis of the eigenvalue method to obtain relatively accurate results. When the objective function attains the maxima, αdmax is the orientation of the ith trace, that is,
[image: image]
The workflow is summarized in Figure 1. First, we pick the first-arrival based on the Z-component data. This is followed by dividing the VSP shot gather into shallow and deep parts based on the polarizations of the first-arrivals. Then, the orientations of geophones in the shallow and deep parts are obtained by the eigenvalue and scalar field methods, respectively. Finally, the horizontal components are rotated based on the orientation, and accurate R- and T-component data can be obtained.
[image: Figure 1]FIGURE 1 | Flowchart of the scalar field method for determining geophone orientations.
DATA EXAMPLE
In this section, both synthetic and field data are used to examine the effectiveness of the proposed workflow. To model the VSP data, we establish a horizontal 4-layer model, the parameters of which are given in Table 1. The VSP acquisition is as follows: the geophones are located at the depth of 500–1,400 m in a well with an interval of 5 m. The shot point is located at the surface with a zero-offset. Figure 2 shows the single-shot record simulated using finite difference elastic wave simulation. As indicated by the red arrow, the first-arrivals of the P-wave received by geophones at greater depth show weak amplitude. In the abovementioned example, the geophones are aligned, and the data are noise-free. In the second example, the noises are added with a signal-to-noise ratio of 10dB to the simulated data. In addition, a random rotation is assigned to each geophone to mimic the actual VSP acquisition in a well. The data with noises and random geophone rotation are shown in Figure 3. As indicated by the red arrow, we can barely identify the first-arrivals which are masked by noises. Therefore, it is almost impossible to determine the polarization direction of the first-arrival. The continuity of the wavefields also deteriorates.
TABLE 1 | Parameters of the model.
[image: Table 1][image: Figure 2]FIGURE 2 | Synthetic VSP data without noises and the geophones are aligned. (A) X-component. (B) Y-component.
[image: Figure 3]FIGURE 3 | Synthetic VSP data with noises and random geophone rotations. (A) X- and (B) Y-component.
The scalar field of the horizontal components and the slope of events are calculated based on Eq. 4 and Eq. 5, respectively. The results are shown in Figure 4. To fully test the scalar field method based on slope constraint, we set the shallow part as the first five traces and the parameter M in Eq. 6 and Eq. 9 as 5. Using Eq. 8 and Eq. 9, the X- and Y-component data are rotated to R- and T-components based on the results of the orientation scanning. The R- and T-components are shown in Figures 5C,D. For comparison, we also present the results from the eigenvalue method in Figures 5A,B. As shown in Figures 5C,D, the orientation scanning is constrained by scalar field results in the R/T components that closely resemble the original data (see Figure 2). In Figures 5A,B, the noises persist in the data, and the eigenvalue method produces rotated data with poor continuity of the events.
[image: Figure 4]FIGURE 4 | (A) Scalar field of the horizontal components of synthetic VSP data and (B) corresponding slope of the scalar field.
[image: Figure 5]FIGURE 5 | (A) R- and (B) T-component VSP data generated by the largest eigenvector of covariance matrix (C). R- and (D) T-component generated by the proposed method.
In order to evaluate the accuracy of the two methods, we apply the eigenvalue and the scalar field methods to synthetic data with different noise levels. We take the absolute value of the difference between the predicted and the accurate orientations of the geophones as the error. In Figure 6, the blue and red histograms show the error distributions associated with the eigenvalue and the scalar field methods, respectively. The error is expressed in terms of angle degree. The SNR of the data in Figures 6A,B, Figures 6C,D, and Figures 6E,F are 2, 15, and 5dB, respectively. Figure 6 clearly shows that the scalar field method is superior to the eigenvalue method especially when the data are of poor quality (with a low SNR). The scalar field method is efficient in predicting the geophone orientation angle, regardless of the noise level. In contrast, the eigenvalue method becomes less effective in handling noisy data.
[image: Figure 6]FIGURE 6 | Errors in orientation results of all geophones for the synthetic data. The SNRs of (A–B), (C–D), and (E–F) are 15, 5, and 2dB. The left column shows the results obtained from the eigenvalue method, and the right column shows the results obtained using the scalar field method.
Finally, the proposed scalar field method is applied to a field zero-offset VSP dataset shown in Figures 7A,B. The borehole geophones are located between 2,800 and 3,600 m in a well with a spacing of 10 m. Figures 7C,D show the scalar field of the horizontal components and the slope of events calculated using Eq. 4 and Eq. 5, respectively. We first show results associated with the eigenvalue method in Figures 8A,B. We can see that there are some abrupt amplitude changes and phase reversals in the R/T components. This leads to poor continuity of the reflection events. For the same purpose as the model test, we set the shallow part as first five traces and M as 5. The results from the scalar field method are shown in Figures 8C,D. It is evident that the SNR of VSP data becomes much higher, and the continuity of events is significantly improved.
[image: Figure 7]FIGURE 7 | Field zero-offset VSP data before rotation. (A) X-component. (B) Y-component. (C) Scalar field of the horizontal components data. (D) Corresponding slope of the scalar field.
[image: Figure 8]FIGURE 8 | Field seismic data after rotation. (A) R- and (B) T-component VSP data generated by the eigenvalue method. (C) R- and (D) T-component generated by the scalar field method.
In order to compare the wavefield recovery of the two methods in more detail, we selected different types of wavefields for comparison, as shown in Figure 9. The left and right columns are the results of the eigenvalue method and the scalar field method, respectively. Figures 9A,B show the first-arrivals. The results shown in the right column have better continuity. Figures 9C,D show the upgoing wavefield. The results shown in the right column contain the upgoing wavefield (the slopes of the upgoing and downgoing wavefield events are opposite) as shown by the red quadrilateral in Figure 9D. Figures 9E,F show the first-arrivals of shear wave, and it is obvious that the continuity of the results on the right is better. The comparison clearly shows that the developed workflow is efficient in determining the geophone orientations. The latter forms the basis for an accurate R/T component wavefield recovery.
[image: Figure 9]FIGURE 9 | Typical wavefields of field seismic data after rotation. (A), (C), and (E): VSP data generated by the eigenvalue method. (B), (D), and (F): VSP data generated by the scalar field method.
DISCUSSION
In the deep layer, the orientations of the geophones are calculated one by one from the first to the last. As the objective function in Eq. 9, the orientation of the current geophone is determined by the signals of the previous M traces, and it is necessary to ensure that there are enough traces in the shallow layer when calculating the first trace in the deep layer. Therefore, the number of geophones (H0) in the shallow part should be greater than M. In addition, the orientation scanning of the current trace is constrained by the previous M trace data. Such a procedure increases the stability of the algorithm compared with the calculation that uses only two adjacent traces. Especially for the VSP acquisition with a long geophone array, the scalar field method produces less cumulative error and is less sensitive to noises. However, the proposed method is based on the accurate results of shallow geophone orientations. If the shallow results are not accurate, it is also difficult to obtain accurate results using the scalar field method. This shows that the implementation of this method is not independent.
We have demonstrated that this method is effective for zero-offset VSP data. Moreover, it is expected that the method can also be applied to non–zero-offset VSP data. This is because the slope of the scalar field in any VSP survey system can be used in constraining the rotation of horizontal components. On the other hand, since seismic waves may not propagate along the Z-component direction of the geophones, the horizontal and vertical components can receive both P- and S-wave signals. After geophone orientation correction, the pure P- and S-waves shall be extracted from horizontal and vertical components for the subsequent PP and PS imaging/inversion. This will be a subject of future research.
CONCLUSION
Aiming at the problem that the first-arrivals of zero-offset VSP data can be weak and contaminated by noises, we propose a scalar field method for accurately determining the geophone orientations. The method uses the scalar field of the horizontal component as a constraint in the orientation scanning process and yields reliable orientation angles of geophones. To achieve this, we need to divide the shot gather data into shallow and deep parts based on the polarization characteristics of the first-arrivals. Shallow data can be processed by the eigenvalue method. For deep data, we calculate the scalar field of the horizontal component. The slopes of events are obtained by the Hilbert transform of the scalar field data. Making use of these slopes, orientation scanning, which is the sum of the correlation between X- and Y-components, can be carried out in a constrained time window. The synthetic and field data applications show that the scalar field method is efficient in determining geophone orientations from zero-offset VSP data.
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The structure, electrical properties, elasticity, and anisotropy of the newly discovered mantle mineral, CaO3, are obtained under 10–50 GPa by first-principles simulation to understand their relations with the composition and structure of the mantle transition zone. Crystal structure and phonon frequencies under 0–50 GPa indicate that CaO3 can exist stably under 10–50 GPa. Here, the band gap of CaO3 is 2.32–2.77 under the explored pressure and indicates its semiconductor property. The Mulliken population analysis shows that the Ca–O bond is an ionic bond, and O–O bond is a covalent bond, and the strength of the O–O bond is higher than that of the Ca–O bond. The density, bulk modulus, and shear modulus of CaO3 increase with increasing pressure. The compressional wave velocity (Vp) and shear wave velocity (Vs) of CaO3 increase with increasing pressure. The seismic wave velocity of CaO3 is smaller than that of the Preliminary Reference Earth Model (PREM) and common mantle transition zone minerals, and it is a very exceptional low seismic wave velocity phase. The anisotropies of Vs are 36.47, 26.41, 23.79, and 18.96%, and the anisotropies of Vp are 18.37, 13.91, 12.75, and 10.64% under 15, 25, 35, and 50 GPa, respectively. Those seismic velocity anisotropies are larger than those of the mantle transition zone’s main component, so CaO3 may be an important source of seismic wave velocity anisotropy in the mantle transition zone. Our results provide new evidence for understanding the material composition and the source of anisotropy in the mantle transition zone.
Keywords: structure, electrical properties, elastic and anisotropic properties, CaO3, mantle transition zone, high pressure, first-principles simulation
1 INTRODUCTION
The research studies on the physical and chemical behavior of rocks and minerals under deep Earth conditions through high-temperature and high-pressure experiments and simulation are two of the important ways to understand the composition, structure, and dynamic processes of the Earth. Due to the difficulty in entering the Earth’s interior, most of our understanding of the Earth’s interior derives from seismic and geophysical observation. By comparing observed seismic properties of the Earth with properties of particular minerals under deep Earth conditions, the physical and chemical properties of the Earth can be constrained (Sun, 2019).
The Earth’s mantle plays a vital role in the evolution of the crust and provides the thermal and mechanical driving forces for plate tectonics. The mantle transition zone is a particular area in the mantle with a particular structure and composition (Birch, 1952; Frost, 2008). The mantle transition zone refers to the part of the Earth between the 410 and 660 km that is of great significance in the study of structure and dynamics in the Earth’s interior (Zhou et al., 2010). The seismic discontinuities at 410 and 660 km depths that distinguish the transition zone from the upper and lower mantle are globally observed (Dziewonski and Anderson, 1981; Flanagan and Shearer, 1998). The seismic discontinuities provide important clues that clarify the physical and chemical nature of the transition zone (Anderson, 1989; Lay, 1989). The pressure in the mantle transition zone begins at ∼ 14 GPa (410 km depth) (Wei and Shearer, 2017; Zhang et al., 2018), where (Mg,Fe)2SiO4 olivine transforms into wadsleyite with a denser structure (Ringwood and Major, 1970; Ringwood, 1979; Katsura and Ito, 1989), sometimes referred to as β-phase or modified spinel. At ∼ 17.5 GPa (520 km), wadsleyite transforms into ringwoodite (Gossler and King, 1996; Shearer, 1996; Gu et al., 1998; Deuss and Woodhouse, 2001), sometimes termed γ-phase or silicate spinel (Ringwood, 1975; Shearer, 1990). At approximately 23–24 GPa (660 km), ringwoodite breaks down into an assemblage of perovskite-structured (Mg,Fe)SiO3 and (Mg,Fe)O magnesiowüstite (Ito and Takahashi, 1989), which marks the beginning of the lower mantle. Except for the olivine and its high pressure polymorphic phases, garnet is also an important component of the mantle transition zone (Palke et al., 2015; Fan et al., 2018). The clinopyroxene and orthopyroxene components would be incorporated into garnet with increasing pressure (Akaogi and Akimoto, 1977; Ringwood, 1991). Garnet accepts Mg and Fe into the octahedral site but not Ca, and all pyroxene components are hosted by garnet under the mid-transition zone conditions. At pressures higher than 18 GPa, CaSiO3 perovskite starts to exsolve from garnet (Canil, 1994). At depths greater than 660 km, garnet also transforms into (Mg,Fe) (Al,Si)O3 perovskite (Kubo and Akaogi, 2000; Akaogi et al., 2002) over a wider pressure interval than the ringwoodite transformation (Chantel et al., 2016). If the Al content is low, the (Mg,Fe)SiO3 pyroxene component will not be entirely incorporated into garnet under transition zone conditions. However, an additional phase, akimotoite, will form at approximately 600 km (Ishii et al., 2011).
The most apparent seismic wave discontinuity in the mantle is at 660 km, which was confirmed worldwide (Dziewonski and Anderson, 1981; Flanagan and Shearer, 1998). At 660 km, the seismic wave velocity increases rapidly, the shear wave velocity changes from 5.61 to 5.96 km/s, and the compression wave velocity changes from 10.2 to 10.79 km/s, but there are different opinions on the exact causes of the mutation. It is generally believed that olivine’s post-spinel transformation causes such changes (Ito and Takahashi, 1989). However, with further research, garnet–ilmenite transformation and ilmenite–perovskite transformation (Kubo and Akaogi, 2000; Akaogi et al., 2002) have been proved, which can also explain the seismic wave discontinuity at 660 km. The pressure relationship between them is still controversial and needs further study. At the same time, some scholars believe that phase transition is not the only solution to explain the discontinuous splitting of seismic waves. The change of the mantle material composition can also explain this phenomenon, such as the discontinuity of seismic waves caused by the stagnant slab material (Fukao et al., 2009).
Recently, Wang et al. (2020) proposed an alternative mechanism, that is, CaO3 may decompose into CaO and O2 at 20 GPa, resulting in the change of the material composition at this depth to explain seismic wave velocity anomalies near 660 km depth in the Earth’s mantle. CaO3 is a newly discovered material that may exist in the mantle transition zone, and CaO3 may form at 35 GPa and existence under reduced pressure to 20 GPa. Once reaching the transition zone at depths of less than 500 km, CaO3 would decompose to provide a sporadic source of extra O2 that would work its way up toward the surface of the Earth to complete the oxygen cycle (Wang et al., 2020). Therefore, this new mineral and reaction phenomenon may affect the composition and structure of the mantle transition zone and the lower mantle. However, the crystal structure and elastic properties of the CaO3 under high pressure are still not well constrained. The first-principles calculation is an algorithm to directly solve the Schrodinger equation according to the principle of interaction between the nucleus and electron and its fundamental motion law, starting from specific requirements and after some approximate processing (Kohn and Sham, 1965). Based on the principle of quantum mechanics and density functional theory, it uses the Hohenberg–Kohn theorem (Hohenberg and Kohn, 1964) to determine the system’s energy and calculate the properties of molecules and condensed matter. First-principles calculations have been successfully applied to geosciences for understanding mineral properties such as structural, elastic, and electrical properties under high pressure and temperature (Gillan et al., 2006; Jahn and Kowalski, 2014; Karki, 2014; Liu et al., 2015; Zhang et al., 2015a; Zhang et al., 2015b; Zhao et al., 2015; Wu and Wentzcovitch, 2016; Lv et al., 2017; Umemoto et al., 2017). Therefore, we investigate the crystal structural and elastic properties of CaO3 under high pressure using first-principles calculations to discover the far-reaching significance and influence of CaO3 in the mantle transition zone and lower mantle.
2 SIMULATION METHODS
CaO3 belongs to the tetragonal system, and the space group is p-421 m (Wang et al., 2020). In this study, first-principles calculations are performed using the density functional theory (Hohenberg and Kohn, 1964; Kohn and Sham, 1965) with the plane wave pseudopotential. The calculations are implemented in the CASTEP code (Clark et al., 2005), and the generalized gradient approximation (GGA) with PBE parameterization (Perdew et al., 1996) is used to describe exchange–correlation interactions. OTFG norm-conserving pseudopotential (Bachelet and Schlüter, 1982) is used to model electron–ion interactions with a plane-wave energy cutoff of 700 eV. A 3 × 3 × 5 Monkhorst–Pack grid of k-points is adopted for sampling the Brillouin zone. The self-consistent-field calculations use a convergence criterion of 5 × 10–7 a.u. for total energy.
The structures of the CaO3 at given pressures are calculated by simultaneously optimizing both atomic positions and lattice constants under Hellmann–Feynman forces and stresses acting on nuclei and lattice parameters, respectively (Nielsen and Martin, 1983). The phonon is calculated by finite displacement (Baroni et al., 2001) to determine the molecular stability. The Mulliken population analysis (Mayer, 1995; Segall et al., 1996a) is used to determine the bonding characters. The elastic constants are determined by stress–strain relations (Karki et al., 2001). The magnitudes of all applied strains are 0.003, and the linear relation was ensured for this strain range.
3 RESULTS AND DISCUSSION
3.1 Benchmark Calculation
To assess the performance of the total-energy density functional theory approach used in our calculations, we calculated the bond angle, density, and volume of CaO3 and compared them with the reported values.
As shown in Table 1, the differences between the calculated lattice parameters and the reported values are less than 0.3%, and the differences in volume are between 0.09 and 0.86%.
TABLE 1 | Structural and volume of CaO3 at 20, 25, 30, and 35 GPa.
[image: Table 1]To further verify the validity of our calculation approach, the O–O bond length and bond angle of the O–O–O bond were calculated under 0–50 GPa (Figure 1) and compared with the previous experimental results. With the increase of pressure, the O–O bond length and O–O–O bond angle decrease linearly. The calculated O–O bond lengths (Figure 1A) are 1.45–1.87% larger than the previous values (Wang et al., 2020); however, the calculated O–O–O bond angles (Figure 1B) are 0.08–0.11% smaller.
[image: Figure 1]FIGURE 1 | Bond length (A) and bond angle (B) of the O–O–O bond under 0–50 GPa.
Those slight differences between our calculated values with previous results are mainly due to the calculated temperature difference and the insufficient binding energy of GGA (Liu et al., 2018). Therefore, the general agreement of our calculations with previous results demonstrates the validity of our computational method and its ability to reproduce the properties of CaO3.
3.2 Crystal Structure Under High Pressure
3.2.1 Lattice Constants
The lattice constants (a, b, and c) of the CaO3 are calculated from 10 to 50 GPa (Figure 2) by the CASTEP code. The lattice constants of the CaO3 decrease linearly with increasing pressure, and the fitted result is also listed in Figure 2. The results indicate that the influence of pressure on the lattice constants of CaO3 is uniform.
[image: Figure 2]FIGURE 2 | Lattice constants of CaO3 under 10–50 GPa. The blue squares represent the lattice constant of a and b, and the orange circles represent the lattice constant of c.
3.2.2 The Phonon Dispersion
The thermodynamic properties of crystals can be evaluated by the phonon frequencies across the Brillouin zone (Sham, 1965; Ashcroft and Mermin, 1976; Kern et al., 1999). For understanding the structural stability of CaO3, the phonon dispersion along select high-symmetry points in the Brillouin zone is calculated at 0–100 GPa (Figure 3).
[image: Figure 3]FIGURE 3 | (A,B) show the phonon dispersion relations along with select high-symmetry points in the Brillouin zone for CaO3 at (A) 0 (solid red lines), 5 (dashed olive green lines), 10 (dot-dash blue lines), (B) 20 (solid orange lines), 50 (dashed dark green lines), and 100 GPa (dot-dash purple lines).
Under 0–10 GPa, the lattice vibration produces a negative value (frequency less than 0) in the Brillouin region (Figure 3A) which means the CaO3 structure is not stable (Gonze, 1997), but it is stable in the range of 10–100 GPa (Figure 3B). These results are consistent with the previous result (Wang et al., 2020) that the CaO3 may exist stably in the mantle transition zone.
3.2.3 Density
The CaO3 density increases linearly with the increased pressure (Earth’s depth) (Figure 4). The CaO3 is dynamically stable at 20–50 GPa and may exist in the mantle transition zone and the lower mantle (Wang et al., 2020). Therefore, the densities of several main mineral phases in this area are also listed in Figure 4, including wadsleyite (Inoue et al., 1998), ringwoodite (Inoue et al., 1998), CaSiO3 perovskite (Karki and Crain, 1998), and MgSiO3 perovskite (Karki et al., 1997) under high pressure and density of the Preliminary Reference Earth Model (PREM) (Dziewonski and Anderson, 1981).
[image: Figure 4]FIGURE 4 | Density of CaO3 and some selected phases for comparison under 3–50 GPa. The red circles represent CaO3, the green stars represent the previous data of CaO3, the black thick solid line represents the PREM model, the purple diamonds represent wadsleyite, the yellow left triangles represent ringwoodite, the blue right triangles represent perovskite (CaSiO3), and the orange squares represent perovskite (MgSiO3).
The density of CaO3 increases with pressure, but the density is lower than the typical density structure profile of the Earth. During 10–20 GPa, the density of CaO3 is lower than that of wadsleyite and ringwoodite. During 20–30 GPa, the density of CaO3 is higher than that of wadsleyite but still lower than that of ringwoodite. When the pressure increases to 30 GPa, the density of CaO3 becomes higher than that of wadsleyite and ringwoodite. At all pressure, the density of CaO3 is less than that of two kinds of perovskite (CaSiO3 and MgSiO3). At the same time, the density of CaSiO3 perovskite is higher than that of the MgSiO3 perovskite. So, the content of Ca and the Ca-bearing mineral such as CaO3 maybe have an important effect on the composition of the mantle.
3.3 Electrical Property
To explore the electrical property of CaO3, its energy band structure, density of states, and Mulliken population were calculated under 10–50 GPa. Here, the band gap of CaO3 is 2.32–2.77 under the explored pressure and indicates its semiconductor property (Guo et al., 2009) (Figure 5). With the increase of pressure, the band gap increases and conductivity decreases.
[image: Figure 5]FIGURE 5 | Band gap of CaO3 under 10–50 GPa.
The characteristics of the electronic density of states (DOS) are mainly contributed by p-orbits (Figure 6). The contribution of the p-orbitals for the total DOS is about 54.8 and 55.0%, and the rest is contributed by the s-orbitals (22.4 and 22.2%) and the d-orbitals (22.8 and 22.8%) at 25 and 50 GPa, respectively. With the increase of pressure, the distance between the conduction band and valence band increases; however, the morphological characteristics of the electronic density of states do not change.
[image: Figure 6]FIGURE 6 | Density of states and band structure of CaO3 at (A) 25 GPa and (B) 50 GPa. The red curve represents the band structure; the magenta curve, orange curve, and blue curve represent the DOS of s-orbitals, p-orbitals, and d-orbitals, respectively; and the green dot-dash line represents the total value of the DOS.
The d-orbits of the DOS have relatively large peaks (Figure 6). The electrons are relatively local, and the corresponding energy band is observed to be narrow, showing transition metal-like properties (Imai et al., 2000). The bottom of the valence band is mainly contributed by s-orbitals. The upper part of the valence band is mainly contributed by s-orbitals and p-orbitals. Most of the conduction band is contributed by p-orbitals and d-orbitals. The lowest point of the conduction band and the highest point of the valence band are located at the different K points, and the band gap is an indirect gap.
In order to further verify the electrical relationship among atoms, we calculate the Mulliken population of CaO3 (Table 2). The spilling parameter of the spin component in the system is less than 1%, ranging from 0.26 to 0.28%, which means that our calculation results are reasonable and reliable (Segall et al., 1996b).
TABLE 2 | Mulliken population analysis of CaO3 at 10, 35, and 50 GPa.
[image: Table 2]Through the Mulliken population analysis, the overlap population may be used to assess the covalent or ionic nature of the atomic bond. The Mulliken population analysis shows that the Ca–O bond is an ionic bond, and the O–O bond is a covalent bond (Table 2), and the strength of the O–O bond is higher than that of the Ca–O bond. When the pressure increases from 10 to 50 GPa, the population value of the Ca–O bond decreases from 0.14 to 0.11 (21.43%), but the population value of the O–O bond decreases from 0.16 to 0.15 (6.25%). The electron localization function in CaO3 shows the strong charge localization between the nearest-neighbor O atoms in the O3 units that indicates the clear covalent O–O bond, and less localized charge distribution on the asymmetric Ca–O bonds indicates its ionicity (Wang et al., 2020). Our calculations are consistent with those previous results and deepen the understanding of the electrical characteristics of CaO3.
3.4 Elasticity and Seismic Wave Velocity
The elastic parameters of minerals and their dependence on pressure are essential in earth science to understand processes ranging from brittle failure to flexure to the propagation of elastic waves. Seismology revealed the structure of the Earth, including the radial (one-dimensional) profile, lateral heterogeneity, and anisotropy. These results are mainly determined by the elastic parameters of minerals and their dependence on pressure (Karki et al., 2001).
CaO3 belongs to the tetragonal system and has six independent elastic constants (C11, C12, C13, C33, C44, and C66). In Figure 7, we calculated the elastic constants under 10–50 GPa according to the relationship between stress and strain: [image: image] (Ashcroft and Mermin, 1976). Studying the elastic constants of Earth materials at high pressure provides a solid foundation for exploring the material properties in the relationship between structure and bonding. The elastic constants of CaO3 increase linearly with the increase of pressure. According to the Born elastic stability criteria (Mouhat and Coudert, 2014), the elastic constants of CaO3 at 10–50 GPa always conform to the following formula ([image: image], [image: image] [image: image], [image: image]), which means that the elasticity of our calculation is stable.
[image: Figure 7]FIGURE 7 | Elastic constants of CaO3 under 10–50 GPa. The black squares represent C11, the purple diamonds represent C12, the oblique yellow triangles represent C13, the orange circles represent C33, the regular blue triangles represent C44, and the inverted magenta triangles represent C66.
Among the six elastic constants, C33 and C11 are the largest, which means that C33 and C11 have the highest elastic strength. When the pressure increases, the elastic constants of C33 and C11 increase faster. The slopes are 5.48 and 5.31, respectively, which is determined by the nonbonding atomic force between Ca atoms in the c-axis direction (C33) and a-axis direction (C11). The distance between Ca and Ca atoms on the c-axis is less than that on the a-axis, which makes the nonbonding atomic force on the c-axis greater than that on the a-axis, so C33 has a larger elastic constant and a higher elastic strength than C11.
The elastic constants of C44 and C66 linearly increase with pressure and have similar pressure derivatives (2.32 and 2.17). The value of C44 is the lowest that caused by the relatively weak bond of Ca–O in the [111] direction. The elastic constants of C12 and C13 also linearly increase with pressure, and C13 tends to approach C66 with the increase of pressure.
An elastic modulus is an important parameter to describe minerals’ physical and chemical properties. In polycrystalline systems, assuming that the arrangement direction is random, the bulk modulus and shear modulus can be obtained by Voigt, Reuss, and Hill formulas (Finger, 1983). The Hill formula of elasticity is used in this article (Hill, 1952), which is the average of Voigt and Reuss formulas.
The bulk modulus (K) and shear modulus (G) of CaO3 from 10 to 50 GPa are shown in Figure 8. The K and G linearly increase with increasing pressure. The pressure derivatives of the bulk and shear moduli, K′ and G′, are directly calculated from the pressure dependence of K and G and yield 3.82 and 1.81, respectively.
[image: Figure 8]FIGURE 8 | Bulk modulus (K) and shear modulus (G) of CaO3 under 10–50 GPa. The orange squares represent bulk modulus, and the blue circles represent shear modulus.
Simulated and laboratory studies of the seismic wave velocities in minerals at high pressure and temperature be conducive to scientists to describe seismic data for the variation of sound velocities and density with depth in the Earth’s interior (Li and Liebermann, 2014).
As a potentially important component in the lower mantle and mantle transition zone, the seismic wave velocity of CaO3 under high pressure is of great significance for understanding the structure and composition of the deep Earth. We calculated the shear wave velocity (Vs) (Figure 9A) and compressional wave velocity (Vp) (Figure 9B) of CaO3 under 10–50 GPa with the following formula:
[image: image]
[image: Figure 9]FIGURE 9 | Shear wave velocity (A) and compressional wave velocity (B) of CaO3, PREM model, wadsleyite, ringwoodite, perovskite (MgSiO3), and perovskite (CaSiO3) within 50–1500 km. The hollow legend represents Vs, the solid legend represents Vp, the orange circle represents CaO3, the solid black line represents the PREM model, the blue diamonds represent wadsleyite, the regular magenta triangles represent ringwoodite, the yellow squares represent perovskite (MgSiO3), and the purple stars represent perovskite (CaSiO3).
For exploring the effect of CaO3 on the structure of the mantle, the seismic wave velocity of the wadsleyite (Liu et al., 2009), ringwoodite (Li, 2004), MgSiO3 perovskite (Karki et al., 1997), and CaSiO3 perovskite (Karki and Crain, 1998) under high pressure and the seismic wave velocity of PREM (Dziewonski and Anderson, 1981) are also listed in Figure 9. The Vs and Vp values of CaO3 increase with increasing pressure. Under pressure explored in this work, Vs and Vp of CaO3 are smaller than mantle seismic wave velocity (PREM). At the same time, the seismic wave velocity of CaO3 is also lower than the seismic wave velocities of the main mineral phases of the mantle, including wadsleyite, ringwoodite, MgSiO3 perovskite, and CaSiO3 perovskite. So, CaO3 is an exceptional low seismic wave velocity phase.
The formation of CaO3 at about 20 GPa was proposed to explain seismic wave velocity anomalies near 660 km depth in the Earth’s mantle (Wang et al., 2020). Our calculated results show no evident increase in CaO3 seismic wave velocity at 660 km. CaO3 also has very low seismic wave velocity, which means that CaO3 is unlikely to be the cause of the sharp seismic wave velocity increase of the 660 km depth. However, the existence of the CaO3 in the mantle may lead to the formation of a low velocity zone because of its low seismic wave velocity.
3.5 Anisotropy
Seismic wave anisotropy of the material reveals the difference in physical and chemical properties of the mineral in various directions. Seismic anisotropy describes the dependence of seismic velocity on the propagation or polarization directions of seismic waves. It is produced by two primary deformation mechanisms within the Earth: the lattice-preferred orientation (LPO) of anisotropic minerals or the shape-preferred orientations (SPOs) of distinct isotropic materials.
When the elastic constants Cij and density ρ are known, the Christoffel equation (Musgrave, 1970) can be solved to obtain the compressional wave velocity (Vp) and two orthogonally polarized shear wave velocities with different velocities (Vs1, Vs2, and defined Vs1 > Vs2):
[image: image]
where n, ρ, V, and δij represent the propagation direction of seismic elastic wave, medium density, seismic elastic wave velocity, and the Kronecker symbol, respectively.
The seismic wave velocities at different crystal axis directions are different. So, the azimuthal anisotropy coefficient (A) of compressional wave (P wave) and shear wave (S wave) is defined as:
[image: image]
[image: image]
where AVp, Vpmax, Vpmin, and Vp are the maximum azimuthal anisotropy coefficient of P wave, the maximum velocity of P wave in all directions of the crystal, the minimum velocity of P wave in all directions of the crystal, and the compressional wave velocity at the same pressure, respectively; AVs, Vs1, Vs2, and Vs are the maximum azimuthal anisotropy coefficient of S wave, Vs1 and Vs2 are the velocities in the same crystal direction, and shear wave velocity at the same pressure, respectively.
In Figure 10, we can find that the Vp and Vs have the same wave velocity from the [010] direction to the [001] direction. Vs has the largest wave velocity differences in the [100] and [001] directions, and the anisotropies are 36.47, 26.41, and 23.79% at 15, 25, and 35 GPa, respectively (Figures 10, 11). The largest wave velocity difference of Vs under 50 GPa is between [100] and [110] direction, and the AVs = 18.96%. In general, the anisotropy of Vs decreases with increasing pressure (Figure 11).
[image: Figure 10]FIGURE 10 | Seismic wave velocity of CaO3 at different crystal axis directions at 15, 25, 35, and 50 GPa. The solid lines represent 15 GPa, dashed lines represent 25 GPa, dot-dash lines represent 35 GPa, dotted lines represent 50 GPa, blue represents Vs1, orange represents Vs2, and magenta represents Vp.
[image: Figure 11]FIGURE 11 | Anisotropy of CaO3 at 10–50 GPa. The orange squares represent AVs, and the blue circles represent AVp.
The maximum value of Vp is always in the [101] direction (Figure 10). However, the direction of the minimum value of Vp changes with increasing pressure. At 15 GPa, the minimum value of Vp is close to the [110] direction, and the anisotropy is 18.37%. At 25 GPa, the minimum value of Vp is in the middle of the [100] to [110] direction, and the anisotropy is 13.91%. At 35 GPa and 50 GPa, the minimum value of Vp is in the [100] direction, and the anisotropy is 12.75 and 10.64%, respectively. In general, the anisotropy of Vp decreases with increasing pressure (Figure 11).
The observation of shear wave splitting shows seismic anisotropy near the 660 km discontinuity beneath the Tonga-Kermadec subducting slabs (Wookey et al., 2002). Li et al. (2018) used the moment tensor of deep, non-double-couple earthquakes to invert for in situ seismic anisotropy assuming the shear-dislocation faulting mechanism and found 25% anisotropy in the mantle transition zone. Under the mantle transition zone conditions, wadsleyite has 14% S-wave anisotropy (Sawamoto et al., 1984; Zha et al., 1997; Sinogeikin et al., 1998); ringwoodite, present in 520–660 km of the mantle transition zone, is nearly isotropic with only ∼2% shear wave anisotropy (Weidner et al., 1984; Kiefer et al., 1997; Sinogeikin et al., 2003; Li et al., 2006). At the same time, the same abundant majorite-rich garnet in the mantle transition zone is also close to isotropy (Bass and Kanzaki, 1990; Pamato et al., 2016). Therefore, it is difficult to explain anisotropy in the mantle transition zone with combinations of the known mineral phases in the uppermost mantle and the transition-zone regions.
Here, we calculated the anisotropy of CaO3 under high pressure. The results show that the anisotropies of Vs are 36.47, 26.41, 23.79, and 18.96%, and the anisotropies of Vp are 18.37, 13.91, 12.75, and 10.64% under 15, 25, 35, and 50 GPa, respectively. The anisotropy of CaO3 is larger than that of the main components of the mantle transition zone, including the wadsleyite (Sawamoto et al., 1984; Zha et al., 1997; Sinogeikin et al., 1998), ringwoodite (Weidner et al., 1984; Kiefer et al., 1997; Sinogeikin et al., 2003; Li et al., 2006), and majorite (Bass and Kanzaki, 1990; Pamato et al., 2016). The results are very close to the anisotropy of the mantle transition zone (Li et al., 2018). Therefore, CaO3 may be an important source of seismic wave velocity anisotropy in the mantle transition zone.
4 CONCLUSION
CaO3 is a newly discovered mineral that may exist in the mantle transition zone. However, its physical properties under high pressure are still not well understood. Here, the structural parameters, stability, and electronic and elastic properties of CaO3 under 0–50 GPa are calculated by the first-principles method. Crystal structure and phonon frequencies under 0–50 GPa indicate that CaO3 can exist stably under 10–50 GPa. Here, the band gap of CaO3 is 2.32–2.77 under the explored pressure, indicating its semiconductor property, and the band gap increases with the increase of pressure. The Mulliken population analysis shows that the Ca–O bond is an ionic bond, and the O–O bond is a covalent bond, and the strength of the O–O bond is higher than that of the Ca–O bond. The bulk modulus and shear modulus of CaO3 increase linearly with increasing pressure from 10 to 50 GPa, and their pressure derivatives are 3.82 and 1.81, respectively. The seismic wave velocity of CaO3 is significantly lower than that of the PREM and the major minerals of the mantle transition zone, including wadsleyite, ringwoodite, MgSiO3 perovskite, and CaSiO3 perovskite. There is also no obvious increase in CaO3 seismic wave velocity at 660 km, which means that CaO3 is unlikely to be the cause of the sharp wave velocity increase at 660 km depth. However, the existence of the CaO3 in the mantle may lead to the formation of a low velocity zone because of its very low seismic wave velocity. The anisotropy of CaO3 is larger than that of the main compositions of the mantle transition zone and very close to the anisotropy of the mantle transition zone, so it may be an important source of seismic wave velocity anisotropy in the mantle transition zone. Our work provides new data for studying the influence of CaO3 in the mantle transition zone.
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The knowledge of the anisotropic elastic properties of clay minerals is of crucial importance for the exploration and development of shale oil and gas. Montmorillonite (MMT) is a common natural clay mineral with different layer charge densities and layer charge distributions due to different geological conditions. Therefore, it is important to understand the currently poorly known effect of layer charge density and layer charge distribution on the anisotropic elastic properties of MMTs. This work aims to obtain such knowledge by studying the anisotropic elastic properties of different MMTs under stratigraphic conditions through molecular dynamic simulations. We showed that the in-plane compressional coefficients C11, C22 and C12 decrease with the increasing layer charge density for MMTs with different layer charge distributions, and the MMTs with the layer charges distributed on the two tetrahedral (T) sheets were found to have the smallest C11, C22 and C12. We also showed that the out-of-plane compressional coefficients C33, C13 and C23 of the MMTs with the layer charges distributed in the two T sheets decrease, while those with the layer charges in the octahedral (O) sheet increase and those with layer charges distributed in both the O sheet and the T sheets do not vary much with the increasing layer charge density. The variations of the anisotropic compressional elastic coefficients with different layer charge densities and layer charge distributions were found to be a result of the impact of the density and distribution of layer charges on the molecular interactions within the MMT layer. We further demonstrated that the layer charge density and layer charge distribution do not influence significantly the shear coefficients C44, C55, and C66. The results revealed the mechanisms of how the density and distribution of layer charges affect the anisotropic elastic properties of MMTs and will contribute to the more successful exploration and development of unconventional resources in MMT bearing shale reservoirs.
Keywords: montmorillonite, molecular dynamic simulation, elastic property, layer charge density, layer charge distribution
INTRODUCTION
In recent years, shale oil and gas have a contribution to a country’s energy security by lowering the dependence on imported energy (Kobek et al., 2015; Raszewski, 2016), and specifically the shale gas is considered to play a role as a bridging fuel to a low-carbon future (Kirkland, 2010; Few et al., 2017). Exploration and development of shale oil and gas are drawing a lot of attentions (Chen et al., 2021; Pu et al., 2021), in which the knowledge about the elastic properties of shale is of vital importance because the elastic properties provide crucial geomechanical information required by seismic inversion to predict “sweet spot” (Han et al., 2021) and by hydraulic fracturing projects to increase permeability for the flow of the hydrocarbon (Rahm, 2011; Bian et al., 2019). Clay minerals, as the main mineral type and the matrix of shale, cause shale to be elastically anisotropic because of their layered structure (Bailey, 1966; Weaver and Pollard, 2011). In the process of shale oil and gas exploration and development, problems such as poor fracturing effect, high development cost, and great difficulty in finding sweet spot and stabilizing the borehole wall would arise if the influence of anisotropy is ignored (Gao et al., 2021). Therefore, it is of great significance to study the anisotropic elastic properties of clay minerals for the exploration and development of shale oil and gas.
Clay minerals, any of a group of important hydrous aluminum silicates with a layer (sheet-like) structure (Grim and Kodama, 2014), consist of some combinations of silicon tetrahedra (T) and aluminum octahedra (O) (Ebrahimi et al., 2012). This work considers montmorillonite (MMT), a kind of clay mineral that has more significant swelling properties and expands more considerably than the other clay minerals, and therefore can more seriously affect the anisotropic elastic properties of shale (Dewhurst and Siggins, 2006; Sridharan, 2014; Sayers and den Boer, 2016). The experimental measurement of the anisotropic elastic properties of MMTs can be challenging because of their small grain particle size (Vanorio et al., 2003; Zartman et al., 2010). Alternatively, all-atom molecular simulation makes it possible to study the anisotropic elastic parameters of MMTs by simulating the motion of the MMT molecular system based on Newtonian mechanics. Many successful results, to date, have been obtained reporting the anisotropic elastic properties of MMTs under the effect of pressure, temperature, water content and interlayer cation types (Ebrahimi et al., 2012; Carrier et al., 2014; Zhao et al., 2021), which are of significance to understand the elastic anisotropy of clay minerals.
However, isomorphous substitution is always associated with MMTs, making them contain different layer charge densities and different layer charge distributions because of the number and locations of the isomorphous substitution (Zartman et al., 2010; Herling et al., 2012). Previous researches show that the different layer charge densities and layer charge distributions can significantly affect the physicochemical properties of MMTs such as the exfoliation performance (Zhong et al., 2021), the adsorption capacity (Lee et al., 2005; Barrientos-Velázquez et al., 2016; Koutsopoulou et al., 2020), the hydration performance (Qiu et al., 2019), the swelling properties (Teich-McGoldrick et al., 2015; Daab et al., 2018; Ghasemi and Sharifi, 2021), and the thermal stability (Qin et al., 2021) among others. Moreover, the structures of MMTs are also influenced by different layer charge densities and layer charge distributions. For instance, the basal layer spacing and interlayer spacing can be affected by different layer charge densities and distributions (Peng et al., 2021) and the introduction of the substitutions generates structural tension to the layer structure leading to the structure expansion (Lavikainen et al., 2016). Since the anisotropic elastic properties of MMTs are strongly correlated with their structure (Zhong et al., 2021), the variation of structure may potentially cause a change in the anisotropic elastic properties of MMTs. However, there are very few studies reporting the anisotropic elastic properties of MMTs with different layer charge densities and layer charge distributions. Therefore, it is necessary to study the influences of different layer charge densities and layer charge distributions on the anisotropic elastic properties of MMTs to strengthen our understanding of the elastic properties of clay minerals.
This work aims to investigate the influence of different layer charge densities and layer charge distributions on the anisotropic elastic properties of MMTs through dedicated molecular dynamic simulation. To achieve this goal, we first build a series of MMT models with different layer charge densities and layer charge distributions by molecular mechanics. The anisotropic elastic parameters of the different MMT models are subsequently calculated under stratigraphic conditions using molecular dynamic simulation. The relationships between the anisotropic elastic parameters and the different charge densities and layer charge distributions are finally analyzed and interpreted.
METHODS
Model Establishment
In this study, we construct the MMT model from the structure of pyrophyllite unit cell with the crystal constant a = 0.5160 nm, b = 0.8966 nm, c = 0.9347 nm, and α = 91.18°, β = 100.46°, and γ = 89.64° (Lee and Guggenheim, 1981; Skipper et al., 1995). The pyrophyllite unit cell [image: image] is then replicated (8 × 6 × 2) along the a, b, and c crystallographic directions, respectively to form a supercell of two TOT clay layers. The sizes of the replicated cell are Lx = 4.1280 nm, Ly = 5.3796 nm and Lz = 1.8694 nm. The constructed supercell not only decreases the subsequent excessive ordering of isomorphous substitution but also ensures that the atom in MMTs does not interact with its image in the next cell, when three-dimensional periodic boundary conditions are applied.
Based on the formed supercell, the isomorphous substitutions of octahedral Mg atom for Al atom and tetrahedral Al atom for Si atom with various compositions are introduced to establish different MMT models needed in this paper. Since one isomorphous substitution produces one negative charge (referring to the Supporting Information for details), which is referred to as the layer charge (Karnland, 2010), we introduce 48, 60, 72, 96, and 108 isomorphous substitutions to obtain the MMT models with the layer charge density (defined as the ratio between the number of layer charge to the number of unit cell, which is 96) of −0.5, −0.625, −0.75, −1.0, and −1.125 e/uc, respectively. For the MMT models with each layer charge density, three different isomorphous substitution positions, i.e., complete tetrahedral substitutions in the T sheet, entire octahedral substitutions in the O sheet and the ratio of the tetrahedral to octahedral substitutions is 1:1, are designed and the corresponding MMT models are denoted as M1, M2, and M3, respectively. All isomorphous substitutions obey Lowenstein’s substitution rule (i.e., the substitution sites cannot be adjacent to each other). We finally add the same number of Na cations as the layer charge between the layers of the MMT models to make sure that each MMT system is electrically neutral. Eventually, fifteen MMT models are established. Figure 1 shows the schematic view of the three MMT models and the snapshot of the molecular dynamic simulation supercell for the M3 Model with the layer charge of 0.75 e/uc.
[image: Figure 1]FIGURE 1 | Schematic views of (A) the two unit cells for the M1 Model, (B) the unit cell for the M2 Model, and (C) the four unit cells for the M3 Model and snapshot of (D) the molecular dynamic simulation supercell for the M3 Model with the layer charge of 0.75 e/uc. The color code is Si (blue), Al (blue-grey), Mg (orange), O (red), H (pink), and Na (yellow). The atoms in the black circle are the representative atoms of replacement.
Elastic Tensor Computation
In our molecular dynamic simulation, the Parinello−Rahman (PR) strain fluctuation formula (Ray and Rahman, 1985; Cui et al., 2007; Carrier et al., 2014) is used to calculate the anisotropic elastic parameters in the constant-pressure and constant-temperature (NPT) ensemble. The PR strain fluctuation formula is given as
[image: image]
where [image: image] is the Boltzmann constant, equal to 1.38065 × 10–23 J/K, T is the temperature in Kelvin, V is the volume in cubic meters, [image: image] is the strain tensor, and [image: image] denotes the ensemble average. The subscripts i, j, k and l run from one to three and represent the three dimensions in the Cartesian coordinates. The indexes one and two correspond to the x- and y-axes, respectively, which are parallel to the MMT layer, and the index three corresponds to the z-axis, which is perpendicular to the MMT layer. The strain tensor [image: image] can be determined by
[image: image]
where [image: image] is the Kronecker tensor, and h is the scaling matrix, which can be obtained through molecular dynamic simulation.
In this work, the LAMMPS code (Plimpton, 1995) is employed to perform the molecular dynamic simulation to obtain the scaling matrix h. In the simulation, a force field is required to describe the interactions of the atoms in the MMT, and we use the CLAYFF force field (Cygan et al., 2004) for this purpose (the interaction parameters and charge of the relevant atoms are shown in the Supporting Information). The CLAYFF force field consists solely of the electrostatic terms, the Lennard-Jones terms and the O-H bond constrained by a harmonic bond stretch potential and is widely used in the simulations of clay minerals (Ebrahimi et al., 2012; Carrier et al., 2014). In our molecular dynamic simulations, we set the time step to be 1 fs in the NPT ensemble under stratigraphic conditions (i.e., p = 10 MPa, and T = 323 K). The Langevin dynamics and Nosé−Hoover barostat are used to control the pressure and temperature, respectively. The cutoff distance of the nonbonded interaction is set to be 10.0 Å, and the long-range electrostatic interactions are calculated employing the particle-particle particle mesh (PPPM) method with an accuracy of 10–4. The system is equilibrated for 2 ns. The box size (lx, ly, lz), tilt factors (xy, xz, yz) and volume of box (V) are then sampled every ten steps for 8 ns. After that, the sample data (lx, ly, lz, xy, xz, yz) are sorted to form the scaling matrix h in the form of
[image: image]
Then the resulting scaling matrix h is substituted into Eq. 2 to obtain the strain tensor [image: image], which are further integrated into Eq. 1 with V and T to determine the elastic tensors [image: image] of the MMTs.
When we show the elastic tensors, the Voigt notation is used to represent the calculated fourth-order stiffness tensor [image: image] by the second-order tensors [image: image] . The indexes change as follows: [image: image], [image: image], [image: image], [image: image], [image: image], and [image: image]. The indexes 1, 2, and three correspond to the compressions in the x, y, and z directions, respectively, and the indexes 4, 5, and six correspond to the shears in the yz-, xz-, and xy-planes, respectively. Although 36 coefficients of the stiffness tensor are computed, we only report the nine coefficients C11, C22, C12, C33, C13, C23, C44, C55, and C66 because of the transverse isotropic characteristics of MMT (Ebrahimi et al., 2012; Carrier et al., 2014). According to the deformation modes involving the crystalline structure of the clay layer and interlayer space, the nine data are divided into three groups: the in-plane compressional coefficients C11, C22, and C12, the out-of-plane compressional coefficients C33, C13, C23, and the shear coefficients C44, C55, and C66.
RESULTS AND DISCUSSION
Before presenting the simulation results of the anisotropic elastic coefficient with varying layer charge density and layer charge distribution, we need to test the validity of the employed method for the computation of the anisotropic elastic tensors. This is achieved by performing the calculation on the elastic coefficients of the MMT model [[image: image]] at the pressure and temperature of 1 Bar and 300 K, respectively, and comparing the results with those published by Carrier et al. (2014) using the same model at the same pressure and temperature. The comparison of the calculated elastic coefficients is given in Table 1, from which we can see that our calculated elastic coefficients are in good agreement with those of Carrier et al. (2014). The excellent agreement validates the computation method for the elastic tensors, and lays the foundation for the study of the anisotropic elastic properties of MMTs with different layer charge densities and layer charge distributions.
TABLE 1 | Comparison of calculated the elastic coefficients of the MMT at 1 Bar and 300 K by Carrier et al. (2014) and by the method provided in this work.
[image: Table 1]In-Plane Compressional Coefficients
The variations of the in-plane compressional coefficients C11, C22, and C12 with different layer charge densities for the three models with different layer charge distributions are shown in Figure 2. It is interesting that all the three in-plane compressional coefficients decrease approximately linearly with the increasing layer charge density in the three models. The reduction in the three coefficients indicates that the compressional resistance of the three models decreases with the increasing layer charge density. Specifically, the decreasing C11 and C22 represents the reduction in the compressional resistance in the x-axis and y-axis, respectively, and the declining C12 stands for the decrease of the compressional resistance in the y-direction when a given positive pressure is applied to the x-axis.
[image: Figure 2]FIGURE 2 | The in-line compressional elastic constants C11, C22, and C12 as a function of layer charge density for the (A) M1 Model, (B) M2 Model and (C) M3 Model.
Since C11 and C22 reflect the strength of the intermolecular interactions of the MMT molecules in the x-axis and y-axis, respectively, and C12 reflects the strength of the intermolecular interactions in the xy-plane, the decrease of C11, C22, and C12 can be explained by the weakening of the intermolecular interactions of the MMT in these directions. The intermolecular interaction is inversely proportional to the atomic distance (Cygan et al., 2004; Davarcioglu, 2011), and thus the decrease of the three coefficients with the increasing layer charge density may be related to the increase in the atomic distance of the MMT. Figure 3 shows the atomic distances (distance between the replaced atom or replacement atom and the adjacent oxygen atom) before and after the substitutions, and the results clearly demonstrate that the atomic distances in the MMT layer (composed of three sheets) after the substitutions are increasing, no matter whether the tetrahedral substitutions or the octahedral substitutions are introduced into the MMT. The increase in the atomic distance in the MMT layer may lead to the weakening of the intermolecular interactions within the MMT layer in all directions.
[image: Figure 3]FIGURE 3 | The frequency of the distance between the substituted atom or replacement atom and the adjacent oxygen atom in the (A) T sheet and (B, C) O sheet of the MMT layer before and after the isomorphous substitution. The symbol * represents the atoms after substitution. In the O sheet, the Al/Mg-O distances are classified into the Al/Mg-Ob(os) and Al/Mg-Oh(s) distances according to the type of the connected oxygen atoms (i.e., bridging oxygen or hydroxyl oxygen) as shown in Figure 1.
To further support the explained variation of the interaction strength, we also calculate the interaction energy (the difference between the molecules’ combined energy and all of their isolated energies) between the replaced atom or replacement atom and the adjacent oxygen atom (i.e., the forming atom pair) as shown in Figure 4. It can be seen that the interaction energy between the atom pair increases after the tetrahedral substitutions or the octahedral substitutions, directly indicating that the interaction within the MMT layer is weakened (Šponer et al., 1999; Lovelock, 2017). Considering the in-plane compressional coefficients are related to the intermolecular interactions in the x- and y-axes of the MMT layer (Carrier et al., 2014), the increase in the atomic distances will reduce these intermolecular interactions in these directions and hence the in-line compressional elastic coefficient C11, C22, and C12.
[image: Figure 4]FIGURE 4 | The frequency of the interaction energy between the replaced atom or replacement atom and the adjacent oxygen atom in the (A) T sheet and (B,C) O sheet of the MMT layer before and after the isomorphous substitution.
It is worth noting that although C11, C22, and C12 of all the models are decreasing, we find the values and the variations of C11, C22, and C12 in the three models are different. First, it is evident that C11, C22, and C12 in the M2 Model are larger than those in the other two models when the layer charge densities are the same. This means that C11, C22, and C12 of the MMT with the layer charges distributed in the O sheet are greater than those of the MMT with the layer charges distributed in the two T sheets and in both the O sheet and the T sheets. This result can be closely related to the structure of the MMT. As shown in Figure 1D, the MMT consists of a sandwich of one O sheet between two T sheets, called a TOT structure. Since the O sheet is constrained by the two T sheets and there are interactions among the sheets, the increase in the atomic distance and in the interaction energy between the atomic pairs in the O sheet after the octahedral substitution is weakened. As a result, the intermolecular interactions in the xy-plane are less reduced, leading to a greater C11, C22, and C12 in the M2 model.
In addition to the difference in the values of the three in-plane compressional coefficients, it is also interesting to note that the changing rates of the compressional coefficient with layer charge densities in the three models are different. Table 2 tabulates the slopes of C11, C22, and C12 after linear fitting for the three models. By comparing the slopes of the same parameter in the three models, we find that the M1 model has the largest slopes of C11, C22, and C12, followed by the M3 model and the M2 model. This result implies that the layer charge density has a greater effect on C11, C22, and C12 of MMT with the layer charges distributed in the T sheet. The difference in the slopes of the in-plane compressional coefficients in the three models can again be explained through the structure of the MMT, where the TOT architecture will confine the expansion of the O sheet, and hence the octahedral substitution has less impaction on the elastic properties, resulting in a gentler slope of the in-plane compressional coefficients with varying layer charge density.
TABLE 2 | The linear-fit slopes of the compressional elastic constants C11, C22, and C12 with the varying layer charge density for the three models.
[image: Table 2]Out-of-Plane Compressional Coefficients
Figure 5 shows the variations of the out-of-plane compressional coefficients C33, C13, and C23 with the increase of layer charge density for the three models with different layer charge distributions. Unlike the in-plane compressional coefficients that show consistent downward trends in the three models, the out-of-plane compressional coefficients show very different variations with layer charge density in the three models. Therefore, to more conveniently understand the influences of the layer charge distribution on the out-of-plane compressional coefficients, we choose to analyze the same elastic coefficient in the different models.
[image: Figure 5]FIGURE 5 | The out-of-plane compressional elastic constants C33, C13, and C23 as a function of layer charge density for the (A) M1 Model, (B) M2 Model and (C) M3 Model.
We first compare the variations of C33 with layer charge density in the three models that represents the compressional resistance of the MMT in the z-axis. As shown in Figure 5A, C33 of the M1 Model increases slightly and then decreases linearly with the increase of layer charge density. The initial increasing and then decreasing C33 indicates that the increasing layer charge density first increases and then reduces the compressional resistance of the M1 Model in the z-axis. In a different manner, C33 of the M2 Model consistently increases with increasing layer charge density, suggesting that the compressional resistance of the M2 Model in the z-axis is increasing with the increasing layer charge density. For the M3 Model, C33 doesn’t vary much as the layer charge density increases, implying that the layer charge density is not affecting significantly the compressional resistance of the M3 Model in the z-axis.
Because C33 reflects the strength of the intermolecular interactions of the MMT in the z-axis, the different trends of C33 with the increase of layer charge density in the different models can be explained by the difference in the z-axis intermolecular interaction strength of the MMT caused by the layer charge distributions. The intermolecular interactions of the MMT in the z-axis involve the intermolecular interactions in the z-axis both within the MMT layer (each layer is composed of three sheets) and between the neighboring MMT layers because the MMT contains the MMT layers and the interlayers in the z-axis as shown in Figure 1D. We have employed atomic distance inversely to represent the strength of the intermolecular interactions in the previous section, however, the atomic distance can only reflect the intermolecular strength of the MMT layer in the x- and y-axes, but will not fully represent the intermolecular strength in the z-axis. This is because the z-axis intermolecular interaction includes not only the z-axis intermolecular interaction within each MMT layer but also that between the MMT layers (i.e., the interlayers). To characterize the strength of the intermolecular interactions of the MMT in the z-axis, we will use the interaction energy of the MMT layer and the interlayer. However, the interaction energy will not directly quantify the interaction strength in a particular direction because it contains the information of the intermolecular interactions in all directions. Therefore, we combine the interaction energy with the calculated atomic distance (as shown in Figure 3) that reflects the intermolecular interactions in the x- and y-axes for the better characterization of the intermolecular strength in the z-axis.
Figure 6 shows the simulated interaction energy in the MMT layer and the interlayer as a function of layer charge density for the three models. In the three models, the interaction energy in the interlayer all decreases with the increasing layer charge density, indicating enhanced interlayer interactions (Shiu and Tsai, 2014; Wang et al., 2018). The decreasing interlayer interaction energy with increasing layer charge density can be explained by the fact that with increasing layer charge density there are more compensating Na cations in the interlayer that bind stronger the MMT layers (Zhong et al., 2021), resulting in lower interlayer interaction energy. On the contrary, the interaction energy in the MMT layer varies differently with the increase of layer charge density in the three models. The layer interaction energy of the MMT increases remarkably with the increasing layer charge density in the M1 model, and the increase becomes less significant in the M3 model, indicating the strength of the intermolecular interactions within the MMT layer are reducing significantly and gently in the M1 Model and M3 Model, respectively. In a different way, the interaction energy of the MMT layer reduces with the increasing layer charge density in the M2 Model, suggesting an increasing interaction strength of the intermolecular within the MMT layer with the increasing layer charge density.
[image: Figure 6]FIGURE 6 | The interaction energy of each MMT layer and interlayer as a function of layer charge density for the (A) M1 Model, (B) M2 Model and (C) M3 Model.
The decreasing interaction strength of the MMT layer (the increasing layer interaction energy) in the M1 Model can be understandable, because the isomorphous substitutions in the T sheet will increase the atomic distance (as shown in Figure 3A) and hence reduce the interaction strength, and therefore more isomorphous substitutions with greater layer charge density will result in the more significant reduction in the interaction strength. However, the increasing atomic distance due to the isomorphous substitutions cannot explain the obtained increasing interaction strength (decreasing layer interaction energy) in the M2 Model. Although the isomorphous substitutions in the O sheet (M2 Model) will increase the atomic distance, the increase occurs only in the O sheet, and with the increasing atomic distance in the O sheet, the distance of the atoms between the O and T sheets is reduced. As a result, the interaction strength between the O sheet and the T sheets gets enhanced, leading to an increasing layer interaction strength. Accordingly, the obtained increasing layer interaction strength with layer charge density in the M2 Model implies that the increasing interaction strength between the O sheet and the T sheets overwhelms the decreasing interaction strength in the O sheet. Similarly, the gently decreasing interaction strength of the MMT layer with layer charge density in the M3 Model indicates that the effects of the increasing interaction strength between the O sheet and the T sheets are less significant than the decreasing interaction strength in the O and T sheets.
After analyzing the impact of the layer charge density on the two interactions and on the interactions in the x- and y-axes (which can be represented by the in-plane compressional coefficients presented above) in the three models, the variations of the calculated C33 in the three models that reflect the interaction strength in the z-axis can be more understandable. For the M2 Model, the interaction strength in the x- and y-axes decreases with increasing layer charge density, however, the total interaction strength (i.e., the interaction strength in both the MMT layer and the interlayer) increases with layer charge density, and accordingly the z-axis interaction strength (i.e., C33) must increase with the increasing layer charge density. Unlike C33 in the M2 Models, C33 in the M1 Model and M3 Model can not be directly explained by the total interaction strength and the interaction strength in the x- and y-axes, but can reflect the competition between the interaction strength of the layer and interlayer in the z-axis (i.e., the difference between the layer and interlayer interaction strength and their contribution from the x- and y-axes, respectively).
For the M1 Model, because the total interlayer interaction strength increases while the interaction strength in the x- and y-axes decreases with increasing layer charge density, the z-axis interlayer interaction strength must increase with the increasing layer charge density. On the other hand, the variation of the layer interaction strength in the z-axis with the increasing layer charge density cannot be determined because both the layer interaction strength and the interaction strength in the x- and y-axes decrease with layer charge density. When the layer charge density is low, it can be difficult to deduce the variation of the layer interaction strength in the z-axis from the increasing C33, because the interlayer interaction strength in the z-axis also increases with increasing layer charge density. However, when the layer charge density increases from 0.625 e/uc, the decreasing C33 indicates the layer interaction strength in the z-axis also decreases and the decreasing of the layer interaction strength in the z-axis is playing a more significant role than the increasing interlayer interaction strength in the z-axis.
Since the trends of the interlayer interaction strength and the layer interaction strength in the M3 Model are similar to those in the M1 Model, it is reasonable that the z-axis interlayer interaction strength increases (because the interaction strength in the x- and y-axes decreases) and the layer interaction strength in the z-axis can not be determined (because both the layer interaction strength and the interaction strength in the x- and y-axes decrease) in the M3 Model. However, according to the fact that the C33 of the M3 Model doesn’t vary much with the increase of the layer charge density and the z-axis interlayer interaction strength increases, we can infer that the layer interaction strength in the z-axis decreases and the decreasing interlayer interaction in the z-axis balances with the increasing layer interaction in the z-axis.
Having analyzed the variations of C33 with layer charge density and provided a plausible explanation through the interaction energy, we proceed to present and interpret the variations of C13 and C23 with layer charge density in the three models with different layer charge distributions. Interestingly, although the values are much smaller, C13 and C23 show very similar trends with C33 in each model, and this indicates that the interaction strength in the z-axis that determines C33, may also be the main factor influencing C13 and C23. Therefore, it can be reasonable that the difference in variations of the out-of-plane compressional coefficients with layer charge density in the three models with different layer charge distributions is controlled mainly by the layer interaction strength in the z-axis.
Shear Coefficients
Figure 7 shows the variations of the in-plane shear coefficient C66 and the out-of-plane shear coefficients C44 and C55 with the increasing layer charge density. We can see that C66 of the three models keeps almost constant at around 80 GPa as the layer charge density increases, indicating the shear deformation resistance in the xy-plane is independent of the density and distribution of the layer charges. Unlike the flat in-plane shear coefficient C66, the out-of-plane shear parameters C44 and C55 are fluctuant with the increasing layer charge density in all the three models, and their values in each model are approximately the same. This suggests the shear deformation resistance in the yz-plane and xz-plane is not significantly affected by the layer charge density and the layer charge distribution. Since the shear coefficients are mainly reflecting the torsion interaction of the bonding atoms at the molecular level (Sridharan, 2014; Yang and Xu, 2021), the unchanging shear coefficients indicate that the torsion interaction of the bonding atoms is independent of the varying layer charge density and layer charge distribution.
[image: Figure 7]FIGURE 7 | The shear elastic constants C44, C55, and C66 as a function of layer charge density for the (A) M1 Model, (B) M2 Model, and (C) M3 Model.
Although the layer charge density and layer charge distribution are not impacting greatly the shear coefficients, it is found that the out-of-plane shear elastic coefficients C44 and C55 are considerably smaller than the in-plane shear elastic constant C66. This result indicates that the shear deformation is more likely to occur in the yz-plane and xz-plane than in the xy-plane of the MMTs. This may be related to the interlayer structure of the MMTs as shown in Figure 1D. Because the interlayer structure is perpendicular to the z-axis and the interlayer interactions are much weaker than the intermolecular interactions within the MMT layer (Zhang et al., 2018; Zhao et al., 2021), the yz- and xz-planes are easier to form slip deformation than the xy-plane when a shear force is applied, resulting in the smaller shear coefficients C44 and C55 than C66.
CONCLUSION
We have studied the elastic coefficients of MMTs with different charge densities and different charge distributions under stratigraphic conditions using molecular dynamic simulations. The following conclusions can be drawn from the results and analyses presented in the context.
1) The in-plane compressional coefficients C11, C22 and C12 decrease with increasing layer charge density in the MMTs with different layer charge distributions. The C11, C22 and C12 of the MMTs with the layer charges distributed in the octahedral (O) sheet are respectively greater than those distributed in both the octahedral (O) sheet and the tetrahedral (T) sheets, which in turn are greater than those distributed in the tetrahedral (T) sheets.
2) The out-of-plane compressional coefficient C33 shows different trends with increasing layer charge density in the MMTs with different layer charge distributions. C33 decreases overall with the increasing layer charge density when the layer charges are on the two tetrahedral (T) sheets, whereas it shows an increasing trend with layer charge density when the layer charges are distributed on the octahedral (O) sheet. For the MMTs with the layer charges distributed on both the octahedral (O) sheet and the tetrahedral (T) sheets, the increasing layer charge density shows a weak impact on C33. The variations of C13 and C23 with the layer charge density in the MMTs with different layer charge distributions are similar to that of C33.
3) All the shear coefficients C44, C55, and C66 of MMT show no strong correlation with the layer charge density and layer charge distribution, and C66 is considerably greater than C44 and C55.
4) The variations of the anisotropic compressional elastic coefficients with different layer charge densities and layer charge distributions are found to be a result of the impact of the density and distribution of layer charges on the molecular interactions within the MMT layer.
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In this study, methods for the pressure calibration of 6–8 static high-pressure apparatus were investigated. The relationship between the pressure of DS 6 × 1,400 t pressing oil and the chamber pressure was calibrated using water, ZnTe, ZnS, and GaAs at room temperature. Also, the relationship between the pressure of the DS 6 × 1,400 t pressing oil and the chamber pressure was calibrated by the phase transition experiments using KCl, LiCl, KCl + LiCl, and quartz-coesite at high temperatures. We found a linear relationship between the chamber pressure and the oil pressure at room temperature. However, when the temperature and pressure increased to certain values, the chamber pressure and the oil pressure deviated from the linear relationship.
Keywords: pressure calibration, 6–8 large-volume high-pressure apparatus, high temperature and high pressure, phase transition, fusion
INTRODUCTION
High-pressure geoscience is the study area on the physicochemical properties of matters at high pressure including the mechanical, thermal, optical, electrical, and magnetic properties of matters as well as the microstructure, equation of state, and phase transition of matters. It also provides theoretical and experimental bases for the discovery of new phenomena, new laws, and the synthesis of new materials at high pressure. The production of static high temperature and high pressure depends on various high-pressure apparatus such as anvil devices including the piston cylinder and diamond anvil cell. Multi-anvil instruments are comprised of the quaternary-plane anvil and senary-plane anvil assemblies. Nevertheless, among various large-volume, multi-anvil static high-pressure assemblies, due to the wide range of temperatures and pressures that can be obtained and the ease of the combination with various in-situ measurement techniques, 6–8 high-pressure assemblies are becoming increasingly important in the fields of Earth and planetary physics, mineralogy, and petrology. The pressure and temperature of 6–8 large-volume high-pressure assemblies can reach up to several tens GPa and 2,500°C, respectively. However, they use solid as a pressure-transfer medium whose internal friction is large. As a result, the pressure calibration of their chamber is required (Baumann, et al., 2015; Klier, et al., 2015; Richter, et al., 2016).
Currently, methods for large-volume pressure calibration can be divided into pressure calibrations at room temperature and high temperatures. The main methods of the pressure calibration at room temperature are the phase transition, the X-ray cell parameter measurement, and the fluorescence manometry. The principle of the phase transition method is to establish the relationship between the chamber pressure and the load by determining the resistance mutation or the metallization pressure transition point of known metals or semiconductors such as Bi, Tl, Cs, Ba, Sn, ZnSe, ZnS, and GaAs. The X-ray cell parameter measurements are used to determine the variation of cell parameters of matters with a known equation of state at high pressure to calibrate the cavity pressure. The fluorescence manometry uses the fluorescence spectral lines of R1 = 694.2 nm and R2 = 692.9 nm of ruby at room temperature and ambient pressure. As the pressure increases, the spectral lines move in the direction of longer wavelengths. The linear relationship between the R1 spectral wavelength and the pressure is dp/dλ = 2.740 ± 0.016 GPa/nm for the chamber pressure calibration (Hülsmans, et al., 2015; Morales, et al., 2015; Wang, et al., 2015; Klemm, et al., 2020; Kosari, et al., 2020).
Pressure measurement at high temperatures is more complex than that at room temperature. The physical properties and the state changes of matters are not only controlled by the pressure but also affected by the temperature. So it is necessary to obtain the relationship between the temperature and the pressure when the phase transition, fusion, or decomposition reaction of the calibrated matter occurs. This relationship can be used as the basis for the pressure calibration. In the measurement process, the temperature at which the material or physical state of the calibrated matter changes is measured at several pressures of the force load. The corresponding chamber pressure is calculated by the relational equation to obtain the relationship between the force load pressure and the chamber pressure. Thermocouples are generally used for temperature measurement in large-volume press. In the case of happening of phase transition, fusion, or other reactions in the matter, the thermoelectric potential changes abruptly. So thermocouples can be used to determine the temperature at which the phase transition, fusion, or decomposition occurs, and the products can be analyzed to verify that this reaction has occurred. Commonly used pressure calibration methods at high temperatures include the phase transition method and the high-pressure fusion curve method (Kawazoe, et al., 2008; Farla, et al., 2015; Farla, et al., 2017). When the phase transition of the matter occurs, the relationship between the temperature and the pressure is called the phase transition equation. The phase transition reactions used for the pressure calibration at high temperatures include quartz-coesite, coesite-stishovite, [image: image] fayalite -γ fayalite, α forsterite-β forsterite, β forsterite-γ forsterite, and zinc pyroxene-zinc pyroxene in the Perovskite structure (Lebron, et al., 2009; Wang et al., 2010; Chen, et al., 2016; Wang, et al., 2019). The relationship between the temperature and the pressure when a metal, alloy, or chlorinated salt is fused at high pressure is called the fusion equation. The fused materials used for the pressure calibration at high temperatures include Au, Ag, Cu, KCl, and NaCl (Wong and Xiong, 2018).
In this study, the pressure calibration methods commonly used in existing large-volume multi-anvil static high-pressure assemblies were employed to conduct systematic pressure calibration experiments for the hinged 6 × 1,400 t 6-8 high-pressure assembly using various methods. The relationship between the chamber pressure and the oil pressure of this large-volume assembly was established for a specific sample size at different temperatures (Room-T∼1,500°C).
EXPERIMENTAL
Instrument
The DS 6 × 1,400 t large-volume assembly was comprised of the pressing body, the oil tank system, and the control system. The pressing body extruded the sample assembly through the pressing anvil. The oil tank system provided the force source to push the pressing anvil. The control system set the temperature and pressure program for the experiment. The six hydraulic cylinders were interconnected by a hinge and all pistons were controlled by the same oil pump. The first-stage anvil was made of tungsten carbide with a Co content of 8 wt% and the edge length was 43.5 mm. The multimeter model used to measure the variation of the resistance of the sample was Agilen-34401A.
Method
The pressure calibration of the first-stage anvil at room temperature was conducted based on the water-ice phase transition where water was sealed in a copper tube as the starting material. The pressure calibration of the first-stage anvil at high temperatures was conducted using KCl, LiCl, and KCl + LiCl (molar mass ratio = 1: 1). The high-purity starting material was purchased from Aladdin, and the starting material with a particle size of 200 μm was pressed into a cylinder with a diameter of 4 mm and a height of 8 mm by a powder press. The second-stage anvil was made of the WC alloy with a single cubic side length of 25.4 mm and a truncated triangular side length of 5 mm. The octahedral pressure transfer medium was made of MgO +5% Cr2O3 with a side length of 10 mm. The pressure calibration of the second-stage anvil at room temperature was performed by using ZnTe with the I-II conversion pressure of 5 GPa, the II-III conversion pressure of 8.9–9.5 GPa, the ZnTe semiconductor/metal conversion pressure of 11.5–13 GPa, the ZnS semiconductor/metal conversion pressure of 15.6 GPa, and the GaAs semiconductor/metal conversion pressure of 18.8 GPa for the chamber pressure.
The phase transition material used for the pressure calibration at high temperatures was a quartz-coesite with a quartz particle size of 150 um. This was pressed into a sample with a diameter of 2 mm and a height of 2 mm by a press. The samples were assembled as shown in Figure 1.
[image: Figure 1]FIGURE 1 | Sample assembly drawing; (A) drawing of the large-volume pressing assembly, (B) drawing of the first-stage anvil pressure calibration assembly, and (C) drawing of the second-stage anvil pressure calibration assembly.
The pressure calibration method for the first-stage and second-stage anvils at room temperature was to increase the oil pressure of the large-volume assembly at a rate of 10 [image: image] while observing the resistance change of the sample in-situ to find the sudden change point in the resistance as the phase transition point. Then the relationship between the oil pressure and the cavity pressure at the phase transition point was established. Figures 2A,B show the resistance change of water in the first-stage anvil and the resistance change of ZnS in the second-stage anvil. The calibration method for the pressure in the first-stage anvil was as follows. Firstly, the oil pressure of the large-volume assembly was raised to a designated pressure at a rate of 10 MPa/h. Then the resistance change of the sample was observed in situ when the cavity temperature was raised at a rate of 10 [image: image] at the designated pressure. The sudden change point in the resistance of the sample was considered as its melting point at this pressure, and the corresponding pressure at this melting point can be found according to the phase diagram. Finally, the relationship between the assembly pressure and the oil pressure in the first-stage anvil at a high temperature was established.
[image: Figure 2]FIGURE 2 | (A) Time trend of water resistance, (B) Time trend of ZnS resistance, (C) Time trend of KCl resistance at an oil pressure of 10 MPa, (D) Raman spectrum of the experimental product of the phase transition of quartz at 1,000°C, (E) Raman spectrum of the experimental product of the phase transition of quartz at 1,500°C, and (F) Raman spectrum of quartz before the phase transition.
For instance, the KCl fusion at an oil pressure of 10 MPa in the first-stage anvil is shown in Figure 2C. The pressure calibration for the second-stage anvil at high temperatures was achieved using the phase transition of the quartz-coesite. At 1,000°C, the coesite was found in the product when the oil pressure reached 3 MPa. At 1,500°C, the coesite was found in the product when the oil pressure reached 5 MPa. The Raman spectra of the product after the quartz phase transition are shown in Figures 2D,E, and that of the starting material is shown in Figure 2F.
RESULTS AND DISCUSSION
Figures 3, 4 illustrate the experimental results of the pressure calibration for the first-stage and second-stage anvils at different temperatures. The experimental error was small and the goodness of fit of the fitted curves was larger than 0.95. As shown in these figures, the chamber pressure and the oil pressure showed an ideal linear relationship at room temperature for both first-stage and second-stage anvils. In the pressure calibration at high temperatures, when the oil pressure and temperature were higher than certain values, the chamber pressure deviated from the linear relationship with the oil pressure. The higher the temperature was, the greater the deviation from the linear relationship was. The main reasons were as follows. Firstly, with an increase in the temperature, the inner pressure transfer medium was sintered and hardened so that its pressure transfer performance decreased. Secondly, with an increase in the oil pressure and temperature, the mobility of the outer pressure transfer medium was enhanced. This resulted in a large amount of extrusion of the outer pressure transfer medium which lost the anvil surface pressure in the process of transferring to the sample chamber. In addition, the temperature and pressure were too high and the WC anvil approached the yield strength.
[image: Figure 3]FIGURE 3 | Pressure calibration for the first-stage anvil of the DS 6 × 1400 t 6–8 large volume press assembly.
[image: Figure 4]FIGURE 4 | Pressure calibration for the second-stage anvil of the DS 6 × 1400 t 6–8 large volume press assembly.
CONCLUSIONS AND LIMITATIONS
In this study, the pressure calibration methods for a 6–8 type large-volume pressing assembly at room temperature and high temperatures were investigated. The relationship between the pressure of the pressing oil and the chamber pressure of the DS 6 × 1,400 t assembly was calibrated by conducting the phase transition experiments using water, ZnTe, ZnS, and GaAs at room temperature and using KCl, LiCl, KCl + LiCl, and quartz-coesite at high temperatures. These pressure calibration results provided the basis for future experiments and the feasibility of these calibration methods has been verified through these experiments. However, no other methods such as the coesite-stishovite phase transition method have been applied to obtain more extensive and reliable pressure calibration results for the second-stage anvil at high temperatures (Wang et al., 2015).
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To assess the effects of sediment addition on the partial melting of subducted oceanic crust and generation of arc silicic magma, a series of comparative partial melting experiments on a garnet plagioamphibolite and a 90 wt% garnet plagioamphibolite + 10 wt% plagioclase slate mixture at 850–1,000°C/1.5 GPa were conducted on a Piston-cylinder apparatus. In the experimental products, partial melt coexists with amphibole + plagioclase + garnet + clinopyroxene at 850–950°C and plagioclase + garnet + clinopyroxene at 1000°C. Compared with pure garnet plagioamphibolite, partial melting of mixture get a higher melting percentage and generates the silicic melt with geochemical characteristics of higher Na2O/K2O and lower Al2O3 in major element and high Rb content in trace element at over 950°C. This result indicates that silicic arc magma may generate from partial melting of metamorphic subducted oceanic crust with sediments thereon, sediment addition contributes to their chemical component and generation dynamic process.
Keywords: arc silicic magma, partial melting, subducted oceanic crust, sediment, experimental petrology
INTRODUCTION
According to plate tectonics, convergent plate margins are the most active areas on earth. The oceanic plate is dehydrated during subduction at these margins. During this subduction, the oceanic plate releases fluids, and these fluids join the overlying mantle wedge, causing partial melting of the mantle wedge and generating island arc basaltic magma (Sun et al., 2014; Zheng et al., 2015; Li and Ni, 2020; Liu et al., 2019; Zheng et al., 2019; Wei and Zheng, 2020; Xiong et al., 2020). Besides the basalt, there are a number of silicic magmas located on convergent plate margins (even typical oceanic island arcs, such as Tonga and the Kuril Islands), as shown in Figure 1. These magmas cannot be formed by partial melting of the peridotite mantle wedge, even ∼52 wt% SiO2 melt could be generated by a very low degree (∼2 wt%) partial melt of peridotite in the upper mantle wedge (Baker et al., 1995), but such a low percentage partial melting cannot generate real magma due to magmatic dynamic characteristics. While the melting percentage increases, the SiO2 content of melts from partial melting of peridotite will decrease rapidly, so partial melting of the mantle cannot generate silicic magma generally.
[image: Figure 1]FIGURE 1 | Total alkali versus silica (TAS) variation diagram of basic rocks and their product-melts in partial melting experiments. This figure is modified from Figure 2 in Zang et al. (2020), Classification and nomenclature of TAS diagram follow Maitre (1989). BaST, starting material of basalts; BaDE, melts generate in basalts’ partial melting experiments; BaHY, melts generate in partial melting of hydrous basalt (Beard and Lofgren 1991; Qian and Hermann 2013; Rapp and Watson 1995; Rapp, et al., 1991; Rushmer 1991; Sisson, et al., 2005; Takahahshi, et al., 1998; Xiong, et al., 2005, 2006; Yaxley and Green 1998). AmST, starting material of amphibolites; AmPM, melts generated in partial melting experiments on amphibolites (Sen and Dunn 1994; Rapp and Watson 1995). GaST, starting material of gabbros; GaPM, melts generate in partial melting experiments on gabbros (Koepke, et al., 2004; Sisson,et al., 2005). MiST, starting material of mixtures (basalt + sediment or mélange); MiPM, melts from partial melting experiments on these mixtures (Cruz-Uribe et al., 2018; Zang et al., 2020). PURE, pure starting material used in this paper, 18TH-02 (garnet plagioamphibolite, as a representative of metamorphic oceanic crust), MIXT, mixture starting material used in this paper, 90wt% 18TH-02 + 10wt% 18 TH-07 (plagioclase slate, as a representative of metamorphic terrigenous sediment), TON, magmatic rocks located at Tonga island arc; KUR, magmatic rocks located at the Kuril Islands, data on TON and KUR are from the GEOROC web site (http://georoc.mpch-mainz.gwdg.de/georoc/).
The magmas on oceanic islands that arc without a continental crust (such as Tonga) are not generated by hybridized basaltic magma by crust or the partial melting of continental lower crust via the heating process. These silicic magmas could then generate from: 1) fractionation of basaltic or andesitic parents magma (Nandedkar et al., 2014; Peter et al., 2018); 2) partial melting of subducted sediments (Tatsumi, 2001); 3) partial melting of subducted basaltic oceanic crust with or without sediments. For the 1) fractionation model, the sticky silicic magmas need to separate from amphibole (Amp) ± clinopyroxene (Cpx) ± orthopyroxene (Opx) utterly, avoiding the reduction of their whole rock SiO2 content. This dynamic process makes the fractionation model unacceptable. For the 2) partial melting of sediments individually, there are also some insoluble problems. These oceanic sediments could partially melt individually (Tatsumi, 2001; Hermann and Spandler, 2008; Hu et al., 2017; Frster and Selway, 2021), but the characteristic of major-trace element and isotope for the overwhelming majority of arc magma needs oceanic crust in their magmatic source (Hildreth and Moorbath, 1988; Elliott, 2003; Cruz-Uribe et al., 2018; Wang et al., 2021). This indicates that the silicic magmas could only generate via partial melting of subducted basaltic oceanic crust with or without sediments. For the same reasons as those oputlined in hypothesis 2), these silicic magmas need sediments in their magmatic source, and the sediments in arc could detect the magmatic source via characteristics of trace elements and isotopes (Tera et al., 1986; Hildreth and Moorbath, 1988; Morris et al., 1990; Plank, 2005; Hu et al., 2017; Nielsen and Marschall, 2017; Shu et al., 2017; Cruz-Uribe et al., 2018; Zang et al., 2020). How these sediments effect magma generation during mixture cases is a key question that it is difficult to answer via field observation. The studies mentioned above (Tera et al., 1986; Morris et al., 1990; Hu et al., 2017; Nielsen and Marschall, 2017; Shu et al., 2017) could not only reveal the existence of sediments at magmatic source, but not their affect. The only way to solve this problem is by conducting high temperature and high pressure partial melting experiments, comparing the difference in partial melting behavior between pure basic rocks and basalt-sediments mixture.
A number of previous studies have focussed on the partial melting of basic rocks (Beard and Lofgren, 1991; Rapp et al., 1991; Rushmer, 1991; Sen and Dunn, 1994; Rapp and Watson, 1995; Takahahshi et al., 1998; Yaxley and Green, 1998; Koepke et al., 2004; Sisson et al., 2005; Xiong et al., 2005; Xiong et al., 2006; Qian and Hermann, 2013). These findings have revealed the partial melting behavior of pure basaltic oceanic crust during the subduction process; however, studies focussing on the partial melting of basic rock and sediment are very limited (Mccarthy and Patiño Douce, 1997; Zang et al., 2020). The studies that have been conducted show that even a small amount of sediment addition in basalt could effect the partial melting behavior, which is noteworthy. The effects include: 1) that sediment addition enhanced the partial melting ratio of basalt, as confirmed by similar studies (Zhang et al., 2019; Zhang Y. et al., 2020; Pelleter et al., 2021); 2) sediment addition changed the chemical component of the partial melts generated in these experiments, compared with the one from pure basalt. According to existing research, we could get an outline of the effect caused by the addition of sediments during the partial melting of subducted basaltic oceanic crust; however, there are some important questions remaining, including: 1) that sediment addition could enhance the partial melting ratio, but in what conditions? How much is the increase of ratio; 2) what is the composition difference between melts from pure basalt and mixture of basalt-sediment? These two questions are very important for understanding the effect of sediment addition in basalt and the generation of silicic magmas located on convergent plate margins. In order to understand the effect of the partial melting of the subducted basaltic oceanic crust, caused by the addition of a small amount terrigenous sediment, a series of comparative partial melting experiments were conducted on a garnet plagioamphibolite and a 90 wt% garnet plagioamphibolite + 10 wt% plagioclase slate at 850–1,000°C/1.5 GPa in this study. In the following sections, we will describe the starting materials and analytical methods, firstly, and then comparing partial melts from pure and mixture. At last, we will highlight a natural example of rocks from Tonga and Kuril, which verifies the strong effects of the addition of a small amount of sediment during the partial melting of subducted oceanic basalt at convergent plate margins.
EXPERIMENTAL AND ANALYTICAL METHODS
Starting Materials
During the subduction process, the basaltic oceanic crust may become garnet plagioamphibolite while the terrigenous sediments (mud) may transform into slate at 1.5–2.0 GPa. As the oceanic crust could then partially melt at high geothermal gradient (at approximately 1.5–2.0 GPa and ∼900°C), we chose 1.5 GPa and 850–1,000°C as run conditions in this study (Zheng et al., 2015; Wei and Zheng, 2020; Zhang Z. et al., 2020).
Two metamorphic rocks were chosen to prepare the starting materials. The 18TH-02 is a garnet plagioamphibolite and contains 50 vol% Amp, 35 vol% plagioclase (Pl), 12 vol% garnet (Grt), and trace amounts of V-Ti magnetite. Its major element composition is very similar to the average composition of oceanic crust, and several important trace elements (such as V, Cr, Rb, and Sr) of 18TH-02 are also close to the average composition of oceanic crust. The terrigenous sediment is represented by a plagioclase slate (18TH-07), this sample contains 85 vol% feldspar (orthoclase + albite + plagioclase), 10 vol% mica, and trace amounts of quartz. Their major element composition and selected trace elements are very close to the Upper Continental Crust (UCC) (the data of these two metamorphic rocks is listed in Supplementary Table S1).
Both of these rocks were collected from Susong, Anhui Province, China. The two rocks (18TH-02 and 18TH-07) were ultrasonically cleaned in distilled water and alcohol successively, and then crushed to powder to ∼120 meshes separately. In order to simulate the partial melting process of the oceanic crust with or without terrigenous sediments thereon during subduction process, two starting materials were used: PURE and MIXT. The PURE is representative of pure basaltic oceanic crust, which was made by 18TH-02 power only. The MIXT is representative of basaltic oceanic crust with terrigenous sediment, which was made by mixture 90 wt% 18TH-02 power and 10 wt% 18TH-07 power. The proportion was determine by typical geochemical studies (Gan et al., 2010; Niu, 2013), for more detail refer to Zang et al. (2020). Then these two materials were placed in an agate mortar and ground for >3 h separately, ensuring the particle size of their power was inner 10 μm. Before being used, these prepared powers were stored in a 110°C drying oven for more than 48 h to remove adsorbed water.
Experimental Procedure
The sample assemblage consisted of NaCl sleeve, Pyrex Glass, graphite furnace (with a cap), magnesium oxide (after 1,000°C heating), and the sample capsules. The power of the starting material was filled in gold sample capsules (with 3 mm outer diameter, 2.6 mm inner diameter, and 2.5 ± 0.2 mm height) and sealed, and then the capsule was covered by a thin hexagonal boron nitride sleeve and placed into the graphite heater. The centre of the capsule is 1 mm below the geometric centre of the graphite heater (close to the stainless steel) to get a stable thermal field (Xia et al., 2014). In order to minimize adsorbed water, all the assemblies used in our experiment were heated at 110°C for 48 h before being used. Then the sample was fitted into a 10 mm diameter pressure plate one by one as shown in Figure 2.
[image: Figure 2]FIGURE 2 | Sketch map of sample assemblage.
All experiments were performed on a Rocktek-PC-1 type Piston-cylinder apparatus located in National Engineering Research Centre of Coal Mine Water Hazard Controlling, Suzhou University. The temperature was measured and controlled via NiCr-NiAl thermocouples with an accuracy of ±3°C. The temperature gradient of our sample was about 5°C, based on similar study results (Xia et al., 2014). The pressure was checked by NaCl melting (falling ball method), following the melting curve offered by Tingle et al. (1993). The error was within 0.1 GPa. According to our assessment of similar experiments, the oxygen fugacity within the experiment was close to FMQ (Tao et al., 2015), which is similar to the basaltic oceanic crust in the subducted margins.
In one run, the pressure rose to about 800 PSI by hand first. We then started heating with a 10°C/min increasing speed. When the temperature was up to 400°C, the pressure would continue to rise with a 10 PSI/min to the aim value. After the pressure rising to aim value, the temperature rose to the aim value with 10°C/min increasing speed. The pressure and temperature were maintained for 168 h, then quenched by turning the power off. The temperature fell to room temperature in 1 min. We then depressurized and removed the run product carefully from the capsule and mounted it in epoxy, which was polished for observation and analysis.
Analytical Method
The whole rock compositions (major and trace element) analyses of the two metamorphic rocks (18TH-02 and 18TH-07) were carried out in the State Key Laboratory of Ore Deposit Geochemistry, Institute of Geochemistry, Chinese Academy of Sciences, Guiyang, China. Their major elements were measured by an X-ray fluorescence spectrophotometer (XRF, PW4400, Axios), and the trace elements were measured by an inductively coupled plasma mass spectrometer (ICP-MS), in accordance with the analytical procedures given by Qi et al. (2000). Back-scattered electron (BSE) images and the major element content of minerals in these two metamorphic rocks and in the experimental products were obtained using a JOEL JXA-8100 electron microprobe at the Key Laboratory of Mineralization and Dynamics, Chang’an University, Xi’an, China. The beam used for the analyses of the melt was 5–10 μm, with an accelerating voltage of 15 kV and beam current of 2 nA. The possible losses of Na and K in the melt were addressed using the same method in Zang et al. (2020) Trace-element concentrations within the melts (glass) of run products were measured by laser ablation ICP–MS using a GeoLasPro laser ablation system and an Agilent 7700x ICP–MS instrument at the Sample Solution Analytical Technology Company, Wuhan, China. The analytical procedures used are outlined in detail by Liu et al. (2008).
EXPERIMENTAL RESULTS
Phase Assemblages
The run conditions and mineral assemblages in their products are listed in Supplementary Table S2. Representative BSE photographs of the experimental products are shown in Figure 3. There is no difference between the mineral assemblages of these two starting materials at all run conditions. In runs at 850–950°C, there are Amp + Cpx + Pl + Grt + Melt in all run products. While in runs at 1,000°C, the Amp disappeared and the mineral assemblage is Cpx + Pl + Grt + Melt. However, melts (quenched to glass) in run products of PURE are very rare. The contents of them are about 2–3 vol% in runs at 850 and 900°C. This content increases to about 5 vol% in run product at 950°C and about 10 vol% in run product at 1,000°C (Figure 3A). The content of melts in run products of MIXT is different from those of PURE at over 900°C. In the run at 850°C, the melt in run products of MIXT is also very rare, which is consistent with the run from PURE at 850°C. In runs at 900°C, the content of melt in MIXT’s run products increases to about 10 vol%. This content increases to 20 vol% at 950°C and 35 vol% at 1,000°C (Figure 3B). The melting trend of MITX is consistent with the result reported by Zang et al. (2020). The mixture starting materials will increase in melting percentage at over ∼925°C.
[image: Figure 3]FIGURE 3 | Representative BSE photos of experiment products. Phase abbreviation: Gl = glass (melt), Cpx = clinopyxene, Grt = garnet, Pl = plagioclase.
The minerals in run products of PURE at 850°C are all very small; the size of all minerals (Amp, Cpx, Grt and Pl) is all about 15 μm. In run products at over 900°C, the size of mineral crystals increases with run temperature. The size of Amp increases most obviously with the run temperature increasing, it is about 40 μm in run product at 900°C and about 100 μm in run product at 950°C. The size of the other three minerals is also increased with run temperature. The size of Cpx is 20, 30, and 50 μm respectively in runs at 900°C, 950°C, and 1,000°C. The size of Pl is 20, 40, 50 μm respectively in runs at 900°C, 950°C, and 1,000°C. The size of Grt is 20, 25, and 50 μm respectively in runs at 900°C, 950°C, and 1,000°C. The minerals in run products of MIXT at 850°C is also very small. The size of all minerals is the same as those of PURE, at about 15 μm. The size of minerals in MIXT’s run products is also increased with run temperature. The size of Amp is 25 and 50 μm respectively in runs at 900 and 950°C. The size of Cpx is 20, 30, and 50 μm respectively in runs of 900°C, 950°C, and 1,000°C. The size of Pl is 20, 20, and 30 μm respectively in runs at 900°C, 950°C, and 1,000°C. The size of Grt is 20, 30, and 60 μm respectively in runs at 900°C, 950°C, and 1,000°C. In all run products, Grt is euhedral crystal and other kinds of minerals are subhedral crystals.
Major Elements and Trace Element Composition of Partial Melts and Residual Minerals
The major and trace element composition of partial melts from run products reported in this paper is listed in Supplementary Table S3. The variation trend with run temperature rising is shown in Figure 4. As the run temperature rose, the SiO2 contents of melts in all run products decreased, whereas the FeO contents of these melts show a reverse trend. The CaO content of melts from PURE showed a similar variation trend as SiO2 contents, while the CaO content of melts from MITX at over 900°C showed a reverse trend. The K2O content of partial melts from MIXT shows a decreasing trend as run temperature ring, while the K2O content of partial melts from PURE is almost unchanged due to their starting materials having so little K2O. The Al2O3 content of melts in all runs is between 15 and 25wt% is affected by the amount of feldspar. The Na2O content of partial melts is about 0.5–2.5wt%. Chondrite-normalized REE patterns for the partial melts are shown in Figure 5. The REE patterns of the partial melts are enriched in light REE, compared with their parents, the HREE of partial melts is more depleted (Figure 5A). In chondrite-normalized spidergram, the partial melt depleted in Ti, Y, Yb, and Lu compared with starting material, as shown in Figure 6.
[image: Figure 4]FIGURE 4 | Plots of major elements abundance of partial melts. PURE, melts generated from pure 18TH-02 (garnet plagioamphibolite, as the representative of metamorphic subducted oceanic crust); MIXT, melts generated from a mixture of 90 wt% 18TH-02 power and 10 wt% 18TH-07 (plagioclase slate, as the representative of metamorphic subducted terrigenous sediments). All the qualified original data of partial melts are shown in this figure; these data are listed in Supplementary Table S4 original major data. The pink arrows mark the variation trend of oxide abundance in partial melts from both these two starting materials as the temperature rose. The golden yellow arrow marks the variation trend of CaO in partial melts from PURE as the temperature rose. The grass green arrow marks the variation trend of K2O in partial melts from MITX as the temperature rose.
[image: Figure 5]FIGURE 5 | Chondrite-normalized rare earth element (REE) abundance patterns of the partial melts (A) and calculated results compared with field observations (B). C1-Chondrite data are from Sun and Mcdonough (1989). Z190818, Z190516, Z190708, and Z190508, partial melts from our experiment; PURE and MIXT, our starting materials. C190508 and C190516, calculated results based on our experiment data, the partition coefficient (Di) between melts and starting material from our experiment in runs at 950°C could be got [Di = (i in Melt)/(i in Starting material)], then we used this partition coefficient to calculate the i content in melts from pure OC (OC = oceanic crust) (C190508) and 10%UCC (UCC = Upper Continental Crust) + 90%OC (C190516), we use this method comparing the REE abundance from partial melting experiment and silicic arc magma located at Tonga Island and Kuril Island.; TON = typical REE abundance patterns from silicic magma located at Tonga Island, KUR = typical REE abundance patterns from silicic magma located at Kuril Island. ASM = arc silicic magma, REE abundance patterns from TON and KUR. Data of TON and KUR are also from the GEOROC website (http://georoc.mpch-mainz.gwdg.de/georoc/).
[image: Figure 6]FIGURE 6 | Chondrite-normalized spidergram for the partial melts. C1-Chondrite data are from Sun and Mcdonough (1989), Z190728, Z190818, Z190516, Z190708, and Z190508, partial melts in runs from our experiment; PURE and MIXT, our starting materials.
The SiO2, Al2O3, CaO, and Na2O content of Pl in the starting material and run products are shown in Figure 7A–D. Compared with the Pl in the starting material, the Pl in run products from PURE enriched in CaO and depleted in Na2O, which was the same as the Pl in the run product at 1,000°C from MIXT. The other Pl in run products from MIXT have the same variation range with their starting material. On the Or-Ab-An classification map, all Pl in run products are plagioclase series (Figure 8A). The SiO2, Al2O3, FeO, MgO, CaO, and Na2O content of Amp in starting material and run products are shown in Figure 7E–J. Compared with starting Amp in 18TH-02, Amp in all run products is enriched in SiO2, FeO, MgO, and Na2O, and depleted in Al2O3 and CaO. This difference is also very obvious in the classification map of amphibole (Leake et al., 1997) as shown in Figure 8B. The SiO2, Al2O3, FeO, MgO, and CaO content of Cpx in run products are shown in Figure 7K–O. As the run temperature rises, the Al2O3 content of Cpx in all run products increases, while the MgO content shows a reverse trend. In the classification map of clinopyroxene (Morimoto, 1988), the Cpx from runs at 850 and 900°C are enriched in En and others enriched in Wo (Figure 8C). The SiO2, Al2O3, FeO, MgO, and CaO content of Grt in starting material and run products are shown in Figure 7P–T. Compared with the starting Grt in 18TH-02, the Grt in all run products was enriched in FeO and MgO, and depleted in CaO, which is consistent with the Alm-Pyr-Gro classification map, as shown in Figure 8D.
[image: Figure 7]FIGURE 7 | Plots of major-element oxide concentrations in plagioclase (A-D), amphibole (E-J), clinopyroxene (K-O), and garnet (P-T). These minerals are from starting materials (18TH-02 and 18TH-07) run products from PURE and MITX.
[image: Figure 8]FIGURE 8 | Or-Ab-An classification map of plagioclase (A), classification map of amphibole after Leake et al. (1997) (B), classification map of clinopyroxene after Morimoto (1988) (C), and Alm-Pyr-Gro classification map of garnet (D). These minerals are mentioned in Figure 7.
DISCUSSION
Firstly, we need to consider whether the equilibrium was approached in our run products. According to similar experimental studies (Beard and Lofgren, 1991; Sen and Dunn, 1994; Xiong et al., 2005; Qian and Hermann, 2013; Zang et al., 2020) that undertook partial experiments at ≥900°C, a run time of ≥96 h could be regarded as approaching equilibrium. Our run time was 168 h, nearly twice as long as the run time used in previous studies to approach equilibrium, meaning the melts (glass) in our run products show component differences (Figure 4). The component difference of melt may be caused by poor liquidity due to low degree partial melting. The equilibrium in our run products should be a local one. Furthermore, the Fe–Mg exchange distribution coefficients (Kd, Fe–Mg) of mineral–melt were also calculated. The Kd, Fe–Mg value of Cpx was 0.06–0.53, the Kd, Fe–Mg value of Grt was 0.32–1.71, compared with the value of similar studies (Xiong et al., 2005; Qian and Hermann, 2013; Zang et al., 2020). These Kd, Fe–Mg values of minerals are acceptable, indicating the equilibrium is approached. The major and trace element compositions at different sites are homogeneous (within analytical error), indicating that equilibrium was attained.
Comparison Between Melts From PURE and MITX
We then compared melts from PURE and MITX. With the sediment addition, the MITX increased its melting percentage at over 900°C, which is the same as previous studies (Mccarthy and Patiño Douce, 1997; Zang et al., 2020), but the melting percentage in this study is very small compared with others. The reasons for this may be the following: 1) there is no free water added in our experiment: the water in our run products is from dehydration of Amp in staring materials (18 TH-02). The water content of our experiment is lower than similar experiments with water added before the Amp is destroyed. 2) These two staring materials are metamorphic rocks, unlike basalt, there is no glass in them. By comparing the melting percentage of PURE and MITX, the melt percentage of MIXT is much higher than the one of PURE in runs at 950and 1,000°C, and the increasing value of MITX is more than the total content of addition metamorphic subducted terrigenous sediment. This result indicates the effect of sediment addition on increasing melting percentage needs a “staring temperature” (950°C in this paper). The addition sediments significantly help the partial melting of subducted oceanic crust over this staring temperature.
We then compared the chemical composition of melt from PURE and MIXT over the staring temperature, to consider which one could be the real magma. As shown in Figure 4 the melt from MIXT are enriched in Na2O and K2O and depleted in Al2O3 in major elements than the melt from PURE in runs at 950and 1,000°C. For trace elements, the melts from the mixture enrich more in Rb than the PURE because the MIXT has a very high content of Rb compared to PURE.
Affect of Sediment Addition on Silicic Arc Magma Generation
Possible ways in which the silicic arc magma is generated include: 1) that it is generated by partial melting of the subducted altered oceanic crust; or 2) that it could have evolved from mantle-derived mafic magmas (see Clemens et al. (2021) and references therein). It seems unlikely that the majority of silicic melt could be evolved from basalt for the following reasons: 1) silicic melt has a high viscosity and crystallization differentiation is difficult (even this process could be achieved with a large number of chadacrysts that are not completely separated from silicic magma, but the chadacrysts are not so widely distributed); 2) the crystallization differentiation of magma could be detected via geochemical data, such as separation of feldspar can lead to Eu anomalies, however, there are no obvious Eu anomalies in current data relating to rocks (SiO2 ≥ 52wt%) from Tonga and Kuril (Figure 5B). The partial of subducted altered oceanic crust with or without sediments could be an important way of generating silicic magma at convergent plate margins.
In terms of the effect of sediment addition on silicic arc magma generation, we compared the major element content of rocks from field observation and melt from partial experiments on basic rocks and basalt-sediment mixtures via Harker diagrams (Figure 9). For major elements, melts from the experiment seem to all cover the variation range of arc silicic magma located on Tonga and the Kuril Islands. The melts from MIXT also match the field observation better on the SiO2-K2O diagram because the PURE (and the oceanic crust) is depleted on K2O. The high K2O silicic magmas may thus generate from the mixture of magmatic sources. Besides the major elements, the trace element of rocks from field observation and melt from partial experiments are also compared via plots of Sr/Rb—Rb (Figure 10). Unlike the major elements, the melts from the mixture match the field observation better. Note that the trace element data on melts from pure basic rocks (Xiong et al., 2006; Qian and Hermann, 2013) are out of the variation range shown in Figure 10. Furthermore, the REE abundance patterns of partial melts from magmatic sources with sediment addition have an obvious right-leaning than the one from the pure magmatic source. The partial melts from the mixture magmatic sources match the silicic magma from Kuril Island better than the melts from pure magmatic sources. This result indicates that the arc silicic magma is mainly generated from the partial melting of a mixture of basic oceanic crust and sediments. The sediments also offer great help in establishing the partial melting percentage. This may also contribute to the formation of silicic arc magma.
[image: Figure 9]FIGURE 9 | Harker diagrams of melts from partial melting experiment and filed observation. TON, KUR, and MiPM are the same with Figure 1 on their meaning and data; PO, melts from partial melting experiments of pure basic rocks, the data including BaDE, AmPM, and GaPM in Figure 1; PURE and MITX are same to Figure 4.
[image: Figure 10]FIGURE 10 | Plots of Sr/Rb VS Rb. Symbols are the same as Figure 9, the original data of PURE and MITX are listed in Supplementary Table S5 original trace data. Then we used the same computing method mentioned in Figure 5 to revise our data. The trace element data of melts from pure basic rocks (Xiong et al., 2006; Qian and Hermann, 2013) are out of the variation range, so there are no OP data shown in this figure.
CONCLUSION
Our experiments reveal that the addition of 10 wt% sediment has an obvious effect on the partial melting of basic rocks. These results are based on examination of the chemical composition of experimental partial melts produced from a series of comparative partial melting experiments on a garnet plagioamphibolite and a 90 wt% garnet plagioamphibolite +10 wt% plagioclase slate mixture at 850–1,000°C/1.5 GPa. The importance of sediment addition was also verified and identified in the generation of arc silicic magma. The main conclusions of this study are as follows:
1) A small additional amount of (10 wt%) altered sediment makes the metamorphic subducted oceanic crust generate more silicic melt with geochemical characteristics of higher Na2O and K2O and lower Al2O3 in major element and high Rb content in trace element at over 950°C.
2) Silicic arc magma may generate from partial melting of metamorphic subducted oceanic crust with sediments thereon. The addition of sediment contributes to their high Rb content and the partial melting percentage of their parent rock.
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Cpx-NaCHH,0* 1.0 873 HS* e b 37 = e e 15.0 = 16.3 =
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PENaCl-H,0° 1.0 800 HS* - 036 - - - 229 - - - 15.33
Cube - 045 - - - 240 - - - 15.95
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Note: data of a, b, ¢, d and e were from Sun et al. (2020), Li et al. (2018), Guo et al. (2015), Shimojuku et al. (2014) and Guo and Keppler (2019), respectively.
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-0.077) -0.095)
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eFe 072 - 05 - Caloulations (p) Pozzo and Alfé (2016a)
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eFe - - - Calculations (p) Wagle and Steinle-Neumann
(2018)
Fe 1.28 + 0.09 - - - Multi-anvil press (p)  Yong et al. (2019)
Fe 067 + 027 130 GPa 0.60 +0.27 330 GPa Calculations (p) Wagle et al. (2019)
eFe 0.80 = 0.05 4,000 K, 136 GPa - - DAC (p) Zhang et al. (2020)
Fe - - 0637 - Calculations (p) Pourovski et al. (2020)

The p values associated with studies that have reported k values are obtained via the Wiedemann-Franz law with the Sommerfeld value for the Lorenz number.
"This method refers to first principles theoretical calculations.
Values specific to liquid Fe are in red, those specific to solid Fe are in blue, while unspecified values are in black. Compositions specific to the hco phase of Fe are denoted by .
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Fe5.4Ni ii Gomi and Yoshino (2018)

Fe10Ni2.6C155 Meas. at 1atm (o) Johnston and Strens
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Fe10.9Ni2.7Si 5500K, “Calculations () Zidane et al. (2020)

Fe10.9Ni3.1S - 0.57 360 GPa.
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Fe.11.0N9.7S 097

Fe11.9Ni13.481 0869 (+0.154/ 3,750 K, 140 GPa DAC (p) Ohta et al. (2016)
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-0.100) -0.120) 330 GPa.

Fe13.9Ni8.9C 1.10 (+0.04/-0.09) 3,750 K, 136 GPa 0.908 (+0.051/ 4971K, DAC (p) Gomi and Hirose (2015)
-0.127) 330 GPa

Fe23Ni158i 3,750 K, 135 GPa 4971 K, Calculations (p) Stacey and Anderson
330 GPa (2001)

2,500 K, 3,000 km 5,500K, Calculations (p) Gardiner and Stacey
25N|. ,Si,MgO 5,000 km (1971)

The p values associated with studies that have reported k values are obtained via the Wiedemann-Franz law with the Sommerfeld value for the Lorenz number.
“This method refers to first principles theoretical calculations.
Values specific to liquid Fe are in red, those specific to solid Fe are in blue, while unspecified values are in black. Compositions specific to the hco phase of Fe are denoted by ¢.
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