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Fig. 1 Experimental setup for electrical conductivity measurements
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Fig. 2 Backscattered electron images of (a) pure olivine and
(b)15% FeS—bearing olivine
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Fig. 3 Comparison of complex impedance spectra of pure olivine and 15% FeS—bearing olivine

under different temperature and pressure conditions
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Fig. 4 Logarithm of electrical conductivity reciprocal temperature
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for pure olivine and 15% FeS—bearing olivine at different pressures

X F, A4 Arthenius 3¢ R 3 >0 = Olivine
o = opexp(—AH/KT) 2) 18 e 15% FeS-bearing olivine
K oo AT T (K-S-m ) , AR W T A4 |
(eV), k & Boltzmann # 1, T N4 32 E (K) . S 12f
o 2 P 4, A LA S L L S ot I
1.2 Fl 3 GPa T, gt A 09 1% AL &5 70 0l A 08
1,18 1.11 1 1.03 eV, BN & 7 (9 FF 25 107 159 061
MBI/ B 15% Fes 0 BCHE A 1 I A A% 4 504 . e
0.20. 0.29 F10.39 eV, B % AL XKG b5 15 1 7 s i o 15 20 25 30 35

B, H HL A A s LA IRIR 2 o MRS
B AR BEE T AR Ak n i 5 s, e ARk 5
AR E g SR LSS D

#1 HHHESEMN Arrhenius X RS S H

Table 1 Fitted parameters of Arrhenius relation for the electrical conductivity of samples

p/GPa
K5 RS S5ERICHR

Fig. 5 Activation enthalpy versus pressure

Sample p/GPa T/K g oy oo/(Sm™) AH/[eV v
1 723-1273 2.53 338.84 1.18 0.9913
Olivine 2 723-1273 1.96 91.20 1.11 0.9781
3 723-1273 1.05 11.22 1.03 0.9867
1 723-1273 0.47 2.95 0.20 0.9953
FeS-bearing olivine 2 723-1173 1.73 53.70 0.29 0.9802
3 723-1073 2.78 602.56 0.39 0.9845

Note: y>*—adjust R-square.
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Experimental Study on the Effect of Pressure on the Electrical Conductivity
of Pure and Iron Sulfide-Bearing Olivine

LIU Changcai'?, HU Haiying', DAI Lidong', SUN Wenqing'

(1. Key Laboratory of High-Temperature and High-Pressure Study of the Earth’s Interior,
Institute of Geochemistry, Chinese Academy of Sciences, Guiyang 550081, China;
2. University of Chinese Academy of Sciences, Beijing 100049, China)

Abstract: We performed in situ electrical conductivity measurements on pure and iron FeS-bearing olivine
in a multi-anvil apparatus using the impedance spectroscopy technique under the condition of 1-3 GPa
and 723-1273 K. The experimental results indicated that the electrical conductivities of 15% (mass fraction)
FeS—bearing olivine, in the range of 0.1-10 S/m, are 2 to 3 orders of magnitude higher than that of pure
olivine in the experimental temperature range. The electrical conductivities of pure and 15% FeS-bearing
olivine increase with increasing temperature. The dependence of the electrical conductivity of pure olivine on
temperature is much stronger. The effect of pressure on the electrical conductivity of pure and iron FeS-bearing
olivine is different. With the rise of pressure, the electrical conductivity of pure olivine slightly decreases,
whereas the electrical conductivity of the 15% FeS-bearing olivine increases significantly. Based on the
experimental results including the Arrhenius parameters, it is proposed that the 15% FeS can form an
interconnected network in olivine, which dominates the conduction process of olivine.

Keywords: olivine; FeS; pressure; electrical conductivity
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Diffusion of Helium in Calcite and Aragonite:
A First-Principles Study

LI Shuchen', LIU Hong', YANG Yaochun®, DING Jianhua®,
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(1. Institute of Earthquake Forecasting,China Earthquake Administration (CEA), Beijing 100036, China;
2. Dalian University of Technology, Dalian 116024, China;
3. Taiyuan University of Technology, Taiyuan 030024, China)

Abstract: Helium diffusion in carbonate minerals is important for studying the physical and chemical
properties and dynamic processes of Earth’s degassing. This paper discussed helium incorporation and
diffusion mechanism in crystals of calcite and aragonite based on density functional theory calculations. The
diffusion pathways, activation energies (E,), and frequency factors (v) of helium under the surface and
mantle condition were calculated. Calculations show an apperant anisotropy of helium diffusion in calcite,
with more energetically favorable directions along a(b) axis. The moderate anisotropy of helium diffusion is
showed in aragonite, in which the diffusion rate along ¢ axis is slower than that along a axis. Under high
pressure conditions, the activation energies of helium diffusion in aragonite increase with pressure. The
closure temperature for calcite crystal varies from —54 °C to —25 °C in the direction [010], and for aragonite
varies from —12 °C to 23 °C in [100]. Aragonite may be more retentive for helium than calcite under surface
condition, which agrees well with previous experimental studies.

Keywords: helium diffusion; calcite; aragonite; ab initio; pressure effect
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Helium gas in minerals may provide plenty of useful information on Earth’s mantle evolution and
geodynamic processes. There are many accessory minerals with high concentration of U and Th, such as apatite
and zircon, have been widely used in (U-Th)/He dating method" . However, calcite, quartz, olivine, and other
common minerals are less involved in this method. The application of carbonate (U-Th)/He method in thermo-
chronometry has attracted more and more attention due to its ubiquity, large grain size, and extremely low closure
temperature on the Earth™* 7). *He is attributed to the presence of primordial helium leaking from the mantle and
*He is produced by the decay of radioactive isotopes. High *He/*He ratios are characteristic of samples of mantle
origin. To understand dating and cooling histories of rocks, the diffusion mechanism of helium in carbonate
minerals should be studied.

Recently, the experimental approaches to determining He diffusivities in carbonates have obtained some new

achievements' ™. Copeland et al.™ undertook a series of bulk step-heating experiments on calcite. They suggested
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that the diffusion of helium in calcite has no connection with the origin of minerals or the source of helium. The
potentiality of calcite (U-Th)/He dating was also investigated by Cros et al.””’ Later, Amidon et al.™ explored the
production and retention of helium in calcite samples at several different locations. Step-degassing experiments
were also used to investigate the diffusion of He in calcite. All the above experiments indicate that helium
diffusion in calcite is influenced by multiple diffusion domains (MDD). This factor has been attributed to the loss
of He from small domains with a faster diffusion rate, making it difficult to speculate bulk He retention in natural
samples™®. To avoid these limitations of bulk degassing experiments, Cherniak et al."*! performed ion implantation
experiments and NRA (nuclear reaction analysis) measurements to study helium diffusion in calcite, dolomite,
magnesite, and aragonite. This approach can be used to study the anisotropy of helium diffusion. They found that
the diffusion is anisotropic in calcite, dolomite and magnesite, and is slowest along the [001] direction. They
found that magnesite and calcite are unlikely to be retentive of He on the Earth’s surface conditions,
while dolomite and aragonite can be retentive under cooler conditions'.

To better understand the diffusion mechanism and rate of helium in carbonates, we undertake a series of
theoretical computations. The density functional theory (DFT) and climbing image nudged elastic band (CI-NEB)
method are powerful for exploring the microscopic mechanism of He diffusion in minerals and have been applied
to investigate the diffusion mechanism of helium in a few important minerals, such as zircon and apatitel’],
olivine!'”’, hematite!'!), preclase!'”!. This method, using the microscopic atomic-scale calculations to elucidate He
diffusion in perfect crystals without impurities, defects, or radiation damage, provides the basis for comparison of
diffusion rate among different minerals. In this paper, the electronic nature, diffusion pathways, activation
energies, and frequency factors of He diffusion in calcite and aragonite under ambient and high pressure
conditions were investigated based on the DFT and CI-NEB method. After calculating the diffusion data, we
discussed the anisotropy of helium diffusion in the two mineral phases. The closure temperature were also

calculated using Dodson’s equation"*!.

1 Method

The structural properties and diffusion behavior of helium in calcite and aragonite were calculated based on
the density functional theory and the plane-wave pseudo-potential approach!'* '* as implemented in the Vienna 4b
Initio Simulation Package (VASP)!'* "7, The projector-augmented wave (PAW) potential was used to represent the
interactions between ions and electrons!® ", We adopted the generalized gradient approximation (GGA) with the
Perdew-Burke-Ernzerh of (PBE) functional® to describe the exchange-correlation interaction. The Brillouin zone
was sampled by a 3x3x3 Monkhorst-Pack mesh!®"! of k-points for the (2x2x1) calcite supercell. For aragonite, an
80-atom supercell formed by 2x1x2 unit cells was used and the Brillouin zone was sampled by a 2x2x2
Monkhorst-Pack mesh of k-points. The atomic coordinates of the two structures were fully optimized until the
energy change on each atom was less than 10~ eV and the force was less than 0.02 eV/nm. The cutoff energy was
set to be 550 eV. The energy cutoff and k-points are sufficient to reach the required accuracy in the present work.

We first study the structural properties of bulk calcite and aragonite. The relaxed lattice parameters, and
several characteristic interionic distances are reported in Table 1. The other experimental and DFT datal*> > are
also presented as comparison. As seen from Table 1, good agreement is achieved between the calculated results in
the present work and experimental data. The deviation between our calculated structural parameters and previous
studies were less than 1.5% for calcite and aragonite.

To study the He diffusion in calcite and aragonite, one He atom was placed on several different types of
interstitial sites. We first found the most stable interstitial sites of helium in the two systems to evaluate He

interstitial formation energies. The mechanical stability of He interstitials at each site is studied by inserting a
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Table 1 Calculated structural parameters of calcite and aragonite in comparison
with previous theoretical and experimental values

C-O bond Ca-O bond

Mineral Data source Unit cell volume/nm’>  a/nm b/nm c/nm ) .
distance/nm  distance/nm

This work 379.58 5.05 17.21 1.299 2.383
Calcite Calculation” 383.20 5.05 17.33 1.291 2.397
Experiment® 368.10 4.99 17.06 1.284 2.359
This work 232.58 5.01 8.01 5.79 1.291 2.469
Aragonite Calculation™" 233.84 5.02 8.04 5.80 1.292 2.440
Experiment 226.65 4.96 7.96 5.74 1.284 2414

helium atom at the site and then relaxing the lattice structure to check whether the He moved to another stable site
or not. In addition, the thermodynamically stable sites are determined by the formation energy.
The formation energy for a He atom at one interstitial site is defined as

AEy. = E(CaCO; + He) — E (CaCO;) — E (He) 1)
where E(CaCO,+He) is the total energy of the relaxed atomic model containing a He atom, E(CaCQ,) is the total
energy without He atom, and E(He) is the energy of the isolated He in vacuum.

The activation energy of helium in calcite and aragonite and the minimum energy paths (MEPs) were
calculated using CI-NEB method™®. All images were relaxed until the maximum force on each atom is less than
0.03 eV/nm. The diffusion rate is assumed to follow an Arrhenius form

D = Dyexp(—AE,/RT) 2)
where D is the diffusion rate, D, is the pre-factor, AE, is the activation energy, R is the gas constant, and 7 is the
temperature in Kelvin. The activation energy E, can be obtained by the CI-NEB method, but the pre-factor D, in
Eq.(2) is also required to calculate the diffusion rates. In the harmonic transition state theory””), all of the atoms in
the lattice vibrate harmonically around their equilibrium positions and the diffusion rate relates to the atom vibration by

1

Do = EIZV (3)
where
3N
i Vi
Y=y @

The factor 1/2 in Eq.(3) indicates that the helium atom is moving along the specific direction, / is the jump
distance between two He atoms. The frequency, v, was calculated by displacing the helium atom in the activated

and ground state'””), the value of v, (the ground state) to v/ (the activated state) for N He atoms (1 in this case).
2 Results and Discussion

2.1 Calcite

Calcite belongs to the R3¢ space group with trigonal system. Fig.1(a) and Fig.1(b) show the unit cell of
calcite at ambient pressure viewed from two different directions. To investigate the helium diffusion behavior in
calcite crystal, we put a single helium atom in several possible interstitial occupation sites in calcite. We calculate
the total energy of the whole system and find the most stable location with minimum energy of He in calcite. The
computed formation energy AEy, is 74.29 kJ/mol.

First, we pay attention to the microscopic structure of calcite and find that in the [100] and [010] directions,

the atomic arrangement and lattice position have no difference (see Fig.1(b)). Helium diffusion behaviors along
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Fig. 1 Schematic diagrams showing unit cell of calcite ((a) and (b)) and aragonite ((c) and (d)) (The two structures both show layers
of Ca®" cations and layers of planar CO, groups stacked perpendicular to the c-axis. Green: Ca, red: O, gray: C.)

a-axis and b-axis are exactly identical. Then, we choose two different possible diffusion pathways between the
most energetically favorable sites and obtain the relative activation energies based on the CI-NEB method. One
path is a direct hop along [010] direction between nearest-neighbor He atoms (S,—S,) and parallel to the CO, layers
in calcite crystal structure (see Fig.2(a)). The jump distance and calculated activation energy F, is 5.046 nm and
67.64 klJ/mol, respectively. For the direction [001], the helium diffusion behavior is much more complicated. The
direct path between the nearest-neighbor He atoms along [001] direction (S,—S,) is perpendicular to the CO, layers
but hindered by a Ca®" cation, so we choose another possible pathway for helium diffusion: along S,—S, S, (see
Fig.2(b)). The jump distance and calculated activation energy E, is 4.711 nm and 97.36 kJ/mol, respectively. The
energy barriers curves for the helium atom moving along [010] and [001] directions are shown in Fig.3(a) and
Fig.3(b). The CI-NEB calculations were performed by placing 5 images between neighboring stable sites for both
directions. Then, we calculate the frequencies (v) and pre-factor (D,) of the two directions. The pre-factors are
5.46x10°" m*s (Ig D, = —6.26) and 4.65x10"" m*/s (g D, = — 6.33) for [010] and [001] directions, respectively.
According to the parameters of Eq.(2), Eq.(3) and Eq.(4) as shown in Table 2, the calculated diffusive

coefficients of helium in calcite are

B —67.64 kJ/mol
Dygioyq00y = 5.46x 107 eXP(T)(mz/S) Q)
-97.36kJ 1
Dior; = 4.65% 1077 exp(T/mo) (m?/s) (6)

Helium diffusion data from DFT calculations are reported in Table 2, and diffusion coefficients are plotted in
Fig.4(a). Calculations show marked anisotropy of helium diffusion in calcite. Diffusion rate for [010] is about
five orders of magnitude faster than [001] at ambient temperature (298 K) due to its lower activation energy. It can
be explained by the different microscopic atomic structures. Table 3 shows the characteristic bond distances of
activated states in calcite for [010] and [001] directions. The He-O distance in [010] is about 0.11 nm longer than
that in [001], and the separation between two neighboring parallel CO, layers in [010] is about 0.06 nm larger than
that in [001], indicate a more narrow space when He moving along [001], making it difficult to go through. In

contrast, the C-O and Ca-O bond distances have little difference between the two directions. As temperature
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(a) (b)

(© (d)

Fig. 2 Diffusion pathways of helium atom in calcite along [010] (a) and [001] via the S,. site and reaching the S, site (b);
in aragonite along [100] (c) and [001] via the S, site and reaching the S,. site (d)
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Fig. 3 Energy barriers of different paths for helium diffusion in calcite: (a) $ ' —S$* path in the [010] direction, (b) S -5 - §§
path in the [001] direction; in aragonite: (c) S ® — S 2 path in the [100] direction, (d) S ® — S — S path in the [001] direction
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Table 2 Calculated parameters for helium diffusion in calcite and aragonite under ambient and high pressures

Mineral Pressure/GPa Direction E /(kJ-mol™) v/THz I/nm Dy/(m*s™)
0 [010] 67.64 4.29 5.05 5.46x1077
Calcite :
0 [001] 97.36 4.19 4.71 4.65%10°
0 [100] 82.40 7.71 5.00 9.64x107
0 [001] 96.00 6.34 5.79 1.06x10°°
3 [100] 110.57 7.11 498 8.82x107
3 [001] 125.43 6.57 5.68 1.06x107
Aragonite 6 [100] 115.78 7.03 4.95 8.61x10”
6 [001] 133.63 6.85 5.85 1.17x10°°
10 [100] 139.42 7.54 4.90 9.05x10”
10 [001] 160.17 7.56 5.47 1.13x10°°
14 [100] 154.38 7.01 4.86 8.28x107
14 [001] 174.45 8.41 5.36 1.21x10°°
700 K 500 K 400 K 10 625K 500 K 400 K
o &) . . . o) T :
b Cherniak et al. “l2p
perpendicular to ¢ 14 This study
= -4} = 100
T This study. » _16 L *]/
E -16F £
S S ig} 1001]
& C18r & [010]
Cherniak ef al. 20 ) ©
201 [001] Cherniak et al. (2015)
[001] 22+
_22 -
L L L 1 1 24 1 1 1 1 1 1
12 16 20 24 28 16 18 20 22 24 26
1047 /K™ 1047 1/K™!

Fig. 4 Comparisons of our Arrhenius relations for calcite (a) and aragonite (b) with the data of Cherniak et al.'

(He diffusion in calcite displays marked anisotropy, while in aragonite shows moderate anisotropy.)

Table 3 Summary of the characteristic bond distances of activated states in calcite and aragonite

under different pressure conditions (All bond distances are the smallest distances.)

Mineral Pressure/GPa Direction Ca-O bond distance/nm  C-O bond distance/nm  He-O bond distance/nm
Caloite 0 [010] 2.261 1.299 2.033
0 [001] 2.241 1.295 1.922
0 [100] 2.356 1.296 2.141
0 [001] 2412 1.287 2.042
3 [100] 2.358 1.294 2.067
3 [001] 2.379 1.294 2.002
Aragonite 6 [100] 2.351 1.289 2.026
6 [001] 2317 1.284 1.970
10 [100] 2.340 1.278 1.982
10 [001] 2.290 1.274 1.927
14 [100] 2.334 1.277 1.951
14 [001] 2.265 1.270 1.909
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increases, helium diffusion in calcite becomes more and more isotropic. At 800 K, the diffusion rate for [001] is
only about 2 orders of magnitude slower than that for [010], indicating that anisotropy become insignificant at
mantle temperature in calcite.

2.2 Aragonite

Aragonite is a high-pressure polymorph of calcite with orthorhombic symmetry and space group Pmcn, and
consists of layers of Ca®* cations with layers of planar CO, groups stacked perpendicular to the c-axis. Fig.1(c) and
Fig.1(d) show the unit cell of aragonite viewed from two different directions. In aragonite, we put a single helium
atom in several possible interstitial occupation sites and find the most stable location with minimum energy of He.
The computed formation energy AE,,, is 87.80 eV.

We find two possible diffusion pathways of helium between the most energetically favorable sites in aragonite.
Diffusion along [100] direction is a direct hop (S,—S,) (see Fig.2(c)). The jump distance and calculated activation
energy £, is 5.00 nm and 82.40 kJ/mol, respectively. Diffusion along [001] is more complicated because Ca*"
cation will hinder the helium motion. We find another possible path for helium diffusion along [001] direction:
S,—S,—S,. (see Fig.2(d)). The jump distance and calculated activation energy £, is 5.79 nm and 96.00 kJ/mol,
respectively. Then, we calculated the frequency factors (v) and pre-factor (D,) of these two directions. The pre-
factors are 9.64x10"7 m*/s (Ig D, = —6.02) and 1.06x10"° m?*/s (Ig D,= —5.97) for [100] and [001] directions,
respectively.

The helium diffusion in aragonite can be written in Arrhenius as follows

~82.40 kJ/mol
Doy = 9.64% 1077 exp(ﬁ)(mz/s) 7
RT
9600 kJ/mol
Dior; = 1.06x 107 exp(T/mo) (m?/s) )

Helium diffusion data from DFT calculations are list in Table 2, and diffusion coefficients are plotted in
Fig.4(b). Helium diffusion shows moderate anisotropy in aragonite, with diffusive rate along [100] about 2 orders
of magnitude faster than [001] due to its lower activation energy. As seen from Table 3, the He-O and Ca-O
distances in [100] are about 0.10 nm and 0.14 nm longer than those in [001], respectively. The separation between
two neighboring parallel CO; layers in [100] is about 0.21 nm larger than that in [001] at ambient condition, which
indicates the small space when He is moving along [001], making it difficult to go through and leading to great
activation energy. In contrast, the C-O bond distances have little difference between the two directions.

2.2.1 Pressure Effects in Aragonite

To investigate the pressure effect on helium diffusion in aragonite, we performed calculation under high
pressure up to 14 GPa. The high pressure data and diffusion coefficients are reported in Table 2 and Fig.5. For
[100] direction, E, increases from 82.40 kJ/mol at 0 GPa to 154.38 kJ/mol at 14 GPa. For [001] direction, E,
increases from 96.00 kJ/mol at 0 GPa to 174.45 kJ/mol at 14 GPa. The activation energies significantly increase
with the pressure in both directions. The large differences in diffusion kinetics between ambient and high pressure
conditions may due to the structural transformation of aragonite. We list the characteristic bond distances from
activated states in aragonite under different pressure conditions (see Table 3). With increasing pressure, some
characteristic bond distances become more and more short, creating more congested space to allow He atom to
move. It can be noticed that the C-O bonds are hardly compressible in aragonite. For [100] direction, the He-O
(Ca-0) bond distance decreases from 2.141(2.356) nm at 0 GPa to 1.951(2.334) nm at 14 GPa. For [001]
direction, the He-O (Ca-O) bond distance decreases from 2.042(2.412) nm at 0 GPa to 1.909(2.265) nm at 14 GPa.
Thus, the pressure effect will significantly influence the crystal structures and activation energies. With the

increasing of pressure, helium diffusion rates in aragonite will become slower.
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As seen from Fig.5, the diffusion coefficients Dy, and Dy, obviously decrease with increasing pressure.
When the pressure increases to 14 GPa, Dy, and Dy, nearly decline by 13 orders and 12 orders of magnitude at

ambient temperature, and 5 orders and 6 orders of magnitude at 800 K.

1000K 667K 500K 400K 1000K 667K 500K 400K
= (@) [100] 10} (b) [001]
~15} ~15}
L 0| 0 GPa £ 20t
E/ = 0 GPa
] 3GPa )
% st 6 GPa o 25+ 3 GPa
10 GPa 6 GPa
30 14 GPa —30 10 GPa
14 GPa
735 1 1 1 1 1 _35 1 1 1 1 1
10 15 20 25 30 35 10 15 20 25 30 35
1047-1/K! 1047 V/K

Fig. 5 Effect of pressure on helium diffusion in aragonite up to 14 GPa in the [100] (a) and [001] (b) directions
(The diffusion coefficients obviously decrease with pressure increasing in both directions.)

2.3 Comparison with Previous Experimental Data for Carbonates

In recent two decades, the diffusion mechanism of helium in natural carbonates samples has been studied by
some experimental work (e.g. Refs.[4-5,7-8]). Copeland et al"! investigated the helium diffusion kinetics by
soaking a wind range of carbonates in helium gas and conducting bulk step-degassing experiments. From the
helium release behaviors, they constrained activation energies for calcite ranging from 121 to 170 kJ/mol, larger
than those (67-97 kJ/mol) in the present work. The Arrhenius parameters show some high-temperature data have
retrograde steps that do not fall on the initial array well documented as multiple diffusion domains (MDD)
behaviors. He diffusion in saturated and natural samples both suggest the MDD behavior and the diffusion domain
is smaller than the size of the sample analyzed, making some of the He release behaviors quite complicated™. The
similar results were obtained by Cros et al.”, they undertook step-degassing experiments on fault-filling calcite,
and their results show a complex degassing behavior. Their Arrhenius parameters can be explained by the MDD
model, or by the presence of fast paths in the crystals due to structural defects. The presence of defects creates the
small domains in calcite crystals, making (U-Th)/He ages variable!”. Amidon et al™ explored the potential of
helium dating and evaluated He retention in natural sample under Earth’s surface condition. They constrained
activation energies ranging from 101 to 113 kJ/mol by step-degassing experiments on calcite and suggested that
He retention was controlled by MDD pattern in the crystals. All the above experiments indicate that the helium
diffusion in calcite will be controlled by MDD, and these results are quite complex and difficult to investigate the
real diffusion mechanism of helium in carbonates. In addition, the high activation energies they obtained may
reflect the overprint of anisotropy of He diffusion in the calcite.

To avoid the limitation of previous bulk degassing experiments and distinguish between the effects of
diffusion kinetics, diffusion domain sizes and the anisotropy, Cherniak et al."! performed *He ion implantation
experiments and NRA measurements to study helium diffusion in calcite, dolomite, magnesite and aragonite. For
calcite, they obtain the activation energies of 52 kJ/mol for direction perpendicular to [001], not far from our
results (67 kJ/mol). However, they obtain the activation energies of 54 kJ/mol for the direction [001]. It is much
smaller than our results (97 kJ/mol). Bengtson et al.™! calculate the diffusion of He in apatite. They found the

results that the activation barriers in experimental measurements are higher than calculation results, and it is likely
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explained by the presence of radiation damage. Even though calcite contain very low concentrations of radiation
damage producing elements (U, Th, K), this effect may play an important role in the discrepancy between
experimentally determined helium diffusion kinetics and the calculations presented here. In addition, natural
calcite that undoubtedly contains abundant structural defects that disrupts the perfect CaCO,. Our calculation show
He diffusion in calctie is very sensitive to local structure. This may be an important cause to leading the different
activation energies and diffusivities between the results presented here and the experimental study by Cherniak et
al."! In addition, the limited experiment conditions and our simulated conditions are quite different, which may
cause the discrepancies in the results. As shown in Fig.4(a), Arrhenius relations for calcite between our data and
Cherniak ef al.™ are similar. Their data showed that the He diffusion in calcite is anisotropic, and is slowest for
diffusion along the [001] direction, which agree well with our calculations. This pattern of anisotropy was due to
the smaller inter-atomic apertures along [001] direction, which may reduce the diffusion rate.

For aragonite, they obtained the activation energies of 95 kJ/mol for [001] and 82 kJ/mol for [010], while our
results are 96 kJ/mol for [001] and 82 kJ/mol for [100]. It is not clear why we obtain different anisotropy results,
but the values of activation energy are identical. The findings of Cherniak et al. indicate diffusivities are about
2 orders of magnitude lower than the results obtained in the present study (Fig.4(b)). The differences may due to
the different research methods used, making relatively large discrepancy of “jump distance a” between experimental
and theoretical value.

In addition, we compare the helium diffusion rates between calcite and aragonite. For the convenience of
comparison, we choose the faster diffusion paths [010](100) in calcite and [100] in aragonite. Helium diffuses
faster in calcite, with diffusion rate about two orders of magnitude faster than in aragonite at ambient condition.
The differences are due to the small activation energy of calcite, making it easier for helium atom to pass through.
Thus, calcite may be less retentive for helium than aragonite under surface condition. Early work studied on
calcite and aragonite suggest calcite is unlikely to be retentive of helium on the Earth’s surface, while aragonite
may be retentive under cooler conditions***., consistent with our study.

2.4 Closure Temperature

It is necessary to investigate detailed information about closure temperatures (7,) for carbonates. For

thermally activated diffusion D = D, exp(—AE./RT),

o [13]
it is given by Dodson" ' as 350 - Calcite [001]
E, ART?D,
T.= —|In| —— 9
R / n(azEadT/dt) ©
where E, and D, are from the current calculations. 3007 7
/ —
A cooling rate (d77d) of 10 °C/Ma (3.168 88x10 " K/s) “ Aragonite [001] _ — — = =77
(consistent with Bengtson et al."”’) and spherical ol T
geometry (4 = 55) were used"’. T, is plotted as a 250 @
function of crystal size in Fig.6. The closure tempe- Caleite [010]
rature of 0.2-2.0 mm grain size of calcite crystal
varies from —54 °C to —25 “C in the direction [010]
o : : : 200 & L . . .
and 40 °C to 82 °C in the direction [001], and for ara- 500 1000 1500 2000
gonite varies from —12 °C to 23 °C in the direction Grain radius/um
[100] and 30 °C to 69 C in the direction [001]. Fig. 6 Calculated closure temperature (7,) as a function of grain

The low closure temperatures from our radius (a) along different directions in calcite and aragonite (Closure

temperature are plotted for assuming spherical geometry (4=55) of

calculation are due to the relatively low activation L . .
the crystals. Helium in each carbonate composition using

energies. In calcite, the closure temperature are very Dodson’s (1973) equation and a cooling rate of 10 °C/Ma.)
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low due to its rapid diffusion rate along [010] direction. Previous experimental study suggest that a good
evaluation of the T, of helium in calcite is around 60—80 °C and is independent of the size of the grain”!. The high
T, in experimental samples are due to the high activation energies they obtained. In ideal aragonite, the calculated
closure temperature is higher than that in calcite, indicating that helium will be more retentive in aragonite than in
calcite. The temperature differences between aragonite and calcite were more pronounced in the study of Cherniak
et al.™ They suggest carbonate will retain initial He in their centers at temperatures up to —11 °C and 91 °C for
calcite and aragonite in the case of 1 mm radius grains. The large difference is due to the significantly higher

diffusivity in aragonite than in calcite they obtained.

3 Conclusions

Using first-principles calculations and CI-NEB method, we investigated the possible trapping sites and
diffusion of He in the perfect host lattice of calcite and aragonite.

He diffusion in calcite shows marked anisotropy, with more energetically favorable directions of [100] and
[010]. Aragonite shows moderate anisotropy of He diffusion, with diffusion rate along [001] slower than [100].
The diffusivity of He is greater in calcite than that in aragonite. Aragonite has a higher closure temperature than
calcite. Helium diffusion in aragonite is obviously influenced by pressure at low temperature. When the pressure
reached up to 14 GPa, the activation energies increased with the pressure. The microscopic structure of minerals
can significantly influence He diffusion.

Previous step-degassing experiments suggested that the helium diffusion in calcite is controlled by MDD.
The differences in diffusivity of He for computed structures and natural samples suggest natural samples are far
from ideal in their structure, probably the result of varying sizes of diffusion domains.

Our DFT calculations provide a theoretical research into the helium diffusion behavior in perfect crystals of
calcite and aragonite under ambient and high pressure conditions. These results provide useful information for

understanding dynamic and geochemical processes by investigating noble gases reserving in crust and mantle minerals.
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First-Principles Calculations of the Equation of State and Sound Velocity of
Fe-3.24%Si: Implications for the Composition of Earth’s Inner Core

LI Peiyun, HUANG Haijun, LI Yanli
(School of Science, Wuhan University of Technology, Wuhan 430070, China)

Abstract: Silicon (Si) is considered as one major light element in Earth’s inner core, but its content is still
controversy. In order to constrain its content in the inner core, using first-principles calculation method, we
constructed four different supercells of Fe-3.24%Si and investigated the effects of cell size and spin on
geometry optimization. It is found that the spin doesn’t affect the equation of state of Fe-3.24%Si above
100 GPa, and below 100 GPa, the calculated results with the spin are closer to the experimental data. Based
on the equation of state, the sound velocity at 0 K and the corresponding thermodynamic parameters, the
density and sound velocity of Fe-3.24%Si are obtained under the conditions of the inner core. The density of
Fe-3.24%Si is lower than that of pure iron and slightly higher than that of the inner core. The sound
velocities of longitudinal wave and shear wave for Fe-3.24%Si are very close to that of pure iron, but both
are significantly higher than that of the inner core. Therefore, we could exclude the possibility that Earth’s
inner core contains a large amount of Si.

Keywords: Fe-3.24%Si; first-principles calculation; equation of state; sound velocity; inner core
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IRH R, Sal04-1, Sa82-1 Fll Sal04-2 K5 WUAT BT, B T A5 L A7 2 4 Al Ak ik 4h, R0 H
RS 5 (bee) g5 ) 4 J@ Bk . TR 2 AR 3 43 9l iWos T HA R R 4152 56 (Sal04-1, Sal04-3) 7
e FE BRI R S T 9 XRD i, Horh Bdg A3 A BL 47 2 1, CS 1U5R CaCl, BIZ5H 11 Si0,, Stv fAFE M
E%O

R 1 FWRE Mg,y Fe, ,SiO, B A K ML~

Table 1 Experimental condition and run products of Mg, ,.Fe, ,;SiO, gel (carbon bearing)
Run products

Sample p/GPa T/K Pressure medium Pressure marker

In situ Ambient
Sal04-1 88(1) 2 400(100) Ne Ne Bdg, CS Bdg, Stv, bee-Fe
Sa82-1 43(1) 2 800(200) SiO, Au Bdg, Stv Bdg, Stv, bee-Fe
Sal04-2 42(1) 2 000(100) SiO, Au Bdg, Stv Bdg, Stv, bee-Fe
Sal04-3 35(1) 1 850(100) Ne Ne Bdg, Stv Bdg, Stv

Notes: (1) Pressures were determined by the equations of state of Ne or Au

[21]

after T quench, respectively;

(2) Run products were identified by power XRD under high pressure and ambient conditions, respectively;
(3) Bdg=bridgmanite, CS= silica with CaCl,-type structure, Stv=stishovite, bcc-Fe=metallic iron with body-centered

cubic structure.
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FIY Si0,. Hif13K, hep Fl bee 3 HIRERTS T B ARG R RIAL O T I 85 H 1 43 TRk
T XRD JEH A Z AR T hep-Fe 9 RGT14 )
Fig.2 XRD patterns of Sal04-1 at 88 GPa (a) and ambient conditions (b), respectively (Bdg=bridgmanite, CS=silica with the
CaCl,—type structure, Stv=stishovite, hcp=iron with the hexagonal close-packed structure, bcc=iron with the body-centered
cubic structure. Diffraction peaks of the hep-Fe ™ were not observed in the high-pressure XRD pattern.)

CaCl, %%k
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Fig.3 XRD patterns of Sal04-3 at 36 GPa (a) and ambient conditions (b), respectively (Bdg=bridgmanite, CS=silica with the
CaCl,—type structure, Stv=stishovite, hcp=iron with the hexagonal close-packed structure, bcc=iron with the body-centered
cubic structure. Diffraction peaks of either hep-Fe or bee-Fe 4

22 HEHFESANEREESH
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J&7R T Sal04-1 F1 Sa104-3 #F it Aii BL A7 & A1 1Y il MUK FRBE 07 9 728 Ak DA K 55 SCHR B8 1Y oA, P 52
550 T AR R 9 4% TR A A0 AR

3 b A At 2 TR A5 S B XRD 7 49 21 19 MgS O, i BL A7 & A (RS O AR R0, & B e 4
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b, W AR BRI S R A LAY A BL AT B A7 (Sal04-3) A il A BRLZE AR W ) R AR 4 3 K F M eSO, i
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were not observed in the XRD patterns.)
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R2 TREHGTERNHEGTSOANREESHEDNEPBEENINETLK
Table 2 Pressure-dependent unit-cell lattice parameters of bridgmanite synthesized
under different pressure-temperature (p-7) conditions

Sample p/GPa alA b/A c/A VIA®?
83(1) 4.395(1) 4.624(1) 6.386(2) 129.79(4)
87(1) 4.404(1) 4.624(1) 6.391(1) 130.13(3)
Sal041 82(1) 4.417(1) 4.640(1) 6.410(1) 131.37(3)
80(1) 4.420(1) 4.646(1) 6.422(2) 131.88(5)
71(1) 4.446(1) 4.673(1) 6.470(3) 134.38(5)
Room pressure 4.778(2) 4.929(2) 6.899(3) 162.46(7)
Sag2.1 43(1) 4.557(1) 4.742(1) 6.591(1) 142.42(3)
Room pressure 4.790(1) 4.922(1) 6.898(4) 162.62(7)
Sal04.2 42(1) 4.530(1) 4.707(1) 6.641(1) 141.59(3)
Room pressure 4.779(1) 4.932(1) 6.898(1) 162.56(3)
36(1) 4.597(1) 4.773(1) 6.643(1) 145.73(3)
33(1) 4.601(1) 4.793(1) 6.653(1) 146.70(4)
Sa104.3 20(1) 4.677(1) 4.836(1) 6.758(2) 152.83(4)
17(1) 4.747(1) 4.828(1) 6.721(2) 153.72(5)
14(1) 4.701(1) 4.868(1) 6.779(1) 155.15(3)
Room pressure 4.789(1) 4.938(1) 6.908(1) 163.36(3)

Note: (1) Pressures were determined by the equations of state of Ne or Au?! after 7 quench;
(2) The data were collected along the decompression path.

164 +
1401 (€] ® (b)
m Bdg 88 GPa, 2 400 K (Sal04-1) e Bdg 36 GPa, 1 850 K (Sal04-3)
- EOS of MgSiO, Bdg ¢ 160 EOS of MgSiO; Bdg
= = 156} .
[} L (5}
g 136 2 .
2 3 1 2
o ] L
Z 134t z <
Z £ E 148 E 163} -=- R
5 132 ¢ '_; 163 #F'e'g'%'ga'grﬁ]“ S E #Fe 9% Bdg[m ® o
1ol @ 16 _MgSiO:, Bdg™ 144 _E 162 _MgSiO;l, Bdgl!
128 F Pressu;e /MPa 140 F Pressure/MPa
50 60 70 80 90 100 0 10 20 30 40 50
Pressure/GPa Pressure/GPa

B 4 FEPFCRRIRE SR R & A B4 S e FE P Y p-V K& () 7E 88 GPa, 2 400 K IRIESMAT
A Y Sal04-1 FE5h; (b)7F 36 GPa. 1 850 K i T 4514 T & 1 Sal04-3 FE5,

Fig.4 p-Vrelations on decompression of two bridgmanite samples synthesized under two different p-T conditions, respectively:
(a) sample Sal04-1 synthesized under 88 GPa and 2 400 K; (b) sample Sal04-3 synthesized under 36 GPa and 1 850 K

B S gt T SCik o (Mg, Fe)SiO, i BLAF & 41 TP 1 & 8k (X)) 5% IR E T 19 SR AR () Z 18]
O FR B Hort X =n(Fe)/[n(Fe)+n(Mg)](n F 50 , 7R E 4810l (X <38%) N X~V I HH AR 4F
B MR e . RPEILA 1SRRI LS T R V(A®) =162.4(2)+5.8903) X (WLIEl 5) o HE G AT IS A5, A HF
FEH R JITE 42 GPa VL b9 254 T & LA BL25 & (Sal04-1, Sa82-1 Fil Sal04-2) AHXT#I 4G FF it i 43 tH
TR T, R R AT A A LA 2 A (Sal04-1) & Bk i 2 1%, Sa82-1 Fil Sal04-2

060102-5



33 % = JE Ll i 2% Eitd %6

{1 5 4k 43 0 A 3(1)% F1 2(2)%; 1T 7E 36 GPa, o (Maresio. i
1850 K & I & L py A HL A & 41 19 5 Bk o 164601 o Projection of data from this study
16(2)%, S UAHE o 0 & R AH Y, R B i o
Bl 44 XRDBCGRWLUEH, EABGah S o
(%5 B (Sal04-1, Sag2-1 fl Sal0d-2) mbe 2 "%
Wi 5 A % oD R T A S 16336 S0, ,
32 WAV SEEERFH E 163.00 |

KA S8 TAEUEM, FeSiO, 4043 78 Aii BL 47
B Fh ARG TR AT LR A AE T H R AR S 16246 1=~ #'3a104-1 V=162.43(15)+5.89(3)% X,
¥ F W24 1K T 42 GPa I, (Mg,Fe)SiO, 114 220 L . ,
FE S P R4 Fer I Rk A M BL 47 2 A1 b ik 0 0-1 0.2 0.3 0.4

Xre
K5 EHEFIET (MgFe)Sio; fi L& 8 /Y
A AR S S B S AR
Fig. 5 Unit-cell volumes of (Mg,Fe)SiO, bridgmanite as a

gEM, MPER 2P DL BRI AELE . BTA
B SE G 25 R, A5 LA S TP ag gk mT DLk A
B4k 2 i, Bl 3Fe**=2Fe +Fe, A I35 24k 23 LA

o %ﬁ 1 e =X ﬁ 1E (371 s {E AW function of iron content under ambient conditions
(Mg,Fe)SiO, i HL 77 2 Ay, Fe? A 2 8k i F2 22
FEAETE P 2 MR & 6 B RN 00 B 25 1R 1 M LA T AR, AR d b Fe¥'fE Fe® +Fe’ h i i1 Lb /T

10%, DRI SR AR B 58 B W00 381 (g A B 2 2 0 T R LT 2 Ak A & B BRI B4 91 A E i Ak
N R o MR R ) B RE S B AL 22 2R XRD 43 M A5 B B9 AH G R, 0T UHEWT 42 GPa LU L& B FE S
(Sal04-1, Sa82-1 Fl Sa104-2) H il 5 77 L A7 2 4 Ak & A T EAkIB s R v, B

FeSiO; +0.5C = Si0, + Fe + 0.5CO, (1)

(1) = AT L5 A
C+0, = CO, 2
FeSiO; = Si0,+Fe +0.50, (3)

Hrf FeSiO; B (Mg,Fe)SiO; i BL 47 & 41 Hh ik e 41 4, C A4 NI 198 A7 FE, Si0, A 4 4141 4574 (M
A1) 8] CaCl, BUZEHy, Fe g4 J@AH, 1 CO, WA V A CO,1 ., 78 XRD ¥ & & B V # CO,, I fEJ&
T CO, & BB, SS9 KA %, VM CO, TEm I &M T MR E e — 24l AL T
ERWL, % J1 % T 30 GPa B, V AH CO, 7EAK T AH 7 M 0 M £ 2 7 I B 2% 14 20 i Ol 4 W 1
O, (& AH) B *0 {RJZR AT I T30+ RS0 85 51 o, 78T Hub i I B2 R 1 444 F VAl CO, 1Y 43
it L AN 23 KAz, R I & Dziubek %515 £E 120 GPa, 2 700 K 4544 F B #4788 —4H/0 V 45 CO,, IE B
T VA CO, 78 F Ml i & 2544 N ml IR A AE ot FRILAFE S AR e 2 i e, O I 80 4% 1) il LA 4
NI BT 2CA 7 7 5 TR S 56 7= 9 v IG5 i 00 A L7 2 0 FL & 8 A0 047 . AR (3) X, iR R P i &
S/ A =S R =

2AG, (p,T) o
1g fo, = _—RThﬁ = - 2lgall” +2lgalt, 4)
Y4
AG, (p,T) = AG, (0.1 MPa, T) + fm . Avdp (5)

S AG(p, T) 442 L VE 3 26 PR F 8L (3) B35 307 11 ol B8 e, R M B, Jop 3 I F 34 A
7 1 FH A AG,(po.T) BT A 2 BOREER o 24 8 00 2 B0 SEA8 80 (py IR |7 AVAp RIS
Sl 55 4 57 1 P RS A BT AV S S RS Ak, T ph RS B B 25 7 B S L R A 7
TS MO R T3 3127990, g R BB A 4 T Fe BT IE, JX HLIE UK 1; a2,y (Mg, Fe)SiO, 7 HL 2

47 FeSiO, 4173 Y% ¥ .

060102-6



$33% TAT BT 25 T e IR R A5 1F R B4 (Mg, Fe)SiO, 1 HL 23 & 1 15 i %6

al?edsiQ = YXresio, (6)
ln Y= Wg(l - XFeSiO; )Z/RT (7)
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(-4.9 kJ/mol) .

*3 BREHESH

Table 3 Parameters for thermal equation of state

Material Vy/(em*mol™) K,/GPa K % q 8/K Ref.
FeSiO,(Bdg) 25.400 272 4.1 1.44 1.4 765 [47]
FeO(B1) 12.256 146.9 4.0 1.42 1.3 380 [42]
Si0,(Stv) 14.017 302 5.24 1.71 1.0 1109 [48]
Si0,(CS) 14.017 341 3.2 2.14 1.0 1109 [48]

Note: (1) Vy—volume at ambient conditions, K—bulk modulus, K;—pressure derivative of K, »,—Griineisen parameter at
ambient conditions, g—logarithmic volume derivative of the Griineisen parameter, £&-Debye temperature;
(2) K, and K; are parameters for Birch-Murnaghan equation of state, and y,, ¢, and ¢ are parameters used for
Mie-Griineisen relation.
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Effects of Carbon on (Mg,Fe)SiO; Bridgmanite under the
Lower Mantle Pressure-Temperature Conditions

MAN Lianjie'?, YUAN Hongsheng’, QIN Liping', ZHANG Li’

(1. School of Earth and Space Sciences, University of Science and Technology of China, Hefei 230026, China,
2. Center for High Pressure Science and Technology Advanced Research (HPSTAR), Beijing 100094, China)

Abstract: In this study we investigated the interaction of carbon with iron in the (Mg,Fe)SiO, bridgmanite

under the conditions corresponding to the Earth’s lower mantle (36—88 GPa, 1 850-2 800 K) using a laser-

heated diamond anvil cell. Synchrotron X-ray diffraction measurements of the run products showed that Fe**

in bridgmanite can be reduced to metallic Fe by carbon under the pressure and temperature conditions higher

than 42 GPa and 2 000 K. The coexisting metallic Fe and Fe-depleted bridgmanite in the run products

suggests that the CCO buffer produces lower oxygen fugacity than the of Fe-FeO (IW) buffer, which is

further confirmed by the thermodynamic calculation. The experimental results in this study could provide a

potential explanation for the presence of redox heterogeneities and highly reducing regions in the deep

mantle.

Keywords: bridgmanite; deep carbon; lower mantle; redox reaction

060102-10


http://dx.doi.org/10.1016/j.epsl.2013.05.008
http://dx.doi.org/10.1016/j.epsl.2013.05.008
http://dx.doi.org/10.1038/s41467-018-05593-8
http://dx.doi.org/10.1038/s41467-018-05593-8
http://dx.doi.org/10.1111/j.1525-1314.2010.00923.x
http://dx.doi.org/10.2138/am-2018-6267
http://dx.doi.org/10.1016/S0016-7037(97)00035-5
http://dx.doi.org/10.1016/j.epsl.2007.09.004
http://dx.doi.org/10.1038/386578a0
http://dx.doi.org/10.1038/nature11679
http://dx.doi.org/10.1016/j.epsl.2013.05.008
http://dx.doi.org/10.1016/j.epsl.2013.05.008
http://dx.doi.org/10.1038/s41467-018-05593-8
http://dx.doi.org/10.1038/s41467-018-05593-8
http://dx.doi.org/10.1111/j.1525-1314.2010.00923.x
http://dx.doi.org/10.2138/am-2018-6267
http://dx.doi.org/10.1016/S0016-7037(97)00035-5
http://dx.doi.org/10.1016/j.epsl.2007.09.004
http://dx.doi.org/10.1038/386578a0
http://dx.doi.org/10.1038/nature11679

$33% e [=/ S SO 7/ B (= S e Vol. 33, No. 6
2019 4F 12 1 CHINESE JOURNAL OF HIGH PRESSURE PHYSICS Dec. , 2019

DOI: 10.11858/gywlxb.20190775

SE T 2 mEi AR ESER

R, mRe, 288, % & MR35 &'
(1. b m EREH s 0, JEET 1001935
2. fESEREIT R A BITIT 404, 92 FE e i 78701)

WE: DL X K% A (San Carlos) 2 HAME W R &, %4 X m ML e N a x4
(DAC) # A, £ 300 K.0~19 GPa & Tt H B FF WA B FUHHATRAEARX . EHFFER
WO ETERAEELNESURE RN E L, LHERKN: 300 K.0~19 GPa X4 T,
e A [100] i Ebgw SR8 Kk, N3.8x10° S/m# 42 9.0x10° S/m, [010] 5 [001] ¥ m L
BB B R B, AN [I00] F M B BEE12~1/3; Bt aw S EMEEH & EH W, L&
[100] F MMy FEHMEENRANHAERR, EZRAHT, MR A EZENF B E DR
foFed, HEAREEMER, ARLEREN, £ KERMEE L3418 XK, M HEE 8,
JE A BT b B S R A A Ay R — MR

K M A SR, ANEER; B R F;, LmRrH

H[E 47 2£5:0732; P574.1 SCHRFRIZEE: A

20t 70 4R, AMTTHE RS B A B T i R 20, DR i Bl S e LR TR IR R A A
REl T 7 R S SRR AR R v 1 X3, ARE TN RS, B B A F S R A A AE 102~ 107" S/m X [A]MT, Ml
“EHIF 5T 22 0 7 200~ 300 km T BE Ak B SR 00 40 A AU EE BG4 A, T AR RO P R R L R D AR B X
SR I 0 5 i S, LR BN RO T AR TR T W A AR 5K T 1) 9 F R T A 1 B
LS 3R IA AR RO A S K R AR AR ST A (o B I AEAE T T AR R B L g L S R S
o MM A R L f R R AT, 2005 R Y 50%~60%!" . B ST AONS A 114 R S 1 TR i
FE I b r 5 R S5 R, R R L b O B R Y 4 ) e R BB AR — o IR R E K AT
I R RO 1 H R, R DA (AT ST T4 2 A P A TR 5 /K X MRS A S R P ) s i 1 15,
PR A L 30K 5 T 7 B A PR B RS . B A R RSE A7 7F T Mo 72 A0 M & 3 Bl (4
p TE 0~15 GPa X [H], B 7<1 500 K) o JIT LA, ARS8 oM A F i o 2 Jo B o s T A A8 A B T 56 3% 1 b
8 R 2 A AR

T Ao 22 T TOU il 2 0 A5 1 S 6 50 H R A, R 0 e MO A R R A e T A S, 2B L T
ZWEATE . Xu U TORE 7 (4, 7, 10 GPa) T4 X B2 i 4 1 B 5K, LBk 5%
Wit F 77 038 KA /NS B/, 8 R S R0 SR E R TR T 2258 Ko Ffif5 , Yoshino Z¢120)
1 Dai &1 FEAE K T & TR R & & . &K B MO A FEAS TR ) T I L R, BT A 5 e i
BRI AR 2E SRR X — 7 T BTSSR S Bk S KRR ], Sy — O R R R R
X RS A1 P B A s e P RE RS B B PRI, U R R S N R I KO T AR R RS A b b o
1, 7 LI ) v 6 1) T B0

* WS HEA: 2019-05-13; £ 5] H #A: 2019-06-18
BEEWH: K AR ESE(U1530402)
EZ B HIER(1993—), I, L0548k, FENFT YY) 2= 5. E-mail: haoran.tian@hpstar.ac.cn
BIEMERE: X #(1984—), 5, W4, WF50 51, 2R #h BRI 4514 5 W) B 4 Lt 5¢.

E-mail: jin.liu@hpstar.ac.cn

060103-1


mailto:haoran.tian@hpstar.ac.cn
mailto:jin.liu@hpstar.ac.cn

33 % = JE Ll i 2% i %6

18 255 WA RGOS Ay PR 2 S 00 6 B 22 1T TR AR O v e ™ A 2 8, SR ARG TR A T, 33 X6 77 A ok
RIS AFAEAR KA SR B . SR, 78 4 W1 X% 0 fili ( Diamond Anvil Cell, DAC) Hr, i F i il 4 R 1% e A
JEE, RETE 10 GPa LA P4 Ll 5 $AR () #0K Fe PR 58, T A RUCHh o e R 0 86 B R g SE iR 225 0 LAk,
DAC H [ 47 1 i 7K R P05 R 408 (s BRL A ot 5 3 P 1 (D IeF 388 ok 2 I A8 S0 I OR8¢ it AR o i, M 4%
FEN e 3 7 rp B G A R R . ) — 5 THD, 22 T TR A S 5 — M kD S A e T B, R R e AR AR
—E AN . A, AR 5T I8 FH AS It AT IS 15 45 & DAC 5 AR I 2 oW A 5 5 45 2 37 ) i e
REEE SR, e, SR FHERE (EPMA) | 8 B2 AR G (FTIR) LA K 55 I B8 AH 2 XA
M A7 B S R AT AL 2B R E 1] 5 SR )5, 76 DAC FF & i P9 Al 152 AR, 0 2 S () B 1) O AEORYS / B f E 0~
19 GPa JE 77 T WUHL 385 B, 455 A AR A7 i S 3R BE RN A BIF SR 45 21, R0k b b i SR 454
AL,

1 S HE

A5 4 B 26 R % 7 (San Carlos) S A1 5 4, T2 EPMA 43 B 153 2L & R (Fey  \ Mg, 50) ,Si0,
(Fe 7€ Fe Fll Mg H A BE IR 43 8 X =0.11) , ELE A W36 1 R o 38 3 55 JO 06 0 o MR A B0 b 1), O
FEE T AR ) B D04 3 BOAS [ ] (AR S, JEAT SR, B 2 H AR 2 150 pm., JE 10 pm B R .
Wil f, 38 3k L B AT S (EBSD) PO DA B A AR i B BTm] o SR TR AR AR 5K, i3 ] FTIR Wl &
TR B LLAMGTE, & IR AL Y OH £L AR IS IX 34 (3 700~3 000 em ") W IS AN I i, R A AR F 5%
JIT 2R FH I MRS A B B R 7K B /N 0.001% . HL R4 L 2043 LA B L 1 75 B35 A S5 3K 7 o )
J R 2 (L) b BT R 55 ™ 6] 5 B ok S 50 2 S0 G, B A 1) 55 T 1 1) A 58 1 9 o 5 30T R 2 B T T 43

#£1 HRWEPMA HIFER(REHK)

Table 1 EPMA analysis results of sample (Mass fraction) o
FeO MgO CaO MnO Sio, Cr,0, NiO Total
8.78 50.10 0.07 0.11 40.49 0.03 0.35 99.94

AT Fe ) 21 1 H 5 0 2y vk 2 Borup 58P Bk U B AR i o 9% Tk A A B RE ORI, A
BIRE S LA 2SR5 A P T B A P R Bk . 1, XA Il A R A A o SR AR O (FIB) U 1
FRST A 200 pmx 180 pmx 10 pm B FLIUIRE 55 SRS, REAE S 4% 18 10d) 1905 20k A 4 WA X T, 2438045
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FH FIB YR, 46 & w0 00 23 5% B /0 B B 7, M LA 25 B, 7™ J BRI ARR & A Hi BELAEL s (2) X 1 K H BELRA
(At f ) , R keithley6221 H U0 U S AH1E 2 /)N A G 5T, PP (A4 8 A et A (PR 3R Keeithley2812) i G
PG AR S BE . SAUb, AR ST Y 2 S0 B0 32 R S A K BELR AR A S8 BT IS i, DL RO
ST R AH IC I I i

e 4 B R TH DAC, RS T E 420 500 pmo 5K A SN E R FUE 2 10 GPa, HIEOGTT i B FLIE
AR, H AR 340 pm; #F B N IR FE ST 7 AALT (¢BN), &5 | DAC, ¥ ¢BN K52 % 10 GPa; M
DAC " HUR Y, FFT7E BN A O OGR4 280 pm MY RIAL, 1 R B & AR L I TE3R R —
A0 JFL At DX 358 AR R 7 5, TR B BR 4 S R 28 5 & R R R AE R e A )8 P (J& 2 pm), H
T FEL R e TP L RRORG WU SRR o T AN, S AT e b R g A Y i T AR, AR S R
[ A 25 B, T AT A L A s R LI S8 4 T, B A B P F A 8 A B ACRE b i (LI 1), [ B
B NLL 5 A R b s e i AL FEA SRk, & 1 DAC., PMX-200 fif i ( Don Corning 23 i) 4 HLBH R
10" Q/em, T TH N O A B HLBH AR, £F 5 SEIREOR . REMIAE AL A B 2 K IR T 10 GPa
BF, FE S R EROK R RS s 24 FI7E 11~20 GPa Z [H] A, ik 3144 15 A S50 A9 i 77 466 B B Al /)N 1 H Al 11 4
FEEA B, 5 W 2B K WA 2422, YT S5 TF 2 19 GPa I, BE S B 23 bt 1Y 1R ) 2229 0.8 GPa, FH
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PO S 560 R ) Zahner IM6 FRL A6~ T4 3l 52 BE OB Bk, ] LI s B A 8 (B 101 Q) BT
M1V, R SY 1 MHz~0.001 Hz, M SRR S 800 o A5 BT IS, B0 i, 115
AR BT RLBE o A S AR AR SC I A A 50 s SRR S F 5T PO (HPSTAR) 58 Ao

(2)

Electrode (Pt) €L -
S

500 pm

500 pm
—

() Insulation layer
Electrode (Pt) Diamond anvil (cBN)

500 pm

K1 (a)DAC HkEdy RUBIFHLIET; (b) [100] J5 B R A B RURS; () DAC RERRIETIAT; (d) DU AR R R Al ARUA 1R

Fig. 1 (a) Top view of the sample and electrodes in a DAC; (b) Microscopic image of the olivine sample along [100] direction;
(c) Cross section view of DAC; (d) Microscopic image of the sample and electrodes using the four-probe method

TE 300 K T, KESH AR 13281 ) 0 GPa T1E & 19 GPa, J1 & F v S AR i A 4 s o, ARml 24,
FEL R v, A o R R b, R AR AR . R T S IORS A s AE 5 R 08, R PN AR 1 TR

B 38 4 21 5 A 98 i £k B RS 1) LA K Rk Tl A 3080

S 3 B R AT R TR bR A 3 P=0.14v,5,~403.87

2T 0.1 GPa, B ATHFIY £ Bl C—H A _30aop KEOOE

BR300 v, WO 8BRS 15 T 1 AT L .

BFRLRESE R, ELP= 2 R B 3 A, 5 T g

75 BT 06 (37 0 S AR A FE AR 20, 2060

F 2 W T A SE G H B A% R A BT PMX-200

B v, o0 U5 T 1B L H R g 2020 &7 | | |
BT AT AT BRI RS - v, g HLB 0 s 10 15 2
RS Bl TR0 B0 T T MRS B, TR TT 0 e ‘
PMX-200 3 58 H e 4 B T B 2 PMX-200 B vy, SIS SIS XA

Fig.2 The relation between pressure and Raman shift of v, o,

2 ER5WR
21 HEAESR

M T 300 K, 0~19 GPa A5 T 5. AN A ¥ i 47 1 AR BELTHE o (100, [010] A1 [001] T i A AR
RAEHGURE (ANTEL 3 Jirzw, Herp 7z 52 BT A S5 80 M RE B0 ) 8 7, 246 R0 ) S0t s T =4 [ SI 20
H T A A B S e, BT AR B IE 2 S AN SE R B B o B TR D A, A e BELDRE DN, BELT IR e
B ARSI LB WA 2, RO 07 /N o I BT AR SR — B 9L, 2K UL Roberts 1 Tyburczy™® Ll
B Z A HIONE O 9 2 BeOZk . DR, B9 5 I 45 A BT 5 22 ph AR £ J0RE PN 58 5 i 5 RS, A KL T4
S L AR AR RN S BB BT, B0 A BRI AN
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(2) [100] (b) [010]
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Fig.3 Representative impedance spectra and equivalent circuit

BELAC A 030300 3 S5 200 B A S0 5 o, 0 B 45 258 i A 141 3.(d) BT 7, 322 T i S il 3t T 1 L 470335
A £ . 1k HIE AH A 7614 ( Constant Phase Element, CPE) 0 #r 22 HL (1 o 25 8%, H A0 2 58 0 2175 Hb 48]
AR BT BCE A BT R ] ZVIEWEY, S5 A BHAT T 4 an P 3 v e 4R s, 224 1 2 A AR 7 £
G NFWS, AR B S A SE PR B R, S5 25R WL 2.

*2 HRBEAMESHE
Table 2 Sample resistance fitting data

[100] direction [010] direction [001] direction
p/GPa R/IGQ p/GPa R/IGQ p/GPa R/IGQ
0 80.8 0 91.7 0 88.1
2.2 67.2 1.8 79.0 1.6 84.1
3.7 61.8 5.3 71.6 3.7 76.9
6.2 57.0 6.6 61.7 6.3 69.7
8.1 52.0 8.0 58.1 8.5 62.1
10.1 46.2 10.1 57.0 10.6 54.3
12.5 41.1 12.7 51.6 12.5 532
14.8 34.7 14.7 50.1 13.7 52.1
18.0 28.0 15.8 44.0 14.9 50.3
19.1 36.0 16.8 49.0

17.8 47.1

FIERI AR AR/ N T 0.1 Q) B R B —, AR5 (1) TSR A A R o
L

o= (1

K LR R, AN N A GBS A RO . R R R B LS g iR
TR AL, SR ARETE 5% LA o BRI — N7 0 R 0 SR, FE R T OWERIE I A B R e A
AR, ZIIF IO ARl . SCE R 25 FEORIE TP — ESESCR IS, BT REPUE R WS
BOIK, $h5 45 R IR 221 5% Zody; IR hE s JUDE WA IR 22, 16 4% /o4 o Sa I8 EIR R, &
Y S B0 1% 25 24 10%.

060103-4



%533 % FE I ARS8 o T T B AR A Y F e 5 6 M1

Hhy SR T ST B AP 4 B . 7E 300K, of

0~ 19 GPa H 4 (£ , MM 75 76 A% IR b 140 1 o, .
SR ALE 105 ~9x10 S/m. [100] J7 ] {9 1B ~° o)

Sk G B [010] 1 [001] 77 B0 L S 2%, HL ool P

[010) 77 104 5 3 BRI F 0011 J7 i 3 = o 7.
J7 Tl % B 5 AR A B 25 T 7 1 0 T RS o, o Sap M N

[100] 7 16 B B, T B FE 3735 fl 1 25 10 Ak 2 B Lo e et s O

XK, #3F 0.3x10°° S/(m-GPa), 1 0 GPa T ¥ fat

3.8%10° S/m %] 19 GPa 1 9.0x10°* $/m., 0 : ,,/ifpa P 20
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RWIE TR 2 5. [010] Al [001] J7 1] () L5 58 as a function of pressure at 300 K
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T TR 3 %O 4 o 32 MR TR A B, 45 S T T
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High-Pressure Electrical Conductivity of Single-Crystal Olivine
TIAN Haoran', XU Liangxu', LI Nana', ZHANG Qian', LIN Junfu?, LIU Jin'

(1. Center for High Pressure Science & Technology Advanced Research, Beijing 100193, China,
2. The University of Texas at Austin, Texas 78701, USA)

Abstract: The electrical conductivity of single-crystal San Carlos olivine was measured up to 19 GPa at

room temperature in a diamond-anvil cell, coupled with a complex impedance spectroscopy. The pressure

was determined by in-situ ruby luminescence and Raman shift of silicone fluid. We found that the electrical

conductivity along [100] is largest, increasing approximately from 3.8x10* S/m at 0 GPa to 9.0x10™®* S/m at

18 GPa at room temperature. The conductivity along [010] is comparable to that of [001], approximately as

1/2 to 1/3 as that of [100]. Furthermore, the conductivity linearly increases with the pressure, while it

changes faster with the pressure along [100] than that of [010] and [001]. At room temperature, the charge

transport mechanism of olivine is dominant from the Fe*’~Fe®" (small polarons) with a negative activation

volume. The present results suggest that the pressure effect could lead to larger lateral and vertical

heterogeneity in electrical conduction for a dry upper mantle.

Keywords: olivine; complex impedance spectroscopy; diamond anvil cell; electrical conductivity;

anisotropy
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Table 1 Lattice parameters and elastic modulus of garnet under normal pressure

Garnet Lattice parameter/A Density/( g'cmd) Method Bulk modulus/GPa Shear modulus/GPa
11.559 Exp.B” 199.0
11.466 3.582 Exp.[" 172.7 92.0
Exp.>* 173.6 94.9
Pyrope 3.610 Exp.1 170.1 90.2
11.447 3.569 Exp.P" 167.0
11.472 Exp.¥ 173.7
11.486 3.587 Average 176.0 92.4
11.581 3.448 This study 154.5 83.1
11.532 4312 Exp.!¥ 168.0
4.289 Exp.1 175.1 92.1
11.519 Exp.["! 185.0
Almandine 11.507 3.916 Exp. 173.7 95.4
11.535 3.930 Exp.™ 174.9 95.5
11.523 4.110 Average 175.3 94.3
11.591 4.250 This study 166.6 79.4
11.99 3.850 Exp.P” 162.0 92.0
Uvarovite 3.841 Exp.[ 164.8 89.9
11.990 3.846 Average 163.4 91.0
12.070 3.780 This study 139.1 79.8
11.617 4.195 Exp.[*! 178.8 96.3
11.611 4.172 Exp. 176.4 96.5
Spessartine 11.608 4.185 Exp.[ 171.8 93.3
11.612 4.184 Average 175.7 95.4
11.744 4.060 This study 165.6 89.8
11.849 3.600 Exp.l" 166.8 108.9
11.848 3.602 Exp.[*! 168.4 109.0
Grossular 11.870 3.659 Exp. 161.2 102.6
11.910 3.667 Exp.¥ 162.4 102.9
11.869 3.632 Average 164.7 105.9
11.991 3.471 This study 143.4 87.4
12.048 3.840 Exp.l" 159.4 90.0
12.054 3.836 Exp.*” 157.0 90.0
Andradite 12.009 3.775 Exp.[ 147.3 92.7
3.938 Exp.1 162.5 86.0
12.037 3.847 Average 156.6 89.7
11.977 3.930 This study 151.9 89.3

GGA EUMEAS 1551819 A 3R, 3 it 5 TS fh i Kok . 2= TES 8RR O I AR T Zhang 251
S5 R I DA AT R SR S 0 A 45 S BR AR A A A, 32 3 T HAB AL A SR . IR S TECAL Y AL TR T
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Table 2 Elastic constants (C,,, C\,, C,,) and wave velocity of garnet

Garnet C,,/GPa C,,/GPa C,/GPa vp/(m's™) vg/(m-s™) Ref.
297.6 109.8 92.7 9.08 5.07 [7]
301.0 110.0 94.3 [36]
Pyrope 8.94 5.02 [6]
90.7 8.92 4.99 [8]
91.7 8.92 5.00 [8]
263.1 100.1 84.2 8.78 4.91 This study
309.0 111.0 96.0 [41]
8.33 4.64 [6]
Almandine 95.0 8.77 4.94 [8]
94.9 8.77 4.93 [8]
270.9 114.4 80.1 8.01 4.32 This study
304 91 84 8.85 4.64 [39]
Uvarovite 8.60 4.83 [6]
259.7 78.7 73.4 8.34 4.75 This study
309.5 113.5 95.2 [41]
96.2 8.55 4.81 [8]
Spessartine
92.0 8.41 4.72 [8]
283.1 114.4 90.9 8.38 4.70 This study
321.7 104.6 91.4 9.49 5.54 [7]
321.7 104.6 914 [40]
Grossular 98.8 9.02 5.30 [8]
9.04 5.30 [8]
274.7 80.7 77.7 8.65 5.02 This study
8.49 4.73 [6]
87.9 8.47 4.96 [8]
Andradite 289 92 85 9.05 5.09 [7]
289 92 85 8.38 4.95 [39]
285.5 85.1 82.7 8.30 4.77 This study
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Structure and Elasticity of Garnet under High Pressure
by First-Principles Simulation

YANG Longxing, LIU Lei, LIU Hong, YI Li, GU Xiaoyu

(Key Laboratory of Earthquake Forecasting, United Laboratory of High-Pressure Physics and
Earthquake Science, Institute of Earthquake Forecasting, CEA, Beijing 100036, China)

Abstract: Garnet is an important component of the upper mantle and mantle transition zone, and its
properties under high temperature and pressure are of great significance to understand the composition,
structure and dynamic process of mantle. Therefore, the crystal structure and elastic properties of pyrope,
almandine, spessartite, uvarovite, grossular and andradite under 0—-16 GPa, the six most common garnet in
the Earth, were calculated by first principle method. The results show the unit cell volume of pyralaspite
(pyrope, almandine, spessartite) is smaller than that of ugrandite (uvarovite, grossular and andradite), and the
density of pyralaspite is higher than that of ugrandite except for pyrope. During structural compression, the
volume change of polyhedron is from large to small as [XOq] dodecahedron, [YO,] octahedron and [SiO,]
tetrahedron, and their ratio is close to 3 : 2 : 1, indicating that the compression mechanism of garnet is
mainly controlled by the dodecahedron. The variation of bond angle shows that tetrahedron and octahedron
of the ugrandite would be more regular under high pressure; while the tetrahedron of pyralaspite becomes
more irregular under high pressure. The bulk modulus of garnet increases with the increase of almandine,
and decreases with the increase of uvarovite and grossular; while the shear modulus of garnet increases with
the increase of grossular, and decreases with the increase of almandine and uvarovite. The wave velocity of
pyralaspite is smaller than that of ugrandite except for pyrope. Calculation results show that the wave
velocities of garnet intersect with the typical wave velocity model of the Earth near 410 km, proving that
garnet is an important component of the mantle, and the existence of garnet and its solid solution with
different compositions may have an important influence on the wave velocity structure of the Earth’s mantle.

Keywords: garnet; crystal structure; elasticity; high pressure; first principle simulation
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Fig. 1 Raman spectra of hydroxylbastnisite-(Ce) at ambient conditions (The solid blue line represents the data for the

hydroxylbastnisite-(Ce) in the RRUFF database!'?; the solid red line represents the hydroxylbastnisite-(Ce) data
measured in this experimental sample; the solid black line represents the data for bastnésite.)

*1 BENRIEBRRETHEENSE

Table 1 Atmospheric pressure Raman peaks of common rare earth fluorocarbonate minerals

Raman peak/cm™

Mineral Chemical formula o

[CO;] [OH]"

. 720 967 1088 1538

Cordylite!"*! Ce,Ba[CO,],F,
628
. 3] 732 835 1098 1476
Bastnisite Ce[CO,]JF

1447
1080 3235
Hydroxylbastnsite-(Ce)!'” Ce[CO,][(OH), ¢5F 351 Hos7 3493
ydroxylbastnésite-(Ce) e[CO;][(OH), ¢sF ¢35 1098 3 568
3638
726 879 1079 1390 3491
1097 1425 3564
Hydroxylbastnsite-(Ce)!'! Ce[CO,][(OH),5sF 151 3 630
3648
604 1083 1430 3174
742 1096 3200
1103 3290
Hydroxylbastnisite-(Ce)* Ce[CO;][(OH)y5,F 3] 3345
3526
3648

Note: * represents the experimental data.

22 [OH] -FHHBEEBRRKNKRBRESETANEME
ARSI IR T BRI 1Y 24 7% A 2 B, 1R ) % 30 GPa, {RFR ML LI 2, 7E T
By, 1 T fle F A S A7 5 I 5 0, — 430 2 04 1) £ 68 EL AR 5 B8O 2 533 (A1 604 com ™! 451) , 22
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Fig.2 Selected Raman spectra of hydroxylbastnasite-(Ce)
at high pressure (Pressure range is 0-30 GPa.)
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AN ULEAFERER A [CO, 1> FE 78 R FRE 44 R o 32 5 AR s A8 =, o0 i 1) T 17 P9 2 il 4% 0 1 2 6 o

£2 FEEATEBRGT RS BB

Table 2 Raman peaks position of hydroxylbastniisite-(Ce) under different pressures

Raman peak/cm™’

Pressure/GPa
REE-O/F [COlL™ [OH]
0.7 168.7 2622 357.8 4114 742.2 1084.8 1093.7 3169.7
1.2 166.2  263.6 360.1 408.9 741.9 1084.8 10959 1102.7 3172.8
2.0 168.1 2727 363.5 410.0 741.4 1087.0 1098.2 1104.9 3172.1
33 1717  279.6 368.9  416.6 745.1 1089.2 1102.6 1109.2 31769
4.7 174.3 285.1 375.8 4204 744.6 1093.7 1107.1 1113.6 31779
5.8 177.5 292.3 3804 4272 749.9 1097.1 11115 11182
6.2 1804 2953 383.8 4295 751.6 1098.2 11115 31794
7.5 182.7 300.8 3854 4339 754.1 11004 11149 11227 3179.1
9.6 187.8 3120 4019 4456 763.6 1107.1 11227 1129.4 3181.7
10.9 190.5 3159  404.6 4484 760.9 11093 11249 1131.4 31834
11.5 196.8 3214 4106 4555 764.5 11138 11284 11355 31835
13.5 201.7 3266 413.6  459.8 769.0 1116.0 1131.6 11379 3185.8
14.0 199.2 329.7 4179 4663 766.2 11182 11347 11424 3187.0
16.0 205.7 339.7 4249  476.0 768.6 11259 1140.4 1149.1 3187.2
18.0 209.9 3447  430.1 479.6 777.0 11293 11449 31899
18.6 205.8 349.6 4335 484.2 776.9 1130.4 1146.0 31924
20.1 214.9 3547 4382 4893 778.8 1133.8 11493 3189.7
22.0 214.6 359.0 4433 490.9 783.4 1136.0 11515 3190.4
23.1 219.0 3604  446.1 499.4 781.6 1138.2 1156.0 1164.8 31925
24.0 2233 364.5 448.2 502.2 791.0 1 142.7 11582 1169.2 31927
25.7 228.3 368.0  451.6 506.7 789.0 1144.9 1160.4 1173.6 31928
27.0 240.2 3769 47438 519.2 1151.1 1164.8 3193.6
28.8 235.5 380.2 11515 1168.1
30.0 238.9 391.0 11537 1172.8
R3 TRNBENEDRBRAERRE
Table 3 Pressure dependence coefficients and errors for different Raman peaks
Raman Dependence Raman Dependence
peaks/cm™  coefficients/(cm™-GPa™) Error peaks/cm™  coefficients/(cm™ GPa™) Error
169 2.5 0.06 1083 2.5 0.04
262 4.2 0.10 1 096 2.6 0.05
358 4.0 0.11 1103 29 0.05
404 42 0.07 3174 0.8 0.05
742 2.0 0.07 3197 1.7 0.12
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ARz, X IALE T A5 [OH] ZEH UK F B Ao WP [CO,1> 2 A 4 P sl Q% A el A, $enh 2
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7
[ CaCO,-IN®

6 MgCO,!'8! Symmetrical | T
— CaCO,-Vi'el stretching I
= S| w cdco,m
& CaMgCO,1
7. 4 % Cuy(CO;),(OH),™
8 & CeCO,(OH, F)* 4}
= 3+ 5 -_—i
Ry
= 1 & iié
S 2t AE %
= © Lo =1 |In-plane I

1 ) 'viik vibration !

680 720 760 1 050 1100 1150
Wavenumber/cm™!

Bl 4 BRIRET Y [CO T 1Y dv/dp(Z5 OAF SRR Wy JURP TE/K R ER,
ST REEE KBRS, +URA R ST EHE)
Fig. 4 dy/dp of [CO,]* in carbonate minerals (The open symbols represent several
common anhydrous carbonates, the solid symbols represent aqueous carbonates,
and * represents the experimental data.)
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604 cm ™' Fl 742 em', X R AE IR 25 | A A HL 2 AT 1 083, 1096 A1 1103 em™', HBLAE 1430 cm'!
B 7 S 0 & T B X B AR 4 BR i s B [OH] 51 B P 2164 6 4%, 7 BT 3 174, 3 197, 3290, 3 345,
3526 F13 648 con ' o P& R J7 38 N (0~30 GPa) , oK A& B 2 0 (1% 3 2K B 2 0 i) o B, R WA
I 70 R AT R R AR o T B S I S A UM AL, HORS 5 ) B R AP A Ze Pk I
FHICE, HoEmmditi 7 9 35 P AR Sl o0t R 7 () B50R%EE L PN IR 2l B0 o 38 X ) A 2 RS 5 R ) A
Kk L MR A, 45 20857 X TR 7 A9 HS 22580 dov/dp, & B [COL PR T PN 25 il 4R 305 | 0 4 e o 1
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High-Pressure Raman Spectroscopic Study of Hydroxylbastnisite-(Ce)
SONG Haipeng', LIU Yungui'?, LI Xiang', JIN Shuyu', WANG Xinyu', WU Xiang'

(1. State Key Laboratory of Geological Processes and Mineral Resources,
China University of Geosciences, Wuhan 430074, China,
2. College of Gems and Materials Technology, Hebei GEO University, Shijiazhuang 050031, China)

Abstract: Understanding the physical properties under high pressure of hydroxylbastnisite-(Ce), an

important hydrous rare earth element (REE) fluorocarbonate mineral, can provide key information to explore
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the effect of fluorine and hydroxyl on high-pressure behavior of carbonate minerals. Here Raman
spectroscopy combined with diamond anvil cell (DAC) technology was employed to investigate the high-
pressure properties of hydroxylbastnisite-(Ce). At ambient conditions, the in-plane vibration bands of
[CO,]* are observed at 604 cm™' and 742 cm™', the symmetrical stretching bands are at 1 083, 1 096, and
1 103 cm™, and the asymmetric stretching vibration is at 1 430 cm™'. Six vibration peaks of [OH] are at
3174, 3 197, 3 290, 3 345, 3 526 and 3 648 cm™, respectively. The observation of three discrete [CO;]*
symmetrical stretching bands, instead of one, indicates that there may be at least three structurally-
nonequivalent [CO,]* groups in the hydroxyl-bistnasite-(Ce) structure. On compression, all of the Raman
peaks show a continuous shift to the higher frequency and no new peaks appear, suggesting that no phase
transition occurs up to 30 GPa at room temperature. The slope of the in-plane bending vibration of [CO,]* is
the smallest, about 2(0.06) cm™'/GPa. Compared with the anhydrous carbonate, it can be inferred that the
[OH] and F in the structures of hydroxylbastnésite-(Ce) lead to the compression anisotropy. Our results
provide new clues for studying the high-pressure physical behavior of carbonates in the deep earth.

Keywords: hydroxylbastnésite-(Ce); hydrous rare earth element (REE) fluorocarbonate mineral; diamond

anvil cell; Raman spectroscopy
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DA 2, AR SR8 0 B A rheds LI JURP R R B AL A W R IT T e il e R S B AR T o . A
JE 46 ¥ 77 1 : Fe,P(14) 1E 20~40 GPa U Bl N & 4= Fe* i T A HEAFE AR, i 51 7 T iEFE Y15, 1
20 GPa H} 3 i M PR BB R T3 (9 AS 3% S22 Ak, ) AR b 2l 1 e 447 45 i () 4 5 72 A % o) S5 5 T N 19 8
A 554 T FRON, 1 Fe, Nig gsP 7E 0~ 50 GPa P 15 2R A7 Al 1] 4 45 1] [ 14 5 1 A0, Ni 5 2 i 3
JINIA 253 K (Fe,Ni),P I (Fe,Ni),P( Pnma) B PR BV & 220 78 S AR Z5 49 05 T, (Fe,Ni),P J& H §if 2 1B 41
Fr i — B[R] i 22 4 1 R ER B 1k S W) ( P62m 45 #4 barringerite Fll Pnma %5¥4) allabogdanite) , Dera 224
G356 W i TG Ak 5 ) Fe,P Al NiP 547 T A5, & 3K Fe,P 7F 8 GPa, 1400 K Z511 T th Po2m &5 ¥ 5575 hy
Pnma S5H6), J5 35 A2 E AT DO RRARTE AR AE , (R AR IS S48 SRy 7 7 M i o AR A it
B, 38 1 34T B AT (Fe,Ni),P 1 IR S5 44, (8 FT 52 38 B AT #0824 st A G 8 . (R NP A1 S
Fe,P JE U B X 1L, 76 6.5 GPa, 1400 K 54 T, Ni,P 4% 4 Ni F1 NiP,, 25 W] Ni i 2 %0 (Fe,Ni),P i
TRk 1R P A AR 2 A o A I N R TR, N R I A 25 38 K (Fe,Ni) P 2\ I8 RIS U 0 o8 1) 45 1l 5 1k, AR
FeP 78 KR AR 45 14 0 %% B, i Lo 42 30k R AR o 2 P,

ABFFELEHL (Fe, Ni,),P(0 < x < 1.0) [E#EA R A x = 0.5 (R4 04054 FeNiP S fF5e %t 42, 1l
42 W47 i ( Diamond Anvil Cell, DAC) $¢ A 1 J5 A7 [ 25 5 55 X 5 26471 5 ( X-Ray Diffraction, XRD) 52 45
XFRESLFE 0~25 GPa JE 7w Bl P9 0 R 4 PR SE AT AT, AFR ST Ni X (Fe,Ni),P FR 45 4 19 52 Wil s AR B R A 07
FESH4 FeNiP. Fe,P. Fe,P. Fe, sNi) 4P Fil Fe,S 78 H BROMZ I T 2048 T 9% BEdEA 74553, 158 NiL P
T oG 2% ) BRI W) [0 4 B T 5

1 SSBHE
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L2 B ARG, B A S E T, T 1000 C R 6 h 5, BRI B EIE . KA Ry ik
WKL AR 20 5 pm (R K, F XRD 5250 (Cu K,) AT YA BT o XT3 RIS HEA TR A&, 75 2R & 0 i
S5 a=5.8452(3) A, ¢ =3.4329Q2) A, B S AT 7'=101.58(2) A°,

JEASE 5 T [ A5 5 XRD 5256 43 Wik AT, 4353 F% 4 “Run 17#1“Run 27, Run 1 76 1 =R B L1
I FH P BRI 5 T 1V 6 U (SSRF) B8 X 5 4k 0 2R £ S g G AR 2l (BL1SUL Zkai) 58 . Jor FH i TR 2%
B N Symmetry &I DAC, fifi 1l FL.A2 A 400 pm. B #51Eh T304 A, B H#GEGEE R 203 um, &
Ja TR N 41 pum, BEAEFLARZ) R 200 um. B J0KF FeNiP Ff 5O A ) AR FE 2 10 pm B9 A, Bl )5 ik
WRSF 297 50 pmx 40 pmx 10 pm B9FE 58 5 AR Y T Au 96 7B —[A] & THE SR b, IR AR L
4 1 W BE-CEEIR A WA G R T . FE S NIRRT IR R R 1.0 GPa, i 5550 % 128 9.1 GPa,
JE I 25 B Au 19 111 1 200 77 5 06 53 il 580 B o M9 PR E 2215 . X K 0.6199 A,
BTN T4 K 3 pm x 10 pm. f75H5 5 H1 MarXperts-SX-165 I CCD R 410 5%, 455k K3 1Y R 3 it
6] 4 75 so HI FIT2D A7 X A7 555 11 3 g0 A7 R0, e 4 S A 5 i B2 - A5 A7 2 £ (Intensity-26) ¢ 5 &
% . Run 2 7E H A & GEN53#E 25 W 5 #1449 (High Energy Accelerator Research Organization, KEK) PF( Photon
Factory) Y BL-18C £k 3l 5 .. Jr 1781 He 2% >4 Clamp %! DAC, Bfi [ B 420 300 pm. E AR Bk, &
ARG EE R 263 pm, FUEJFIEE R 51 pum, S BELBEZAHR 170 pme R T2 50 pmx40 pmx
10 pm MFE G R 5 — LT 52 A kP — A B AR D, IR R A EME NG RN L. LB AR S i FLAR
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2.1 hEELE M

FeNiP 7845 5250 He ) 2544 N 1) XRD B3 S, BEE R ) p FHiss, & 5] BRI/ ), 5007 56 06 52 47 1) 1o
95 D7 T RS, L HRE X 5 55 B H AR KA AR Ak, U B FeNiP 76 52 56 T 773 BBl N PR 5 P62m 25 A AR A (I
K1) REJESTFHRESE (a, c. MHITHE 1, FeNiP 0 — bl K b 5 /1 B 7221k % & (p-ala, A
p-cley K FR) o HR i 1a) FR 46 45 10 S0, aniEl 2 s o FHZ % B Birch-Murnaghan( B-M) R 25 J7 2
(EOS) U I A155] a, ¢ Wikl AL MR M, = 525(6) GPa, M, = 442(2) GPa. AR¥E LM 1Y & L

__[op) _1
M = x,.( 3)6,-)7 -2 (1)

TSR LVE RS R B 8=1.90(2) x 107 GPa™!, £=2.26(1)x107> GPa™', i BT ¢ Bl )7 1] LL I a %l Jy 1) 5

(a)Run 1 2=0.6199 A (b) Run 2 2=0.6107 A

23.4 GPa

Intensity (a.u.)
Intensity (a.u.)

201

1.0 GPa = =) 10.5 GP. - .=
6 8 10 12 14 16 18 20 6 8 10 12 14 16 18 20

20/(°) 26/(°)
1 FeNiP £ Run 1(a) F1 Run 2(b) PHY 5 & R R AEA8 5T XRD S8 ol o3 7 260 BT ST 1% (2 SRR BRI AT %)
Fig. 1 Representative synchrotron radiation XRD patterns of FeNiP at various pressures in Run 1 (a) and Run 2 (b)

(The asterisks mark diffraction peaks of rhenium)

F 1 FeNiPEARENTHRBSH

Table 1 Pressure dependence of unit-cell parameters of FeNiP

p/GPa alA c/A VIA® p/GPa alA c/A N
0.000 1 5.845(1) 3.433(1) 101.6(1) 7.9(1) 5.760(1) 3.379(1) 97.1(1)
1.o(1) 5.829(1) 3.426(1) 100.8(1) 9.1(1) 5.750(1) 3.372(1) 96.6(1)
2.8(1) 5.811(1) 3.413(1) 99.8(1) 10.5(1) 5.737(1) 3.362(1) 95.8(1)
3.3(1) 5.806(1) 3.410(1) 99.5(1) 11.6(1) 5.729(2) 3.353(2) 95.3(1)
3.8(1) 5.798(1) 3.406(1) 99.2(1) 13.5(1) 5.713(1) 3.346(1) 94.6(1)
4.8(1) 5.790(1) 3.400(1) 98.7(1) 18.1(1) 5.682(1) 3.320(1) 92.8(1)
5.7(1) 5.783(1) 3.392(1) 98.2(1) 20.7(1) 5.660(1) 3.306(1) 91.7(1)
6.6(1) 5.772(1) 3.385(1) 97.7(1) 23.4(1) 5.647(1) 3.292(1) 90.9(1)

Note: Data of 1.0-9.1 GPa are from Runl, and data of 10.5-23.4 GPa are from Run 2; numbers in parentheses represent
errors in the last digit.

¥ Dera 555 (Y WFIT 45 L, Fe,P FI NP s 52 B ) o4 45 1) S o O VL LU =3 1Y 22 5, A0
FET T 3 — AR AR Bl 7 1948 1k 56 3R (p-(cley) Bl p-(alay) K Z), WE 2 s, o] LLEH,
FeNiP Fl Ni,P {45 i) 5 5 Fe,P #H 5 : FeNiP 1 Ni,P ¥ ¢ 4l J7 17 95 5) JE 4, T Fe,P iy a B 05 16) B4 {H
FeNiP 1) p-(c/cy) 5% p-(alay) KRB B /NF Ni,Po 286 DL EE5 Rl %0, 76 (Fe, Ni) ,P(0 < x < 1.0) [#% 14
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2, Y Ni Y& & x 1K 0.5 B, e85 7] FE 46 45 1) 1.03
SR FBET AN Ni s oC e, (B R BE AT, 1.02 -
535 F Ni,P. Lot -

Fe,P HI Ni,P 7Efli ][5 47 92 HKRA T
ZHNE R REFEHES) o Fe,P Bk,

ala,, clc,, and (c/cy)/(alay)

Vi ¢ BT A4 Fe S5 22 I0] 1 filk AR 14 ] 099

15 ¢ Bl LY o Bl SEME R 45 . T NP Ay R IR 0.98 O (cley)ala), FeNiP (this study)
Y, BEARILIE TEFE, HY ¢ iy i YA B TR 45 0.97 (cleateg, Fe
AR BT B 5 Fe,P I 045 141 5 096 e EeNip (s
PER43 5 (Fe, NiJ),P P, Ni BT ELAT S o 21 orer BALEOS g e
(R AR RE IR KR GE R, % 0 < x < o0 2 w0 w0 w0
0.3 I, Ni {15 T 0t 5 o 4 U i fA oo iz 8 Pressure/GPa

(ML E), 24 x>0.7 B WAL 26 b 5 o A s & 2 FeNiP fyJH—AbHl K (ala, F1 c/c,) B IA—ALBIHK oAl
i o m ’

p-(cley) /(alay) BAR 0 Wk sl i T LeED)
¢ Ny A\H ! ‘Il‘ 2 ] T [:llﬁ > | [32]o
M:E/J%Em P ﬂiﬂgg’ fEx > 08 I R IRETE Fig. 2 Normalized axis length of FeNiP (a/a, and c¢/c,) and

TE Ni & & x = 0.5 i FeNiP #1, 7] LLIA K Ni Ji normalized ratio of axis length ((¢/c,)/(a/a,)) with the
TR B SR M I M I B EE SR FeNiP 7E change of pressure (p-(c/c,)/(a/a,) data of Fe,P and
A FAT R R, (BB ST Fe,P, Ni 1 B Ni,P 2 are plotted for comparison.)

[ 75 23 0 59 Fe,P 76 ¢ il J7 o] b S0 M 1k i R 22 B0 %) A VR L, 45 o Bl A 0 T 4 BE 0 R AR, IR
FeNiP 3¢ B Jy 5 54 Pk Ni,P — 25 i) % 1] 5 45 4% 1) Sk
22 RFREZEME

FeNiP fi4 0 — 1k &4 B A FR B R 1 A9 7284k 6 2 (p-VIV, K Z) W&l 3 Bz o i 1 BoSFit7c #FRY,
B-M R T 72 (EOS) BY

1 3
3 3

2
e e R
XF p-V KR BEAT I (F5 18 T A A A 1.00 rere
BURIR ZZ M), 1T 3 AFRBE R K(=153(2) GPa, 098 - %, £ NP
PR B Ky = 5.7(2) , EJE T ML B 096 B0+ torder B-M BOS fiting curve
Vo =101.6( 1) AS( ZHrRZS i B4 45 L) 5 0.94 Lo,
#H K, =167(1) GPa, K, = 4.0([EEH), V, = o 092r +
101.5(1) A’ Bk H R BLA 45 5) . IR = 0%0r L
i A% ( &g = [(V/VO)‘3/2 _ 1] /2) Fr AL B 0.88 - A+ )
(Fy = pl[3e:(142) ) B NE R ML AR N 086r .
IE, IR BRI KT 4 4), = 0841
B B-M RS T R Z K =5.7(2) 7 HP, 0% 10 20 30 20 50
¥ FeNiP RS S 805 (Fe,Ni) ,P [ Pressure/GPa
VB A T T 22 53 3T Fe,P(K, = 175(8) GPa) Al B3 FeNiP ISl A M HBIBATE J1 2 fl 3 R
Ni,P(K, = 201(8) GPa) #i 17 tb 4%, 7] LA 15 %] (Fe,P Al Ni,P AU s th DAEA T HA)

K. (FeNiP)< K,(Fe,P)< K,(Ni,P), W3 2. Fig. 3 Normalized unit-cell volume of FeNiP with the change of

F ON"P L *EOF, /J\Z:J: F PO w4 é *ﬁ,ﬁf (e 1 pressure (Data of Fe,P and Ni,P”** are plotted for comparison.)
€IN1 ) AR H e, He

PILRIRIN . B, AFTER AL R0 B S AT AA R . AWF5EAE 1.0~9.1 GPa(Run 1) #110.5~23.5 GPa

(Run 2) 73 5 R AMARRLEE R 4« 1 B HYEE- 2 3R 5 i R (K TR AR BR 10.5 GPa) AR Ry 1% A0 Bt (K
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JEM PR 60 GPa) , fiw i 52 46 F 1 334k F4% & A
Jo A R 7K R A R Y B  BO90, i Dera 451231 R

FRTRE 16 = 4 0 1 19 - L B - KR & 0 160 L
W, Fo oK KM PR 298 14 GPa, 1E 25 GPa A4 i §

180 L Linear fitting line

K EZMT, R J1R2Z250.15 GPaP?, g; 140 |

-V BOHE S5 4E 15 GPa J5 1 L BE B 4 k), N

A B2 32 2% R A TP R AR A 52 e . 5 120 -

Hi T foc 1 IY MFRE iE (K, = 180 GPa) LI K

F hep 2k (K, =165 GPa) B [H[fi] Dera %24 1A 100 -

A N A 7Y ] XT38 i (Fe,  (Ni,) ,P AR FHAR 0 001 002 0.03 0.04
VR AR /N TNz NS T kg, AT R &

KT a BOIPUELRAE J1, X AR FeNiP i FH 4 FeNiP BB FRUEMR I (6-Fp) KR
IR EA —E 5, Fig. 4 Eularian strain-normalized stress (&-Fy) plot of

the p-V data based on the B-M equation of state
3 XTHABKIMREIETREX o
%<2 Fe,P. Ni,P #1 FeNiP #J B-M RS H 125 #

R OGN R AN Sl I A 2 T T ) Table 2 B-M EOS parameters of Fe,P, Ni,P, and FeNiP
Eﬁﬁ%%ﬁﬂi, HER B P9 BS54 5 ek AL, H B
AB/MY RS AR 250~430 km, -
b F R AR B 15% ~25%. FL b [ 25 1 4 A Fe,P(P62m) 175(8) 4.0(fixed) 103.16(1) [23]
A AT S A =R A DN A DL Ni,P(P62m) 201(8) 4.2(6) 100.54(fixed)  [24]
f, IR E A R BN 6% FIEICER™ Y, FeNiP(P62m) 167(1)  4.0(fixed)  101.5(1)  This study
HABF R BT Z /R S FiL CB 150 i A
FHZ P 7 i X B FP G 2R 9 F AT T Ak 3 — 883 T Fe-S o Fe-FeS —Juik RAIMF5IN A, S BY=F 1 (i
A EO R (4£3)%, R 6% 3 6%~ 11%0 A MRINN CEABRTFEMREITER.
Steenstra 251 A H &2 C YT E 5450 R 0.6%~4.8%, 1 S WK T 0.16%; Righter 25" £ F Fe-Ni-
0.357%S-0.5%C PUITIARAFF R, Sz C 1T & 5380 1.7%~2.4%, S N 3.8%~11.8%, W
C IS By 43803 5 290 1.2% 11 0.02%

BR 7S A1 C ZAh, P WA RAFAE T HEREZE MW —Fh E R uR . P 7 R ik
40~200", KB ILAE H BRI A0 P01 O A A0 43 S ok AR Th B MR AE AL AR i e R S
G RN, TR 58 2 GEE B 2E 2k H A, P A & i i T IA (0.85+0.15)%; Mi7EA Ni Fl C fEFE I 5:AMF T,
P (1 & B FTBEAE, o4 (0.4+0.1)%", Ak, HAZHh Ni 98 &8 (17.4£6.5)%", 2 HEM G ST EK.

M4 Fe,P(P62m) I Ni,P i %8 & I & X 7], (Fe,Ni),P( P62m) 7E A 3k . A TL—(To) . A T~ (Europa)
FIA T = (Ganymede) 25 /M7 B B3 (JE J17E 6 GPa 245 ) FEAE A AT REPEH KB5S, SR P I Ni & i
X, 05 S #ET LB, ARBESE 5L T i B-MUIRAS 7 BRPY RN SE S0 45 5, 225w A9
5 FesS AR T B S HL 0202 °( L3R 3), % T FeNiP, Fe,P. Fe,P. Fe, sNi, 4P fl Fe,S 7£ H 3k SMZ% i
JEZ1F T (4.8~5.0 GPa, 1 800 K) B ({3 i, 315 9-Fel® F1 H BRAMZ % ¥ ((6.75£0.25) g/em®) B HEAT 1
B, G S FraR . i B-MURES T R R B

Compound  K/GPa K; VA Ref.

p(VTy_imwkﬁy)-{3%)1{1+§<K&—44(%$)3-4} G)
Kor = Kor, + (aK) (T -Ty) 4)
Ky = KorU (%)
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VOT = VO,TO eXp (JT aTdT) (6)
ar =a'0+a'1T (7)
P Kopo KoM Vo IR E T Y S5 I A BURE & | A BB S5 Gl 78 R0t IRLAR AR Ko, Ky 1 Vior, M iR JEE
K\ o s s 6F
B a—T) S 5 R B 25 10 5 o
5o, WK R, HARFER o, fla, £ ~ 7200 S
Mo G IEEN R BRIME S A BRSR AL 5 10
JURMIGETT T RBUEIE, WISt sk 2 0
R R S 1 R A s e, VRS PR B R 8 T 2 B iy
K 1%5%, B4, B4R Fe,P(21.7% P) #l o b
FeNiP(21.3% P) 142 50 2 % it &t 73 50 AH ¢ 6.0 E
Fe,P(15.6% P) . Fe, ;Ni, ;sP(15.4% P) 58 . i !
Fe3S( 16.1% S)E%, 1E%TE£D l:l:)éj%‘%, X 4.80 4.85 4.90 4.95 5.00
Pressure/GPa

. 5 AR Al [T t BRRF A .
Jo LS R T Y R AR, 73— Bl HERAMEIEE(4.8~5.0 GPa, 1 800 K) £/ T FeNiP.

Em%'legil:lﬂiﬁi%ﬂﬁ/j&ﬁ*% %%ﬁ E(] %3 "r"] ) iﬁ% FGZP\ F63P\ Fez,lsNiO.BSP\ Fe3P *n Fe3s Eg{ﬁ%%ﬂ:rg‘
W B AEAT BAZ TR B R 32 2 i IR R S [ 4R (-Fe FI BROMZHAIE 122 th LA LA

il o HK, Bi9K Fe,P, Fe,P fll Fe,S U MK T  Fig 5 Calculated density of FeNiP, Fe,P, Fe,P, Fe, ,Ni, P, Fe,P,

K% R BE . {H FeNiP(40.3% Ni) #ll Fe, ,sNi, 4P and Fe,S under the pressu(re—temperature conditic))ns commensurate
. . o oy — to the Moon’s outer core(4.8-5.0 GPa, 1 800 K) (Density of y-Fe

0 {85 i A = Ho A1 2 )y

(24.8% Ni) B2 B2 84 i85 T HLX0 B 09 20 B i o and the Moon’s outer core are plotted for comparison.)

)& FeNiP 1) % B2 5 7 BRAMZ % BEAH Y, Ul

B Ni (A 2 (Fe,Ni) ,P Fl (Fe,Ni) ,P 4 %5 B2 51 450 ] BRAMZ B B, BB T 7EAR Y TAEP DL Z o0&

xR (AN Fe-Ni-S-P) 2y X G A I T A7 B A B 400 Jo 2 1l ) o 42k

% 3 FeNiP, Fe,P. Fe,P. Fe, .Ni, ;P #1 Fe,S B8 B-M RS H S K
Table 3 High-temperature B-M equation of state parameters for FeNiP, Fe,P, Fe,P, Fe, ;Ni,,.P, and Fe,S

dK;
Material Ty/K Vor,/A>  Kor,/GPa Kir, (a_Tl) /(GPa-K™")  4/(10°K™") /(108 K?)
P
FeNiP 300 101.5 167 4.0 —3.75x107204 3.054 2884
Fe,P 30023 103.16% 17523 4.0 —3.75%1072654 3.004 2.854
Fe,P 3002 366.92" 16127 4,012 ~3.75%107264 3.0654 2.81%4
Fe, sNi, 4P 30027 365.82Y 18521 4,021 —3.75%x107264 3.004 2.854
Fe,S 30084 377.0154 15084 4,054 —3.75%107264 3.0654 2.81%4
4 % g

FeNiP E i H i 41 704k &9, % T HF5E Ni X (Fe, Ni),P(0 < x < 1.0) [E 544 5 46 1 i 5% i BLA &
B S, JE AR AR S XRD S25 2 B, FeNiP 78 0~23.4 GPa JE J1 30 Bl PN AR 435 P62m ity A &5 # A 7%
FeNiP AT AKX T Fe,P, 7RI 5 Fe,P M. 5 Ni,P — B0l i) FE 46 45 1) S o 3 3 A5 5500 L
4% FeNiP, Fe,P. Fe,P. Fe, Nij P Fl Fe,S 75 A BRAMZIRIE 44 T (0% 5, K Ni 19 i A ATl (Fe,Ni),P il
(Fe,Ni),P 1% B T HZ2 3 H BRAMZ R L, RS T LA 206 &K R (U0 Fe-Ni-S-P) X KM 54T AT
o 4 B ) B
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Compressibility of FeNiP under High Pressure
HE Xuejing'?, KAGI Hiroyuki’, QIN Shan', WU Xiang’

(1. Key Laboratory of Orogenic Belts and Crustal Evolution, MOE, School of Earth and
Space Sciences, Peking University, Beijing 100871, China;
2. Geochemical Research Center, School of Science, The University of Tokyo, Tokyo 113-0033, Japan;
3. State Key Laboratory of Geological Processes and Mineral Resources,

China University of Geosciences, Wuhan 430074, China)

Abstract: Compressibility of FeNiP (P62m) has been studied up to 23.4 GPa by using diamond anvil cells

(DAC) combined with in situ synchrotron X-ray diffraction (XRD) at room temperature. FeNiP remains the

hexagonal structure at experimental pressure range. The pressure-volume (p-V) data has been fitted by the
Birch-Murnaghan (B-M) equation of state, yielding K, = 153(2) GPa, K, = 5.7(2), ¥, = 101.6(1) A’ or K, =
167(1) GPa, K, = 4.0 (fixed), ¥, = 101.5(1) A’. FeNiP has smaller bulk modulus than Fe,P, and shows
analogous axial compressibility to Ni,P. This might result from nickel’s doping effect on elastic properties of
(Fe,Ni),P. The densities of FeNiP, Fe,P, Fe,P, Fe, |\Ni, 4P and Fe,S have been estimated under the pressure-
temperature conditions commensurate to the Moon’s outer core. The comparison shows that the doping of

nickel could make (Fe,Ni),P and (Fe,Ni),P’s density approaching that of the Moon’s outer core.

Keywords: FeNiP; diamond anvil cell; X-ray diffraction; Moon; outer core
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