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ABSTRACT: Ferromagnesite (Mg, Fe)CO, with 20 mol% iron is a potential host mineral for carbon
transport and storage in the Earth mantle. The high-pressure behavior of synthetic ferromagnesite
Mg, Fe, ,)CO, up to 53 GPa was investigated by synchrotron X-ray diffraction (XRD) and Raman
spectroscopy. The iron bearing carbonate underwent spin transition at around 44—46 GPa accompa-
nied by a volume collapse of 1.8%, which also demonstrated a variation in the dv/dP slope of the Ra-
man modes. The pressure-volume data was fitted by a third-order Birch-Murnaghan equation of state
(BM-EoS) for the high spin phase. The best-fit K, = 108(1) GPa and K, = 4.2(1). Combining the dv/dP
and the K, the mode Griineisen parameters of each vibrational mode (7, L, v, and v,) were calculated.
The effects of iron concentration on the Mg, Fe CO, system related to high-pressure compressibility
and vibrational properties are discussed. These results expand the knowledge of the physical properties
of carbonates and provide insights to the potential deep carbon host.

KEY WORDS: ferromagnesite, synchrotron XRD, Raman spectroscopy, high pressure, geochemistry,

mineral.

0 INTRODUCTION

The construction of the mineralogical models through the
properties of mantle minerals is essential to understand the seis-
mological, thermal and compositional characteristics of the
deep Earth. Carbonates in the mantle have an evident effect on
the physical and chemical properties of the Earth’s interior,
such as melting, elasticity, thermal conductivity and electrical
conductivity (Sawchuk et al., 2021; Chao and Hsieh, 2019;
Yao et al., 2018; Dasgupta and Hirschmann, 2006). Extensive
experimental results have suggested that magnesite (MgCO,)
could be stable up to the core-mantle boundary pressure-
temperature (P-T) conditions, hence it is expected as the main
host phase of mantle carbon (Isshiki et al., 2004). Given the
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abundance of iron in the mantle, the Mg/Fe substitution in mag-
nesite is inevitable, thereby affecting the structural stability,
density, elasticity, sound velocities and transport properties of
carbonates in the mantle. According to established composi-
tional model of the silicate Earth, the average molar ratio of Fe
to Mg in the mantle (Fe/(Fe + Mg)) is 0.12—0.15 (Lee et al.,
2004; McDonough and Sun, 1995). Furthermore, the partition-
ing behaviors of Fe and Mg between carbonates and other ma-
jor minerals provide compelling clues on the chemical compo-
sition of (Mg, Fe)CO; in the Earth’s mantle. There is evidence
that the magnesium-rich (Mg, Fe)CO, is likely to be more prev-
alent in the depths of the earth, since iron strongly partitions in-
to ferropericlase rather than coexisting magnesite at relevant P-
T conditions of the Earth’s mantle (Palyanov et al., 2013).
Based on the partial melting experiments of carbonated perido-
tite and eclogite (Dasgupta et al., 2004), approximately 20
mol% iron is dissolved in magnesite at relevant high P-T condi-
tions to produce iron-bearing magnesite (Mg, Fe,,)CO,, which
provides valid evidence to estimate the realistic chemical com-
position of ferromagnesite in the deep Earth.
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Over the last few decades, the high P-T properties of (Mg,
Fe)CO, of different composition have been studied by several
experimental methods, including XRD, X-ray emission spec-
troscopy, visible and X-ray Raman spectroscopy, infrared spec-
troscopy, and Mdssbauer spectroscopy (Chariton et al., 2020;
Cerantola et al., 2017; Taran et al., 2017; Weis et al., 2017; Lo-
banov et al., 2016, 2015; Merlini et al., 2016, 2015; Miiller et
al., 2016; Cerantola et al., 2015; Liu et al., 2014; Spivak et al.,
2014; Boulard et al., 2012, 2011; Farfan et al., 2012; Lin et al.,
2012; Lavina et al., 2010a, b, 2009; Nagai et al., 2010; Mattila
et al., 2007; Santillan, 2005; Zhang et al., 1998). Zhang et al.
(1998) investigated the thermoelastic properties of FeCO, and
(Fe, Mg, ,;Mn, ,,)CO, at pressures and temperatures up to 8.9
GPa and 1 073 K. A linear increase of the room-temperature
bulk modulus with increasing iron content in (Mg, Fe)CO, was
observed, yet it deviates from the empirical prediction that the
product of K and V) is constant. Later, more attention was
drawn to the electronic high spin (HS) to low spin (LS) transi-
tion of iron bearing carbonates at high P-T conditions. Mattila
et al. (2007) first described the spin transition with a reduction
of total spin momentum in Fe’' of natural siderite (Fe,,,Mn,,,)
CO, to occur at roughly 50 GPa by Kf X-ray emission spec-
troscopy. The spin transition of Fe* in (Mg, Fe)CO, has been
well constrained to occur at 40—55 GPa and 300 K associated
with a 3%—10% reduction in the unit-cell volume of varied
components using high-pressure X-ray, laser optical spectro-
scopic techniques and theoretic calculations (Chariton et al.,
2020; Weis et al., 2017; Hsu and Huang, 2016; Miiller et al.,
2016; Cerantola et al., 2015; Liu et al., 2014; Spivak et al.,
2014; Farfan et al., 2012; Lin et al., 2012; Lavina et al., 2010a,
b, 2009; Nagai et al., 2010). However, there is still debate on
the starting pressure and pressure ranges of the Fe*' spin transi-
tion, whether the spin transition relates to composition and
how the impurity elements in natural samples affect the transi-
tion. Besides, siderite and iron bearing magnesite have attract-
ed wide interest in their phase transformations into novel phas-
es Fe,C,0,, and (Mg, Fe),C,0O,, (Cerantola et al., 2017; Merlini
et al., 2015; Boulard et al., 2012, 2011) with corner-sharing
(CO,)" tetrahedra and sp’-bonded carbon at pressures exceed-
ing 40 GPa and high temperature (Lobanov and Goncharov,
2020). Structural differences between three-membered and
four-membered rings of tetrahedral (CO,)" units indicate that
the stability field of (Mg, Fe)CO, is strongly associated with
composition. In general, previous studies mainly focus on the
iron-rich ferromagnesite with a more significant spin transition
and structural change due to the presence of iron, especially
the more accessible natural siderite containing impurities of
Mn and Ca.

In this study, we have synthesized carbonate samples with
19 mol% iron, so as to simulate the mantle composition carbon-
ates. The compressibility and vibrational properties of synthet-
ic impurity free sample of (Mg, Fe,,,)CO, have been investi-
gated by single crystal XRD and Raman spectroscopy in a dia-
mond-anvil cell (DAC). Knowledge of its high-pressure behav-
ior in the deep Earth is a key to interpret the roles of ferromag-
nesite with 19 mol% iron as a potential carbon carrier in the
evolution of the interior of the Earth as well as the mantle’s
role in the global carbon cycle.

1 EXPERIMENTAL METHODS
1.1 Sample Preparation

The ferromagnesite single crystals were prepared by high
P-T annealing as reported by Liang et al. (2018a) and the de-
tails are presented in Supplementary Material A. The chemical
composition of ferromagnesite was determined to be
(Mg, Fe, ,)CO, using a JEOL JXA-8100 electron microprobe
at the Institute of Geology, Chinese Academy of Geological
Sciences, as shown in Figure S1. The XRD analyses confirmed
the R3¢ structure of (Mg, Fe,,,)CO,, with lattice parameters
a=46471Q2) A, c=15.101 (2) A, and V = 282.45(3) A® at
ambient conditions.

1.2 High-Pressure in-situ Synchrotron XRD

A symmetric diamond-anvil cell (DAC) was mounted
with a pair of diamond anvils of 300 pm flat culets and a pre-
indented Re gasket with a hole as sample chamber (180 pm in
diameter and 30 um in thickness). A piece of single crystal
Mg, Fe, ,)CO, with both sides polished (a diameter of ~35
pm and a thickness of ~7 pum) was loaded into the sample
chamber along the (101) crystal plane facing the incident laser
beam, together with several ruby spheres and a piece of gold
close to the sample as the pressure calibrant. The pressure-
transmitting medium, Ne, was loaded into the sample chamber
in the high-pressure gas loading system of GSECARS/COM-
PRES. High-pressure XRD experiments were carried out at
beamline 13-BM-C of the APS, ANL, USA. The incident X-
ray beam had a wavelength of 0.433 5 A and a focal spot size
of 15 x 15 um’. Diffraction images were acquired with a PILA-
TUS3 1M (Dectris) detector. The tilting and rotation of the
MarCCD detector relative to the incident X-ray beam were cal-
ibrated using lanthanum hexaboride (LaB,) powder as the
XRD standard. XRD images were processed and integrated us-
ing the Dioptas software to derive the lattice parameters of the
sample and the Au pressure calibrant. Pressure was calculated
using a third-order BM EoS of Au (Fei et al., 2007).

1.3 High-Pressure Raman Spectroscopy

High-pressure Raman spectra of (Mg, Fe, ,)CO, were
collected from 150—1 300 ¢cm™ with a Renishaw inVia Reflex
system in a back-scattering geometry at Peking University. The
Raman signal was excited using the 532 nm wavelength of a
diode-pumped solid-statelaser, delivering an emission power
of ~50 mW focused onto an approximately 2.5 um spot by a 20
x long-distance objective. Spectral resolution was about 1 cm’
with the holographic diffraction grating of 1 800 lines/mm. The
spectra were calibrated using a silicon wafer. A piece of single
crystal of (Mg,, Fe, ,)CO, with a diameter of ~40 pm and a
thickness of ~12 um was loaded inside a symmetric DAC to-
gether with a few ruby spheres. The assembly is the same as
that of the in-situ synchrotron XRD described above. Neon
was loaded into the sample chamber in the high-pressure gas
loading system of GSECARS/COMPRES as the pressure-
transmitting medium. All Raman data were collected on the
same single crystal with invariant orientation up to the target
pressure. Pressure was determined by multiple measurements
of the wavelength of the ruby fluorescence before and after
each experimental run (Shen et al., 2020).
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2 RESULTS AND DISCUSSION
2.1 High-Pressure XRD and Compressibility of (Mg, Fe,,,)
CO,

The XRD patterns of (Mg, Fe, ,,)JCO, were collected up
to 53 GPa at the room temperature (Figure 1), no structural
transition was identified as no peak-appearance/elimination
was observed. The lattice parameters were calculated through
the refinement of high-pressure XRD pattern (Figure 2a; Table
1). The unit cell volume underwent a distinct collapse of ap-
proximately 1.8% at ~44 GPa due to the spin transition of Fe*".
It is almost equal to 20% of that of FeCO, (Lavina et al.,
2010b) and thus the collapse volume per unit iron content
could be a constant. The compressibility of ferromagnesite
Mg, Fe, ,)CO, has been evaluated by fitting the bulk modu-
lus at ambient pressure (K,) and its pressure derivative (K,) of
the BM-EoS to the pressure-volume data in the high spin state
(Birch, 1978):

=) sl () o

where K, K',, and ¥ are the isothermal bulk modulus, its pres-
sure derivative, and the unit cell volume, respectively. The
compressibility of high spin state was quantified, resulting in X,

= 110.8(4) GPa for a second-order BM-EoS and K, = 108(1)
GPa with K, = 4.2(1) for a third-order BM-EoS, respectively.
To further describe the compressive behavior, the relation be-
tween the volume Eulerian finite strain (f;, = [(V/V)" - 1]/2)
and the “normalized pressure” (F, = P/[3f; (2f, +1)**]) was de-
termined and shown in Figure 2b (Angel, 2000). The intercept
F(0) achieved by the weighted linear regression is an impor-
tant criterion of quantified compressibility, and the value of F,
(0) = 109(1) GPa is in good agreement with the K derived
from the Birch-Murnaghan equation. Likewise, the f,-F, plot
exhibits a clear transition in the compressional behavior at 44—
50 GPa, corresponding to the occurrence of spin transition. The
normalized lattice parameters (a/a, and c/c,) are adopted to re-
veal the anisotropy of the axial compressibility, as presented in
Figure S2. The axial compressibility along a and c is fitted by
the third-order Birch-Murnaghan equation (Birch, 1978), result-
ing in K, =154.0(7) GPa with K, = 7.1(1) for the a axis and
K, = 66.0(2) GPa with K, = 2.84(2) for the ¢ axis.

The P-V relationship for a range of composition in
MgCO,-FeCO, system from the previous results was plotted in-
to Figure 2a to compare the compressibility of the high spin
state (Chariton et al., 2020; Liu et al., 2014; Farfan et al., 2012;
Lin et al., 2012; Lavina et al., 2010a, b, 2009; Nagai et al.,
2010; Fiquet et al., 2002; Zhang et al., 1998), and the relevant

Table 1  Equation of state parameters of Mg, Fe CO, at high pressures from this and previous studies

Composition v, (A% K, (GPa) K AVIV, Transition pressure Technique® Reference

(%)" (GPa)
(Mg, Fe, ,,) CO; 282.43(5)  108(1)  4.2(1) 1.8 44-46 SCXRD; DAC(Ne) This study
MgCO, 279.3(2) 103(1) 4 — — XRD; LVA Zhang et al. (1997)
MgCO; (natural) 279.2(2) 108(3) 5.0(2) — — Powder XRD; DAC Fiquet et al. (2002)
(Mg;49,Ca ) CO, 103(2) 5 — — Powder XRD; DAC(Ne)  Isshiki et al. (2004)
(Mg, 4,Fe,,)CO, 279.05)  113(1) 4 — — SCXRD; DAC(Ne/He) Merlini et al. (2016)
(Mg, g,5Fe,;, Mn o Ca, ) CO; 279.55(2)  97.1(5)  5.44(7) — — Powder XRD; LVA Litasov et al. (2008)
(Mg, o Fe,,,)CO; 280.9(2) 115.9(9) 4 — — SCXRD; DAC(Ne/He) ~ Merlini et al. (2016)
(Mg, .Fe,,Cayy,) CO, 281.0(5) 102.8(3)  5.44 — 49-52 SCXRD; DAC(Ne) Lavina et al. (2010a)
(Mg, ,,Fe,,.) CO, 282.69(8) 112(1)  4.3(1) 3 44 SCXRD; DAC(Ne) Chariton et al. (2020)
(Fe, Mg, xMn, ) CO, 288.3(1)  112(1) 4 — — XRD; LVA Zhang et al. (1998)
(Fe, Mg, ;;Mn, ,,) CO, 289.1(1)  108(2)  4.8(2) 8 45 SCXRD; DAC(Ne) Lin et al. (2012)
(Fe, Mg, ;;Mn, ,,) CO, 289.2(1)  109(1)  4.9(2) 6.5 43.4-475 SCXRD; DAC(Ne) Liu et al. (2014)
(Fe,,,Mg,,Mn, ,Ca;,)CO;  288.0(4)  123(1) 4 — — SCXRD; DAC(Ne/He)  Merlini et al. (2016)
(Fe,,,Mn, ,, Mg, ,.Ca,, )CO, — — — 9 4244 SCXRD; DAC Lavina et al. (2009)
(Fe, ;Mg ,,Mn ) CO, 293.5(1)  120(3) 43 6.5 47-50 Powder XRD; DAC(Ar) Nagai et al. (2010)
(Fe,,Mg,, Mn,,Ca, )CO, 291.0(8)  125(2) 4 — — SCXRD; DAC(Ne/He)  Merlini et al. (2016)
(Fe,,Mn, Mg, ,Ca, ) CO, — — — 8 46 Powder XRD; DAC(None)  Farfan et al. (2012)
(FeyosMn, , Mg, 1,)CO, 293.4(2) 117.709) 4 — — SCXRD; DAC(Ne/He)  Merlini et al. (2016)
(Fe, Mg, ,,) CO, 204.4(3)  110(2)  4.6(2) 10 4445 SCXRD; DAC(Ne) Lavina et al. (2010b)
(Fey gosMny 45) CO; 292.83(4)  117(1) 4 — — XRD; LVA Zhang et al. (1998)
FeCO, 292.15(5) 97.5(11) 4 — — SCXRD; DAC(Ne) Liang et al. (2018b)
FeCO, 292.66(2) 125(3)  3.8(2) 10 44 SCXRD; DAC(Ne) Chariton et al. (2020)
FeCO, 291.81 108 4.5(1) — — Theory Badaut et al. (2010)

“ AV/V is the percentage of the volume decrease across the spin transition. "SCXRD. Single crystal X-ray diffraction; XRD. X-ray diffraction; DAC.

diamond-anvil cell (we also mark the pressure medium used in the experiment in brackets, such as Ne for Neon, Ar for Argon and None for no pres-

sure medium); LVA. large volume apparatus.
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Figure 1. Representative XRD spectra of ferromagnesite (Mg, Fe  ,)CO;
at high pressure. The asterisks (*) symbolize the signal coming from the Re
gasket due to the relatively large incident spot. Incident X-ray wavelength
2.=04335A.

K, was summarized in Table 1. The 1 bar and 300 K bulk mod-
uli with K fixed to 4 for high spin Fe’* derived from previous
XRD experiments (Chariton et al., 2020; Liang et al., 2018b;
Merlini et al., 2016; Zhang et al., 1998, 1997 was plotted in
Figure S3. There is still controversy on the relationship of iron
content and K. Zhang et al. (1998) reported a trend that K in-
creases as the increase of iron content, which suggests that
FeCO, with the longer bond length (Fe-O) is less compressible
than MgCO,. However, it deviates from the empirical inverse
correlation prediction that the product of K, and V) is regarded
to be constant (Hazen and Prewitt, 1977). Subsequently, Merli-
ni et al. (2016) found an irregular compressional behavior in
natural samples of MgCO,-FeCO, system; that is, the K in-
creases with the increase of iron content from 0.01% to 74%
but the value for endmember FeCO, is lower than samples with
70% and 74% iron content. Most recently, the K of impurity-
free FeCO, was reported to be 97.5 GPa (K, = 4), the lowest
value for magnesiosiderite reported so far, which casts doubt
upon the anomalous compression mechanism (Liang et al.,
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2018b). Our experimental results on the compressibility of syn-
thetic (Mg, Fe, ,,)CO,, without the impurities common to natu-
ral ferromagnesite, provide a reliable reference for MgCO,-
FeCO, system. The compression mechanism, as well as the
nonlinear relation of compressibility and iron content, is thus
proposed to verify and optimize using synthetic continuous sol-
id solutions for further systematic research.

2.2 High-Pressure Raman Spectroscopy and Vibrational
Properties of (Mg, Fe, ,,)CO,

The Raman vibrations that offer complementary informa-
tion about the crystal structure and calcite-type carbonates have
been extensively studied. According to factor group analyses,
calcite-type carbonates with rhombohedral primitive cell con-
taining 10 atoms per lattice point have 27 vibrational modes.
Among them, the translational (7) and librational (L) modes in
low-frequency region represent external modes, resulting from
the interactions between M** and CO;3 " ions. The high-frequency
vibrational modes, v, (in-plane bend), v, (symmetric stretch), v,
(anti-symmetric stretch) and 2v, (out-of-plane bend, overtone
mode of the silent, IR-active v, mode) represent internal modes
of the CO3 - group (Farsang et al., 2018; Rividi et al., 2010; Rutt
and Nicola, 1974). High-pressure Raman spectra of
(Mg, Fe, ,)CO, were measured in 1-2 GPa intervals up to 52
GPa at room temperature (Figure 3a), in which v, and 2v,
modes were not observed owing to limitations in the diamond
windows. The measured Raman modes (7, L, v,, and v,) record-
ed a linear peak shift as a function of pressure from zero pres-
sure to 23 GPa (Figure 3b; Table 2). The trend of intensity ratio
and full width at half maximum (FWHM) of each mode were
analyzed to provide the relevant evolutions in local structures
(Figure S4).

A slight decrease in v, modeand the increase in other
modes, without any significant peak splitting, were observed
across the spin transition at 47 GPa. The decrease in v, mode
could be caused by the elongation effect of C-O bond which is
greater than that of lattice contraction (Lavina et al., 2010b),
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Table 2 Modeled vibrational parameters of ferromagnesite (Mg, Fe, ,)CO, and other iron-rich carbonates at high pressures from this and previous studies

Raman Mag81° Mag100° Mag96° Sid65¢ Sid100¢ Sid100"

This study Liang et al. (2018a) Farsang et al. (2018) Lin et al. (2012) Liang et al. (2018b) Cerantola et al. (2015)
Modes  dv/dP 7, dv/dpP 7, dv/dP 7, dv/dpP 7, dv/dpP Y, dv/dpP 7,
T 2.89(6) 1.52(3) 3.08(5) 1.49(2) 3.52(3) 1.76 2.51(10)  1.36(5) 2.99(2) 1.61(1) 2.51 1.18
L 4.03(8) 1.38(2) 4.49(5) 1.402) 4.893) 1.59 3.64(18)  1.25(6) 4.01(2) 1.39(1) 3.82 1.16
v, 1.69(2) 0.25(1) 1.83(2) 0.26(1) 1.52(4) 0.22 1.49(6)  0.22(1) 2.00(2) 0.27(1) 1.37 0.21
v, 2.66(2) 0.27(1) 2.87(2) 0.27(1) 2.87(4) 0.28 2.17(7)  0.21(1) 2.46(1) 0.22(1) 2.17 0.22

*Mag81. (Mg, Fe  ,)CO,, this study. The measured initial frequencies of Raman modes for (Mg, Fe ,,)CO, at 0 GPa and the bulk moduli K set as 110.8 GPa

are chosen to deprive the mode Griineisen parameters y, dv/dP in the unit of cm™”/GPa; y. mode Griineisen parameters; *Mag100. Mg, g0., 0, CO,, Liang et al.
(2018a); “Mag96. Mg, ,Ca, ., Fe,,,CO,, Farsang et al. (2018); “Sid65. (Fe, Mg, ,;Mn, ,,)CO,, Lin et al. (2012); *Sid100. Fe CO,, Liang et al. (2018b);

Sid100. Synthesized FeCO,, Cerantola et al. (2015).

0.19

0.999+0.001

(@) 51.5GPa P (b)
’—/M 1200 " wvervy VO
i 48.6 GPa 1000 -

\,_/L_,/:U&.

S=aas

~ 800 AAMAAA AAMMA
- M v,
- £
= 2
< =
= 36.9 GPa = 600}
=i ©
por
ST ]
= 23.4 GPa & 400 “.... L
M o -
— waen U7
0.8 GPa 200 |- ==
T ‘\ L Vs v,
EBOCADVE
1 1 1 1 1 1 0 1 1 1 1 1 1
200 400 600 800 1100 1200 0 10 20 30 40 50
Raman shift (cm™) Pressure (GPa)
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2

whereas the increase of 7, L and v, modes is mainly contributed _ dlnv, _K ( dv, )
from the fact that the low spin state exhibits a stiffer unit-cell 7T T diny Vio\dP
lattice and smaller bond distances due to its relatively smaller
radius of Fe’' (Cerantola et al., 2015; Lin et al., 2012; Lavina et
al., 2010a, b, 2009; Nagai et al., 2010). Moreover, the FWHM
values of the v, mode increase sharply across spin transition (in

Figure S4), which is consistent with the results reported by

where y, is the mode Griineisen parameter, K, is isothermal
bulk model, and v, , is the frequency of each mode at the ambi-
ent conditions.

The derived mode Griineisen parameters were listed in Ta-
ble 2, together with previous results for comparison. The mode

Muller et al. (2016). It could be interpreted as local structural e .
Griineisen parameters for the two lattice modes (7" and L) are

disorder, inhomogeneities, defects or a modified vibrational
density of states during spin transition. In addition to Raman
peaks characteristic for calcite-type carbonates, two new Ra-
man peaks (784 and 875 cm’') began to appear at 23 GPa and

1.52 and 1.38, and for the two internal modes (v, and v,) are
0.25 and 0.27. The values of parameters for two external
modes (7 and L) are approximately five times greater than
became more pronounced with increased pressure, thereby Fhose of the higher frequency inte@al modes (v, and V‘,)’ rev'eal-
ing that the compression of calcite-type carbonates is mainly
dominated by the coordinated octahedra linked the [CO,]”
groups to the cations (Williams et al., 1992). Furthermore,

there is a decreasing trend with the increase of iron content for

causing uncertainties in the determination of v, peak position.
These unassigned peaks have been attributed by Langille and
Oshea (1977) to an infrared mode becoming Raman active due
to a local loss of inversion symmetry as a result of Fe ordering
(Langille and Oshea, 1977).

Combined the K, =110.8 GPa from EoS with the high-
pressure Raman results of dv/dP, the mode Griineisen parame-

the values of the mode Griineisen parameters for two external
modes (7 and L) which related to metal cations while the pa-
rameters barely change with the variation of iron content for
two internal modes (v, and v,) (Figure 4a, Farsang et al., 2018;

ters y, for each vibration mode were derived according to the . ]
Liang et al., 2018a, b; Cerantola et al., 2015; Lin et al., 2012).

equation as follows
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However, there are still a few data points deviating from the
overall trend, which are may arise from differences in the quali-
ty of Raman data acquisition and processing as well as the in-
terferences of impurities (Ca*") in natural samples.

For a more quantitative comparison on the effect of iron
doping on the vibrational properties of solid solutions before
spin transition, we build the model of Raman shift of v, mode
as the Fe content increasing up to 40 GPa combining the Ra-
man data of Mg,_Fe CO, with different iron contentsin the lit-
erature (Liang et al., 2018a, b; Lin et al., 2012) (Figure 4b).
The v, mode is the most intense mode in the spectrum and its
change against pressure is relatively obvious due to it is direct-
ly related to the C-O bond, making it the best candidate to cali-
brate the peak position. The Raman shift decreases when the
Fe™ substitutes Mg™ in the structure, since the ion radius of
Fe* (high spin) is a little bit bigger and heavier than Mg™",
thereby increasing the interatomic distances between the Mg™,
Fe™ cation and the (CO,)” anion in the unit cell of magnesite.
The peak position of v, mode is relatively linear with the
change of composition under ambient pressure, however, at
higher pressure, the addition of iron can lead to a relatively
large reduction of peak position. The linear relationship of v,
mode as a function of pressure between siderite FeCO, (v,(P) =
2.46P + 1 084.49), ferromagnesite (Mg, Fe, ,)CO, (v(P) =
2.66P + 1 093.32) and magnesite MgCO,(v,(P) = 2.87P +
1 094.04) are presented in Figure S5. The value of slope dv,/dP
decreases as the iron content increase suggests a greater differ-
ence in v, between MgCO, and FeCO,at higher pressure. The
correlation between Raman spectra and the chemical composi-
tion of magnesite and siderite has potential applications in
on-line measurement of high-pressure experiments and in-situ
mineralogical determination in future planetary explorations.

2.3 Characterizations of the Fe’ Spin Transition in Ferro-
magnesite at High Pressure

The spin transition of Fe*" induced by the relevant high-
pressure conditions has a major impact on the physical and
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Figure 4. (a) The mode Griineisen parameters of each vibration (7, L, v, and v|) of MgCO,, Mg, ,Ca,

chemical properties of host minerals in the lower mantle, such
as density, velocity, iron partitioning (Farfan et al., 2012; Lin et
al., 2012; Lavina et al., 2010a, b, 2009; Nagai et al., 2010). It is
thus quite important to establish the phase diagram for the spin
transition as a function of the iron contents to display the het-
erogeneity of the mantle. Since Lavina et al. (2009) first ob-
served the spin transition in the ferromagnesite, plenty of stud-
ies focused on the components with different iron contents,
thereby inspiring the interest to emphasize the spin crossover
as the characteristics of this potential deep carbon host (Figure
S6). The spin crossover, which is common in iron-bearing min-
erals such as ferropericlase at high pressures, has been under
discussion with regard to whether Fe*-Fe** exchange interac-
tions occur in the ferromagnesite structure or not. The density
functional theory calculations have predicted the consistent
spin transition pressure for varied components of ferromagne-
site (Hsu and Huang, 2016), which is attributed to the weak
Fe™-Fe’ exchange interactions in ferromagnesite because the
corners-sharing [FeO,] octahedron is separated by [CO,]” lead-
ing to a relatively longer distance between neighboring Fe™
ions in carbonates than the ferropericlase with the edges-
sharing octahedral (Liu et al., 2020). Nevertheless, Spivak et
al. (2014) performed Raman spectroscopy on synthetic ferro-
magnesite system and found that the front pressure of spin tran-
sition can shift to slightly higher pressures with the addition of
Mg. In contrast to this, Weis et al. (2017) observed a compara-
ble transition front and width of synthetic siderite and ferro-
magnesite (Mg, ,,Fe,,,)CO,, illustrating that there is a negligi-
ble compositional effect on the spin transition pressure, which
supports the results from theoretical calculations (Hsu and
Huang, 2016). Likewise, our results of (Mg, Fe, ,)CO, from
XRD experiment revealing almost identical transition pressure
(44-46 GPa) to the previous reports of iron-rich components al-
so support that there is no spin transition pressure-composition
correlation in the ferromagnesite. In contrast, the transition
shifted to a higher pressure at 47 GPa based on the observation
of Raman spectra. To eliminate the error caused by the selec-
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and our results of ferromagnesite (Mg, . Fe,,,)CO, (Farsang et al., 2018; Liang et al., 2018a, b; Cerantola et al., 2015; Lin et al., 2012). (b) The Raman mode v,

of FeCO,, MgCO,, magnesian siderite (Mg, ,;Fe,,)CO, (Liang et al., 2018a, b; Lin et al., 2012) as well as our results of ferromagnesite (Mg, Fe, ,)CO, at

pressures up to 40 GPa by a step of 10 GPa were plotted for comparison.
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tion of pressure scales, we also employed models from Ye et al.
(2018, 2017) for inter-calibrated Au-ruby P-scales. According
to the inter-calibration, the difference between Au and ruby P-
scale at high pressure around 50 GPa is within 0.3 GPa. Be-
sides, the inconsistency of XRD and Raman results could be
caused by the postponed observation of the onset of spin transi-
tion in Raman spectra, since it is not obvious with only a slight
slope variation instead of the splitting v, mode with low iron
content. Consequently, the criterion achieved from the collapse
of cell volume is believed to be more sensitive than that of Ra-
man shift for the Mg-rich part of system.

2.4 High-Temperature and High-Pressure Behavior of
(Mg, Fe, ,)CO, in the Earth’s Interior

We have calculated the high-temperature and high-
pressure behavior of (Mg, Fe, ,)CO, to model its influence on
the mantle. The density and bulk sound velocity as a function
of pressure of (Mg, Fe,,,)CO, at 300 K was plotted in Figures
Sa and 5b, along with (Mg, Fe)CO, with variediron content for
comparison (Chariton et al., 2020; Liu et al., 2014; Lavina et
al., 2010b; Fiquet et al., 2002). The density (p) can be deter-
mined by molar mass and the unit-cell volume, whereas the
bulk sound velocity (V) can be calculated using the Eq. (3)

Vo = Kslp (3)
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where Kj is the adiabatic bulk modulus. For simplification, we
use the value of isothermal bulk modulus K at 300 K for an ap-
proximate estimation of K of varied components.

The isothermal bulk modulus K, can be calculated using
the Eq. (4)

Ky =(1+2/)"[ K, +

(3K, Ky 5K )/ + 20 (K, K;—4K,) ] @

where K,, K,, and f are the isothermal bulk modulus, its pres-
sure derivative, and the volume Eulerian finite strain, respec-
tively, at ambient P and T.

Subducting slabs are proposed to be major carriers of car-
bonates to the deep Earth. With the Fe** substitution for Mg™ in
MgCO,-FeCO, system, the p increases by approximately
31.2% from magnesite to siderite, whereas the V, of magnesite
is higher than that of siderite by ~2.9% at ambient pressure and
~8.1% at pressure of the top of lower mantle, respectively.
Mg, Fe, ,)CO, is relatively ~6.1% heavier than magnesite,
making it much easier to be carried into the Earth’s interior. To
understand the geophysical and geodynamic significance of
our results in a subducted slabs, we have evaluated p and V,
profiles of ferromagnesite (Mg, Fe,,,)JCO, as a function of
pressure along a 300, 1 200 and 1 500 K isotherm. To estimate
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Figure 5. The 300 K (a) density and (b) bulk sound velocity as function of pressure of Mg, Fe CO,with variediron content from this and previous studies
(Chariton et al., 2020; Liu et al., 2014; Lavina et al., 2010b; Fiquet et al., 2002). Modeled (c) density and (d) bulk sound velocity profiles of ferromagnesite

(Mgl).xlFeU.l‘)
and MORB at 2 000 K (black line) (Ricolleau et al., 2010).

)CO, from zero pressure to 40 GPa, at 300, 1 200 and 1 500 K, respectively compared to PREM model (red line) (Dziewonski and Anderson, 1981)
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P-V data at given temperatures, the third-order isothermal HT-
BM equation was employed to derive the thermal parameters
by the following expression for

PT) =

2

sl e o

where K, is the isothermal bulk modulus at ambient pressure
and a given temperature, V, , is the ambient pressure volume, V'
is the high pressure and temperature volume, and Ky, is the
pressure derivative of K, at ambient pressure, neglecting high-
er-order pressure derivatives of the bulk modulus and assum-
ing that K, is a constant in the temperature range of our study.
The temperature effect on K, can be expressed as a linear func-
tion of temperature, with the temperature derivative at ambient
pressure (0K,/d7T), and K, as follow

Ky = Ky + (3K/0T ) (T~ Ty) (6)

where 7, is the reference temperature of 300 K. (0K,/07), is as-
sumed to be a constant within the temperature range of our
study. Using the value (0K,/07), = -0.021 GPa/K for an approx-
imate estimation (Zhang et al., 1997). The temperature depen-
dence of the volume at ambient pressure, V; , can be expressed
as a function of the thermal expansion at zero pressure

T

faTdT

Tn

Vio = Voexp 7

where a, is the thermal expansion coefficient at high tempera-
ture and ambient pressure. In our model here, a, is assumed to
be a linear function of temperature

or=o0,+ o, T (3

where ¢, and o, are constants, using values of a, = 3.15 x 10’
K'and a, = 2.3 x 10* K of magnesite for an approximate esti-
mation (Zhang et al., 1997). With the derived K and a at a giv-
en temperature, the bulk sound velocity (V) can be calculated
using Eq. (3) and the following Eq. (9)

Ky =K (1 +oyT) €

where K and K, are the adiabatic and isothermal bulk modulus
respectively, a is the thermal expansion coefficient at high tem-
perature and ambient pressure, and y is the thermodynamic
Griineisen parameter.

We used the following equation to calculate the y value at
ambient and high P-T conditions.

oK
= 10
=0, (10)
oK
= 11
77,0, (11)

where a is the thermal expansion coefficient, K, is the adiabat-
ic bulk modulus, K is the isothermal bulk modulus, C, is the
heat capacity at constant pressure, C, is the heat capacity at
constant volume and p is the density. Using Eq. (10) and values
of & =3.84 x 10° K" (Zhang et al., 1997), p = 3.197 g/cm’ (this

study), K, = 115.7 GPa (Sanchez-Valle et al., 2011), and C, =
82.44 J/(mol'K) (Robie et al., 1984) at 300 K, the calculated ther-
modynamic Griineisen parameter of the high spin state is ~1.69.
Because the y value of the ferromagnesite at high P-7 remains
unknown, we used Eq. (11) to estimate the y value at high P-T'
conditions of 1 200 and 1 500 K. At high temperature, the mo-
lar heat capacity Cv approaches a constant of 3 nR, where n is
number of atoms per formula and R is the gas constant. Here,
we use the value of C, = 3nR = 124.671 J/(mol-K) for an ap-
proximate estimation at 1 200 and 1 500 K. The isothermal bulk
modulus K and high P-T density is calculated accordingly.

The calculated p and V, of (Mg, Fe,,,)CO,(0-40 GPa) are
plotted in Figures 5c and 5d. The p profiles of (Mg, Fe,,,)CO,
are much lower than those of preliminary reference Earth mod-
el (PREM) and mid-ocean ridge basalt (MORB) (Ricolleau et
al., 2010; Dziewonski and Anderson, 1981), indicating that the
presence of carbonates could contribute to a positive buoyancy
force in subducted slabs at the uppermost lower mantle condi-
tions (Figure 5c). It is generally believed that ferromagnesite is
more likely to be brought into the deep part of the earth with
colder subduction (600 K cooler than normal mantle geotherm)
(Syracuse et al., 2010). At 40 GPa, the density of (Mg, Fe, )
CO, in the colder subducted plate (~1 200 K) is about 18.3%
less than that of the surrounding mantle rocks of MORB, re-
vealing that the existence of Mg-rich ferromagnesite makes the
subducted plate have greater buoyancy. For an overvalued car-
bon content of 0.5 wt.% (~3.8 wt.% for (Mg, Fe, ,)CO,) in al-
tered oceanic crust in the colder subducted plate, the effect of
(Mg, Fe, ,)CO, on the density of the colder subducted plate is
about 0.6%. Such a decrease has little effect on the buoyancy
of the subducted plate, suggesting that the buoyancy of ferro-
magnesite that impedes the downward motion of the slab is not
expected to significantly affect the dynamics of subducting
slabs. For the wave velocity data, at 40 GPa, the bulk sound ve-
locity of (Mg, Fe, ,,)CO, in the colder subducted plate (~1 200
K) is about 8.9% lower than that in the surrounding mantle
rock, and about 9.3% in the hot subducted plate (300 K cooler
than normal mantle geotherm, ~1 500 K). Such a reduction in
the bulk sound velocity would result in a 0.3% reduction in
seismic wave velocity. However, such a small anomaly in
wave velocity is difficult to be observed in the seismic waves
of the upper and lower mantle.

3 CONCLUSIONS

The high-pressure behavior of (Mg, Fe,,,)CO, up to 53
GPa was studied by synchrotron X-ray diffraction and laser Ra-
man spectroscopy and was further evaluated with thermody-
namic modelling to reconstruct a much more vivid model of
the deep carbon cycle. We detected the spin transition of
Mg, Fe, ,)CO, by single-crystal X-ray diffraction with a con-
comitant volume decrease of 1.8% at around 44—-46 GPa under
quasi-hydrostatic conditions and observed significant changes
of spin transition in vibrational Raman bands to a higher pres-
sure above 47 GPa. Combined XRD and Raman results of this
and previous studies, we concluded that there is no pressure-
composition correlation on the spin transition pressure of
Mg, Fe CO, due to the weak Fe*'-Fe*" exchange interactions.
Future researches with respect to the influence of iron composi-
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tion of ferromagnesite system (Mg, Fe)CO, at relevant P-T con-
ditions of the Earth’s mantle will be carried out to provide an
ideal model for the systematic carbonates investigation of crys-
tal structure, elasticity and conductivity.
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