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Abstract: The in-situ X-ray diffraction (XRD) and Raman spectra of synthetic (Mg, Fe, Mn)COs single
crystals for (Mgp s7Fep31Mng 32)CO3, (Mg 49Feq 51)CO3, (Feg.47Mng 53)CO3, and (Mgp.50Mng 50)CO3
were investigated up to 871 K. Lattice parameters and the volumetric thermal expansion coefficients
were achieved, demonstrating an inherent anisotropy of c/a near to 3.0. The Raman spectra of
our intermediate components all exhibit a negative temperature dependence similar to that of the
end members. The temperature dependence of the external modes T, L, anti-symmetric stretch-
ing mode v3, and out-of-plane bending mode 2v; is generally more prominent than the in-plane
bending mode v, and symmetric stretching mode v except for siderite FeCO3. Combining thermal
expansion coefficients oy with the relative changes in frequency 5vi/dT of Raman spectra, the av-
erage thermodynamic Griineisen parameters (yy,) for (Mgg 37Feg 31 Mng 32)CO3, (Feg.47Mng 53)CO3,
(Mgp 50Mng 50)CO3, MgCO3, and MnCOj3 were obtained as 1.18, 1.36, 1.34, 1.13, and 1.53, respectively.
The relationship between Fe?* and Mn2* contents and vy, illustrates that the concentration of FeZ*
causes a negative effect while the concentration of Mn?* causes a positive effect on yy,. These results
could provide a reference for the contribution of Fe?* and Mn?* on the structural and thermodynamic

properties of (Mg, Fe, Mn)COj3 carbonates.
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doi.org/10.3390/min13020207 As the most abundant carbon storage, carbonates are widely distributed on the surface
of the earth, accounting for 1.7% of the total mass of the crust. Carbonates (such as calcite,
dolomite, ankerite, iron-bearing magnesite, etc.) are formed in the oceanic lithosphere
through low-temperature hydrothermal alteration and enter the Earth’s interior through
oceanic crust subduction [1], which are thus considered as the most potential hosts for
subducted carbon within the deep Earth [2]. In nature, carbonates frequently take the form
of complex isomorphic substitution, resulting in a multiple system such as CaCO3-MgCO:s-
FeCO3-MnCOj3. Among them, the complete solid solution series of the MgCO3-FeCO3-
MnCOs; system has long been predicted due to the relatively small ion radius difference
between divalent magnesium, manganese, and iron according to mineral analysis [3,4].
However, previous studies mainly focused on the crystal structural, thermodynamic,
This article is an open access article  and elastic properties of end members of MgCO3-FeCO3-MnCOj3 [5-8]. Experiments on
distributed under the terms and  PiNAry or ternary systems have rarely been conducted except for MgCO3-FeCOj binary
conditions of the Creative Commons ~ Systems [9-12]. It has been reported that the structural stability of rhodochrosite and
Attribution (CC BY) license (https://  siderite is influenced by the local electronic structures attributed to transition metal ions
creativecommons.org/licenses /by / with unfilled valence layer d orbitals [13-18]. Zhang et al. (1998) found an inverse bulk
40/). modulus—volume relationship in the MgCO3-FeCO3 carbonates that deviates from the
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empirical prediction of a constant product of Ky and V), indicating that the substitution of
alkaline earth elements by the 3d transition metals may lead to changes in crystal struc-
tural and vibrational properties [9]. Liang et al. (2020) determined the thermal expansion
coefficient of the synthesized MnCOj single crystal and clarified the anomaly of thermal
property anisotropy from previous reports [19]. In addition, regarding the performance
of Fe>* and Mn?* in dolomite, the Fe-analogue of dolomite is unstable and unknown
in nature [20], while the substitution of the larger cation Mn?* to form CaMn(CO3); is
complete and extensive [21]. More importantly, as a transition metal element containing 3d
electrons, Fe?* could undergo spin transition under high pressure [22,23]. In this regard,
the interaction of Fe?* and Mn?* in the (Mg, Fe, Mn)COj solid solutions is still unclear. In
this paper, we synthesized single crystals of (Mg, Fe, Mn)COj3 via fixing to the middle com-
ponent and determined the composition and crystal structure for (Mg 37Fep 31Mng 32)COs3,
(Mg0.49Fe0.51 )CO3, (Fe0.47Mn0.53)CO3, and (Mg0.50Ml‘10_50)CO3. The linear relationship be-
tween them conforms to Vegard’s law. Subsequently, the interaction and the coupling
effects of Fe?* and Mn?* for the average thermodynamic Griineisen parameters vy, were
modeled according to the thermal expansion and Raman vibrational properties.

2. Materials and Methods
2.1. Sample Preparation and Characterization

The single crystals of (Mg, Fe, Mn)COs3 carbonates were prepared via high P-T an-
nealing as reported by Liang et al. (2018a), and the details are presented in the Sup-
plementary Materials [24]. The chemical composition of carbonates were determined
as (Mgo.37Fe.31Mng 32)CO3, (Mgo 49Fe(.51)CO3, (Fep.47Mng 53)CO3, and (Mgp.50Mng 50)CO3
(hereinafter referred to as MFM, MF, FM, and MM), respectively, with a JEOL JXA-8230
electron microprobe at the Shandong Institute of Geological Sciences, as shown in Sup-
plementary Figure S1 and Supplementary Table S1. The operating conditions were 15 kV
accelerating voltage, 1 x 10~% A beam current, and 5 m beam spot. Standards used were
natural minerals and synthetic compounds. Matrix effects were corrected using the ZAF
software provided by JEOL Ltd. (Tokyo, Japan).

2.2. Single Crystal X-ray Diffraction at Variable Temperature

Single crystal X-ray diffraction data of MFM, MF, FM, and MM were collected on a
Rigaku XtaLAB Synergy-DW diffractometer (AXT Pty Ltd., NSW, Australia) using Mo K«
radiation (A = 0.71073 A). The experiments were conducted from high temperature to low
temperature with a temperature range of 100-500 K and a step of 100 K. Data reduction
and empirical absorption correction were performed using the CrysAlisPro.39 program.
The initial structure solutions of carbonates were obtained via direct methods and refined
via full-matrix least-squares with the SHELXT by SHELXTL package. All the heaviest
atoms were unambiguously located in the Fourier maps, and then O atoms were found
in the subsequent difference maps. All atoms were refined with anisotropic displacement
parameters. The final cycles of the least-squares refinement including atomic coordinates
and anisotropic thermal parameters for atoms (I > 2sigma(I)) for the MFM, MF, FM, and
MM compounds converged at R; = 0.018, 0.016, 0.017, 0.017 and wR; = 0.057, 0.040, 0.041,
0.045, respectively.

2.3. High-Temperature Raman Spectroscopy

High-temperature Raman spectra of MFEM, MF, FM, MM, FeCO3, MgCOs3, and MnCOj3
were collected from 150-1300 cm ! with a Renishaw inVia Reflex system in back-scattering
geometry at China University of Geosciences (Wuhan). The Raman signal was excited
using the 532 nm wavelength of a diode-pumped solid-state laser, delivering an emission
power of ~50 mW focused onto an approximately 2.5 pm spot using a 20 x long-distance
objective. The spectral resolution was about 1 cm™! with a holographic diffraction grating
of 1800 lines/mm. The spectra were calibrated using a silicon wafer. All Raman data were
collected on the same single crystal with invariant orientation. The temperature range is
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from room temperature (296 K) to sample decomposition temperature (up to 871 K). For
measurements at ambient and high temperatures, spectra were taken with a temperature
interval of 50 K, and the cooling and heating rates were set to be 20 K-min~!, as controlled
via an automatic temperature controlling unit. At each step, the target temperature was
maintained for at least 5 mins to allow for thermal equilibrium before measurement, and
the uncertainties of temperature were less than 1 K. The Raman frequencies were recorded
in the range of 50-1600 cm~!, and a silicon single crystal was used as the reference for
calibrating the spectrometer.

3. Results and Discussion
3.1. Single Crystal XRD and Thermal Expansion of (Mg, Fe, Mn)CO3 at Various Temperatures

The crystal structures of MFM, MF, FM, and MM were achieved under variable
temperatures from 100 K to 500 K, whereas no structural transition was identified. The
crystal data and structural refinement, including the lattice parameters, bond length, and
bond angle, are summarized in Supplementary Table S2. The lattice parameters of MFM,
MF, FM, and MM as functions of the average ion radius are plotted in Figure 1, combining
with the present results of MgCO3 and MnCOj3 for comparison. In the crystal structure
of calcite-type ACO3, the [CO3]>~ groups are characterized by strong, internal, nearly
uniform C-O bonds, interlinked with the metal cations A%* via weaker A—O bonds. The
central ion A%* is six-coordinated in a slightly tilting (AOg) octahedron with six equal A-O
bond lengths. The magnitude of either of the two non-equivalent O-A-O bond angles
could be used to characterize the degree of polyhedral distortion. The hybridization of A
and O valence electron orbitals will lead to the formation of a distorted octahedron with
a variable O-A-O angle. In (Mg, Fe, Mn)CO3 solid solutions, the lattice parameters g, c,
and unit cell volume are directly proportional to the average ion radius, basically obeying
Vegard’s law. Since the (AOg) octahedral geometry is mainly dominated by A-site cation
substitution, a similar linear relationship between the A-O bond length and ionic radius
occurs. Instead, the C-O bond length varies slightly because the C-O bonds behave more
rigidly and are less affected [25,26]. In addition, the O-A-O bond angles exhibit an obvious
regularity whereby the bond angle of Fe-bearing carbonates is relatively small while that of
Mn-bearing carbonates is large, which is completely consistent with the previous study of
FeCO3 and MnCO3; end members [19,27]. Lattice parameters of 4, c, A-O bond length, and
unit cell volume as functions of Shannon effective ionic radius were fitted as

l, =3.6330 + 0.0138 x r (R% = 0.9971) 1)
I =10.6092 + 0.0610 x r (R? = 0.9903) 2)
Ia.0 = 1.4549 + 0.0089 x r (R? = 0.9974) (3)
Vianiteell = 69.87 + 2.89 X r (R? = 0.9973) (4)

where r is the Shannon effective ionic radius, in the unit of A. I,, I, and A-0 are the g, ¢, and
A-O bond length, in the unit of A. Vinitcen is the unit cell volume, in the unit of A3. The
linear relationships comply with Vegard’s law. Thus, the lattice parameters and theoretical
densities could be estimated conveniently according to the different chemical compositions
of (Mg, Fe, Mn)CO3.

The variations of the lattice parameters of MFM, MF, FM, and MM at 100-500 K are
shown in Figure 2. The lattice parameters, including a, ¢, unit cell volume V, A-O bond
length, and AOg octahedral volume, increase as the temperatures rise, and instead, the
C-O bond lengths and O-A-O bond angles decrease. It reveals that the octahedron of AOg
expands during the process of thermal expansion, resulting in the extrusion of adjacent
[CO3]>~ groups and the shortening of the C-O bond length. The decrease of the O-A-O
bond angle with temperature indicates that the (AOg) octahedron becomes more tilted
with lattice expansion. The thermal expansion coefficient « is defined as « =1/V(dy/dT)p
=y + oqT + uT? + ..., and here only &g is reserved to describe the linear variations
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of volume or length with temperature when the temperature is not very high; that is,
V = V300(1 + (T — 300)) and the V39 is volume or length at 300 K. The thermal expan-
sion coefficients of MFM, MF, FM, MM, MgCO3, and MnCOs3 with the average ion radius
are listed in Table 1 [24,28]. The cation substitution of Fe?* and Mn?* mainly affects the
thermal expansion coefficient by changing the bond length in the octahedral configuration.
Therefore, the bond length expansion coefficient ca_o is regarded as a value inversely pro-
portional to the A—O bond length. In general, the bond-length expansion coefficient xs_o
has a tendency to decrease with the substitution of cations with a larger radius. However,
the Fe- and Mn-bearing samples (MFM and FM) exhibit an abnormally high value of the
bond-length expansion coefficient xs_o. The anomaly also suggests that the simultaneous
substitution of Fe?* and Mn?* affects their thermal expansion properties. Given that the
rigid [CO3]?~ groups on the a-b plane have an obvious influence on the anisotropy, the
thermal expansion along the c-axis in our samples is approximately 2.95-3.55 times greater
than that along the g-axis. An approximate relationship of ay ~ 2, + « is observed and is
consistent with the inherent calcite-type crystal structure.
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Figure 1. The single crystal lattice parameters of MFM, MF, FM, and MM compared with literature
data of MgCO3; and MnCOj3 with the change of the average ion radii. Data from Liang et al., 2018a,
and Liang et al., 2020 [19,24].
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Figure 2. The variations of lattice parameters in MFEM, MF, FM, and MM at the different temperatures.
Table 1. Thermal expansion coefficient of calcite-type ACO3 carbonates at ambient pressure.
o e v M-O Cc-0 0-M-0 Vos
6 K-1 5 K-1
Ao KT @K gy sk (q06K-1)  (10-6 K1) (10-6 K1) -6 K1)  O/%
Mgo37Mng 32Feq 31CO3 6.19(19) 18.24(5) 3.06(7) 13.0(2) —2.0(6) —0.033(2)° /100 K 38.6(4) 2.95
Fe51Mgo.49CO3 6.09(10) 18.65(7) 3.08(7) 14.1(2) ~6.1(9) —0.027(3)° /100 K 42.1(3) 3.06
Mnyg s3Feq.47CO3 5.23(7) 16.10(13) 2.65(12) 13.2(4) —8.6(4) —0.017(3)° /100 K 39.5(10) 3.08
Mgo.50Mng50CO3 5.36(15) 19.00(7) 2.97(8) 13.0(5) —4.2(9) ~0.036(3)° /100 K 38.6(14) 3.55
MnCOj 2 5.08 18.06 2.85 12.14 —3.67 —0.05°/100 K 36.7 3.56
MgCOs b 6.75 22.90 3.64 15.80 —4.60 —0.07°/100 °C 46.9 3.39

2 MnCOj3: Synthetic rhodochrosite Mngg99-+0.001CO3, Liang et al. (2020). b MgCOs: Natural magnesite
Mgp.998Cag002CO3, Markgraf and Reeder (1985) [24,28].

3.2. Raman Spectra of (Mg, Mn, Fe)COj3 Carbonates at High Temperatures

Raman spectra are deemed as the complementary information about the crystal struc-
ture because they are derived from the fundamental vibrations of chemical bonds. The
(Mg, Mn, Fe)CO; carbonates belong to the calcite-type ACO; with the R3c space group and
the rhombohedral symmetry. According to factor group analysis, there are 30 vibrational
modes classified by the symmetry of each vibrational mode as follows: (1) vibrational mode
with Raman activity: Ajg + 4Eg; (2) vibrational mode with infrared activity: 3A;, + 5Ey;
(3) acoustic mode: 1Az, + 1Ey; (4) inactive mode: 3Azs + 2A1,. Among them, six Raman
vibrational modes of ACOj are expected, including the translational (T) and librational
(L) modes, v4 (in-plane bend), v1 (symmetric stretch), v3 (anti-symmetric stretch), and 2v;
(out-of-plane bend, overtone mode of the silent, IR-active v, mode). The first two modes
are external or lattice vibrations of the (CO3)?>~ group relative to the A%* cation, while
the remaining four modes represent internal vibrations of the (CO3)?*~ group [6,29,30].
Raman spectrums of seven samples, MMF, FM, MF, MM, FeCO3, MgCO3, and MnCOs,
were recorded to the decomposition temperatures (up to 871 K), as shown in Figure 3 and
Supplementary Figure S2. The thermal decomposition of the samples under ambient pres-
sure was detected in the spectra via a sudden disappearance of the strongest Raman bands,
revealing 671 K for MME, 621 K for FM, 871 K for MF, 721 K for MM, 596 K for FeCOs,
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Intensity (a.u.)

Intensity (a.u.)

796 K for MgCO3, and 696 K for MnCOs. All 6 modes can be observed in MMF, ME, MM,
MgCOs3, and MnCO;, listed in Table 2. In contrast, the intensity of v3 mode is too weak to
be observed in MF and FeCOj3, essentially in agreement with results from Rutt and Nicola
(1974) and Lin et al. (2012) [22,29]. The wide peaks at around 1581 cm ! are independent
on the compositions, which may be assigned to stress generated in high-pressure synthesis.

671 K| 621 K
n 646 K 596 K T
S96 K = 496 K|
> JLL____\/L A
A AN -
496 K = | /\_,\/\
396 K < ML\)L ”
206 K 296 K
T\ L vy vy vi  x 21 M E/\_Aw Vi 2vy
200 400 600 800 1100 1400 1600 200 400 600 800 1100 1400 1600
Raman Shift (cm™) Raman Shift (cm™)
(a) (b)
Al 871K 721K
846 K|
696 K
A ) \ A ] )l A ”
=S 596 K
T b N s | U I P
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Ti| L V4 ” Vi vy 2w TN L Vs vy Vi % 20
* V\M
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Raman Shift (cm™) Raman Shift (cm™)
(c) (d)

Figure 3. Representative Raman spectra of (a) MFM, (b) MEF, (c) FM, and (d) MM at high temperature.
The asterisks (*) symbolize the unassigned Raman peaks.
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Table 2. Modeled vibrational parameters and thermal Griineisen parameters of MFM, MF, FM, MM,
FeCOj3, MgCO3, and MnCOj; at high temperature. Data from Farsang et al., 2018, Gillet et al., 1993

and Wang et al., 2022 [6,8,30].

Ob;;ﬁf:::f;de’ v; (cm~—1) 8v;/8T (em~1/K) Yip Yth Reference
MgC03
External T, Eg 213 —2.30(3) x 1072 2.80 This work
214 —2.05(5) x 1072 495 Farsang et al. 2018 [6]
213 —9(2) x 1073 2.40 Gillet et al. 1993 [30]
External L, Eg 330 —3.29(2) x 1072 2.59 This work
330 —3.01(5) x 1072 473 Farsang et al. 2018 [6]
329 —1.9(3) x 1072 3.00 Gillet et al. 1993 [30]
Internal vy, Eg 738 2.14(5) x 1073 —0.08 This work
738 —2.0(8) x 1073 0.14 Farsang et al. 2018 [6]
738 0 0.00 1.13 Gillet et al. 1993
Internal v, Ajg 1094 —9(2) x 10~% 0.02 This work
1094 —1.4(7) x 1073 0.07 Farsang et al. 2018 [6]
1094 —3.5(3) x 1073 0.17 Gillet et al. 1993 [30]
Internal v3, Eg 1446 —2.0(2) x 1072 0.37 This work
1446 ? Farsang et al. 2018 [6]
1444 —3.0(3) x 1072 1.08 Gillet et al. 1993 [30]
Overtone 2v; 1762 —1.51(9) x 1072 0.22 This work
1763 —1.63(8) x 1072 0.48 Farsang et al. 2018 [6]
1762 —2.6(3) x 1072 0.76 Gillet et al. 1993 [30]
MnCO;3
External T, Eg 183 —2.17(6) x 1072 4.15 This work
184 —3.63(0) x 1072 8.63 Wang et al. 2022 [8]
185 —1.98(6) x 1072 4.63 Farsang et al. 2018 [6]
External L, Eg 288 —3.13(8) x 1072 3.81 This work
289 —3.37(0) x 1072 5.10 Wang et al. 2022 [8]
290 —2.93(6) x 1072 4.43 Farsang et al. 2018 [6]
Internal v4, Eg 718 ~7(8) x 1074 0.04 This work
719 —8.17(0) x 1073 0.50 1.53 Wang et al. 2022 [8]
718 —1.4(8) x 10~* —0.09 Farsang et al. 2018 [6]
Internal v, Ajg 1085 —7.9(7) x 1073 0.25 This work
1086 —1.03(3) x 1072 0.43 Wang et al. 2022 [8]
1086 —5.8(7) x 1073 0.22 Farsang et al. 2018 [6]
Internal v3, Eg 1414 —1.11(7) x 1072 0.27 This work
1415 ? ? Farsang et al. 2018 [6]
Overtone 2v, 1724 —1.41(7) x 1072 0.29 This work
1727 —1.3(1) x 1072 0.31 Farsang et al. 2018 [6]
FeCO3
External T, Eg 181 —6.9(9) x 1073 1.35 This work
183 —6.3(4) x 1073 1.16 Wang et al. 2022 [8]
183 1(1) x 1073 —-0.17 Farsang et al. 2018 [6]
External L, Eg 281 —1.36(18) x 1072 1.73 This work
283 —1.47(3) x 1072 1.74 Wang et al. 2022 [8]
284 —1.0(1) x 1072 1.31 Farsang et al. 2018 [6]
Internal v4, Eg 733 —2.5(2) x 1072 1.22 0.89 This work
731 —1.35(9) x 102 0.68 Farsang et al. 2018 [6]
Internal v, Ajg 1084 —7.1(9) x 1073 0.23 This work
1085 —7.1(3) x 1073 0.22 Wang et al. 2022 [8]
1085 —3(1) x 1073 0.10 Farsang et al. 2018 [6]
Overtone 2v; 1721 —2.67(19) x 1072 0.55 This work
1724 —1.6(1) x 1072 0.35 Farsang et al. 2018 [6]
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Table 2. Cont.

Observed Mode, ) _1 ) 1 )
Symmetry v; (cm—1) 8v;/8T (cm~—1/K) YiP Yth Reference
Mgy 37Fep 31Mnp 32CO3

External T, Eg 193 —1.5(1) x 1072 2.6(3) This work
External L, Eg 300 —2.6(2) x 1072 2.8(2) This work
Internal vy, Eg 727 —0.4(1) x 1072 0.19(6) 118 This work
Internal vy, Ajg 1089 —0.6(1) x 1072 0.18(4) ' This work
Internal v3, Eg 1428 —3.1(2) x 1072 0.70(6) This work
Overtone 2v, 1736 —1.5(1) x 1072 0.28(3) This work

Mg 49Fe 51CO;3
External T, Eg 197 —1.0(1) x 1072 1.6(2) This work
External L, Eg 305 —2.3(1) x 1072 2.5(2) This work
Internal vy, Eg 734 —1.0(2) x 1072 0.43(9) 0.82 This work
Internal v, Ajg 1090 —0.4(1) x 1072 0.11(2) This work
Overtone 2v; 1738 —1.2(2) x 1072 0.23(4) This work

Fe 47Mng 53C0O3
External T, Eg 182 —1.6(1) x 1072 3.3(4) This work
External L, Eg 286 —2.4(1) x 1072 3.1(3) This work
Internal vy, Eg 722 —0.4(1) x 1072 0.23(7) 136 This work
Internal v, Ajg 1085 —0.7(1) x 1072 0.24(3) ' This work
Internal v3, Eg 1426 —4.0(4) x 1072 1.1(1) This work
Overtone 2v; 1724 —1.4(2) x 1072 0.31(5) This work

Mg 50Mng 50CO3
External T, Eg 196 —2.0(1) x 1072 3.2(3) This work
External L, Eg 306 —2.8(2) x 1072 3.1(3) This work
Internal vy, Eg 727 —0.3(1) x 1072 0.13(5) 134 This work
Internal v, Ajg 1091 —1.1(1) x 1072 0.33(4) ’ This work
Internal v3, Eg 1430 —2.7(3) x 1072 0.64(8) This work
Overtone 2v; 1741 —1.9(3) x 1072 0.36(7) This work

Cation substitutions in the calcite-type ACOj structure induce the variations of the
chemical bound strengths and the atomic masses, which are primarily embodied as shifts
in vibration frequencies. With lager-radius substitution of Fe?* /Mn?* ions for Mg?*, the
vibrational frequency exhibits a decreasing trend (Figure 4), because Raman shifts of
[CO3]>~ ions are not only related to C-O bond lengths strictly but also affected by the
surrounding bond environments. Despite the differences between the ionic radii of Mn?*
and Fe?*, the variations in positions of the different Raman bands of FeCO3 and MnCOs3
are not particularly obvious—the difference is only significant in the v4 mode (Table 2).
The difference of vibration position in v4 mode can be regarded as the main difference of
the Raman spectra of calcite-type carbonates between Fe- and Mn-bearing end members.
In particular, the Raman shift of FeCOj3 exhibits a deviation from linearity with a lower
Raman shift in the T, L, v1, and 2v; modes as well as a higher Raman shift in the v4 mode
(Supplementary Figure S3).

The variations of Raman shift with temperature for all observed modes are illustrated
in Figure 4, and the Raman modes recorded a linear peak shift as a function of temperature
and the relative changes in frequency 6v;/8T are listed in Table 1. The observed Raman
bands shift to lower wavenumber regions with increasing temperature from 296 K to
521 K, with the exception of the v4 mode of MgCOj shifting to higher wavenumber regions.
However, Gillet et al. (1993) reported an unchanged v, vibrational band with increasing
temperature, but Farsang et al. (2018) reported a negative temperature dependence of the
v4 Raman mode in MgCOs [6,30]. The discrepancy between our result and the previous
studies in the v4 mode of MgCO3 may be caused by errors since this vibrational mode
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is only slightly affected by temperature (less than 0.5 cm~! within 225 K). The negative
temperature dependence of the Raman modes in FeCO3; and MnCOj3 in our experiment is
consistent with Wang et al. (2022) [8]. In contrast to this, Farsang et al. (2018) reported a
positive temperature dependence of the v4 mode in MnCOj3 and the T mode in FeCOj3 [6].
The inconsistency may come from the large fluctuation of the Raman shifts with the poor
R? owing to a large temperature gradient in their heating stage. The four samples of our
intermediate components all exhibit a negative temperature dependence similar to that of
the end members. The sensitivity of temperature dependence of intermediate components
also shows a similar regular pattern to the end members. The temperature dependence
of the T, L, v3, and 2v, modes (the order of magnitude of &v;/8T is 1072 cm~1/K) is
generally more prominent than those of v; and vy4 (the order of magnitude of 6v;/0T
is 1073 or 107% ecm™1/ K) for MMF, ME, FM, MM, MgCOQO3, and MnCOs. However, the
pure iron end member FeCOjs is the only exception. The v4 and 2v, modes of FeCOj3
exhibit maximum sensitivity to temperature with a coefficient of —2.5 x 1072 em~1/K
and —2.67 x 1072 cm~! /K, respectively. Similarly, the v4 mode of MF is quite sensitive to
temperature. It is worth mentioning that the ternary components MFM and ferromanganese
FM are barely affected by iron. It may be that manganese inhibits the iron distortion in the
octahedral configuration.
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Figure 4. Raman shifts of MFM, MF, FM, MM, FeCO3, MgCOj3, and MnCOs3 of each mode as a
function of temperature can be modeled via a linear fit from 296 K to 521 K.

3.3. Thermodynamic Griineisen Parameters of the (Mg, Fe, Mn)CO3

The thermodynamic Griineisen parameters of minerals are derived from Griineisen’s

law, which states that the coefficient of thermal expansion of solids is proportional to heat
capacity, and it reflects the dependence of the mode frequency of lattice vibration on the
volume change on the micro level. Combining the temperature dependence of the different
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modes with the coefficient of thermal expansion at high temperatures in this study and
previous literature, the isobaric mode Griineisen parameter y; p [31] for each vibrational
mode was derived according to the following equation:

(2% ®)

'Yl,P - = xv;
where o is the thermal expansion coefficient, and v; is the vibrational frequency of the iy,
band at ambient conditions.

Here, we use oy = 3.85 x 107° K1, 2.85 x 107> K1, 2.80 x 107> K~! for magne-
site [32], rhodochrosite [33], and siderite [9] as well as the thermal expansion coefficients
of MFM, MF, FM, and MM obtained from this work for the calculation. The values of the
derived isobaric mode Griineisen parameter v; p for each vibrational mode are listed in
Table 2, together with previous results for comparison. The values of the isobaric mode
Griineisen parameter y; p are in the range of 0.02-1.05 for the internal modes and 1.11-4.15
for the external modes. The values of the isobaric mode Griineisen parameters of two exter-
nal vibrational modes (T and L) are much greater than the values of the internal vibrational
modes (v4, V1, v3, and 2vy), revealing that the high-temperature expansion of carbonate is
mainly dominated by the [AOg]®~ coordinated octahedron linking the [CO;1% groups to
the cations [34]. The smaller isobaric mode Griineisen parameter y; p of the internal modes
may be due to the rigidity of C—O bonds in the [CO3]*~ units.

For the end members of MgCO3, MnCOj3, and FeCOs, yip values have already been
reported in plenty of previous research, and our results are measured simultaneously with
synthetic single crystals without impurities with a good goodness of fit statistic, which
ensures high reliability. Basically, the data are in good agreement with previous results
on internal and external vibration trends, however, there are still differences in some
Raman-active modes between our results and previous studies. For instance, the v4 mode
of FeCOj exhibits a relatively large mode Griineisen parameter. Individual differences
are mainly the result of the following reasons: (1) The primary reason for the differences
is probably that the samples used in previous studies were natural carbonate samples
containing some trace elements, such as Ca?*. (2) Another possible reason is that the
differences in 6v;/3T were caused by the poor goodness of fit due to the temperature
gradient in the heating stage as mentioned above and consequently led to the differences
in yjp values. (3) The application of different thermal expansion coefficients to different
research is also the reason for different Griineisen parameters. Farsang et al. (2018) used a
thermal expansion coefficient of 1.93 x 1072 K~ for calculations in magnesite [6], which is
a relatively low coefficient of thermal expansion—almost half of the value of the thermal
expansion coefficient we used for magnesite: 3.85 x 107> K~! [32]. This could explain
why Farsang et al. (2018) reported a relatively larger mode Griineisen parameter for
magnesite [6].

Moreover, previous work mainly focused on the Griineisen parameter y;p of end
members, whereas the measurement of the Griineisen parameter of the solid solution
composition has not been done yet. Our results show that the characteristics of intermediate
components of iron- or manganese-bearing samples are slightly different from those of
the end members. The v3 mode in MFM, FM, and MM, in particular, has abnormally high
mode Griineisen parameters of 0.7, 1.05 and 0.64, which are not between but greater than
any end members.

Finally, according to the Griineisen parameters of each variational mode, we calculated
the average thermal Griineisen parameters (yy,) of five samples: MFM, FM, MM, MgCOs,
and MnCOj3. Due to the lack of the v3 variational mode in Raman spectra, it is impossible
to calculate the average thermodynamic Griineisen parameters of iron containing samples
MF and FeCOj3 (Table 2):

Li 7iCv,i

i Cv,i ©)

Yth =
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where v; is the mode Griineisen parameter of variational mode i, and C,; is the contribution
for contrast heat of variational mode i.
Cy is the lattice-specific heat capacity, which is related to the lattice vibration frequency

and temperature.

Co = kp( @)

kgT (eli/kaT _ 1)2
where Boltzmann constant kg = 1.380649 x 10723 J/K, reduced Planck constant 1 = h/(27)
=1.054573 x 1073 Js, and wj is the angular frequency of variational mode j.

The calculated average thermodynamic Griineisen parameters for MFM, FM, MM,
MgCOs3, and MnCOj3 were 1.18, 1.36, 1.34, 1.13, and 1.53, respectively. The Griineisen
parameters of the MgCO3-FeCO3-MnCOj ternary system have a nonlinear relationship
with the change of the average ion radius, especially for the Fe- or Mn-bearing carbonates
MFM and FM, which obviously deviate from the linear relationship between MgCO3 and
MnCOj3 end members.

3.4. The Effect of Fe>* and Mn?* Cation Substitution on (Mg, Fe, Mn)CO3

In spite of the fact that the ionic radii of Mg?*, Fe?*, and Mn?* are not significantly dif-
ferent in (Mg, Fe, Mn)COs solid solutions, Fe?™ and Mn?* transition metal ions with unfilled
valence layer d orbitals exhibit special ionic properties and local electronic structures, thereby
affecting the crystal structure, vibration characteristics, and thermodynamic properties.

The members of (Mg, Fe, Mn)COj3 solid solutions have been predicted via factor
group analysis to have similar Raman spectra to the end members and a continuous shift
in Raman wavenumbers with cation substitution. Therefore, we further compared the
values of the frequencies of different bands of solid solution composition with different
ion radii at ambient conditions in Supplementary Figure S3. Despite there being a trend
that the Raman shift decreases with the increase of the ion radius, the iron-containing end
member deviates from linearity. For MgCO3-FeCO3-MnCOj solid solutions, T, L, and 2v;
modes exhibit a large range of Raman wavenumbers and are greatly affected by metal
cations. Hence, we compared the changes in Raman shifts of T, L, and 2v, modes of solid
solution composition with cation substitution. The equation of the relationship between
Fe?* and Mn2* contents and the Raman shift of mode T, L, and 2v; at 300 K is derived as
Zr = =31(1) X Xge — 30(1) X Ynm + 212.5(8), Zp = —47(2) X Xpe — 42(2) X Ynm + 329(1),
and Zpyp = —39(1) X Xpe — 36(1) X Yy + 1760(1) using multiple linear regression. The
seven data points with errors basically fall on the 1:1 line of the measured value and the
calculated value obtained via the equation in Supplementary Figure S4a—c. It is obvious
that the substitution of Fe?* and Mn?* will reduce the T, L, and 2v, mode Raman shifts, and
the effect of iron is slightly greater. In Supplementary Figure S4d—f, the thermal diagram of
Raman shifts with respect to Fe>* and Mn?* contents also exhibits a similar relationship:
the magnesium-rich end member has a relatively high Raman shift, and the Raman shift
decreases with the substitution of Fe?* and Mn?*. This provides more intuitive insights
into the contributions of Fe?* and Mn?* in Raman shifts and can be expected for in-situ
mineralogical chemical quantification via Raman spectra in future planetary explorations.

Similarly, in order to characterize the contribution of Fe?* and Mn?* on the thermal
expansion property of samples, the thermal expansion coefficients of MFM, MF, FM, MM,
MgCOj3, and MnCOj3 with the average ion radius are plotted for comparison in Figure 5a.
Overall, the thermal expansion coefficients &, &, oy, and xa.o have an inverse trend with
the average ionic radius; however, there are some exceptions: the FM sample shows a rela-
tively low c-axis thermal expansion coefficient and a relatively low volumetric expansion
coefficient ay as a result, whereas MFM shows a relatively high a-axis thermal expansion
coefficient and a relatively high volumetric expansion coefficient xy as a result. In addition,
MFM and FM both have a relatively higher bond-length expansion coefficient xa.o as
mentioned in 3.1. The thermal expansion mechanism cannot be simply characterized by the
ionic radius or bond length, but also may be related to the properties of cations. It is likely
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that the main force applied during expansion is not merely electrostatic forces and radial
symmetric repulsion forces but other spherical effects of the bond between metal cations
and oxygen, especially for transition metals Fe>* and Mn?*. The linear relationship of
thermal expansion oy as a function of Fe?* and Mn?* contents, Z = —0.8(3) x Xg. — 0.8(2)
X Ynm + 3.5(1), is presented in Figure 5b. Megaw (1971) noted that the thermal expansion
of the three-dimensional crystal structure of rhombohedral carbonates is a combined effect
of bond length expansion and octahedral tilting [35]. Previous studies assumed that the
thermal expansion property of calcite-type carbonates would follow a linear or quadratic
curve as the radius increased; the effects of simultaneous or separate cation substitutions of
Fe* and Mn?* are rarely discussed. Our result indicates that although Mn?* has a larger ion
radius, that is, a longer bond length, the lattice distortion effect caused by Fe?* substitution
has the same effect on the thermal expansion coefficient. The specific thermal expansion
mechanism related to the cation substitution of Fe?* and Mn?* in MgCQOj3-FeCO3-MnCO;
solid solution needs further investigation.

3sp 4 . 40t ,
F - L’
a0+ N 4 v AO X V
s @ 35f u
— rFy o »’
v, 20t = .
~ o 4 o
e 0l S 30} .
% 20 : = " s |
e . f.
515+ ¥ » . © y
w ki v >3 25+ v
10 Fumgeo, WMF MFM MM FM MnCO, ‘—‘; 7
5 ] " % a | (@] gl s - ’
I B T 01, 72-0.8(3)'%¢-0.8(2)"Y i, #3.5(1)
72 74 76 78 80 82 84 2.0 25 3.0 35 4.0
Average radii of M** (pm) Measured a, (10° K)
(a) (b)

Figure 5. (a) Thermal expansion of MFM, ME, FM, MM, MgCO3, and MnCOj3 with the change of
the average ion radii. Data from Markgraf and Reeder, 1985, and Liang et al., 2020 [19,35]. (b) The
equation of the relationship between the content of Fe?* and Mn?* and the thermal expansion oy
with the change of the average ion radius of MFM, MF, FM, MM.

The Griineisen parameter is a constant related to the nonlinear vibration of the lattice,
which can be used to characterize the temperature dependence of the volume expansion
of crystals on the constant volume heat capacity. The derived isobaric mode Griineisen
parameter v; p for each vibrational mode are plotted in Figure 6a. Compared with internal
modes, external modes T and L are more significant. The equations of Fe?* and Mn?*
contents and the mode Griineisen parameters of modes T and L are listed in Supplementary
Figure S5a. Contrary to the thermal expansion coefficient, Fe?* and Mn2* have opposite
effects on the mode Griineisen parameters of T and L modes. With the increase of iron
content, the Griineisen parameters decrease, and with the increase of manganese content,
the Griineisen parameters increase. Correspondingly, we determined the equation of the
Griineisen parameters related to Fe?* and Mn?* contents in T and L modes using multiple
linear regression. Supplementary Figure S5a shows the difference between the measured
and calculated Griineisen parameters; all points with errors fall on the 1:1 line. In addition,
this is also verified by the data plotted in the heat map of Supplementary Figure S5b,c,
which show the distribution of the Griineisen parameter value has a higher trend near the
manganese end member while becoming lower near the iron end member.
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Figure 6. (a) The mode Griineisen parameters v; p of each variational mode of MFM, ME, FM, MM,
MgCQO3, FeCO3, and MnCOj3 in this work and literature. Data from Farsang et al., 2018, Gillet et al.,
1993, and Wang et al., 2022 [6,8,29]. The values of the mode Griineisen parameters y;p of external
lattice vibrations (T, L mode) are greater than the internal vibrations (below the grey dash line), except
for the v4 mode of FeCOs. (b) The thermal Griineisen parameters with the change of the average ion
radius of MFM, FM, MM, MgCO3, and MnCOs. (c) The equation of Fe?* and Mn?* contents and the
thermal Griineisen parameters.

The equation of Fe?* and Mn?* contents and thermodynamic Griineisen parameters
Yin Was established for a quantitative comparison. Since we cannot obtain a relatively
high goodness of fit with only two parameters—the Fe?* and Mn?* contents used for
fitting—three key indicators are used to measure the influence of iron content and man-
ganese substitution, including iron content, manganese content, and the product of Fe?*
and Mn?* contents used to characterize the influence of iron manganese interaction. The
linear relationship of vy, as a function of Fe?* and Mn?* contents is listed in Figure 6b as
Zyth = —0.69(8) x Xpge + 0.40(1) X Yy + 1.36(16) X Xge X Ypnpn + 1.13(1). The goodness
of fit R? is greater than 99.7%, and the calculated and measured values fall on a 1:1 line
(Figure 6¢), which suggests a fairly good applicability. This indicates that the contribution
of iron is greater, and the interaction between Fe?* and Mn?* cannot be ignored.

4. Conclusions

The thermodynamic Griineisen parameters of (Mg, Fe, Mn)COj3 carbonates were
determined via the thermal property measurements, including the thermal expansion
coefficients and high-temperature Raman spectra. They indicate that the Fe?* and Mn?*
substitutions in magnesite have a negative and positive contribution, respectively to the
thermodynamic properties, whereas the coupling effects of Fe>* and Mn?* are mainly
embodied in FM and MFM. These new combined results expand the previous knowledge
of end member phases and thereby further offer new perspectives for carbon storage in
the deep Earth. Likewise, the mode Griineisen parameters of (Fe, Mn)~ bearing magnesite
could be strongly dependent on the solid solubility of Fe?* and Mn?*. The Fe?* and
Mn?2* interaction effects from the coupling of the d electronic orbital in (Mg, Fe, Mn)CO3
carbonates might cause the abnormality of the high pressure properties. It is also worth
conducting further research concerning these aspects.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/min13020207/s1, Figure S1: The backscattered electronic (BSE) image of
single crystal thin sections of (a) (Mgo.37Mng 32Fep31)COs3, (b) (Fep51Mg0.49)COs3, (c) (Mng 53Feq.47)CO3,
and (d) (Mgps50Mng 50)COs3; Figure S2: Representative Raman spectra of (a) FeCOj3, (b) MgCO5; and
(¢) MnCOs at high temperature; Figure S3: Raman shifts of (Mg 37Mng 3Feq 31)COs3, (Feg 51Mgo.49)CO3,
(l\/ln0453Fe0_47)C03 ’ (Mg0_50Mn0,50)C03, FeC03 ’ MgCO3 and 1\/[I1CO3 of each mode with the Change
of average ion radii. Figure S4: The relationship between content of iron and manganese and the
Raman shift of mode (a) T, (b) L and (c) 2v, and the thermal diagram of iron and manganese on the
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Raman shift of mode (d) T, (e) L and (f) 2v; at 300K. Figure S5: (a) The relationship between content
of iron and manganese and the mode Griineisen parameters of mode T and L. The effect of iron and
manganese on the mode Griineisen parameters of mode (b) T and (c) L. Table S1: Results of electron
probe analysis of single crystal thin sections of Mg-Fe-Mn carbonates; Table S2: Single-crystal XRD
parameters of (Mgg 37Mng32Fe) 31)CO3, (Feg.51Mgp.49)CO3, (Mng 53Fe 47)CO3 and (Mgp.50Mng 50)CO3
at varied temperatures.
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