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Abstract: The spin transition of iron can greatly affect the stability and various physical properties
of iron-bearing carbonates at high pressure. Here, we reported laser Raman measurements on
iron-bearing dolomite and siderite at high pressure and room temperature. Raman modes of siderite
FeCOj3 were investigated up to 75 GPa in the helium (He) pressure medium and up to 82 GPa in the
NaCl pressure medium, respectively. We found that the electronic spin-paring transition of iron in
siderite occurred sharply at 42—44 GPa, consistent with that in the neon (Ne) pressure medium in our
previous study. This indicated that the improved hydrostaticity from Ne to He had minimal effects on
the spin transition pressure. Remarkably, the spin crossover of siderite was broadened to 38-48 GPa
in the NaCl pressure medium, due to the large deviatoric stress in the sample chamber. In addition,
Raman modes of iron-bearing dolomite Caj 0oMgp.76Fep 20Mng g2(CO3), were explored up to 58 GPa
by using argon as a pressure medium. The sample underwent phase transitions from dolomite-I to
-Ib phase at ~8 GPa, and then to -II at ~15 and -IlIb phase at 36 GPa, while no spin transition was
observed in iron-bearing dolomite up to 58 GPa. The incorporation of FeCO3 by 20 mol% appeared
to marginally decrease the onset pressures of the three phase transitions aforementioned for pure
dolomite. At 55-58 GPa, the v; mode shifted to a lower frequency at ~1186 cm™!, which was likely
associated with the 3 + 1 coordination in dolomite-IIIb. These results shed new insights into the
nature of iron-bearing carbonates at high pressure.
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1. Introduction

Carbon mainly exists as accessory minerals (e.g., carbonates, diamond, graphite, and carbides) in
the deep mantle due to its relatively low solubility in silicates [1]. Carbonates are considered to be one
of the most important carbon carriers from the crust to deep mantle [2-4]. Given carbonate inclusions
in ultra-deep diamonds originating from the deep mantle, carbonates can descend to the Earth’s
deep interior [5,6]. The presence of carbonates may dramatically affect the physical and chemical
properties (e.g., melting, viscosity, electrical conductivity, thermal conductivity, and elasticity) of the
deep mantle [7-9]. More importantly, knowledge of the stability of carbonates is indispensable to
interpret the deep carbon cycle.

Iron plays a fundamental role in the behavior of carbonates at extreme conditions, relevant to the
Earth’s lower mantle [7,10]. In particular, iron substitution can greatly change the thermodynamic
stability of MgCOj3 and other mantle phases at high pressure and high temperature [11-14]. Siderite is
considered to be more stable than magnesite due to Fe>* in the low-spin (LS) state with a radius smaller
than Mg?*. It could be preserved in relatively cold subducting slabs down to the lower mantle [15-18].
Most of the previous studies about iron-bearing carbonates have concentrated on the spin transition of
iron in FeCO3 [10,17-23]. The onset pressure of spin transition, as well as the width of spin crossover,
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appear to be greatly affected by hydrostatic conditions of the sample chamber. Intriguingly, it is still
unclear how the helium or NaCl pressure medium influences the behavior of siderite at high pressure.

Iron-bearing dolomite has also been suggested to enter the Earth’s interior through subduction
slabs. It adopts a rhombohedral structure (space group R3) with alternating layers of CaOg and MgOg
octahedra stacked along the c-axis at ambient conditions [24]. The stability of dolomite has been
investigated at lower mantle conditions and most of the previous studies have concentrated on its
phase stability and vibrational properties by using a battery of experimental methods (e.g., X-ray
diffraction, Raman, and infrared) [24-30]. Further investigation is needed to determine how iron
substitution affects the nature of dolomite at a high pressure.

In the present work, we collected the high-pressure Raman spectra of siderite FeCO3; and
iron-bearing dolomite Caj goMgg 76Fep 20Mng g2(CO3), natural samples at high pressure in diamond
anvil cells (DACs). The siderite sample was compressed in the He pressure medium to 75 GPa and
in the NaCl pressure medium to 82 GPa, respectively. The use of He and NaCl allowed us to better
understand how hydrostatic and non-hydrostatic conditions affected the stability and spin transition of
FeCOj at high pressures. As compared with our previous results, there was a negligible impact on the
spin transition in FeCO3; between Ne and He pressure-transmitting media. We also carried out laser
Raman measurements on iron-bearing dolomite at high pressure up to 58 GPa at room temperature
by using argon as a pressure-transmitting medium. In this study, we found that there was no spin
transition that occurred in the iron-bearing dolomite sample. These results improved the knowledge
about phase stability and vibrational properties of iron-bearing carbonates at high pressure.

2. Experimental Methods

2.1. Sample Characterization

The starting materials were natural siderite Feg 9g9ggMny 9o CO3 single-crystal samples obtained from
the mineralogical collection of the Department of Mineral Sciences, Smithsonian Institution (collection
no. NMNH R11313). The chemical composition of the siderite sample contained less than 0.2 mol% of
MnCQOj3, which was determined using electron microprobe analyses (JEOL JXA-8200, The University
of Texas at Austin, USA). For simplicity, we neglected the minor impurity, and thus referred to the
composition of the sample as FeCOj3 thereinafter. FeCOj has the crystal structure of calcite (CaCOs).
Single-crystal X-ray diffraction (XRD) patterns confirmed the R3¢ structure with lattice parameters
1 =4.6909(5) A and ¢ = 15.3687(49) A for FeCO3; under ambient conditions, in good agreement with
previous studies [31]. For the dolomite sample, based on electron microprobe analyses (JEOL JXA-8230,
Northwest University, China), the chemical composition was Caj 02Mgp 76Fep 20Mng ¢2(CO3),.

2.2. High-Pressure Raman Spectroscopy

High-pressure Raman spectra of FeCO3; were collected by using a Renishaw Raman spectroscopy
(RM1000, Center for High Pressure Science and Technology Advanced Research, China) excited by a
532 nm wavelength of an Ar™ laser. The spectral resolution was about 2 cm ™! with the holographic
diffraction grating of 1800 lines/mm. High pressures were produced by a symmetric diamond anvil
cell (DAC) mounted with a pair of 200 pm diamond anvils. A ~30 um thickness of pre-indented
tungsten gasket with a 120 pm hole was used as a sample chamber. Together with two ruby spheres,
a platelet of single-crystal FeCO3; was loaded into the sample chamber using He as a pressure medium.
The use of He can maintain the hydrostatic conditions at 50 GPa [32], and thus avoid the influence of
deviatoric stress. For more detailed experimental information, one can refer to our previous study [33].
Additionally, the Raman spectra of iron-bearing dolomite were collected by using an eXcelon digital
CCD spectroscopy system (PIXIS 400, Princeton Instruments co., USA) coupled with an 1800 G/mm
ruled grating with 532 nm blaze wavelength. It was equipped with a Coherent Verdi V2 laser with
a wavelength of 532 nm. Pressure was determined by using multiple measurements of the ruby
fluorescence before and after each experimental run in the He [34], NaCl, or argon pressure-transmitting
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medium [35]. Raman spectra fitting was carried out using the software PeakFit v4.12 with the Voigt
area method.

3. Results and Discussion

Raman spectra of siderite FeCO3; and iron-bearing dolomite Caj 0pMgg 76Fep20Mng 2(CO3)2
were collected in varying pressure-transmitting media at high pressure and room temperature.
Rhombohedral carbonates (e.g., siderite, calcite, magnesite, and dolomite) with the space group R3¢
or R3 have two lattice modes (T and L modes) and four internal modes (in-plane bend internal (v4),
symmetric stretch internal (v1), anti-symmetric stretch (v3), and out-of-plane bend (2v;) modes) [36].
At ambient conditions, the four Raman modes of T, L, v4, and v{ were collected in FeCO3 and
Ca1,00Mgo 76Fep 20Mng 02 (CO3), from 100 to 1300 cm™!. These Raman mode values are consistent with
literature values [31,36,37].

3.1. Spin Transition of FeCOj3

Representative Raman spectra of siderite FeCOj3 at high pressure up to 75 GPa were observed, as
shown in Figure 1, by using He as a pressure-transmitting medium. The inset in Figure 1 illustrates
optical images of the single-crystal siderite in the DAC. The color of siderite platelet is colorless and
transparent in the high-spin (HS) state. At 42 GPa, part of the crystallite changes from transparent to
green and the spectral features of siderite changes significantly due to the spin transition of Fe?" [18,38].
The emergence of L, v4’, and ;" modes was observed in nearly pure FeCOj3 at 42 GPa, suggesting
coexistence of the two species with different unit-cell volumes that correspond to the HS and LS domains,
respectively [20,39]. The v;” mode that occurred at the left of the original v, mode provided strong
evidence of the spin transition for iron-bearing carbonates [19,20,22,40]). The L and v4 modes of FeCOj3 in
the LS state jump to higher wavenumbers because of the reduced distance between the CO32~ groups and
the cations, and the shortening of O-O distances, respectively [17,40]). Meanwhile, the 11 mode shifts to
lower wavenumbers from the HS to LS states, due to an increase in the C-O bond lengths across the spin
transition [19,20,39,40]. The lengthening of the C-O bond and the contraction of the O-O distances were
reported in the single-crystal XRD study across the spin transition by Lavina et al. (2010) [17].

The optical image of siderite completely changes to green at 44 GPa when the original L, v4, and v4
modes disappear. It turns into red above 50-55 GPa. The change of crystal color can be assigned
to a significant increase in the overall optical absorption of siderite in the LS state. The green color
of siderite comes from the absorption minima of the 1Ag to 1T1g band, while the red color is due to
the overlap of the crystal field band with the absorption edge [18]. The Raman spectra and optical
images demonstrate that the electronic spin-paring of iron in FeCOj occurs sharply at 42—44 GPa
by using the He pressure medium, comparable to using the Ne pressure medium [16,18,40], that is,
the enhanced hydrostaticity from Ne to He has a neglected effect on the spin transition pressure.
In contrast, we observed a broadened spin crossover with the same siderite sample using NaCl as a
pressure medium (Figure 2). Between 38 and 48 GPa, a weak shoulder is assigned as the v;" mode
next to the initial v; mode. The obvious splitting of the v; mode at 41.5 and 44.8 GPa represents the
mixed spin state of siderite. With further compression, the intensity of the two v; modes exchanges.
The v{ mode completely disappears at 48.4 GPa, indicating the loss of the HS state. Figure 3 shows the
low-spin fraction of siderite as a function of pressure with the use of NaCl as a pressure-transmitting
medium. The HS-LS fraction was determined on the basis of the ratio of the Raman peak areas between
the v; and v modes. The low-spin fraction changes dramatically from 38 to 48 GPa corresponding to
the spin crossover of siderite. Moreover, compared to the use of He as a pressure medium, the onset
pressure of spin transition is lowered by ~4 GPa using NaCl as a pressure medium. The same effect of
non-hydrostatic stress has also been observed for high-pressure phase transitions of other minerals,
e.g., barite BaSO4 and rhodochrosite MnCOj3 [41,42].
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Figure 1. Representative Raman spectra of siderite FeCOj3 at high pressures. The Raman modes are
labeled as T, L, v4, and v; based on Rividi et al. (2010) [36]. The T, L, and v4 modes were simultaneously
enlarged to illustrate changes in Raman spectra of siderite. At 42 GPa, the splitting of L, v4, and v;

modes into L’, v4", and v;” indicates the occurrence of spin transition of FeZ" in siderite. Insets, the color

evolution of siderite sample captured through optical microscope images.

Intensity (Arbitary Unit)

1200

Raman shift cm™)

Pressure (GPa)

(a) 82.3 GPa (b) I I e®
s )
1180 -.-‘ LS
LS 48.4GPa| < 2l .
€ 1160 - e
44.8 GPa S 0g®
. 41.5GPa| £ 11407 HS = o
u b
37.7 GPa %1120- L] b
= . -
W 11007 w® ' spin
" Transition
' ' ' 1080 : — . .
1050 1100 1150 1200 1250 0 20 40 60 80

Figure 2. Representative Raman spectra (a) and Raman shifts (b) of v; mode of siderite using NaCl as a

pressure-transmitting medium. A weak shoulder assigned as the v;” mode near the initial v; mode
was observed between 38 and 48 GPa. The v1 and v;” modes correspond to the high- and low-spin
(HS and LS) states, respectively. The obvious split of v; mode at 41.5 and 44.8 GPa represents the
mixture spin state of siderite. With the further increase of pressure, the intensity of two v; modes
is exchanged. The v; mode completely disappears at 48.4 GPa, indicating the completion of spin

transition. The two blue dashed lines represent the spin crossover of siderite.
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Figure 3. The low-spin fraction of siderite as a function of pressure with the use of NaCl as a

pressure-transmitting medium. The low-spin fraction changes dramatically at around 38 to 48 GPa,
corresponding to the spin crossover of siderite.

The literature data on the spin crossover of (Mg,Fe)CO3 are summarized in Figure 4 and Table 1.
In order to accurately estimate the effects of FeCO3 content on the spin crossover of (Mg,Fe)COs3,
the datasets are grouped in the two categories, as shown in Figure 4, i.e., hydrostatic/quasi-hydrostatic
(Neor Ne as a pressure medium) and non-hydrostatic conditions (silicone oil, argon, NaCl, or no pressure
medium). By considering the uncertainty induced by varying methods (e.g., Raman, XRD), the spin
transition pressure of (Mg,Fe)COj is not sensitive to FeCO3 content under hydrostatic/quasi-hydrostatic
conditions [10]. It can be explained by the relatively large Fe?* to Fe?* distance separated by (CO3)*~
units in (Mg,Fe)CO3 [20].
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Figure 4. The spin crossover of magnesite-siderite solid solutions with increasing iron content under

hydrostatic and non-hydrostatic pressure conditions. The composition of (Mg,Fe)COj is the same as in
Table 1. The black square is enlarged to differ from the overlapped blue square.



Minerals 2020, 10, 1142 6 of 14

Table 1. Spin transition of (Mg,Fe)COs.

Composition PTM Transition P Method Reference
Fe(.99sMng 0o CO3 He 42-44 Raman This study
Feg g9sMnyg 9o CO3 NaCl 40-47 Raman This study
Feo_gggMD0.00ZCO:g NaCl 38-48 XRD This study

FeCO3 Ne 44.6-46.2 XRD [43]

FeCO3 n.a. ~40 DEFT, ISS [44]

FeCO3 Ne 40.0-40.8 X-ray Raman [23]

FeCO3 Argon 42.1-46.5 X-ray Raman [23]

FeCO3 Argon 42.8-47 Raman [40]

FeCOs3 n.a. 45-50 DFT [45]

FeCO3 Ne 40-47 Raman [19]

FeCO3 Ne ~42 XRD [16]

FeCO3 Ne 40-47 Raman [22]

FeCO3 Ne 44-45 XRD [17]
F60.96Mn0.04 CO3 Argon ~50 XES [46]
F60V96Mnovo4 CO3 None ~50 XES [46]
Fep.9g5sMng p5CO3 Ne 43-45 UV-VIS [18]
FeohggMnolo7Mg0_03Ca0.01CO3 Ne 43.3-45.5 Raman [40]
(Feg.7sMgp.22)CO3 Silicone oil 47.7-55.4 Raman [47]
(Fep75Mg0.25)CO3 none 50 XRD [48]
Fe0_65Mg0_33Mn0_02CO3 Ne 43-47 XRD [10]
Fe0,65Mg0_33Mn0_02CO3 Ne 45 XRD [20]
Fe0,65Mg0,33Mn0,02C03 Ne 45 Raman [20]
(Fe0_73Mg0_22Mn0_05)CO3 Argon 47-50 XRD [21]
(Fep.72Mgp 24Mng 03Cap 01)CO3 Ne ~43 XRD [38]
Feg 65Mgo.35CO3 Ne 42.4-46.5 BS, ISS [7]
(Fe0.5Mg0_5)C03 n.a. 45-50 DFT [45]
(FEO'zé Mg0_74 )CO3 Ne 44.0-48.5 XRD [43]
(Fe 26Mgp.74)CO3 Argon 42.6-47.0 X-ray Raman [23]
(FeO.167Mg0_833)CO3 n.a. None DFT [49]
(Fep.125Mg0.875)CO3 n.a. 45-50 DFT [45]
(Feo.og Mgo'gl )CO3 Ne 41-49 Raman [22]
(Fe0_05Mg0_95)CO3 Ne 42-50 Raman [22]

PTM, pressure-transmitting medium. The “none” and “n.a.” in the column of PTM stand for experiments and
calculations carried out without PTM.

Raman shifts of each mode in FeCOj can be linearly fitted as a function of pressure before and
after the spin transition, respectively, when He is used as a pressure-transmitting medium (Figure 5
and Table 2). We note that the T mode might be too weak to be observed in the LS state. The pressure
dependences of L and v; modes are 3.65 and 2.28 cm™~!/GPa, respectively, in the HS state. These modes
in the LS state decrease by ~40% to 2.41 and 1.38 cm™!/GPa, respectively, indicating that siderite in the
LS state is stiffer and less compressible than in the HS state. By comparison, the pressure dependences
of Raman shifts (dv/dP) in FeCO3 (denoted as “sid100”) in this study are comparable to that in sid65
in the HS state [20]. However, the pressure dependence of Raman shifts of L’, v4’, and v1” in sid100
are about 48%, 69%, and 47% greater than that in sid65 in the LS state. This is consistent with the
observations that the bulk modulus of sid65 is higher than that of sid100 in the LS state at a given
pressure [16,20]. We note that the discrepancy in the pressure dependence of Raman shifts between
this study and Farsang et al. (2018) [31] may be related to the use of different pressure media and the
pressure range of Raman spectroscopic measurements.
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Figure 5. Raman shifts of siderite at high pressures using He as a pressure-transmitting medium. Solid
lines represent linear fits in the HS (black) and LS (blue) states, respectively. Among all four modes, the
T mode was not observed in Raman spectra of siderite in the LS state. Error bars within symbols are
not shown for clarity.

Table 2. Vibrational parameters of siderite at high pressures.

Raman $id100 2 Sid9s b Sids9 ¢ Sid100 4 Sid76 © Side5 f
(He) (ME) (Ne) (Ne) (Silicone oil) (Ne)

modes  dv;/dP Yi dv;/dP Yi dv;/dP dv;/dP yi® dv;/dP dv;/dP Yi
T(HS) 2758) 1.75(7) 3.98(9)  2.54 - 2,51 1.18 - 251(1)  1.96(3)
L(HS) 3.65(7) 150(4) 452(5) 1.86 - 3.82 1.16 3.74 3.64(18) 1.87(3)
vy (HS) 153(13) 0.24(2) 24(2) 038 - 1.37 0.21 - 149(6) 0.41(1)
vy (HS) 2.283) 024(1) 2.60(7) 028  2.2(1) 2.17 0.22 2.20 2.17(7)  0.39(1)
T (LS) - - - - - - - - 1.86(16) 1.69(3)
L(LS) 242(7) 0.75@3) - - - 2.68 0.72 - 1.64(17) 1.08(2)
vy (LS) 1.81(13) 0.36(1) - - - 1.86 0.32 - 1.07(8)  0.44(1)
v1 (LS) 1.38(2) 0.20(1) - - 1.5(1) 16 0.21 - 0.94(9)  0.30(1)

2 5id100, (Feg.g9sMng go2)CO3, this study. The measured initial frequencies of Raman modes for HS and LS of siderite
at 0 and 44 GPa are chosen to retrieve the mode Griineisen parameters y;, respectively. The bulk moduli K, set as
116 GPa for HS and 169 GPa for LS with K’y fixed to 4 was used to derive the mode Griineisen parameters y; of
FeC03. b Sid98, FEO_ggMgo_Oano_m C03 [31]; ¢ Sid89, Feg_gng’lo_g7Mg0_03Ca0_o1 CO3 [40]; d SileO, FECO3 [19]; € Sid76,
Fep 76Mng 15Mgp.09Cap 01 CO3 [39]; f 5ide5, Feg 65Mgo.33Mng 0oCO3 [20]; & y;, mean mode Griineisen parameters; ME,
Methanol and ethanol (4:1); dv;/dP in the unit of cm~!/GPa.

Mode Griineisen parameters provide important information about the relative contributions of
each vibration to the thermochemical properties [50]. Combined with XRD and Raman results from
previous work and this study, the mode Griineisen parameters (y;) were derived according to the
equation as follows:

)

4__dlnvi _Kr %
"ZTdmv T v \ap

where vy, V, P, and Kr are frequency at ambient conditions in the unit of cm™!, unit cell volume in the
unit of A3, pressure in the unit of GPa, and isothermal bulk model in the unit of GPa, respectively.
On the basis of the Raman shifts of each mode in this study and the equation of state reported
by Liu et al. (2015) [16], the mode Griineisen parameters ();) of sid100 in the HS and LS states were
derived (Table 2). The y; values for L, v4, and v; modes are 1.50, 0.24, and 0.24, respectively, in the
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HS state, and change to 0.75, 0.36, and 0.20, respectively, in the LS state. The y; values of the L and v;
modes decrease by approximate 50% and 17%, while that of the v, mode increases by 50% across the
spin transition of iron in siderite, which should be attributed to the shrink of Fe-O octahedra [19,20].
By comparison, the mode Griineisen parameters show a large difference among different studies,
especially for T and L modes in the HS state, which are likely associated with pressure medium and
compositional effects on the pressure dependence of Raman shifts. On the other hand, the y; values in
the LS state are consistent with that in sid100 reported by Cerantola et al. (2015) [19], likely due to the
similar chemical composition and compression environment.

3.2. Phase Transitions of Iron-Bearing Dolomite at High Pressure

Iron-bearing dolomite undergoes a series of phase transitions at the pressure range of this study
(Figures 6 and 7 and Table 3). The splitting of a low frequency mode around 201 cm~! was observed
at 7.8 GPa, which indicates the occurrence of dolomite-Ib phase [25,26]. Moreover, the splitting of
Raman mode at around 750 cm~! and the several new Raman peaks observed at the low frequency of
200-600 cm™! at 14.8 GPa are assigned as the onset of the dolomite-II phase. These Raman modes
further split at ~36.0 GPa, together with a weak shoulder in v; mode (shown as the black arrow in
Figure 6), indicating the occurrence of dolomite-III phase. On the basis of the previous XRD studies,
the dolomite-III is assigned as dolomite-IIIb for iron-rich dolomite, instead of dolomite-IIlc [29].
Given our work and previous studies on iron-bearing dolomite with varying iron contents at high
pressure (Figure 7 and Table 3), we found that the onset pressure of phase transitions of dolomite-I to
-Ib, -1I, and -IIIb phases were almost insensitive with the iron content at the expense of the tilting of the
COj3 groups [24-26]. It should be mentioned that the phase transitions of iron-bearing dolomite are
2—4 GPa lower than that of iron-free dolomite CaMg(CO3); [25,28]. This means that the incorporation
of iron (even though there is minimal iron) into pure dolomite endmember may decrease the onset
phase transition of dolomite, likely due to the fact that iron substitution changes the ordered atom
arrange of dolomite.

57.6 GPa

50.2 GPa

e
(e

44.6 GPa

?

36.0 GPa Dol-I1Ib

23.6 GPa

18.0 GPa Dol-II

7.8 GPa Dol-Ib
6.3 GPa Dol-I

T T T T T T T T T T T T
200 400 600 800 1000 1125 1200
Raman shift (cm™)
Figure 6. Representative Raman spectra of iron-bearing dolomite with increasing pressure. The Dol-Ib,
Dol-II, and Dol-IIIb phases occur at around 7.8, 14.8 and 36.0 GPa, respectively. The new peak observed
at 36.0 GPa (shown as the black arrow) represents the onset of Dol-IIIb phase. Meanwhile, one of the v

modes shifts to a lower frequency of ~1186 cm™! at 57.6 GPa (shown as the red arrow), which may be
related to the 3 + 1 coordination in Dol-IIIb [29].



Minerals 2020, 10, 1142 9of 14

Furthermore, one of the v; modes shifts to a lower frequency of ~1186 cm™ at 57.6 GPa (shown as
the red arrow in Figure 6). It may be related to the 3 + 1 coordination (three strong and one weaker C-O
banding, more detailed information can refer to the reference therein) in dolomite-IIlb as illustrated by
Raman spectroscopy on Caj goMgp.92Feq 0s(CO3)2 [29] and XRD results on CaMgy ¢Fep 4(CO3), [30].
The onset phase transition pressure of the 3 + 1 coordination observed in this study is about 8 GPa
lower than that in Caj oj9Mgp.92Fe( 08(COs3), [29], which may be attributed to either high iron content or
the relatively large deviatoric stress induced by the argon pressure medium.

In this study, we observed the splitting and lower frequency of v; modes in the dolomite-IIIb phase,
unlike the splitting of the v modes into the two Raman peaks in siderite across the spin transition of iron
(Figures 1 and 2). It suggests that there is no spin transition of iron in Caj 92Mgg 76Fep 20Mng 02(CO3)2
up to 58 GPa. Moreover, the pressure-volume profiles of iron-rich dolomite CaMg 4Fe 4(CO3), show
that there is no volume collapse observed at the whole pressure range of dolomite-IIIb phase [28,30],
suggesting that no spin transition occurs at 36—115 GPa. By contrast, Mao et al. (2011) [27] put forward
that the spin transition of Cag 9ggMgp 918Fep.07sMng 016(CO3), was at ~47 GPa with a volume collapse of
2% based on the compression and decompression XRD data. In addition, theoretical calculations have
predicted a higher spin transition pressure of 65—-68 GPa for iron-rich dolomite [51]. To eliminate such
discrepancy, further experiments are imperative with more sensitive probes including synchrotron
Mossbauer spectroscopy and X-ray emission spectroscopy.

;L Dolomite-I11
40 Vi O
¥ 2 g
] L))
< 30
o
e Dolomite-11
o
§ 20 3
o) A -
A iy -~ e
10 — X Dolomite-Ib
2
Dolomite-1
0 [ ! [ [ |
0 10 20 30 40

Fe/(Fe + Mg + Mn) (mol%)

Figure 7. Phase transitions of dolomite as a function of iron content. The cyan, green, magenta, and yellow
areas represent the dolomite-Ib, -II, -III phases. Solid red diamonds, .. Cay 02Mg 76Fep20Mng g (CO3),
this study; half open and half solid black diamonds, ®: CaMg(COs), [28]; open black hexagon,
©: Cay g1 Mgo.987Fen.01Mng 002(CO3); [52]; openblack up triangles, A: CaMgg ggFeg 02(CO3), [25]; openblack
down triangle, v: CaMgyosFe( 2(CO3), [24]; solid magenta triangles, &: CaMggogFen g2(CO3)y [24];
half open and half solid black squares, ®: Cag9gsMgp.918Fen 078Mng 016(CO3), [27]; open black squares,
0 CaMgyp 92Feg 0s(CO3); [29]; open black circles, O: CaMg ¢Feg 4(CO3)y; half open and half solid black
circles, ©: CaMgy gFey 4(CO3), [28].



Minerals 2020, 10, 1142 10 of 14

Table 3. Overview of the current literature about dolomite and a comparison of the methods used, composition, and phase transition pressure.

Composition Dol-Ib  pol-11 (P1) Dol-III (P1) gﬁl_mlz ]()COZI/-C‘), Methods PTM References
Cal'ongg_%Feo_zoMno'oz (CO3) 8 15 36 - - Raman Argon This study

CaMgy ¢Fep 4(CO3) - 15.58 36.81 (IlIb) @ 115.18 GPa and 2500 K - XRD Ne [28]

- 17 35 (1llb) - - XRD Ne [30]

CaMgU'ngeo'og (CO3)2 - 15 40 - - Raman Ne [29]

- - - - - XRD MEW [53]

- - - - - MIR KBr [53]

Cag 988Mg 918Fe) 078Mng 016(CO3)2 - 17Pb 36 ¢ 45 GPa and 1500 K - XRD Ne [27]

CaMgp ogFe 02(CO3)2 - - - - 46.2 GPa and 300 K 4 XRD Ne [25]

- 17 35.3 - - FIR Petroleum jelly [24]

- 394 - - Raman Ne [24]

9.1 14.5 36.2 (Ilc) - 39.5 GPa, and 1880 K Raman Ne [25]

11 16 36 (ITlc) - - Raman and MIR Argon [26]

CaMgOAggFEO‘Ol MDO‘Oz(CO3)2 - - - - - XRD Silicone oil [54]

- - - - - XRD ME [55]

Cay 001Mgo.9s7Fe0.01Mnp 002(CO3)2 - 14 - - - XRD Ne [52]

CaMg(CO3), - - 43.4 (Olc) © - 43 GPa DFT n.a. [25]

- 18.16 41.5 (IIlc) - - XRD Ne [28]

N/A - - - - - Raman KBr [56]

N/A - - - - - Raman ME [57]

2 The space group of Dol-IIb is R3. ® The Dol-II is an orthorhombic phase. ¢ The temperature is 1500 K, but not 300 K in this phase. ¢ The phase is formed after 1800 K annealing. The phase
transitions pressure and temperature of dolomite are in the unit of GPa and K, therein, the phase transition pressure of the Dol-Ib, Dol-II, Dol-III are at 300 K
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4. Conclusions

Two iron-bearing carbonates, i.e., siderite and iron-bearing dolomite, were investigated by
Raman spectroscopy at high pressure and room temperature in DACs using varying pressure media.
The electronic spin-paring transition of iron in siderite occurs sharply at 42-44 GPa using helium
as the pressure medium, while it is ~38—48 GPa in the NaCl pressure medium. It suggests that the
spin crossover of siderite is significantly influenced by large deviatoric stress. Considering the high
temperature environment of the Earth’s interior, the stress field of the Earth’s interior should be close
to a hydrostatic environment, which is considered to be a factor for modeling carbon subduction at
deep mantle conditions [24].

For iron-bearing dolomite, the high-pressure phase (dolomite-IIlb) can be stable at least to 58 GPa
at room temperature. It is a potential carbon carrier and could carry carbon down to the deep mantle
via cold subduction slabs [27,28,30]. In addition, based on the vibrational properties of iron-bearing
dolomite in this study and high-pressure XRD results from Merlini et al. (2017) [28], there is no spin
transition of iron in dolomite with iron content up to 40 mol% at high pressure from 36 to 115 GPa.
Further investigation is needed to clarify the spin transition of iron in dolomite by using more sensitive
probes (e.g., X-ray emission spectroscopy).
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