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ABSTRACT

Upper mantle carbonates are thought to be iron-poor and magnesium-rich. However, at lower
mantle conditions spin-pairing transitions in iron-bearing phases may trigger iron redistribution
between the minerals. Here, using visible and near infrared absorption measurements, we examine
the siderite crystal field up to 65 GPa. Optical spectrum of siderite at 1 bar has an absorption band at
10325 cm™ corresponding to the crystal field splitting energy (10Dq) of ferrous iron in an octahedral
field. This band intensifies and blue-shifts (86 cm™'/GPa) with pressure, but disappears abruptly at

44 GPa signaling the spin transition. Simultaneously, a new absorption band centered at 15629 cm’

Always consult and cite the final, published document. See http://www.minsocam.org or GeoscienceWorld



22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2015-5053 11/12

(88 cm’'/GPa) appears in the spectrum. Tanabe-Sugano diagram analysis allowed assigning the
observed absorption bands to *T,q — *E4 and ' A, — 'Tq electronic transitions in high- and low-
spin siderite, respectively. Similarly, we evaluate the crystal field splitting energy of low-spin
siderite 10Dq = 17600 cm™ (45 GPa), as well as the Racah parameters B = 747 cm™ and C = 3080
cm™. We find that the crystal field stabilization energy (CFSE) of ferrous iron in low-spin siderite
(45700 cm™ at 45 GPa) is an order of magnitude higher than that in the high-spin phase (4130 cm™
at 1 bar). From the derived CFSE values we estimate the iron-partitioning coefficient for the
carbonate-perovskite system and show that low spin carbonates are iron-rich and magnesium-poor.
We also show that the color of siderite is governed by the 'A, — T, absorption band and the Fe-O

charge transfer.
Keyword: crystal field, high pressure, crystal chemistry, Tanabe-Sugano diagram, iron partitioning.
INTRODUCTION

Carbonates are involved in the deep carbon cycle with subduction being the major process in
transportation of carbon to the mantle (Dasgupta and Hirschmann, 2010; Dobretsov and Shatskiy,
2012). Chemical interaction of Ca-rich carbonates with silicate minerals in subducting slabs
ultimately results in the formation of iron-bearing magnesite (Biellmann et al., 1993; Grassi and
Schmidt, 2011; Litasov, 2011; Seto et al., 2008). Magnesite (MgCO3) is isostructural with siderite
(FeCO;) with a continuous range of compositions established for natural and synthetic samples
(Boulard et al., 2012; Rividi et al., 2010; Shatskiy et al., 2014). Laboratory experiments (Fiquet et
al., 2002; Isshiki et al., 2004), together with findings of carbonates as inclusions in transition zone
and lower mantle diamonds (Brenker et al., 2007; Bulanova et al., 2010), indicate that Mg,Fe-
bearing carbonates may withstand high-pressure high-temperature conditions of subducting slabs,

penetrate into the lower mantle, and experience structural transformations (Boulard et al., 2011;
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Mao et al., 2011; Oganov et al., 2013; Skorodumova et al., 2005). If so, the electronic structure of
iron in lower mantle carbonates may undergo a high-spin (HS) to low-spin (LS) transformation

resulting in abrupt changes of carbonate physical properties.

The spin transition in siderite was first reported to occur at approximately 50 GPa by Mattila
et al. (2007) who employed x-ray emission spectroscopy to measure the spin state of iron in siderite
upon compression. Subsequently, the structures of HS and LS siderite were studied by synchrotron
x-ray diffraction, and the spin transition pressure was established to be at 43-49 GPa (Lavina et al.,
2009; Lavina et al., 2010b). Discontinuities in vibrational properties over the spin transition were
revealed by Raman spectroscopy; it was found that the Raman shift of lattice modes increases
abruptly, whereas C-O symmetric stretching vibration softens at the spin transition pressure
indicating a collapse of the FeOg octahedra (Farfan et al., 2012; Lin et al., 2012). This is in
agreement with the structural model of HS to LS transformation, where the atomic displacements
upon the spin transition do not result in a space-group change, and the symmetry of LS siderite is the
same as the HS phase (Lavina et al., 2010b). Elastic constants have been reported for a wide range
of magnesite-siderite solid solutions both for the HS and LS states (Lavina et al., 2009; Lavina et al.,
2010a; Lavina et al., 2010b; Lin et al., 2012; Litasov et al., 2013; Liu et al., 2014). It was established
that the LS phase is denser and has a higher bulk modulus than HS siderite (Lavina et al., 2009; Lin
etal., 2012; Liu et al., 2014). Overall, the pressure-induced spin transition of iron-bearing
carbonates is well characterized by a number of experimental techniques. Likewise, theoretical
modelling of siderite under pressure reproduces the spin transition at pressures in agreement with

the experimentally-derived ones (Ming et al., 2012; Shi et al., 2008).

Discontinuities in the physical properties are accompanied by color changes from colorless
(HS) to green (LS) and red (LS) as pressure is increased (Lavina et al., 2009). As electrons rearrange

on the d-orbitals upon the spin transition, the energy separation between the ground and excited
3
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electronic states of HS and LS is different (Burns, 1993); thus the apparent change in color is not
unexpected. In siderite, iron is located in FeOgs octahedrons and the degeneracy of five d orbitals is
broken by the crystal field to three t,, (lower in energy) and two e, (higher in energy) orbitals
(Ballhausen, 1962; Figgis, 1966). The ground state electronic configuration of HS ferrous iron is
>T,e (Burns, 1993), with five of the d electrons spread among d orbitals with parallel spins in
accordance with the Hund’s first rule, and the sixth d electron paired to the ty, level. The ground
state electronic configuration of LS ferrous iron is 'Ag, with all electrons located on the t, orbitals
(Burns, 1993). The electronic structures of HS and LS Fe*" can be found elsewhere (e.g. Badro et
al., 2003; Burns, 1993; Li et al., 2004). The energy gap between the t,, and e, orbitals is termed
crystal field splitting energy (10Dq), and it always increases with pressure as the metal-oxygen
distance decreases (Ballhausen, 1962; Burns, 1993; Drickamer and Frank, 1973; Figgis, 1966).
Crystal field effects are now well known to contribute to bulk thermodynamic properties of
materials and may affect chemical equilibrium between coexisting Fe-bearing phases (Badro et al.,
2003; Crispin and Van Orman, 2010; Prescher et al., 2014). However, no data is currently available
on the siderite crystal field splitting energy. In this paper we report the results of visible and near
infrared (IR) spectroscopy of siderite single crystals in the 0-72 GPa pressure range. The
measurements allowed us to characterize the energy separation between t, and e, orbitals of ferrous
iron in HS and LS siderite up to 65 GPa, evaluate crystal field contributions to thermodynamic
properties of iron-bearing carbonates, and estimate the effect of spin transition on the carbonate iron

content in the lower mantle.
EXPERIMENTAL METHODS

Chemically homogeneous siderite (Fig. 1) from Panasqueira tungsten mine, Covilha, Castelo
Branco, Portugal (mineralogical collection of Tohoku University Museum of Natural History) with a

composition Feg9s,Mng osCOz was used in this study. Calcium, magnesium and other impurities total
4
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content is less than 1 at% according to the electron microprobe analyses performed in the
Geophysical Laboratory using a JEOL JSM-6500F field emission scanning electron microscope.
Cleaved rhombohedral single crystals (typically 30 x 50 x 10 pm®) were loaded in diamond anvil
cells with culets of 200 or 300 um in diameter. Holes of 100-200 pm in diameter were drilled in the
center of rthenium gaskets and served as sample containers. Neon was used as a pressure medium.

Pressure was determined by the ruby fluorescence method (Mao et al., 1978).

Optical properties of natural siderite were measured in UV-visible and near IR absorption
spectral ranges up to 72 GPa. A fiber-coupled halogen-deuterium lamp served as a light source for
optical measurements. The light was focused to a 50 pm spot on the samples and a 20 um central
portion of the transmitted radiation was selected by a confocal aperture. The light is transported by
an all-reflective microscope with relay optics and projected on the entrance slit of the UV-vis and IR
spectrometers. Spectra were collected in 9000-25000 cm™ range using a 300 grooves/mm grating of
an Acton Research Corporation Spectra Pro 500-1 CCD spectrometer sensitive in UV-vis. Near IR
absorption was collected for 512 scans with a Varian Resolution Pro 670-IR spectrometer using a
quartz beam splitter in the 3000-10000 cm™ spectral range with 4 cm™ resolution. The microscope
setup was previously described in detail (Goncharov et al., 2009). The sample absorbance was
calculated as A(v) = —10g10(Isampie/ Ireference)> Where Ly is the intensity of light transmitted
through the sample, and L eference 18 the intensity of the radiation passed through the pressure medium.
We neglected the light reflection from the sample as it is less than 4% and is comparable to the other
experimental uncertainties (Goncharov et al., 2009). All absorption spectra were collected at room
temperature. Linear baseline subtraction preceded the deconvolution of absorption bands into the

Voigt functions. The two sigma uncertainty of the band’s spectral position was within = 200 cm.

RESULTSAND DISCUSSION

Absor ption spectra of high-spin siderite
5
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A weak and broad absorption band centered at 10325 cm™ can be observed at 1 bar (Fig. 2).
We assign this band to the *Ta, — °E, electronic transition as it is the only spin-allowed transition of
the ° T, ground state (Burns, 1993). This assignment provides the crystal field splitting energy of d-
orbitals of Fe’" in octahedral crystal field (10Dq™) at 1 bar. The energy of 10325 cm™ is typical for
the energy gap between ty, and e, orbitals of Fe”" ions in octahedral crystal field. For example, 10Dq
values for ferropericlase and ringwoodite at 1 bar were estimated to have energies of approximately
10850 and 10470 cm™ respectively (Keppler and Smyth, 2005; Keppler et al., 2007). The shape of
the absorption band is quite symmetrical and only one maximum can be observed; thus, FeOg
octahedra in HS siderite can be considered as non-distorted. Absorption spectra of HS siderite
measured at 0-43 GPa allowed tabulating 10Dq"® values (Table 1). Expectedly, application of
pressure increases the splitting between ty, and e, orbitals and blue-shifts the crystal field band (Fig.
3). The pressure shift is approximately linear with d10Dq"/dP = 86 cm™'/GPa. At the spin transition
pressure the increased 10Dq™ equals to the spin pairing energy: 10Dq=IT1=2.5B+4C~19B (Hauser,
2004), where IT is the spin pairing energy, B and C are the Racah parameters of electron-electron
repulsion. Accordingly, we get the Racah parameters B and C for Fe*" in octahedral crystal field in
HS siderite as B =747 cm™ and C = 3080 cm™'. These values closely resemble B"'(Fe®") ~ 500 cm™
inferred from magnesiowustite optical absorption spectra in the proximity of HS to LS transition
(Goncharov et al., 2006). Also, Gavriliuk et al. (2004) have reported similar values of B = 680 cm™

and C = 3150 cm™ for ferric iron in the octahedral crystal field of FeBOs.

The increase in overall absorption from 0 to 44 GPa is small and HS siderite remains visually
colorless and transparent. However, at 39 GPa a rise in absorption is evident at frequencies higher
than 22500 cm™. We assign this band to Fe-O electron transfer in FeOg octahedra, as the position,
intensity, and pressure-induced red-shift of this absorption edge are typical for metal-oxygen charge
transfer transitions (Burns, 1993; Goncharov et al., 2006; Mao and Bell, 1972).

6
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Absor ption spectra of low-spin siderite

A green domain appeared in siderite single crystal at 44 GPa signaling the spin transition has
started (Fig. 4). We attribute the presence of colorless (HS) and green (LS) domains of siderite in the
sample to the presence of pressure gradients across the single crystal. This observation indicates that
at room temperature the spin transition in pure siderite occurs in a very narrow pressure range (44+1
GPa). Previous estimations based on carbonate samples with variable iron content (0.12 to 0.87 Fe
in formula unit) have reported spin transition pressures between 43-49 GPa (Farfan et al., 2012;

Lavina et al., 2009; Lavina et al., 2010a; Lin et al., 2012; Liu et al., 2014; Nagai et al., 2010).

Absorption spectra of HS and LS siderite are very different. A significant increase in overall
optical absorption of LS siderite (Fig. 2) accounts for the dramatic color changes over the spin
transition. At 45.5 GPa, a new sharp absorption band can be observed at 15629 cm™ (dv/dP = 88
cm-1/GPa). At the same time, the crystal field band observed in HS siderite is no longer present in
the absorption spectra implying that the newly formed band is similar in nature to that in HS
siderite; thus, it is related to d-d transitions. The ground state electronic configuration of LS Fe*” in
octahedral site is 'A; ¢ with five spin-allowed d-d transitions (Burns, 1993). We assign the observed
absorption band to the 1Ag — 1T1g transition, as it is the lowest in energy out of all spin-allowed
transitions, with the rest occurring at much higher energies (Fig. 5). The previously determined
Racah parameter B permits plotting the absorption energies of this band on the Tanabe-Sugano
diagram for a ds ion in octahedral crystal field, which in turn allows estimating the 10Dq"® values in
the LS state as schematically shown in Figure 5. Alternatively, the crystal field splitting energy has

inverse fifth-power dependency on the metal-oxygen distance (Burns, 1993), offering another way

LS 10DqLS THS 5 . .
to evaluate 10Dq : T00gTS = (r—) , where ryg and 75 are the Fe-O bond distances in FeOg
LS

octahedra in HS and LS siderite respectively. Using the spectroscopically determined 10Dq™™ and
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previously reported Fe-O distances for HS and LS siderite (Lavina et al., 2010b) we solved the
proportion for 10Dq™® at 45.5, 48.5, 52, and 57 GPa (Table 1). Two independently constrained
10Dq"® values are in fair agreement (Fig. 3) indicating that the main absorption band observed in the
spectra of LS siderite indeed belongs to 'A;, — 'Ty, transition. The magnitude of 'A, — 'Tj
absorption in LS siderite is much higher compared to 5T2g — 5Eg in the HS phase. Such
intensification may result from a relaxing of the Laporte selection rule, which states that electron
transitions between orbitals with equal parity are forbidden. The selection rule may be lifted if FeOg

clusters of LS phase get distorted or vibronic coupling occurs (Burns, 1993).

According to the Tanabe-Sugano diagram, the energy separation between the two lowest in
energy excited states in LS siderite ('T| ¢ and szg) is approximately 11B (Fig. 5); thus, the energy of
the 1Ag — szg transition can be estimated as approximately 23850 cm™ at 45.5 GPa. However, this
band is likely hidden by the high-frequency absorption edge, which is Laporte allowed; therefore it
is much more intense. It is worth noting that no spin-forbidden transitions were observed in the
studied spectral range, as the spectral positions of the lAlg — 3Tlg, lAlg -3 Te, and lAlg -3 T
transitions should be in the 8500-14100 cm™' range as inferred from the Tanabe-Sugano diagram
analysis (spin-forbidden transitions are not shown in Fig. 5). This is why we do not expect that the
divalent manganese impurity (<5 at%) of our siderite samples significantly contributes to the
absorption spectra as the ground state of HS Mn”" (°A, ¢) has no spin-allowed transitions (Burns,

1993), and the HS configuration is stable up to at least 54 GPa (Farfan et al., 2013).

The energy of metal-oxygen charge transfer absorption also shows a clear discontinuity upon
the HS to LS transition (Fig. 6). We have determined the positions of the absorption edge by fitting
the spectra and assuming that the absorbance follows the energy dependence characteristic for a
direct band gap: A(v) < Vhv — E, where A(v) is sample absorbance, Av is the photon energy, and E

is the absorption edge energy. The position of absorption edge is shifted for about 2500 cm™
8
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towards lower frequencies upon the HS to LS transformation, and is within the visible range at 45.5
GPa (Fig. 6). The color of LS siderite is governed by the interplay of the 1Ag — Ty ¢ absorption
band and the Fe-O charge transfer. Green color of LS siderite is due to the absorption minima at
around 17500-20000 cm™. At P > 65 GPa siderite turns red, because of the overlap of the crystal
field band with the absorption edge. Eventually, LS siderite turns black at pressures exceeding 71.5

GPa (Fig. 4) with Fe-O charge transfer absorption shifted to the near IR region.
Implications to carbonate crystal chemistry at lower mantle conditions

Spin pairing transitions may affect crystal chemistry of iron-bearing minerals (Badro et al.,
2003; Lin et al., 2013). Iron content of carbonates in subducting slabs is controlled by partitioning
coefficients K(P,T) between the carbonate phase and coexisting silicates (Kiseeva et al., 2013;
Yaxley and Brey, 2004). Mg, Fe-perovskite (Pv) is the most abundant iron-bearing phase in a
basaltic lithology at pressures exceeding 30 GPa (Hirose et al., 1999; Perrillat et al., 2006).

Assuming no other Fe-bearing phases participate in the partitioning, the reaction can be written:
Fe}%:j + Mg(%‘:l-rb = Feg;rb + Mglz’;
At a given pressure and temperature, the partitioning coefficient is:

where AG is the Gibbs free energy of the reaction and R is the gas constant.

Crystal field stabilization energies (CFSE) contribute to the enthalpy terms of the Gibbs free energy
and, as such, might be expected to affect the partitioning coefficient (Burns, 1993). CFSE values are
4Dq and 24Dq for HS and LS Fe*" in an octahedral crystal field, respectively (Burns, 1993);

whereas CFSE = 6Dq for ferrous iron in the pseudo-dodecahedral crystal field of Mg,Fe-perovskite
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(Keppler et al., 1994). Our optical absorption measurements yield over an order of magnitude
increase in the Fe*" CFSE in siderite, with a CFSE of 4130 cm™ (HS phase, 1 bar) and 42181 cm’
(LS phase, 45.5 GPa). In comparison, the increase of Fe** CFSE in Mg,Fe-perovskite is less
pronounced and changes from approximately 4200 cm™ (1 bar) to only 5100 cm™ (46 GPa), as can
be deduced from the absorption measurements by Goncharov et al. (2008), assuming all iron
remains in the HS state. The difference between CFSEp, and CFSEc, gives us ACFSE = —445
kJ/mol. To estimate the effect of spin transition on the partitioning coefficient one has to consider
the electron-electron repulsion between paired electrons on the t, orbitals in LS siderite (5B+8C =
339 kJ/mole) (Lyubutin et al., 2013; Ovchinnikov, 2011). Likewise, the PAV contribution to the
Gibbs free energy is -542 kJ/mole, accepting AV=10% at P = 45 GPa for the HS to LS
transformation in pure FeCOs (Lavina et al., 2010b). Assuming no change in configurational
entropy of carbonates across the spin transition, as well as AUM=AU"S, where AU is the internal
energy difference for the partitioning reaction between HS or LS carbonate and Mg,Fe-perovskite

we can write:

PAV + ACFSE — 5B — 8C
RT

anLS - anHS =

, where InK; s and InKyy are the logarithmic partitioning coefficients for the considered partitioning
reaction, B and C are the Racah parameters. At 45 GPa and 2500 K we get InK;s = —31.2 +
InKys = —29, accepting InKys = 2.2 (Stagno et al., 2011). Strongly negative values of /[nKs
suggest the composition of LS carbonates in equilibrium with Mg,Fe-perovskite is close to pure
FeCOs;. However, the change in carbonate chemical composition with depth is likely to be gradual,
because of the temperature-induced broadening of the spin transition pressure range (Lin et al.,

2007; Liu et al., 2014; Lyubutin et al., 2013).
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Tables

Table 1. Position and assignment of the main absorption band in HS and LS siderite.

11/12

High- P, Absorption, FWHM, Electronic 10DqLS, cm’! CFSE,
spin GPa cm’” cm’” transition Tanabe-Sugano 10Dg ™ (rus/ris)” cm’
0 10325 4241 Ty — B, i 4130
25 12256 4295 *Tae — “Eg R 4902
28 12860 3963 *Tyy — °E, - 5144
39 13532 3838 *T, — °E, - - 5413
43 14102 3627 *T, — °E, - 5641
Low- | 455 15629 2721 'Ajg— Ty, 17634 17517 42181
spin 45.5 15618 2879 'Al— Ty,
48.5 15973 2729 'Alg— Ty, 18153 17844 43196
52 16146 2587 'A— Ty, 18301 18227 43834
53 16079 2734 'A— Ty,
57 16672 2560 A — Ty 18819 18871 45228
62 17116 2674 A — Ty, 19318
65 17332 2522 'Ajg— 'Tig 19451

Note: 10Dg™ (crystal field splitting energy in low-spin siderite) cannot be measured directly in
experiment. We independently estimated these values based on the Tanabe-Sugano diagram

analysis, as well as on the relation between the Fe-O bond length and 10Dg"™ (see text). CFSE

stands for the crystal field stabilization energy. Standard deviation is < 100 cm™ for the absorption

position.
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Figures

Figure 1. Scanning electron image (top left) and corresponding elemental maps of Fe, Mn, and Mg

of a representative siderite single crystal. The white scale bar corresponds to 10 um.

Figure 2. Optical and near IR absorption spectra of siderite to 71.5 GPa. Low-frequency

oscillations originate from multiple reflections between parallel sample surfaces.
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255

256

257  Figure 3. Positions and assignment of absorption bands in HS and LS siderite. Blue squares and
258  red circles represent the measured absorption bands. White and black squares approximate the
259 10Dg" values estimated with the Tanabe-Sugano diagram and through the inverse proportion with

260  the (Fe-O)’ bond distance, respectively. Vertical dashed line shows the spin transition pressure.

261
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Figure 4. Siderite color in HS (42 GPa), mixed HS and LS (44 and 45 GPa) and LS state (50, 65,
and 88 GPa). The scale bar corresponds to 20 um. Note the gradual growth of transient green LS

domain at 44 and 45 GPa.
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Figure5. The Tanabe-Sugano energy (E) level diagram for a ds ion in octahedral crystal field. Only
spin-allowed electronic states are shown (green solid lines). Blue squares correspond to the °T. 2g =
5Eg transition in HS siderite at pressures of 0, 25, and 39 GPa. Red squares correspond to ' A g —
It 1¢ absorption energies in LS siderite at 45.5, 52, 57, and 65 GPa. Spin transition occurs at
10Dg"™ =~ 19B, shown by thick solid black line (B is the Racah parameter). Dotted lines show the

procedure for 10Dg"™ estimation from the absorption band at 45.5 GPa.
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Figure 6. Position of the absorption edge as a function of pressure. Vertical dashed line

shows the spin transition pressure.
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