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Abstract

Ni, Co, and Zn are widely distributed in the Earth’s mantle as significant minor elements that may offer insights into the
chemistry of melting in the mantle. To better understand the distribution of Ni**, Co®*, and Zn* in the most abundant sili-
cate phases in the transition zone and the upper mantle, we have analyzed the crystal chemistry of wadsleyite (Mg,S10,),
ringwoodite (Mg,Si0,), forsterite (Mg,Si0O,), and clinoenstatite (Mg,Si,0;) synthesized at 12-20 GPa and 1200-1400 °C
with 1.5-3 wt% of either NiO, CoO, or ZnO in starting materials. Single-crystal X-ray diffraction analyses demonstrate that
significant amounts of Ni, Co, and Zn are incorporated in octahedral sites in wadsleyite (up to 7.1 at%), ringwoodite (up to
11.3 at%), olivine (up to 2.0 at%), and clinoenstatite (up to 3.2 at%). Crystal structure refinements indicate that crystal field
stabilization energy (CFSE) controls both cation ordering and transition metal partitioning in coexisting minerals. Accord-
ing to electron microprobe analyses, Ni and Co partition preferentially into forsterite and wadsleyite relative to coexisting
clinoenstatite. Ni strongly prefers ringwoodite over coexisting wadsleyite with DE}N/ W4=4.13. Due to decreasing metal—
oxygen distances with rising pressure, crystal field effect on distribution of divalent metal ions in magnesium silicates is
more critical in the transition zone relative to the upper mantle. Analyses of Ni partitioning between the major upper-mantle
phases implies that Ni-rich olivine in ultramafic rocks can be indicative of near-primary magmas.
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Introduction

Forsterite (Mg,Si0,) is the magnesium end-member of oli-
The original version of this article was revised with Table 1. vine (Mg, Fe),SiO,, the major mineral phase in the Earth’s
upper mantle (e.g., Harris et al. 1967). The crystal structure
of forsterite (space group Pbnm) has two symmetrically dis-
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in which the distances of six metal-oxygen bonds are all
equivalent (e.g., Ringwood 1958).

As the magnesium end-member of pyroxene, enstatite
(MgSi05) has been studied experimentally in previous stud-
ies. In the enstatite structure, divalent cations occupy two
octahedral sites (M1 and M2) which are linked by chains
of SiO, tetrahedra. The M1 site is slightly distorted from
octahedral symmetry. The M2 site, by contrast, has larger
octahedral volume and it is very distorted (e.g., Morimoto
et al. 1960; Ringwood 1967). The stable phase of MgSiO,
at ambient pressure and temperature is low clinoenstatite
(with space group P2,/c, containing two distinct tetrahedral
sites: Sil and Si2, and six distinct oxygen positions: O1,
02, 03, 04, 05, and 06), with orthoenstatite (space group
Pbca), containing two distinct tetrahedral sites: Sil and Si2,
and six distinct oxygen positions O1, 02, O3, O4, OS5, and
06 becoming stable above 600 °C. At pressures over 7 GPa,
structure transformation from low-clinoenstatite to high-cli-
noenstatite (space group C2/c) containing one tetrahedral
site, and three distinct oxygen positions: O1, O2, and O3 is
observed (e.g., Angel et al. 1992). For high-pressure sam-
ple synthesis, the high-clinoenstatite (C2/c) phase always
reverts displacively to P2,/c on quench (e.g., Smyth 1969).
Nestola et al. (2004) analyzed clinopyroxene of composi-
tion Ca, ;sMg; §551,0¢ (Di;sEngs) at pressure up to 6.5 GPa
and detected P2,/c—C2/c displacive phase transition at 5.1
GPa. In addition, they demonstrated that clinopyroxene
(Cay ;sMg, ¢551,04) with C2/c space group can occur at
room pressure and about 1370 °C. The transformation from
low to high-clinoenstatite is characterized by the differences
in the configuration of their silicate chains. In the structure
of low clinoenstatite, there are two symmetrically distinct
tetrahedral chains rotated in opposite directions, whereas in
high-clinoenstatite, there is only one symmetrically distinct
tetrahedral chain (Angel et al. 1992).

According to previous chemical analyses of mantle
xenoliths, ophiolite sequences and basalt petrogenesis
(Anderson 1983; Liu and Bassett 1986; McDonough and
Sun 1995; Hofmann 1988), the concentrations of Ni and
Co are estimated to be 2080 and 104 ppm in the Earth’s
primitive mantle, and those of Ni, Co, and Zn are esti-
mated to be 1960, 105, and 55 ppm in the pyrolite model.
As inclusions in diamonds, olivines with high NiO con-
tents (up to 0.64 wt%) in the deep upper mantle (Stachel
and Harris 2008) and Fe—Ni alloy in the lower mantle have
been observed (Smith et al. 2016). Hacker et al. (1997)
reported high-Ni olivines (0.4 wt% NiO) in peridotites
from the Alpe Arami massif which were interpreted as
a piece of the mantle transition zone (e.g., Dobrzhinet-
skaya et al. 1996; Green et al. 1997). Chemical analyses
of natural olivine show that Ni**, Co%*, and Zn>** are
common constituents (e.g., de Waal 1978), and the distri-
bution of these divalent minor metal cations at different
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crystallographic sites in olivine have been previously stud-
ied (e.g., Hakli and Wright 1967; Annersten et al. 1982).
Paramagnetically shifted NMR resonances indicate that,
in forsterite, Ni>* occupies only M1, Fe** occupies M1
and M2 roughly equally, and Co>* occupies both M1 and
M2 in an approximately 3:1 ratio (McCarty et al. 2015).

Finger et al. (1993) refined the crystal structures of
synthetic wadsleyite (Mg, Fe),Si0,, revealing that Fe** is
depleted in the M2 octahedron, whereas it is enriched in M1
and M3. The same strong ordering of Fe was observed by
Smyth et al. (2014) in relatively hydrous and oxidized wad-
sleyite. Zhang et al. (2016) synthesized wadsleyites coexist-
ing with clinoenstatites with 3 wt% of either CoO, NiO, or
ZnO under hydrous conditions in separate experiments at
1300 °C and 15 GPa. The refined crystal structures of these
wadsleyites display site preferences of Ni**, Co**, and Zn?*
similar to those of Fe*™ with M1 ~M3 > M2,

The ordering of divalent cations in orthopyroxene has
been determined by previous experimental studies (e.g.,
Bancroft and Burns 1967; Ghose et al. 1975), whereas
those in high-pressure clinoenstatite are comparatively
unconstrained. For orthopyroxene, according to Ghose et al.
(1975), Co** and Zn?* are both relatively enriched in M2,
while Ni** are enriched in M1.

The distribution of divalent metal cations between coex-
isting ferromagnesian silicates in the mantle has been widely
investigated. According to previous observations, Ni** and
Co?* are enriched in olivine relative to orthopyroxene (e.g.,
Hakli and Wright 1967; Mercy and O’Hara 1967). Gudfinns-
son and Wood (1998) conducted multi-anvil experiments at
1400-1600 °C on olivine and peridotite starting composi-
tions (Fogs—Foy) to determine the partitioning of Ni** and
Ca** between coexisting olivine and wadsleyite, demonstrat-
ing that Ni2* partitions preferentially into wadsleyite relative
to olivine, whereas Ca2* tends to be enriched in olivine com-
pared to wadsleyite. Zhang et al. (2016) demonstrated that
significant amounts of NiO, CoO, and ZnO can be incorpo-
rated in wadsleyite (3—6 wt%), suggesting that the solubility
of these minor oxides in wadsleyite is higher than those in
the coexisting clinoenstatite and upper-mantle olivine.

To better constrain the distribution of divalent metal ions
between coexisting minerals in the transition zone and the
overlying upper mantle, the crystal structures of coexisting
wadsleyite (Mg,Si0,) and ringwoodite (Mg,SiO,) syn-
thesized with minor NiO in starting materials, coexisting
wadsleyite (Mg,S10,) and clinoenstatite (Mg,Si,04) and
coexisting olivine (Mg,Si0,) and clinoenstatite synthe-
sized with minor NiO, CoO, or ZnO were studied by elec-
tron microprobe and single crystal X-ray diffraction meth-
ods. The principal factors that control cation ordering and
distribution in coexisting minerals in the upper mantle and
the transition zone are discussed based on analysis of their
crystal chemistry.
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Experimental work
Synthesis

Samples were synthesized in a 1200 tonne Sumitomo multi-
anvil press at Bayerisches Geoinstitut, University of Bay-
reuth, Germany. Coexisting wadsleyite and ringwoodite
(SS1504) were synthesized at 20 GPa and quenched from
1400 °C, using 10/5 assemblies (10 mm MgO octahedron
with 5 mm corner truncations). Coexisting olivine and cli-
noenstatite (SS1604A-C) were synthesized at 12 GPa and
quenched from 1200 °C, using 14/8 assemblies. Starting
materials were mixed from oxides of SiO, (quartz), MgO
(periclase), Mg(OH), (brucite) plus 1.5 wt% of either NiO,
ZnO or CoO, in separate capsules for coexisting olivine and
clinoenstatite, and plus 3 wt% NiO and 1.0 wt% water (H,0)
as brucite in the starting material for coexisting wadsleyite
and ringwoodite, i.e., the solubility of water in wadsleyite
at 1400 °C measured in the Mg,SiO, system (Demouchy
et al. 2005). Heating duration was the same across all runs at
220 min. Quench to temperatures below 500 °C took about
3 s. Recovered capsules were mounted in epoxy on 24 mm
round glass slides and ground to expose the run products.
The experimental details of sample synthesis for coexisting
SS1405-1407 wadsleyite and clinoenstatite (synthesized at
15 GPa, 1300 °C) were previously reported by Zhang et al.
(2016). The experimental conditions of sample synthesis and
phase compositions are summarized in Table 1. BSE images
of coexisting minerals for SS1504 wadsleyite and ringwood-
ite, SS1406 wadsleyite and clinoenstatite, and SS1604 A-C
olivine and clinoenstatite are shown in Fig. 1.

Electron microprobe analysis

Mineral compositions were analyzed using a JEOL 8900
electron microprobe (EPMA) at the Institute of Geology,
Chinese Academy of Geological Sciences. Acceleration
voltage was 15 kV, beam current was 20 nA, and beam size
was 5—1 um. Standards for Mg and Si were Foy, olivine,

Ni—nickel metal, Co—cobalt metal, Zn—sphalerite. The
results of electron microprobe analysis were listed in Appen-
dix Table 1. Mineral compositions of SS1405-1407 wadsley-
ite and SS1405,1407 clinoenstatite were previously reported
by Zhang et al. (2016).

X-ray diffraction

Single-crystal samples (SS1504 wadsleyite and ringwood-
ite; SS1405-1407 clinoenstatite; SS1604A-C olivine and
clinoenstatite) were chosen from the capsules and mounted
on glass fibers and centered on a four-circle diffractometer
for X-ray diffraction analysis. Intensity data were collected
with a Bruker APEX II CCD detector on a Siemens/MAC-
Science 18 kW rotating Mo-anode X-ray generator at the
University of Colorado, Boulder. 50 kV voltage, 250 mA
current and calibrated radiation (A=0.71073 A) were used
for all measurements. Crystal structures, atom positions,
occupancies, and displacement parameters were refined
from the intensity data sets using SHELXL-97 in the pack-
age WINGX (e.g., Sheldrick 1997). To match the refine-
ment model used in Zhang et al. (2016), scattering factors
for ionized cations Mg>*, Si**, Co**, Ni**, Zn** (Cromer
and Mann 1968), and O* (Tokonami 1965) were used, as
these were found to give both accurate structural geometry
and reliable site occupancy (within 1 at%) refinements for
pure Mg phases (Smyth et al. 2004, 2014; Ye et al. 2009;
Zhang et al. 2016). For site occupancies, electron-in-bond
model (Heinemann model) is considered to give more
precise (better than 1 at%) determination compared to the
refinement strategy in this study (Angel and Nestola 2016).
Lattice parameters and data collection parameters are listed
in Appendix Table 2, atom positions are given in Appendix
Tables 3, 4, and 5, site geometries and occupancy factors are
shown in Appendix Tables 6, 7, and 8. The X-ray diffrac-
tion analyses for wadsleyite (SS1405-1407) were previously
reported by Zhang et al. (2016).

Table 1 Experimental conditions of sample synthesis and phase composition

Experiment No. ~ Starting composition Pressure Temperature Duration (h) Phase composition

(GPa) °C)
SS1504 Mg,Si0, +3 wt% NiO + 1 wt% H,0 20 1400 3.6 Wadsleyite + ringwoodite
SS1604A Mg, 2451 5304+ 1.5 wt% NiO + 0.5 wt% H,0 12 1200 3.6 Olivine + clinoenstatite
SS1604B Mg, ¢4Si; 9304+ 1.5 wt% CoO +0.5 wt% H,0 12 1200 3.6 Olivine + clinoenstatite
S$S1604C Mg, ¢4Si 9304+ 1.5 wt% ZnO +0.5 wt% H,O 12 1200 3.6 Olivine + clinoenstatite
S$S1405 Mg, 2451 9304+ 3 wt% CoO + 1 wt% H,O 15 1300 3.6 Wadsleyite + clinoenstatite
SS1406 Mg, 2451 9304+ 3 wt% NiO+ 1 wt% H,0 15 1300 3.6 Wadsleyite + clinoenstatite
S$S1407 Mg, ¢4Si; 9304+ 3 wt% ZnO + 1 wt% H,0 15 1300 3.6 Wadsleyite + clinoenstatite

Sample SS1405-1406 were previously synthesized by Zhang et al. (2016)
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Fig. 1 Backscattered electron (BSE) images of coexisting minerals. a,
b SS1504 wadsleyite and ringwoodite. ¢ SS1406 wadsleyite and cli-
noenstatite. d—f SS1604A-C olivine and clinoenstatite. Wd wadsley-

Results

As shown in Table 2, the results of single-crystal X-ray dif-
fraction demonstrate that significant amounts of Ni, Co, and
Zn are incorporated in octahedral sites in wadsleyite (up to
7.1 at%), ringwoodite (up to 11.3 at%), olivine (up to 2.0
at%), and clinoenstatite (up to 3.2 at%). Ni**, Co**, and Zn>*
substitute into both M1 and M2 sites in olivine (SS1604A-C)
and clinoenstatite (SS1604A-C; SS1405-1407). For olivine,
Ni and Co prefer M1, whereas Zn shows a slight prefer-
ence for M2. Octahedral site occupancy ratios (M2/M1)
were estimated to be 0.5 for Ni%*, 0.35 for Co?*, and 1.5
for Zn>* (Table 3) based on the occupancy factors listed in
Table 2. For coexisting clinoenstatite (SS1604A-C), Ni** is
more compatible in M1 site, whereas both Co** and Zn**
avoid M1 relative to M2 (Table 2), and the site occupancy
ratios (M2/M1) were calculated to be 0.67 for Ni**, 1.42 for
Co”*, and 1.14 for Zn>* (Table 3). In contrast, clinoenstatite
(SS1405-1407) coexisting with wadsleyite displays different
site preferences; Co*+ prefers M1 over M2 (Table 2), and the
site occupancy ratios (M2/M1) were estimated to be 0.25 for
Ni%*, 0.5 for Co**, and 1.07 for Zn>** (Table 3). For wadsley-
ite (SS1504), Ni* displays strong site preferences similar
to previous observed cation orderings of Ni**, Co?*, and
Zn** (SS1405-1407; Zhang et al. 2016) with M1 ~ M3 >M2.

Partition coefficients of Ni, Co, and Zn in coexisting min-
erals (Table 3) were calculated on the basis of electron micro-
probe analysis (Table 3; Appendix Table 1), suggesting that
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ite, Rwringwoodite, Ol olivine, and Cen clinoenstatite. BSE images of
SS1405, 1407 wadsleyite and clinoenstatite are shown in Zhang et al.
(2016)

Ni and Co are preferentially incorporated into olivine relative
to clinoenstatite (SS1604A-C) with DY/ “"=2.46; D2/ "
=2.07, while Zn shows only a slight preference for parti-
tioning between olivine and clinoenstatite with Dgll/ Cen_1.19.
For coexisting wadsleyite and clinoenstatite (SS1405-1407),

Ni, Co, and Zn preferentially partition into wadsleyite in the

same order Dgid/ Cen, Dg)d/ Cen Dgld/ Cen with D;Vid/ Cen_4.18;
D‘g;d/ Cen _3 54. D\Z’ild/ Cen _ 5 43. Consistent with electron

microprobe analysis, as shown in Table 3, partition coeffi-
cients (DY and DOVCeM) estimated based on single-crystal
X-ray diffraction also decrease in the order Ni> Co > Zn. For
coexisting wadsleyite and ringwoodite (SS1504), partition
coefficient of NiZ* (DE‘:/ Wd) was estimated to be 4.13, indi-
cating that ringwoodite has higher capability of incorporating
NiZ* relative to wadsleyite.

Discussion

Cation ordering of Ni, Co, and Zn in the mantle
phases

Cation ordering in a crystal structure can be influenced by
cation size, crystal field stabilization energy, and site dis-
tortion (e.g., Ghose et al. 1975; Burns 1993). Consistent
with previous studies (e.g., Birle et al. 1968), in olivine we
observe a tetragonally distorted M1 site, elongated in the
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Table 2 Occupancy parameters (at%) of divalent cations

Wadsleyite*

M1 M2 M3 Si
SS1406 Ni** 7.1 (5) 2.6 (5) 4.5 4) 1.1(5)
SS1405 Co** 4.3 (3) 2.7 (3) 42 (3) 24 (4)
SS1407 Zn** 2.7 (4) 2.0 (4) 2.9 (0) 0.6 (3)
SS1504 Ni** 2.2 (1) 0.8 (1) 1.8(2) 0.0

Ringwoodite
M Si

SS1504 Ni** 11.3(6) 0.0

Olivine

M1 M2 Si
SS1604A Ni%* 2.0(2) 1.0(3) 0.0
SS1604B Co** 1.7(3) 0.6(3) 0.0
SS1604C Zn** 0.6(3) 0.9(3) 0.0

Clinoenstatite

M1 M2 Sil Si2
$S1406 Ni** 3.2(3) 0.8 (3) 0.0 0.0
$S1405 Co** 2.8 (3) 14 (3) 0.0 0.0
SS1407 Zn** 2.8 (3) 3.0(3) 0.0 0.0
SS1604A Ni** 2.13) 14 (3) 0.0 0.0
SS1604B Co** 1.2(3) 1.7 3) 0.0 0.0
SS1604C Zn** 1.4 (3) 1.6 (2) 0.0 0.0

*Site occupancy parameters for SS1405-1407 wadsleyites were previously reported by Zhang et al. (2016)

direction of the two M1-03 bonds, whereas M2 is trigonally
distorted and has larger polyhedral volume compared to M1
(Fig. 2; Appendix Tables 7). Considering that the high-
spin octahedral ionic radii of Ni2*, Mg?*, Zn**, and Co**
increase in the order Ni** (69 pm) < Mg>* (72 pm) < Zn**
(74 pm) < Co** (74.5 pm) (Shannon 1976; Huheey 1983),
Ni?* is expected to be enriched in M1 relative to larger M2,
while Co?* and Zn?* are expected to preferentially occupy
M2. However, consistent with previous observations on cat-
ion ordering in olivine (e.g., Annersten et al. 1982; McCarty
et al. 2015), the M site occupancy values (Table 2) show
that Co** prefers smaller M1 over larger M2, indicating that
cation size is not the primary factor affecting the site prefer-
ences in olivine.

According to crystal field theory, for high-spin configu-
rations, Ni>* has 6 electrons in 1, orbitals and 2 electrons
in e, orbitals, leading to a larger crystal field stabilization
energy (CFSE) than Co?*, which has 5 1, electrons and
2 e, electrons in the crystal field splitting of the octahe-
dral site. Since the 3d orbitals of Zn>* are fully occupied
by 10 electrons, 7Zn** has no CFSE in octahedra (Burns
1993). For divalent cations, the CFSE in regular octahe-
dra are estimated in the order Ni** (- 29 kcal/mol) < Co**

(=21 kcal/mol) < Zn** (zero) =Mg** (zero) (Dunitz and
Orgel 1957; McClure 1957). Considering that the values
of CFSE are higher for smaller sites (Burns 1993), both
Ni2* and Co?* are expected to be enriched in M1 relative
to M2. In addition, for olivine M1, the tetragonal distor-
tion of this octahedron which is elongated along tetrad axis
(Fig. 2) increases the stability of the ions with 3d” high-spin
configuration (Burns 1993). As a result, Co*tis expected to
display a stronger preference for olivine M1, although Co**
has a lower CESE value than Ni** in regular octahedra. As
shown in Fig. 3, the observed cation ordering of Ni**, Co**,
and Zn>* for refined olivine crystals (SS1604A-C) can be
explained by crystal field theory, indicating that CFSE is
the key factor affecting the site enrichments of those minor
transition metal ions in olivine.

For all clinoenstatite samples, consistent with previous
studies (e.g., Morimoto et al. 1960; Ringwood 1967), M2 is
larger and more distorted than M1. In the M2 octahedron,
the quadrilateral consisting of O1, O3, O4, and O6 with
four unequal M-O bonds is highly asymmetrical (Fig. 2;
Appendix Table 8). As shown in Fig. 3, for clinoenstatites
synthesized at 12 GPa (SS1604A-C), the estimated occu-
pancy ratios (M2/M1) of Ni**, Co**, and Zn** display a

@ Springer
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Table 3 Octahedral site occupangy raitos, minor metal oxide content, and estimated partition coefficient of divalent cations for coexisting miner-

als

M site Occ raito® Minor metal oxide content Partition coefficient Partition coefficient (XRD)*

(Wt%)® (EMPA)®

Wadsley- Clinoenstatite (M2/M1) Wadsleyite Clinoenstatite DWadsleyite/Clinoenstatite  ryWadsleyite/Clinoenstatite

ite (M2/

M1+M3))
SS1406 Ni ~ 0.22 0.25 5.98 143 4.18 3.65
SS1405Co  0.32 0.50 3.40 0.96 3.54 3.43
SS1407Zn  0.36 1.07 4.52 1.86 243 1.42

M site Occ raito® Minor metal oxide content (wt%)® Partition coefficient Partition coefficient
(EMPA)® (XRD)¢
Wadsleyite (M2/(M1 +M3)) Wadsleyite Ringwoodite DRingwoodite/Wadsleyite - pyRingwoodite/Wadsleyite

SS1504 Ni 0.22 3.00 12.35 4.13 6.73

M site Occ raito® Minor metal oxide content Partition coefficient Partition coefficient (XRD)?

(Wt%)° (EMPA)®

Olivine (M2/ Clinoenstatite (M2/M1) Olivine Clinoenstatite pOivine/Clinoenstatite  Oivine/Clinoenstatite

M1)
SS1604A Ni  0.50 0.67 1.18 0.48 2.46 1.28
SS1604B Co 0.35 1.42 1.14 0.55 2.07 1.14
SS1604C Zn 1.50 1.14 0.92 0.77 1.19 0.72

Site occupancies of SS1405-1407 wadsleyite were referred to Zhang et al. (2016)
bConcentrations of NiO, CoO, and ZnO for SS1405-1407 wadsleyite and SS1405,1407 clinoenstatite were referred to Zhang et al. (2016)

CPartition coefficients (EMPA) were estimated on the basis of minor metal oxide contents

dPartition coefficients (XRD) were estimated on the basis of M site occupancy data listed in Table 2

positive correlation with ionic radii, implying that cation
size governs the cation orderings. Considering the M1 site
in enstatite is not tetragonally distorted like M1 in olivine,
the CFSE is incapable of stabilizing Co?* in M1, which is
less distorted than M2 (Fig. 2). However, due to the increas-
ing CFSE with decreasing metal-oxygen distances (Burns
1993), Co** is likely more stable in the slightly distorted M1
site relative to the highly distorted M2 site under the higher
pressures. Consequently, for clinoenstatites synthesized at
15 GPa (SS1405-1407) (Table 2), in contrast to previous
studies on enstatite (e.g., Ghose et al. 1975), Co?* is more
enriched in M1 relative to M2. The estimated occupancy
ratios (M2/M1) of Ni**, Co**, and Zn** (Table 3) show an
excellent correlation with CFSE values (Fig. 3), indicating
that crystal field has more significant influences on cation
ordering in a crystal in the transition zone compared to the
upper mantle due to the decreasing metal-oxygen distances
with rising pressure. Since the octahedral M1 sites are rela-
tively smaller and less distorted than the M2 sites in clinoen-
statite with either C2/c space group or P2,/c space group
(e.g., Angel et al. 1992; Morimoto et al. 1960), the cation
ordering of Ni**, Co?*, and Zn?* in clinoenstatites are not
expected to change considerably during structure transfor-
mation (C2/c—P2,/c) on quench.

@ Springer

As shown in Fig. 2, the divalent metal cations in M1 and
M2 in wadsleyite are each bonded to four symmetrically
equivalent O4 atoms in a plane. Normal to this plane, M1
is bonded to two O3 with slightly longer bonds than the
four M1-0O4 bonds. For M2, however, the distances of two
apical bonds (M2-0O1 and M2-02) along ¢ axis are very
different from the four M2-O4 bonds; the M2 bonded to O1
is short, whereas the bond to O2 is long, leading to a rela-
tively distorted M2 octahedron. For M3, four metal-oxygen
bonds (two M3-01 and two M3-03) in a plane have similar
lengths, and the distances of two M3—-04 bonds normal to
this plane are equivalent, resulting in a more symmetrical
M3 relative to M2. Since divalent cations with a 3@® high-
spin configuration are expected to be stable in symmetri-
cal octahedra (Burns 1993), Ni2+ prefers M1 and M3 over
distorted M2 (Table 2). The defining influence of CFSE
on cation orderings of Ni**, Co**, and Zn** in wadsley-
ite (SS1405-1407) was also observed by Zhang et al. 2016
(Fig. 3). The octahedral occupancy ratios (M2/(M1 + M3))
display a positive correlation with estimated CFSE values
of Ni**, Co**, and Zn>* (McClure 1957; Dunitz and Orgel
1957).
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Fig.2 Structural representations
of octahedral sites in olivine,
clinoenstatite, wadsleyite, and
ringwoodite. Metal-oxygen
distances (pm) in each site are
indicated

Olivine

b M1-04=2.0769 M3-01=2.0899
a M2-04=2.0981

Clinoenstatite

M-0=2.0758

M3-03=2.1083 1504-Ni

1504-Ni

Distributions of divalent metal ions
between coexisting ferromagnesian silicates

Considering CFSE partially controls the site enrichments of
ions in a crystal, it is expected to be an important influence
on element distributions in coexisting silicates in the mantle.
For coexisting olivine and clinoenstatite (SS1604A-C), the
partition coefficients (D°YC") of NiO, CoO, and ZnO show
a strong correlation with the CFSE values of Ni*, Co**,
and Zn>* (Fig. 4), suggesting that divalent transition metal
cations which have larger CFSE values are more likely to
partition into olivine relative to coexisting clinoenstatite.
For coexisting wadsleyite and clinoenstatie (SS1405-
1407), the strong correlation between partition coefficients
(DVYCem) of NiO, CoO, and ZnO and the CFSE values of
Ni?*, Co**, and Zn** was also observed (Fig. 4). Thus, for

coexisting wadsleyite and olivine, Ni**, Co**, and Zn*
can be expected to partition under the influences of crystal
field. Compared with olivine, wadsleyite has relatively sym-
metrical octahedral sites particularly for M1 and M3 (Fig. 2;
e.g., Akaogi et al. 1982; Zhang et al. 2016). As a result,
Ni?* is more likely to substitute into wadsleyite relative to
coexisting olivine due to the relatively large CFSE value
and the instability of electronic configuration ((tzg)‘s(eg)z) in
distorted octahedra (Burns 1993). As shown in Fig. 4, this
expectation is in accord with the reported partition coef-
ficient (Dxd/01=2.14; Gudfinnsson and Wood 1998) of
Ni between coexisting wadsleyite and olivine. In contrast,
the solubility of Ca®* is relatively higher in olivine than
in coexisting wadsleyite (Dg;d/Ol:O.SZ; Gudfinnsson and
Wood 1998). Ca?* has no CFSE, hence it is not expected

to show a trend of occupying octahedra which have larger

@ Springer
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Fig.3 a, ¢, d Correlation between occupancy ratios (M2/M1 for oli-
vine and clinoenstatite; M2/(M1+M3) for wadsleyite) and the crys-
tal field stabilization energy (McClure 1957; Dunitz and Orgel 1957)
for Ni?*, Co?*, and Zn** in olivine (SS1604A-C), clinoenstatite
(SS1405-1407) and wadsleyite (SS1504 and SS1405-1407). b Cor-

CFSE. This preference can be due to the cation radius
(100 pm for Ca?*; Shannon 1976; Huheey 1983) and the
octahedral volumes. Considering that they conducted sample
syntheses in Fe-bearing system (Fogs—Foy), the observed
element distributions between wadsleyite and olivine in their
study also indicated that the impacts of CFSE on transition
metal partitioning are unlikely interfered by Fe substitution
in the crystal structure. Smyth and Kawazoe (2014, unre-
ported experiment) synthesized wadsleyites coexisting with
clinopyroxenes with minor TiO,, Cr,05, V,0;, CoO, NiO,
and ZnO (0.5-1.0 wt%, respectively) in one experiment.
According to their unpublished electron microprobe analysis
data, Ni, Co, and Zn preferentially partition into wadsley-

Wd,/C Wd/C Wd,/C
./ s D / s D /Cpx as men-
Ni Co 7Zn

tioned above (Fig. 4), with DY/ P =4.28; Dy /P =3.23;

ngd/Cpx=2.65, showing that transition metals do not

strongly interact with each other on partitioning between
mineral phases. Compared to wadsleyite, ringwoodite has a
smaller and more symmetric octahedral site with equivalent

ite in the same order D

@ Springer

1.2

76
Nl Cen
£
a4
'.573_
S72L
s 71k
®70L
Ol

68
0.2

Co*
[ |
(1604B)

Zn“m
(1604C)

N.2+ b

M Ni
(1604A) ‘ .

0.6 0.8 1.0 1.2 1.4
Occupancy ratio (M2/M1)

Do

(1407)

1.6

o

(Kcal/mol)
S & o &
I

(1405)

-2+

(1406) d

CFSE
N
(3,

"Ni*(1504)
*

0.20 0.25 0.30 0.35 0.40
Occupancy ratio (M2/(M1+M3))

relation between occupancy ratios and effective ionic radii (Shan-
non 1976; Huheey 1983) for Ni**, Co?*, and Zn?* in clinoenstatite
(SS1604A-C). Ol olivine, Cen clinoenstatite, Wd wadsleyite. Site
occupancies of Ni’*, Co**, and Zn** for SS1405-1407 wadsleyite
were reported by Zhang et al. (2016)

metal-oxygen bonds (Fig. 2; Appendix Table 6). Accord-
ingly, as shown in Tables 2 and 3, Ni** is observed to pref-
erentially partition into ringwoodite relative to coexisting
wadsleyite due to the large CFSE value and small cation size
of Ni>* with DJ'/"!=4.13.

Petrological implications

Crystal field theory predicts that Ni**, because of its large
CFSE value in octahedral coordination in minerals, should
remain in refractory solid phases during partial fusion
and are unlikely to be leached from octahedral sites in the
oxide mineral structures by permeating aqueous solutions
or partial melting. As a result, Ni is strongly enriched in
the mantle but depleted in the continental and oceanic-
crust (about 50-200 ppm) (e.g., Burns 1993). In addition,
slab partial melts are also expected to have relatively low
Ni concentrations (several 10 ppm at the most), since Ni
is retained in residual phases in the subducting slab (e.g.,
Beattie et al. 1991; Straub et al. 2008). According to the
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Fig.4 a Correlation between partition coefficient (D°C°") and esti-
mated crystal field stabilization energy (McClure 1957; Dunitz and
Orgel 1957) for Ni**, Co®*, and Zn>" in coexisting olivine and cli-
noenstatite (SS1604A-C). b Correlation between partition coefficent
(DVYCeny and estimated crystal field stabilization energy (McClure
1957; Dunitz and Orgel 1957) for Ni**, Co?*, and Zn* in coexisting

estimated partition coefficients listed in Table 3 and previ-
ous studies on minor metal element distribution (Hakli and
Wright 1967; Mercy and O’Hara 1967; Gudfinnsson and
Wood 1998; Mibe et al. 2006), the distributive tendencies
of Ni decrease in the order ringwoodite > wadsleyite > oli-
vine > clinopyroxene > orthopyroxene > garnet, indicating
that significant Ni-rich mineral phases in the deep upper
mantle and the transition zone should be olivine, wadsley-
ite, and ringwoodite. Ni partitioning between the major
upper-mantle phases implies that Ni-rich olivine in ultra-
mafic rocks can be indicative of near-primary magmas.

Previous chemical analyses of the minerals in garnet-
peridotite xenoliths from kimberlites showed that the
partitioning of Ni between garnet and olivine is strongly
temperature-dependent and the range of Ni contents in
olivines is smaller than that in garnets. Therefore, Ni in
garnet was proposed as a geothermometer (e.g., Griffin
et al. 1989). Since crystal field effect is increasingly sig-
nificant with rising pressure, Ni contents controlled by
octahedral site occupancies of Ni** in garnet and coex-
isting olivine may also be pressure sensitive. Further
constraints of the pressure effect can be achieved experi-
mentally by crystal chemistry of Ni substitution in these
mineral phases.

Conclusions

First, Ni, Co, and Zn preferentially partition into olivine
and wadsleyite relative to coexisting clinoenstatite. Ni**
partitions into ringwoodite relative to coexisting wads-
leyite. Crystal structure refinements indicate that CFSE

wadsleyite (SS1405-1407 reported by Zhang et al. 2016) and clinoen-
statie (SS1405-1407). ¢ Correlation between partition coefficients
(DVIOY reported by (Gudfinnsson and Wood 1998) and estimated
crystal field stabilization energy (McClure 1957; Dunitz and Orgel
1957) for Ni2* and Ca* in coexisting olivine and wadsleyite, Ololi-
vine, Cen clinoenstatite, and Wd wadsleyite

controls both cation ordering and transition metal par-
titioning in coexisting upper mantle and transition zone
minerals.

Second, the cation ordering of Co?* in clinoenstatite
synthesized at 12 GPa is inconsistent with that in clinoen-
statite synthesized at 15 GPa, implying crystal field effect
on cation ordering and element distribution is more critical
in the transition zone compared to the upper mantle due to
decreasing metal-oxygen distances with rising pressure.

Finally, Ni partitioning between the major upper-mantle
phases implies that Ni-rich olivine in ultramafic rocks can
be indicative of near-primary magma.
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