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Abstract

Scandium is important in modern technology and is regarded as a strategic metal in many countries. It is highly dispersed
in Earth’s crust and rarely forms independent minerals. Clinopyroxene is the most important Sc-bearing mineral in some
world-class deposits hosted in mafic—ultramafic intrusions, which are also the major source of laterite-hosted Sc deposits.
However, the factors controlling Sc distribution in minerals have been little explored, impeding the understanding of the geo-
chemical behavior of Sc and why it is common in some clinopyroxene grains. The newly discovered Mouding Sc deposit in SW
China is hosted in a zoned intrusion composed, from core to rim, of monzogabbro, syenogabbro, gabbro, magnetite clinopy-
roxenite, and clinopyroxenite. Clinopyroxene in the intrusion is diopsidic in composition with high Sc contents (80-105 ppm).
In-situ trace element mappings of diopside crystals reveal homogeneous, zoned, swallow-tailed, and hourglass internal Sc dis-
tribution patterns. These patterns can be produced through kinetically controlled incorporation of Sc on different crystal
faces. The preferential substitution of Sc can take place on the {1 0 0}, {1 1 0} and {0 1 0} prism faces because of the high
flexibility of the octahedral M1 protosites. The fast growth of diopside, which facilitates kinetically controlled crystallization,
is dominated by textural coarsening and promoted by the hydrous parental magmas with low viscosities and active convec-
tion. The active flow and efficient interstitial communication of the magma can direct compatible elements from the magma
into clinopyroxene, thus favoring formation of Sc-rich grains. Our study provides a feasible way to study intra-grain varia-
tions of Sc in minerals and emphasizes that kinetic effects may play a critical role in Sc distribution and enrichment in hydrous
magmatic Sc deposits. We also show that disequilibrium crystallization may be more pervasive than previously thought, and
the hourglass zoning of clinopyroxene can provide valuable information on this process.
© 2022 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Scandium is an important metal for production of solid
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2015; Williams-Jones and Vasyukova, 2018). In nature,
many metals with lower abundances than Sc, e.g., Pb,
Mo, Sb, and Au, form independent deposits, whereas Sc,
as one of the 36 most abundant elements in the crust
(Wedepohl, 1995), is highly dispersed and rarely concen-
trated sufficiently to form economic deposits. Sc-rich miner-
als, thortveitite [(Sc,Y),Si,0,] and bazzite [Bes(Sc,
Al),SigO;g] in pegmatites, have formerly been mined as
by-products (Wang et al., 2021), but these sources are insuf-
ficient to meet modern demands. Currently, Sc-rich mag-
matic intrusions, including Alaskan-type mafic—ultramafic
intrusions, ferrodiorite and ferrosyenite, are estimated to
host most of the global Sc reserves (Daigle, 2017;
Halkoaho et al., 2020; Wang et al., 2021). Such bodies
can also be the source of Sc in world-class, laterite-hosted
deposits (Chassé et al., 2017, 2019). Understanding the geo-
chemical behavior of Sc in magmatic processes is therefore
important for understanding the metallogenesis of Sc
deposits.

Although classified as a rare earth element (REE), Sc
has a much smaller radius (0.87 A, VIII SCS+) than the
other REEs (1.16-0.97 A) (Shannon, 1976) and is not com-
mon in REE deposits (Williams-Jones and Vasyukova,
2018). In some circumstances, Sc is closely associated with
minerals containing Fe, Mg, and high field strength ele-
ments (HFSEs) (e.g., Kempe and Wolf, 2006;
Kalashnikov et al., 2016), such as clinopyroxene (median
value ~60 ppm), amphibole (~48 ppm), garnet
(~115 ppm) (Samson and Chassé, 2016; Chassé et al.,
2018) and some HFSEs-bearing minerals, such as badde-
leyite, columbite, ilmenite, wolframite, and cassiterite
(Wise et al, 1998; Kempe and Wolf, 2006; Kalashnikov
et al., 2016). Among these minerals, clinopyroxene is the
most common and abundant, especially in mafic—ultramafic
intrusions. However, the mechanisms controlling Sc enrich-
ment in clinopyroxene cumulates are poorly understood
and the large variations in concentration of clinopyroxene
in ultramafic rocks (48-146 ppm, Wang et al., 2021) may
not be due simply to variations in partition coeflicients
and magma compositions. On the micro-scale, Sc can be
hosted as solid solutions in more than 100 minerals, and
the intra-grain distribution of Sc is commonly highly
heterogeneous and complex (McCarron et al., 2014;
Copjakové et al., 2015; Ubide et al., 2015; Cook et al.,
2016). Deciphering the factors and processes behind the
core-rim variations of Sc in clinopyroxene is essential to
understanding the enrichment of Sc in minerals and the
genesis of world-class Sc deposits.

In this study, we describe the occurrence of Sc in the
Mouding deposit located in SW China, which is currently
the largest known clinopyroxenite-hosted Sc deposit in
the country. We illustrate the complex intracrystalline dis-
tribution of Sc in clinopyroxene by detailed studies of in-
situ Sr isotopes, trace element concentrations, and electron
backscatter diffraction (EBSD) analyses. The nucleation
and growth history of clinopyroxene are examined by crys-
tal size distribution (CSD) analysis in order to decipher the
conditions favorable for formation of Sc-rich clinopyrox-

ene. Our study shows that kinetic effects may play an
important role in Sc partitioning in minerals.

2. GEOLOGICAL BACKGROUND OF THE MOUDING
SC DEPOSIT

The South China Craton is composed of the Yangtze
Block in the North and the Cathaysia Block in the South
(Fig. 1A). The Yangtze Block has an Archean-
Paleoproterozoic crystalline basement, which is uncon-
formably overlain by Neoproterozoic and Sinian sedimen-
tary successions (Zhao and Cawood, 2012). In the
Yangtze Block, minor Archean and Paleoproterozoic base-
ment assemblages are locally exposed in the northern part,
whereas late Mesoproterozoic to early Neoproterozoic,
metamorphosed, volcanic-sedimentary strata are wide-
spread in the southeastern part (i.e., in the Jiangnan Oro-
gen) and in the western and northern margins of the
block (i.e., Panxi-Hannan Belt). Phanerozoic sedimentary
rocks of the Yangtze Block are composed of interstratified
limestone, dolomite, sandstone, conglomerate, black shale,
and siliceous slate (Wang et al., 2013).

Widespread Permian continental flood basalts and
related mafic—ultramafic intrusions of the Emeishan Large
Igneous Province (ELIP) are exposed in the western part
of the Yangtze Block (e.g., Zhang et al., 2006, 2009). The
Mouding mafic-ultramafic intrusion is located in the SW
part of the ELIP where it is bounded by the NS-trending
Panzhihua and Lvzhijiang faults (Fig. 1A). Numerous
mafic-(ultramafic) intrusions have been discovered around
the periphery of the Mouding intrusion, such as the Aoxihe,
Anyi, and Fulongji bodies (Fig. 1A), many of which are clo-
sely associated with magmatic Cu-Ni sulfide and Pt-group
element (PGE) deposits. However, the ages of these intru-
sions are poorly constrained except for the Anyi
(247 £ 3 Ma; Yu et al., 2014) and Zhubu (263 £+ 6 Ma) bod-
ies (Zhou et al., 2013; Tang et al., 2017). A few Mesopro-
terozoic granitic plutons are also exposed north of the
Mouding intrusion (Fig. 1A; Fu et al., 2015).

The Mouding intrusion is likely coeval with the ELIP. It
forms a horn-shaped lopolith dipping 30-20° to the south-
east, which was formerly eroded and is now partially cov-
ered by Quaternary sediments. It has an exposed area of
0.15 km? with a core of monzogabbro that grades outward
through syenogabbro, gabbro, and magnetite clinopyroxen-
ite to clinopyroxenite (Fig. 1B and C). Several diorite dikes
intrude the north and northeastern parts of the intrusion.
The Sc-bearing ore bodies are mainly clinopyroxenites with
an estimated Sc reserve of ~470 t at grades of 40—70 ppm Sc
(Zhu, 2010). These bodies are generally massive and
medium-grained with granular textures (Fig. 2), and consist
of olivine (~5%), clinopyroxene (60-75%), Fe-Ti oxides (2—
15%), K-feldspar (5-25%) and minor biotite (3-5%); the
magnetite clinopyroxenites have similar mineral assem-
blages except for higher Fe-Ti oxides (15-25%) and gener-
ally lower K-feldspar (<10%). Most of the clinopyroxene
grains are large (up to 8§ mm long), euhedral, columnar
crystals with clear boundaries. Primocrysts of clinopyrox-
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Fig. 1. (A) Distribution of mafic—ultramafic intrusions in SW China. The insert map shows the location of the study area. (B) A simplified
geological map of the Mouding mafic-ultramafic intrusion. (C) Cross-section view of the intrusion (Guo et al., 2012).

ene form the framework of the rocks, and the interstices are
filled with K-feldspar, magnetite, and minor biotite. Mag-
netite generally forms large, anhedral in grains the clinopy-
roxenite but small, euhedral crystals in the magnetite
clinopyroxenite. Accessory minerals include apatite, pyrite
and chalcopyrite, which are commonly enclosed in biotite
and clinopyroxene.

3. METHODOLOGY
3.1. In-situ major element analysis

Major element compositions of the clinopyroxene were
obtained with a JXA-8230 electron microprobe at The
University of Hong Kong. The operating conditions were
set at an accelerating voltage of 15 kV, a beam current of
20 nA, and a beam diameter of 2-4 pm. Peak counting

times ranged from 10 to 30 s for different elements, and
the background duration was 20 s. Data reduction followed
ZAF correction procedures. The precisions for measured
elements are better than 1%.

3.2. In-situ trace element analysis and mapping

Trace element compositions and whole-grain maps of
the clinopyroxene were obtained by Laser Ablation Induc-
tively Coupled Plasma Mass Spectrometry (LA-ICP-MS)
on thin sections using a GeoasPro 193 nm ArF excimer
laser coupled to a quadrupole-based Agilent 7900 MS at
the Ore Deposit and Exploration Centre (ODEC), School
of Resources and Environmental Engineering, Hefei
University of Technology, Hefei, China. Analytical param-
eters were set at an ablation frequency of 10 Hz with an
energy of 5 J/cm?, and a spot diameter of 60 pm. Each anal-
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Fig. 2. Optical features and clinopyroxene distribution of (A) magnetite clinopyroxenite and (B) clinopyroxenite. A-1 and B-1 are
photomicrographs under plane polarized light. A-2 and B-2 are photomicrographs under crossed polar. A-3 and B-3 are manually outlined

clinopyroxene grains.

ysis consisted of 20 s background measurement, 40 s data
acquisition, and 20 s Argon purification. Isotope **Ca
was used as an internal standard, and multiple reference
materials, including NIST 610, NIST 612, BIR-1G and
BHVO-2G, were used as external standards for quantifying
the trace element data. The standards were measured after
every fifteen spot analyses. Time-drift corrections and data
calibration were performed by ICPMSDataCal (Liu et al.,
2008) and the precisions are better than 10%.

For element mapping, the laser beam was set at 30 um
with a speed of 20 pm/s. Images were compiled and pro-
cessed using the empirical cumulative density function
based on the LIMS (Laboratory Information Management
System) (Wang et al., 2017), a user-friendly software based
on Matlab that has similar functions to those of Monocle
software (Petrus et al., 2017). The multiple external without
internal standards calibration method was applied to over-
come the matrix effects. Euhedral clinopyroxene crystal sec-
tions with clear and complete crystal faces free of visible

inclusions were selected for mapping. Crystal section
lengths ranged from 1.4 to 7.8 mm to assure a high resolu-
tion of the element mapping.

3.3. In-situ Sr isotope analysis

In-situ clinopyroxene Sr isotope compositions were
obtained using a Neptune Plus Multi-Collector Inductively
Coupled Plasma Mass Spectrometer (MC-ICP-MS) in com-
bination with a Geolas HD excimer ArF laser ablation sys-
tem at the Wuhan Sample Solution Analytical Technology
Co., Ltd, Wuhan, Hubei, China. Spot sizes ranged from 90
to 160 pm depending on the Sr concentration of the
clinopyroxene grain. The laser pulse energy was kept at
~10 J/em? and the repetition frequency ranged from 8 to
15 Hz. The output data from the MC-ICP-MS were pro-
cessed using Iso-Compass software (Zhang et al., 2020).
A synthesized  clinopyroxene  glass (CPXO05G,
Sr = 518 ppm) was used to monitor the accuracy of the cal-
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ibration method. A natural clinopyroxene megacryst
(HNB-12) with a low Sr concentration (62.2 ppm) was ana-
lyzed as an internal standard and the measured results are
consistent with the recommended isotope ratios (¥’Sr/%°Sr =
0.7040 + 0.0003; Tong et al., 2016).

3.4. Crystal Size Distribution (CSD) analysis

The clinopyroxene CSD data were obtained by convert-
ing 2-D thin section measurements to 3-D textural param-
eters according to stereology theory (Higgins, 2000).
Representative whole thin sections were scanned under a
High-Resolution Olympus DSX1000 digital microscope.
The grain boundaries were carefully outlined manually with
the aid of cross-polarized light images, and any enclosed
Fe-Ti oxides were excluded. More than 800 crystals were
outlined in each thin section to reduce statistical uncertain-
ties. The minimum crystal size outlined was ~0.01 mm.
Incomplete crystals were excluded by an irregular envelope
drawn around the outer rim of the thin section to avoid an
edge effect. The 2-D apparent sizes and orientations of the
crystals were measured by ImageJ (Schneider et al., 2012),
and 3-D true crystal shapes were calculated by CSD slices
(Morgan and Jerram, 2006). The best-fit short:intermedi-
ate:large (S:I:L) ratio of the crystal size (1:1.8:2.7,
R? = 0.9) and an average crystal roundness of 0.6 was set
to calculate the CSD patterns by CSDCorrection 1.6
(Higgins, 2000). In this study, the patterns are displayed
in the form of typical semi-logarithmic diagrams (Marsh,
1988).

3.5. Electron Backscatter Diffraction (EBSD) analysis

Local crystal orientations of diopside were measured by
EBSD with a Leo 1530 Field Emission Gun Scanning Elec-
tron Microscope at the Electron Microscope Unit, the
University of Hong Kong. Thin sections were polished with
a 0.05 pm alumina suspension for 8 hours, coated with a
thin carbon layer, and tilted to 70° in the sample chamber.
The accelerating voltage was set at 20 kV and the mapping
was performed with a step size of 10 x 10 um. Data acqui-
sition and processing were achieved using the CHANNEL 5
software designed by HKL Technology APS Ltd. (Oxford,
United Kingdom).

4. RESULTS

Diopside crystals from the clinopyroxenite units of the
Mouding intrusion have high MgO (14.0-15.6 wt.%),
CaO (21.4-22.5 wt.%) and TiO, (1.16-1.97 wt.%), but low
Al,O3 (2.20-3.88 wt.%) and FeO (6.33-7.83 wt.%) contents
(Table 1). They contain high Sc (80-105 ppm), V (230—
346 ppm), Ni (132-179 ppm), and Sr (126-173 ppm), but
have low total REE contents (71-110 ppm) (Table 2). The
87Sr/36Sr ratios of the clinopyroxene range from 0.7069 to
0.7084 (Table 2).

Various zoning patterns are visible under cross-
polarized light (Fig. 2). Elongate clinopyroxene grains com-
monly show sector or hourglass zoning, whereas stout
grains generally display banded zoning or are homoge-

neous. Four types of internal patterns of Sc distribution
have been recognized. Representative euhedral diopside
grains for each type are listed in Fig. 3 with more examples
shown in Fig. S1. In the Type 1 distribution pattern, Sc is
relatively homogeneous, except for some cracks showing
low Sc contents. In the Type 2 pattern, Sc is enriched along
the diopside rims, although the enrichment is commonly
not symmetrical. Diopside grains showing Type 1 and 2
patterns are cut nearly perpendicular to the {0 0 1} faces,
and their length to width ratios are both small (1.8-2.6).
Type 3 distribution patterns of Sc are swallow-tailed, which
is commonly semi-symmetrical, whereas Type 4 patterns
are hourglass-shaped, and the enrichment areas are sym-
metrical. Diopside grains with Type 3 and 4 patterns are
cut nearly perpendicular to the {1 0 0} or {0 1 0} faces,
and their length to width ratios are high (3.0-4.0). Except
for the Type 1 distribution pattern, the spatial distribution
of Sc can be divided into Sc-rich and Sc-poor domains.
Other trace elements in diopside, including Nb, Ta, Zr,
Hf, REEs and V, as well as some major elements, such as
Al and Ti, show broadly similar enrichment patterns with
Sc (see Fig. 4 for representative grains and Fig. S2 for more
examples).

5. DISCUSSION

Elemental zoning patterns in clinopyroxene, especially
Type 2, are generally attributed to compositional variations
of the host magma (e.g., Tecchiato et al., 2018; Li et al.,
2020). If so, the Sc-rich domains would have resulted from
either an increase of Sc content in the magma or an increase
in the Sc partition coefficient between clinopyroxene and
the melt (D¢px-sc). In order to test this hypothesis, we used
in-situ element and Sr-isotope data of representative
clinopyroxene grains. Results from the in-situ analyses are
consistent with the compositional maps of Sc-rich and Sc-
poor domains (Fig. 5B and C). Given that Sc is compatible
in clinopyroxene, an evolved magma depleted in Sc would
be expected to produce a Sc-poor domain on the rims of
the diopside, which is not the case here. Alternatively, the
enrichment of Sc along the rims could indicate replenish-
ment by a more primitive magma with a higher Sc content.
However, such a process should simultaneously lead to
enrichment of Mg# values and Ni contents in the magma
and consequently in the diopside that crystallized from it.
This is inconsistent with the decrease of the Mg# values
in the Sc-rich domains, and the overall constant Ni concen-
trations (Fig. 5D and E). Therefore, it is unlikely that the
observed enrichment of Sc in Mouding diopside was due
to an increase of Sc content in the magma.

Partition coefficients (D) of trace elements between
clinopyroxene and melt vary with temperature, pressure,
H,O content, and melt composition. For Sc, the Dcpy.sc
value is mainly controlled by the magma composition, in
which the LnD,,s. value has an excellent negative correla-
tion with the LnMgO value (R?> = ~0.9) (Bédard, 2014).
Consequently, the observed decrease of the Mg# values in
the Sc-rich domains (Fig. 5E) may correspond to an
increase in LnDcpy.sc. Abrupt decreases in the MgO content
of magma can result from the assimilation of silicious



Table 1

Major oxide compositions of clinopyroxene in clinopyroxenite and magnetite clinopyroxenite of the Mouding mafic—ultramafic intrusion.

Sample zk001-  zk001-  zk0Ol-  zk001- ~ zk0Ol-  AYI8- AYI18-  AYI8- AY18- AY18- AY18- AY18- AY18- AY18- AY18- AY18-
number 35-cpx-  35-cpx-  35-cpx-  33-cpx-  33-cpx-  05- 5-0002 S-edge- S-edge- S-core- S-core- 04 04 04 04 CPX- 04 CPX-
01 02 03 02 05 0001 5-01 6-01 1-01 1-02 CPX-01 CPX-02 CPX-03 2-01 2-02
SiO, 51.80 51.65 49.70 50.71 50.31 50.40 51.42 49.28 48.80 50.76 50.74 49.59 50.28 51.03 48.91 49.91
TiO, 1.20 1.24 1.16 1.48 1.48 1.49 1.41 1.75 1.97 1.35 1.41 1.64 1.43 1.24 1.95 1.53
AlLO; 2.55 2.54 2.53 3.01 2.99 2.95 2.92 3.52 3.84 2.66 2.75 3.65 3.08 2.21 3.88 3.05
FeO 6.35 6.55 6.33 6.99 6.70 7.35 7.19 7.49 7.81 7.80 7.83 7.56 7.04 7.03 7.56 7.03
MnO 0.16 0.12 0.10 0.09 0.08 0.14 0.16 0.12 0.09 0.17 0.16 0.11 0.10 0.11 0.14 0.14
MgO 15.58 15.58 14.83 15.05 14.73 15.00 15.15 14.44 14.17 14.14 14.29 14.03 14.70 15.48 14.31 14.85
CaO 22.09 22.03 21.44 22.12 21.64 21.76 22.16 21.94 21.96 21.91 22.18 22.46 22.53 22.31 22.37 21.99
Na,O 0.46 0.38 0.40 0.45 0.45 0.42 0.42 0.47 0.48 0.44 0.45 0.44 0.48 0.37 0.47 0.41
Total 100.19 100.09 96.49 99.90 98.38 99.51 100.83 99.01 99.12 99.23 99.81 99.48 99.64 99.78 99.59 98.91
Atom Units
Si 1.902 1.900 1.897 1.873 1.887 1.871 1.883 1.841 1.824 1.898 1.885 1.847 1.863 1.886 1.818 1.863
Ti 0.033 0.034 0.033 0.041 0.042 0.042 0.039 0.049 0.055 0.038 0.039 0.046 0.040 0.034 0.055 0.043
Al(T) 0.098 0.100 0.103 0.127 0.113 0.129 0.117 0.155 0.169 0.102 0.115 0.153 0.135 0.096 0.170 0.134
Al(M1) 0.012 0.010 0.011 0.004 0.019 0.000 0.009 0.000 0.000 0.015 0.006 0.008 0.000 0.000 0.000 0.000
Fe*" 0.052 0.048 0.055 0.073 0.043 0.076 0.060 0.098 0.106 0.043 0.063 0.085 0.094 0.090 0.119 0.084
Fe*" 0.143 0.154 0.147 0.143 0.168 0.152 0.161 0.136 0.138 0.201 0.180 0.151 0.124 0.128 0.117 0.136
Mn 0.005 0.004 0.003 0.003 0.003 0.004 0.005 0.004 0.003 0.005 0.005 0.003 0.003 0.003 0.004 0.004
Mg 0.853 0.855 0.844 0.829 0.824 0.830 0.827 0.804 0.790 0.788 0.791 0.779 0.812 0.853 0.793 0.826
Ca 0.869 0.868 0.877 0.875 0.870 0.866 0.870 0.878 0.880 0.878 0.883 0.896 0.895 0.883 0.891 0.880
Na 0.033 0.027 0.030 0.032 0.033 0.030 0.030 0.034 0.035 0.032 0.032 0.032 0.034 0.027 0.034 0.030
Total 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000
Mg# 81.4 80.9 80.7 79.3 79.7 78.4 79 71.5 76.4 76.4 76.5 76.8 78.8 79.7 77.1 79
Wo 453 45.1 45.6 45.6 45.7 45 45.4 45.8 46 46 46 46.9 46.5 452 46.4 457
En 44.5 44.4 439 43.2 433 43.1 43.1 42 41.3 41.3 41.3 40.8 422 43.7 41.3 429
Fs 10.2 10.5 10.5 11.2 11 11.9 11.5 12.2 12.8 12.8 12.7 12.3 11.3 11.1 12.3 11.4
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Table 2
Major oxide, trace element and Sr isotopes of a representative diopside crystal. Analytical positions are shown in Fig. 5 (A) as blue dots.

(443

Point 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22

Sc-poor domain Sc-rich domain

wt.%

Si0, 52.1 51.9 51.9 52.0 51.7 51.6 51.6 51.7 514 51.4 51.4 51.2 51.3 51.3 51.3 48.6 48.9 48.6 49.0 49.2 49.2 49.7
TiO, 1.12 1.10 1.09 1.11 1.15 1.08 1.08 1.09 1.11 1.10 1.09 1.17 1.11 1.11 1.10 1.66 1.60 1.70 1.54 1.47 1.47 1.40
ALO; 2.22 2.20 2.20 2.21 2.26 2.34 230 228 2.29 2.30 224 245 2.24 2.24 223 4.16 4.15 4.25 3.84 3.46 3.54 3.55
FeO 6.01 6.05 6.04 6.09 6.13 6.07 6.04 6.01 6.02 6.09 6.08 6.14 6.00 6.13 6.00 6.67 6.55 6.62 6.43 6.38 6.43 6.04
MnO 0.17 0.17 0.17 0.17 0.16 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.16 0.16 0.16 0.16 0.16 0.16 0.17
MgO 16.1 16.1 16.2 16.2 16.2 16.1 163 162 163 16.3 164 164 16.4 16.5 16.5 15.5 15.6 15.6 15.8 16.1 16.2 15.8
CaO 21.7 21.9 21.8 21.6 21.9 22.0 21.9 22.0 22.1 22.0 22.0 21.9 22.1 22.0 22.1 225 224 224 22.5 22.5 22.3 22.7
Na,O 0.28 0.28 0.29 0.28 0.29 0.30 031 0.29 0.30 0.30 0.30 0.32 0.35 0.30 0.29 0.35 0.36 0.35 0.35 0.35 0.35 0.37

ppm
Li 501 453 405 466 468 376 358 408 359 401 438 419 316 402 468 426 371 458 389 353 422 347
Sc 862 848 824 842 853 800 824 822 842 820 820 842 834 830 8.6 105 104 971 994 917 923 819
\% 236 235 230 236 240 239 235 238 239 240 239 245 239 236 236 346 339 335 323 302 306 279
Cr 253 235 241 239 246 254 262 253 241 261 255 274 247 250 255 395 396 382 387 366 350 138
Co 578 577 569 576 572 565 556 571 571 568 568 577 561 597 571 576 567 561 562 571 575 507
Ni 174 174 171 172 174 173 175 179 173 173 174 173 171 178 176 169 176 176 176 173 175 132
Cu 040 044 051 008 024 000 0.6 004 000 033 024 021 029 000 008 003 034 030 010 192 000 026
Zn 359 368 390 393 390 353 386 39.0 388 368 374 390 373 398 391 363 359 363 410 369 376 344
Ga 577 557 545 565 591 632 583 582 561 606 618 641 663 583 602 938 925 102 887 848 811 857
Ge 348 284 203 423 216 293 239 379 285 440 326 420 385 234 355 276 376 346 293 394 420 3.69
As 118 108 019 072 000 162 028 063 108 015 000 012 1.5 106 077 1.0 092 005 140 128 064 085
Sr 131 132 130 129 136 126 133 132 130 129 128 135 144 132 133 157 159 156 159 149 148 173
Y 950 955 933 960 959 9.8 979 923 965 922 933 98 102 933 954 130 122 126 117 110 112  13.0
Zr 444 410 404 425 449 447 395 41.6 438 395 415 469 468 427 433 828 822 798 726 623 657  73.0
Nb 016 016 017 012 028 021 026 022 024 016 016 027 028 018 020 039 035 054 048 043 040  0.35
Sn 128 135 112 170 196 125 137 137 140 158 119 173 158 180 131 238 187 196 216 150 155 1.69
Ba 010 016 010 011 000 016 006 021 013 016 021 013 013 013 006 006 000 008 007 019 014 023
La 759 747 761 746 797 694 793 766 774 722 728 862 943 738 734 1213 1155 1143 1090 991 1023 11.33
Ce 2497 2482 2451 2468 2566 23.65 2549 2526 24.80 2498 24.54 2836 29.90 2533 2442 38.60 37.75 3831 3539 3291 3262 38.02
Pr 438 397 394 416 445 384 413 407 429 407 386 454 492 426 418 641 602 627 548 519 521 624
Nd 2276 2177 2061 2214 2241 2078 2091 21.89 21.85 21.18 21.22 2445 2343 21.18 21.74 32.67 31.77 31.66 2949 2743 2651 32.18
Sm 516 448 420 506 534 522 483 516 4.63 492 453 538 454 477 475 649 679 724 637 598 563  7.33
Eu 131 136 132 145 151 129 136 132 138 127 137 136 143 142 140 184 185 180 164 175 163 202
Gd 390 360 396 411 381 413 367 353 375 363 375 380 396 366 3.8 531 542 507 498 456 401  5.69
Tb 051 052 044 055 049 045 046 049 051 049 048 046 050 043 046 0.67 065 061 058 053 058 075
Dy 225 246 229 230 238 247 200 244 268 223 212 259 235 254 255 328 307 331 304 258 255 344
Ho 042 041 040 040 048 037 040 038 045 038 040 041 039 036 041 057 055 056 055 048 045 057
Er 098 097 081 093 081 089 086 1.03 087 090 1.00 08 082 113 083 125 131 131 108 094 108 131

Tm 0.11 0.09 0.10 0.12 0.13 0.11 0.11 0.09 0.11 0.10 0.09 0.10 0.09 0.10 0.12 0.15 0.15 0.17 0.13 0.14 0.12 0.19
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rocks, which is consistent with the elevation of Sr concen-
trations in the Sc-rich domains (Fig. 5F). However, such
an interpretation is not supported by the constant 3’Sr/%Sr
values (Fig. 5G). Therefore, we conclude that composi-
tional changes in the melt, coupled with variations in D.
cpx-se» did not cause the observed Sc variations in the
Mouding clinopyroxene, or at least they were not the pri-
mary controls.

Subsolidus re-equilibration during magma cooling may
produce core-rim variations, which can be complicated by
anisotropic diffusion (e.g., Cherniak and Liang, 2007;
Sun, 2021). Unfortunately, a lack of diffusion rate for Sc
in diopside precludes direct testing of this hypothesis.
Nonetheless, Sc has similar distribution patterns with Al
(Fig. 4), which has a low diffusion rate in clinopyroxene
(Watson and Liang, 1995), implying that the diffusion rate
of Sc should be low as well and the effect of subsolidus dif-
fusive exchange of Sc should be negligible.

5.1. Kinetic control on Sc distribution in diopside

Previous studies of Ti-rich augite have shown that Al
and Ti have a stronger tendency to be incorporated into
the {1 0 0}, {1 10}, and {0 1 0} faces than in the {1 1 1}
face when the degree of supercooling (AT) is lower than
32 °C (Masotta et al., 2020). Some trace elements also show
preferential enrichment in the {1 0 0}, {1 1 0}, and {0 1 0}
faces, such as Nb, Ta, Zr, Hf, REEs and V in the prism sec-
tors, which are attributed to their high sensitivities to crys-
tallization kinetics (Ubide et al., 2019). However, Sc does
not appear to follow this rule, as evidenced by its enrich-
ment in concentric zones (Ubide et al., 2019), leading to
the conclusion that Sc distribution is mainly controlled by
magma recharge or mixing. However, our study shows that
Al, Ti, Nb, Ta, Zr, Hf, REEs, V, and Sc all have similar dis-
tribution patterns in our studied diopside crystals (Fig. 4),
implying that they are controlled by similar processes.
EBSD analysis indicates that Type 1 and 2 distribution pat-
terns are perpendicular to the {0 0 1} face, whereas Type 3
and 4 patterns are perpendicular to the {0 1 0} or {1 0 0}
faces (Fig. 3; Fig. S1). Given that prismatic Al and Ti
cross-cutting patterns in Ti-rich augite (Welsch et al.,
2016; Ubide et al., 2019) are similar to those of the Type
3 patterns of Sc in this study, we propose that the enrich-
ment of Sc in clinopyroxene is also due to preferential
incorporation at specific crystal faces.

If crystal growth is due to the gradual adsorption of lay-
ers of unit cells on each face, the development of sector or
hourglass zoning would mainly be reflecting the character-
istics of the adsorption layers (Dowty, 1976). The admissi-
bility of cations into different adsorption layers depends
chiefly on the configuration of protosites, which are par-
tially formed structural sites on crystal surfaces
(Nakamura, 1973). Protosites with higher flexibility would
generally be more replaceable. The flexibility of protosites
can be inferred by the least number of bonds divided by
the total number of potential bonds in the first coordination
sphere to the crystal side (Nakamura, 1973). Scandium has
an ionic radius similar to that of Mg (Shannon, 1976), and
prefers octahedral M1 sites in diopside with coordination
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Fig. 3. Characteristics and Sc distribution patterns for diopside crystals in the Mouding intrusion. The first column (1-4) refers to the four Sr
distribution patterns in our study. Column two shows photomicrographs under a petrographic microscope showing optical features of the
grains under crossed polar. Column three show the crystal orientations from EBSD analysis. The colors (red, cyan, and green) indicate the
{001}, {010}, and {1 0 0} orientations perpendicular to the plane of the page, respectively. Column four provides distribution maps of Sc
abundance in each grain from the LA-ICP-MS trace element mapping. The color columns on the righthand side reflect the abundance of Sc in
the grains with absolute values in ppm. More EBSD analytical results are shown in Fig. S1. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

numbers of 6 (Nazzareni et al., 2013). For the M1 site, three
types of protosite configuration are commonly shown: the
3/6, 4/6, and 5/6 sites (Fig. 6A1-A3). The 3/6 site is the
most preferable configuration for substitution because it
has the highest flexibility. Significant degrees of substitution

can also occur at the 4/6 site, whereas the 5/6 site has a low
preference for foreign cations (Dowty, 1976).

Modeling of the protosite configuration of diopside was
performed with the aid of VESTA software (Momma and
Izumi, 2011). Classical cell parameters for diopside were
adopted (a = 9.946, b = 8.899, ¢ = 5.251 A, p = 105.63°)
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Fig. 4. Minor and trace element mapping of euhedral diopside grains showing similar enrichment patterns of Al, Ti, V, Nb, Ta, Zr, Hf, REEs

and Sc. More examples are shown in Fig. S2.

with the space group C 1 2/c 1 (Clark et al., 1969). Atom
positions were set as suggested by Cameron et al. (1973).
The protosite configuration of each face was obtained by
adjusting the cutoff faces and rotating the visual angle.
The M1 site on the {1 0 0} face has a 3/6 configuration,
implying that {1 0 0} should be the most favorable surface
for Sc substitution (Fig. 6). A moderate amount of Sc can
be adsorbed on the {0 1 0} and {1 1 0} faces as suggested
by their 4/6 site configuration. However, Sc cannot easily
enter protosites on the {0 0 1}, {1 1 1} or {2 2 -1} faces
due to their 5/6 configurations. Uncommon {0 2 1},
{33 -1}, {310}, {313}, {-312},and {50 1} faces
may also form (Groth and Krantz, 1880), but the M1 sites
of each of these display 5/6 configurations (Fig. 6). There-
fore, Sc incorporation into diopside is most likely to occur
at the {1 00}, {010}, and {1 1 0} faces.

To simulate the observed Sc distribution patterns, we
modeled the growth of diopside grains in relation to the
generation of different patterns (Fig. 7). Modeling of the
crystal shape and zoning was performed using the software
SHAPE 7.4 (Dowty 1980, 1987). The central distances of
the {1 0 0}, {0 1 0} and {0 O 1} faces are 1.0, 1.8, and
2.7, respectively, following the S:I:L ratios that were
obtained from CSD analyses in this study. The central dis-
tances for {110}, {1 11}, and {22 —1} were set arbitrarily
at 1.6, 2.7, and 2.8, respectively, to best fit the apparent sec-
tion geometry. Uncommon faces were not modelled to
avoid confusion.

Sector zoning of diopside was reconstructed by assum-
ing a linear growth rate for each face (Table 3). In this sce-
nario, the Type 1 and 2 Sc distribution patterns can be
simulated by a series of horizontal sections, i.e., parallel



326 Z.-C. Wang et al./ Geochimica et Cosmochimica Acta 325 (2022) 316-332

L(C) Sc-poor domain

Sc-rich domain
To1
100 N5

€
S e I
= -
%)

L
B
H4
L
HH
H
-
H
HH
4

—-
(2}
HH
A
H
=
(]
kA
]
P
]
P
(u ¥l
[l
i

=Y
4

0.77

0.72

180

160 -

140 =

120

100
0.710

Sr (ppm)
[
HA
L
2
M
Lae)
2]
Ha
ol
K
M1
L)
ol

A
@
A
HH
¥
o
HH
P

0.708

=
s
[ay
A
i
Hi
i

751/
[
]

0.706

0.704
Core Rim
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a representative diopside crystal from core to rim. Analytical
positions are denoted by the blue dots in Fig. A. The results are
given in Table 2. Figs. C-G record compositional trends along the
line of analysis.

to the {0 0 1} face, at different central distances (Fig. 7AI-1
and AI-2). The Type 3 Sc pattern can be reproduced by ver-
tical sections parallel to the {0 1 0} or {1 0 0} face at differ-
ent central distances (Fig. 7AIl-1 and AII-2). However, the
Type 4 Sc distribution pattern cannot be reproduced for
any section orientation, because the prismatic faces must
always be depleted in Sc. Alternatively, assuming an expo-
nential growth rate for the basal faces, and a linear growth
rate for the prism faces (Table 3), the boundaries between
the prismatic and basal faces would be curved rather than
linear. Tilted sections can then intersect the prism-sector—
prism faces and produce the Type 4 Sc distribution pattern

(Fig. 7BII-3). Furthermore, the Type 1-3 Sc distribution
patterns can still be produced in this scenario (Fig. 7BI-1,
BI-2, BII-1 and BII-2). This simple simulation shows that
the growth rates of the basal faces in diopside are not con-
stant, but rather that the Sc distribution patterns are largely
related to the growth rate of each face.

5.2. Magmatic growth of diopside and Sc enrichment

Quantitative analysis of rock textures can aid in under-
standing the dynamics and cooling history of magma bod-
ies and help decipher the nucleation and coarsening
processes of crystals (e.g., Marsh, 1988). The CSD of diop-
side in clinopyroxenite from the Mouding intrusion devi-
ates from the ideal initial CSD pattern by being concave
downward at small crystal sizes, which is reversed at the
2.5 mm size (Fig. 8A). The slopes and intercepts of the off-
set CSD patterns are obviously negatively correlated
(Fig. 8B), indicating the absence of small grains during
crystal coarsening. These observations are consistent with
the communicating neighbor model of textural coarsening,
which commonly occurs when the temperature is close to
the liquidus so that mineral growth rates are high, whereas
the nucleation rates are close to zero (Higgins, 1998). In
natural systems, magmas deviate significantly from dilute
liquids, hence the growth rates of crystals are influenced
not only by their individual sizes but also by their distance
to neighboring minerals (DeHoff, 1991). Studies on natural
systems show that larger grains have higher growth rates
than smaller grains, and that CSD patterns become flat-
tened as crystals grow and coarsen (Higgins, 1998, 2002).
The fast growth of large clinopyroxene crystals in the
Mouding intrusions may have played an important role in
promoting the kinetic controls on element partitioning.

Textural coarsening can maintain permeability in a
magma body, even for high crystal abundances, because
smaller crystals, which tend to hinder melt circulation,
would be dissolved in this process. Another coarsening
mechanism, adcumulus growth, is common in plutonic
rocks, particularly in layered intrusions (e.g., Higgins,
2002). In this process, all crystals tend to grow equally,
resulting in coarsening of small crystals and isolation of
interstitial melts, which then causes a deficiency of compat-
ible elements along the rims of the crystals (e.g., Gao et al.,
2007). In this case, the influence of magma composition
may surpass that of kinetic control on the enrichment of
Sc in clinopyroxene. Clearly, textural coarsening is favored
over adcumulus growth during the formation of Sc-rich
clinopyroxene because active liquid flow and efficient inter-
stitial communication can direct Sc from the entire magma
chamber and from any replenished magma, into the
clinopyroxene. Given that elements can be transferred from
small grains into larger grains via diffusion (Higgins, 2002),
the growth rate of crystals would largely be influenced by
the diffusion rate of specific elements in the magma, which
in turn, is controlled by the magma viscosity. We propose
that low magma viscosities and, therefore, high volatile
contents, profoundly influence textural coarsening. This is
supported by the commonly identified textural coarsening
in hydrous magmatic systems (e.g., natrocarbonatite;
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Fig. 6. (A) Typical protosite configuration of octahedral cation sites. (B-L) Octahedral protosite configuration on different exposed crystal
faces of the diopside. The modeling technique is described in the main text.

Mattsson and Caricchi, 2009) or with volatile-rich minerals
(e.g., amphibole in basalt and fluorapatite in mafic intru-
sions; Zhang et al., 2019; Wang and Wang, 2020).

5.3. Implications for Sc enrichment in minerals and
disequilibrium crystallization

Deciphering the Scincorporation mechanisms in minerals
is critical to understanding the Sc enrichment processes and
the genesis of Sc deposits. A variety of minerals in addition
to clinopyroxene show variable degrees of Sc enrichment
within individual crystals (e.g., Eby, 1973; Liferovich et al.,

1998; Wise et al., 1998; Kempe and Wolf, 2006). Studies of
Scenrichment are sparse, and the reasons for intra-grain vari-
ations of Sc remain ambiguous. Our study shows that trace
element mapping, coupled with local crystal orientation, is
a feasible way to study this problem.

Except for simple core-rim variations, which presumably
result from compositional variations of magmas (e.g.,
Ubide et al., 2015), the distribution patterns of Sc in indi-
vidual grains, such as co-existing banded patterns subparal-
lel to the crystal boundaries and patchy patterns in the
centers of garnet grains (Cook et al., 2016), or dendritic pat-
terns in the centers of epidote grains (Copjakovd et al.,
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Fig. 7. The crystal shape and zoning of the diopside assuming (A) linear growth of all faces and (B) linear growth of prismatic faces and
exponential growth of basal faces. The modeling technique is described in the text.

Table 3

Growth rates of different crystal faces needed to form sector zoning
and hourglass zoning calculated using the SHAPE software. Time
(T) ranges from 0 to 1. The increment is set as 0.02.

Crystal faces Sector zoning Hourglass zoning
{100} 1.00 1.00

{010} 1.80 1.80

{110} 1.60 1.60

{001} 2.70 075+ 1.17T
{111} 2.70 075+ 1.17T
{221} 2.80 075+ 127T

2015), are difficult to explain. We note that minerals with
complex Sc distribution patterns are commonly formed in
fluid-rich systems, in which the growth rates of minerals
are facilitated by the low viscosity and high ion diffusion

rate, which favor textural coarsening (Higgins, 2002).
Nano-scale kinetic effects on trace element zoning have
been demonstrated during mineral crystallization (Wu
et al., 2019) and pseudomorphic replacement reactions have
been shown to occur in hydrous environments (Xia et al.,
2009). Given that many Sc deposits are closely related to
volatile-rich magmas, especially Alaskan-type mafic—ultra-
mafic intrusions that are closely related to arc magmas,
kinetic processes may also govern Sc enrichment of miner-
als in these bodies. We suggest that in addition to composi-
tional variations of magmas, selective substitution of Sc by
other trace elements, and changes in partition coefficients,
kinetic effects may also be important for Sc enrichment in
minerals.

The close association of Sc with HFSEs has long been
recognized in many minerals (e.g., Gramaccioli et al.,
2000; Williams-Jones and Vasyukova, 2018). This was
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explained by either coupled substitution of Sc and HFSEs,
such as Fe*™ + W = Sc¢** 4+ (Nb,Ta)*" in wolframite
(Kempe and Wolf, 2006) and Sc** + (Ti,Sn)** = (Fe,
Mn)*" + (Nb,Ta)’" in columbite (Wise et al., 1998) or
the existence of HFSEs-bearing inclusions in Sc-rich miner-
als (Foord et al., 1993). Our study shows that kinetically
controlled growth can also lead to positive correlations
between Sc and HFSEs such as Nb, Ta, Zr, Hf, Ti and V
(Fig. 9), because HFSEs and Sc all have high activation
energies of desorption, which would likely cause them to
concentrate on prismatic faces (Shimizu, 1981; Ubide
et al., 2019).

Hourglass zoning of clinopyroxene has commonly been
documented in volcanic rocks, especially alkaline basalts
(Ubide et al., 2019 and references therein), but has rarely
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Fig. 9. Positive correlation between the element enrichment factor
(prismatic face concentration versus basal face concentration) and
their charge versus radii (cation radii from Shannon, 1976). Only
elements that tend to be incorporated in the clinopyroxene
octahedral M1 site are shown for clarity. Trachybasalts from Mt.
Etna (Ubide et al.,, 2019) have fine to glassy groundmasses,
implying faster cooling rates than those seen for the alkali olivine
basalts from Bald Mountain (Shimizu, 1981), which have a
holocrystalline groundmass and granular clinopyroxenite similar
to that seen in the Mouding mafic-ultramafic intrusion. Faster
cooling rates may have promoted disequilibrium crystallization and
increased the enrichment factors of elements in the clinopyroxene.

been reported in cumulate rocks (Latypov et al., 2020).
The formation and preservation of disequilibrium textures
require fast crystal growth that exceeds lattice diffusion
(Watson and Liang, 1995), processes most likely to occur
in volcanic rocks. Here we report clear hourglass zoning
of diopside and demonstrate a kinetic control on element
distribution in the Mouding intrusion, which indicates that
the growth rate of clinopyroxene cumulates can be fast and
disequilibrium crystallization can also occur in plutonic
rocks. We further note that elemental enrichment factors
correlate positively with magmatic cooling rates (Fig. 9).
Basalts with fine-grained or glassy groundmasses have the
highest elemental enrichment slopes (Ubide et al., 2019),
whereas those with holocrystalline groundmasses
(Shimizu, 1981) have moderate slopes, and in this study,
clinopyroxenite with granular textures have gentle slopes.
A possible explanation is that higher cooling rates can lead
to faster crystal growth and higher degrees of disequilib-
rium crystallization. This effect is more obvious for ele-
ments with higher Z/r%, such as Nb, Ta, Ti, Zr, and HIf,
than those with lower Z/r2, such as Mn, Fe, Co, Mg, and
Ni (Fig. 9). We propose that the hourglass zoning of
clinopyroxene can provide valuable information on disequi-

Crystal size distribution for clinopyroxenite and magnetite clinopyroxenite from the Mouding mafic-ultramafic intrusion.

Sample No. Diopside volume (%) Characteristic length L max Mean size o Slope c Intercept c

zk001-02 44.8 0.57 3.69 0.94 0.07 -1.75 0.04 1.93 0.06
zk001-05 45.0 0.53 4.84 0.89 0.06 —1.87 0.04 2.12 0.06
zk001-17 46.4 0.65 5.31 1.04 0.08 —1.54 0.04 1.38 0.07
zk001-29 54.8 0.78 6.03 1.34 0.12 -1.29 0.04 0.86 0.08
zk001-35 47.6 0.78 6.57 1.39 0.12 —1.28 0.04 0.62 0.09
zk001-43 49.6 0.99 6.71 1.65 0.19 —1.01 0.04 —0.12 0.11
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librium mineral crystallization and magma cooling and sug-
gest that this feature warrants more comprehensive investi-
gation in the future.

6. CONCLUSIONS

Trace element mapping and EBSD analyses of euhedral
diopside from the Mouding mafic—ultramafic intrusion pro-
vide new insights into the growth of clinopyroxene and Sc
enrichment processes in mafic magmas. Together with crys-
tal growth modelling, our results confirm that kinetic crys-
tallization plays an important role in controlling the
distribution of Sc in diopside and its concentration on pris-
matic faces. The CSD patterns of clinopyroxene indicate
that textural coarsening dominates the nucleation and
growth of clinopyroxene, favoring the formation of Sc-
rich clinopyroxene. Relatively high volatile content and
low magma viscosity are favorable for magma convection
and diffusive transport of elements, which can exert pro-
nounced influences on textural coarsening. We suggest that
complex and irregular Sc distribution patterns of Sc-rich
minerals documented in the literature are due not only to
compositional variations of magmas, but also to significant
kinetic effects. Kinetic crystallization can lead to simultane-
ous concentration of Sc and some HFSEs on certain crystal
faces, thus caution is required when explaining their affin-
ity. Element enrichment factors along different crystal faces
may be positively correlated with magma cooling rates,
which can provide valuable information about magma
evolution.

7. RESEARCH DATA

This research includes 4 tables, 9 figures and 2 supple-
mentary figures. Tables 1-4 and Figs. 1-9 are included in
the manuscript. Two supplementary figures are attached
with as Supplementary Material. All the research data for
this paper are available at figshare data repository:
https://doi.org/10.6084/m9.figshare.19096619.
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