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20  Abstract

21 Spinel minerals occur as inclusions in both silicates and sulfides in the
22 Kalatongke magmatic Ni-Cu deposit in NW China, showing textural and
23 compositional variations. The spinel enclosed in olivine and other silicates
24 (orthopyroxene, clinopyroxene, and hornblende) is predominantly Cr-magnetite with
25  minor Cr-spinel, having wide variations in MgO (0.1-8.0 wt%), ALLOs (1-25 wt%),
26  Cr03 (3-20 wt%), and TiO, (0.5-6.2 wt%) contents. Such continuous variations
27  suggest that Cr-magnetite in silicates was crystallized from residual melts and
28  experienced extensive reaction with trapped liquid undergoing a typical tholeiitic
29  trend of increasing Fe and Ti concentrations. Crystals of Cr-magnetite enclosed in
30  disseminated sulfides have similar Mg, Al Cr, Ti, V, Sc, Ga, Mo, Zr, and Nb
31  concentrations to the Cr- magnetite in silicates. Such compositional similarity, which
32 is explained by the simultaneous equilibrium crystallization of Cr-magnetite from the
33 silicate and sulfide melts, shows that the Kalatongke deposit is a typical example of
34 where the same mineral phase is formed from two co-existing immiscible liquids.
35  However, the Cr-magnetite in disseminated sulfide and that in silicates show distinctly
36  different crystal size distribution patterns, illustrating that the chemical equilibrium
37  was attained despite contrasting growth rates, probably via diffusion. Nevertheless,
38 the Cr-magnetite in disseminated sulfides shows significantly lower Ni, Co, and Zn
39  contents (median value of 845, 22, 319 ppm) than that in silicates (median value of
40 1428, 160, 1039 ppm). This cannot be the result of sulfide fractionation because there

41  is little compositional variation between Cr-magnetite included in pyrrhotite (early
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42 crystallized phase) and that immersed in chalcopyrite (late crystallized phase). Such
43 Ni, Co, and Zn depletions, combined with the relatively constrained Fe/Ni, Fe/Co, and
44 Fe/Zn ratios in those Cr-magnetite, are attributed to postcumulus reactions between
45  Cr-magnetite and sulfide melts. The spinel hosted by massive sulfides is magnetite,
46  which has distinctly different compositional variations and crystal size distribution
47  patterns compared with those of the silicate-hosted Cr-magnetite, although the
48  magnetite in massive ore generally has similar contents in some lithophile elements
49  (Zr, Ta, Mo, Sn, Mn) to the silicate-hosted Cr-magnetite. This could be taken as
50 evidence for a mixture of early accumulated sulfide pools with a component of
51  drained sulfide from the cumulates above. This study shows a detailed textural and
52 compositional investigation of spinel is useful to decode the sulfide evolution
53  processes during the formation of magmatic Ni-Cu deposits and highlights that
54 equilibrium crystallization and postcumulus reactions play critical roles in controlling
55  the spinel/magnetite composition.

56

57  Keywords: Spinel, Magnetite, Equilibrium crystallization, Postcumulus reactions,

58  Immiscible liquids, Kalatongke, Magmatic Ni-Cu deposit
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59  Introduction

60 Spinel (sensu latu) in the form of chromite and chromite spinel (Cr-spinel) is
61  commonly the first mineral phase on the liquidus of basaltic magmas and crystallizes
62  over a wide range of conditions (e.g. Irvine, 1965; Dick and Bullen, 1984; Roeder,
63  1994; Barnes and Roeder, 2001). Its compositional variability has been widely used to
64  constrain magma composition and evolution (e.g. Maurel and Maurel, 1982; Dick and
65 Bullen, 1984; Sack and Ghiorso, 1991; Mao et al., 2015; Song et al., 2020),
66  geotectonic settings (e.g. Dick and Bullen, 1984; Arai, 1992; Cookenboo et al., 1997,
67 Barnes and Roeder, 2001), and magma oxygen fugacity (Hill and Roeder, 1974;
68  O'Neill and Wall, 1987; J. Wood and Virgo, 1989). Accordingly, spinel has been
69  widely used to trace the magmatic processes of intrusive rocks that host Ni-Cu
70  mineralization (e.g. Frost and Groves, 1989; Barnes and Tang, 1999; Barnes and
71 Kunilov, 2000; Dare et al., 2012; Evans, 2017; Schoneveld et al., 2020; Song et al.,
72 2020; Taranovic et al., 2021). For magmatic Ni-Cu deposits, diffusive equilibrium
73 between spinel, trapped liquid, and neighboring mineral phases are essential factors
74 that control the final composition of the spinel (Irvine, 1965; Irvine, 1967; Jackson,
75 1969; Lehmann, 1983; Roeder and Campbell, 1985; Barnes, 1986) and must be taken
76  into account in petrogenic interpretation. Crystal size distributions (CSD) of minerals
77  can provide valuable information on growth rate and nucleation and thus have been
78  widely used as a method of determining mineral crystallization kinetics in magmatic
79  systems (Cashman and Marsh, 1988; Marsh, 1988; Higgins, 2002; Higgins, 2006).

80  Though less attention has been paid to the CSD patterns of spinel (Giuliani et al.,
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81  2020), it has been demonstrated clearly that the morphology of spinel crystals is a
82  distinctive indicator of crystallization mechanisms (Godel et al., 2013a).

83 Spinel in the form of magnetite is an important phase that can crystallize directly
84  from sulfide liquid (Naldrett, 1969; Dare et al., 2012), making it a valuable indicator
85  mineral in exploring magmatic Ni-Cu—PGE sulfide deposits (Boutroy et al., 2014;
86  Dare et al., 2014; Ward et al., 2018; Moilanen et al., 2020). It has been shown that the
87  composition of the sulfide liquid changes during fractional crystallization (Naldrett,
88  1969), and magnetite chemistry records that process (Dare et al., 2012; Boutroy et al.,
89  2014; Duran et al., 2020). Generally, magnetite that crystallized early from sulfide
90  liquid, along with monosulfide solution, is enriched in lithophile elements relative to
91 that crystallized late in association with the intermediate sulfide solution, due to the
92  relative compatibility of the more lithophile elements in the magnetite (Dare et al.,
93 2012; Boutroy et al., 2014; Duran et al., 2020; Schoneveld et al., 2020). However, as
94  pointed out by Dare et al. (2012), several other factors may control compositional
95  variation in magnetite: concentration of the elements in the host silicate liquid, rate of
96  cooling of the system, timing of the crystallization of magnetite from the sulfide
97  liquid, and sub-solidus equilibrium. Notably, previous studies predominantly
98  concentrated on magnetite compositional evolution of magnetite in massive sulfides
99  (Dare et al., 2012; Boutroy et al., 2014; Ward et al., 2018; Jiao et al., 2019; Duran et
100  al., 2020; Schoneveld et al., 2020), and there are few works on the compositional
101  variations in magnetite associated with disseminated sulfides (Gao et al., 2013). The

102 key factors controlling the variation in trace elements of magnetite from disseminated
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103 sulfides are unclear. In addition, magnetite composition is related to the silicate
104 magma in the case of equilibrium crystallization as noted in the komatiite-hosted
105  Ni-Cu deposits at Kambalda (Frost and Groves, 1989). The equilibration process and
106  the interaction between spinel/magnetite and two immiscible liquids (silicate and
107 sulfide liquids) remain less well known.

108 The NW China Kalatongke deposit is one of the several Permian magmatic Ni-Cu
109  deposits in the Central Asian Orogenic Belt (e.g. Mao et al., 2008; Qin et al., 2011;
110 Mao et al., 2018). The deposit is associated with mafic rocks and distinctive in having
111 a high proportion of magnetite in sulfides (both massive and disseminated sulfides) as
112 well as ubiquitous Cr-spinel (and Cr-magnetite) inclusions in silicate phases (Wang
113 and Zhao, 1991; Song and Li, 2009; Zhang et al., 2009; Gao et al., 2012; Gao and
114 Zhou, 2013; Wei et al., 2019; Kang et al., 2020; Mao et al., 2022a). It provides an
115  ideal natural system to study the key controlling factors in the composition of
116  Cr-spinel/magnetite enclosed in silicates and sulfides from disseminated to massive
117  ores of magmatic Ni-Cu deposits. This study investigates the CSDs, integrated with
118  major and trace element compositional variations in the Kalatongke spinel/magnetite
119  to better understand the spinel crystallization mechanism and factors that control their
120  compositional variation during the forming of magmatic Ni-Cu deposits. The findings
121 have several implications for applying spinel compositions to understanding sulfide
122 enrichment and fractionation processes in magmatic Ni-Cu deposits.

123
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124  Geological background of the Kalatongke deposit and sample descriptions

125 The Central Asian Orogenic Belt is one of the biggest accretionary orogens, which
126  grew southward from Siberia to the Tarim-North China cratons (Fig. 1) (e.g. Sengdr et
127 al., 1993; Xiao et al., 2008). The Kalatongke deposit in the center of the Central Asian
128  Orogenic Belt in NW China is located approximately 20 km south of the Irtysh Fault
129 (Fig. 1), which separates the Chinese Altay orogenic belt to the north and the East
130 Junggar terrane to the south (Briggs et al., 2007). The Altai Orogenic Belt in China is
131  mainly composed of Paleozoic volcanic and sedimentary rocks, abundant granitoids,
132 and intermediate to mafic plutons (BGMRXUAR, 1993), reflecting a Middle
133 Cambrian to Early Permian magmatic arc or components of an active marginal
134 sequence (Xiao et al., 2008). The East Junggar terrane is composed of the Devonian
135  to Carboniferous marine volcanic rocks intercalated with sedimentary rocks, two
136 highly deformed and dismembered belts of ophiolites (the Zhaheba and Armantai
137  ophiolites), and the Permian intermediate volcanics (BGMRXUAR, 1993). It is
138 suggested that the East Junggar terrane was generated by Paleozoic northward
139  subduction-accretion processes (Xiao et al., 2008). The Permian Kalatongke deposit is
140  the largest accumulation of Ni-Cu mineralization in the Altay and East Junggar
141 orogenic belts, whereas a dozen Ni-Cu deposits occur at the south margin of the
142 Central Asian Orogenic Belt, e.g. the Huangshandong, Huangshanxi, Huangshannan,
143 Baishiquan, Tianyu, Tulaergen, Poyi, and Poshi deposits (Mao et al., 2008; Qin et al.,
144 2011; Xue et al., 2016). Among all these deposits, the Kalatongke deposit is the third

145  largest magmatic Ni deposit with known resources of 33 million metric tons, grading
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146 0.8 wt % Ni, 1.4 wt % Cu, and ~0.027 wt % Co (Wang and Zhao, 1991; Gao et al.,
147 2012; Lu et al., 2019). The Kalatongke sulfide is characterized by a high Cu/Ni ratio
148 (>1) compared to those from other regional deposits.

149 At least ten small mafic intrusions are present in the Kalatongke district (Fig. 2a).
150  These intrusions are of the Permian age and intrude into the Devonian to
151  Carboniferous volcanic and sedimentary rocks. These intrusions are distributed
152 parallel to the north-west trending faults, commonly at the intersections of
153 northwest-trending faults with west-northwest trending faults. Economic
154  mineralization is mainly associated with the Permian Y1, Y2, Y3, and Y9 intrusions,
155  with the Y1 and Y2 intrusions hosting more than 80% of the resource. The
156  funnel-shaped Y1 intrusion is composed of olivine norite, gabbronorite, diorite,
157  hosting net-textured to massive sulfide mineralization in the lower part of the
158  intrusion (Fig. 2b). The tabular-shaped Y2 and Y3 intrusions are dominated by
159  gabbronorite and diorite, hosting net-textured to disseminated mineralization at the
160  bottom of each intrusion (Fig. 2c, d). Some of the massive to net-textured ore occurs
161  as irregular and vein shapes in the wall rock between the Y1 and Y2 intrusions (Fig.
162 2d). Detailed descriptions of the Kalatongke deposit can be found in several recent
163  publications (Qian et al., 2009; Song and Li, 2009; Zhang et al., 2009; Gao et al.,
164  2012; Lietal., 2012; Gao and Zhou, 2013; Duan et al., 2017).

165 Samples used in this study were collected from the Y1 and Y2 intrusions as well as
166  the orebodies between the two intrusions (Fig. 2b-d). There is a certain degree of

167  sulfide fractionation at the hand-sample scale but no significant zoning at the orebody
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168  scale. This study chose 6 samples of olivine gabbronorite with disseminated to
169  net-textured sulfides with little zoning for textural and compositional study on spinel.
170  The olivine in these samples has Fo values of ~80 mol%, which is relatively primitive
171  in the Kalatongke deposit (75-82 mol%) but relatively evolved compared to those of
172 other Central Asian Orogenic Belt deposits (Fo80-90) (Mao et al., 2018; Lu et al.,
173 2019; Barnes et al., 2022; Mao et al., 2022b). The relatively evolved olivine
174  composition has been attributed to postcumulus trapped liquid reactions (Li et al.,
175 2012). The disseminated and net-textured sulfides in these samples were formed by
176  sulfide percolation and coalescences in the cumulus stage (Mao et al., 2022a). The
177  magnetite in massive ore has been chosen for comparison (2 samples). The massive
178  sulfides occur as 2-3-meter-wide veins and cross-cutting the host intrusion with Ni/Cu
179  ratios comparable to the disseminated ores. A detailed textural study of these samples
180  was reported in Mao et al. (2022a).

181

182 Analytical methods

183 Crystal size distribution of spinel

184 Samples with regular to granular spinel grains were selected for CSD calculation,
185  whereas the massive sulfide sample with dendritic magnetite grains (Fig. 3d) was
186  excluded from size statistics. Crystals of spinel were segmented from other phases
187  using Adobe Photoshop based on the high-resolution thin-section images, following
188  the method of Godel et al. (2013b) and Mao et al. (2018). Subsequently, the touching

189  magnetite crystals occurring as clusters were separated manually, shown in the
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190  processed high-resolution images (Supplementary Materials 1 and 2). The images of
191  segmented Cr-magnetite/magnetite grains were subsequently measured using ImagelJ
192 for their morphology and size information, such as area, length, width, fit ellipse, etc.
193 The equivalent circle diameter (ECD, i.e. the diameter of a circle having the same
194  area as the crystal), is calculated to describe the size variation of the spinel. These
195  results were loaded into CSDCorrections (Version 1.6, Higgins, 2006) for CSD
196  calculation. Short : Inter : Long of 1:1:1, roundness of 0, and 5 bins per decade (2.51,
197  3.98, 6.31, 10, 15.8, 25.1, 39.8, 63.1, 100, 158, 251 um) were used for stereoscopic
198  correction. The CSD is expressed as a plot of population density [n, actually In (n)] in
199  units of numbers of crystals per volume per unit length of the bin size (i.e. n mm™),
200 versus crystal length (mm). The segregation of touching grains is based on
201  Cr-magnetite/magnetite morphology using high-resolution optical images; the
202  segregation of some clusters, especially the irregular shaped magnetite in massive ore,
203 was in some cases somewhat arbitrary. The accuracy of phase segmentation was
204  verified using either X-ray fluorescence analysis (Mao et al., 2018) or scanning

205  electron microscopy conducted at CSIRO, Perth (Fig. 3).
206  Major and trace element concentration analysis

207 The Cr-spinel, Cr-magnetite, and magnetite composition were analyzed by electron
208  microprobe analyzer (EMPA) for major elements and subsequently by laser ablation
209  Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS) for trace elements on
210  the same spots. The EMPA was conducted at the Institute of Geology and Geophysics,

211 Chinese Academy of Sciences, using a JEOL JXA8100 electron probe. The operating
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212 conditions were 15 kV accelerating voltage, 12 nA beam current, 5 pm beam size, and
213 30 seconds peak counting time. International oxide and silicate standards were used
214 for calibration. The ferric iron content of each analysis of Cr-magnetite and magnetite
215  was calculated based on the assumption of stoichiometry using the EMPA data. It was
216  assumed that the Cr-magnetite was of the ideal XY,04 formula, where X = (Fez+, Mg,
217 Ni, Mn, Co, Zn) and Y = (Cr’*, A", Fe*"). This method may generate large relative
218 errors for the Fe' (Barnes and Roeder, 2001); thus, relatively small variations and
219  differences in ferric iron content of the sample were neglected.

220 The LA-ICP-MS analyses of Cr-spinel and Cr-magnetite were collected at CSIRO
221  using a Photon Machines, ATLex 300si-x Excite 193-nm Excimer ArF laser with
222 samples in a double volume Helix-II sample cell attached to an Agilent 7700 ICP-MS.
223 The plasma conditions were optimized daily to obtain the highest counts with oxide
224 production (**ThO/***Th) remaining below 0.4. The laser was set to a repetition rate
225 of 9 Hz and a 50 pm spot. The data consists of 30 seconds of the background at the
226  start of each analysis before 260 shots of a sample (~30 s). The He carrier gas was set
227 at 0.6 L/min in both the cup and cell (1.2 L/min total). The carrier gas was
228  subsequently mixed with 0.8 L/min of Ar in a Meinhard mixing chamber. The
229  certified reference material for the oxide analysis was U.S. Geological Survey
230  standard GSD-2G with an internal standard element of Fe. The Fe content from
231  EMPA for the same grain was used as the internal standard value. The BCR-2G and
232 MASS-1 were used as secondary standards to corroborate the accuracy and

233 reproducibility of the analyses (see Appendix Fig. 1, Supplementary Material 3). The
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234 isotopes measured in this routine were: Mgzs, A127, 8129, S? 4, Ca® s Sc45, Ti49, VSI, Cr53,
235  Mn>>, Fe”/, C059, Ni®!, Cu® s Cu65, Zn66, Ga'l, Ge74, Y89, ngo, Nb93, M095, Ru99, Rulm,
236 Rh'®, Pd', Ag'” Pd'®, cd!, 'S, Sn'', La'®, Yb!72 HE™S, Ta'®, W2, 0s'%,
237 Ir'”, Pt'”, Au'®’, Pb*®. The argide interferences on the platinum group elements were
238  monitored and corrected in the raw data by measuring Cu, Co, and Ni metals. The
239  platinum group elements contents of samples were all below the detection limits (~40
240  ppb). Blocks of standards were measured at the beginning and end of the run, as well
241  as between every 10 to 15 unknown analyses. Data were reduced using lolite software
242 (version 3.63; Paton et al., 2011). The trace element analyses of magnetite were
243 conducted by LA-ICP-MS at the Wuhan SampleSolution Analytical Technology Co.,
244  Ltd., Wuhan, China. Laser sampling was performed using a GeolasHD laser ablation
245  system with spot size and frequency of 9 Hz and 50 pum, respectively. The isotopes
246  measured at Wuhan include those analyzed at CSIRO except the platinum group
247  elements. Helium was applied as a carrier gas. Argon was used as the make-up gas
248  and mixed with the carrier gas via a T-connector before entering the 7700e ICP-MS.
249  The primary standard is the U.S. Geological Survey standard GSD-2G, with Fe used
250  ash an internal standard. The Fe content from EMPA for the same grain was used as
251  the internal standard value. The BCR-2G, BHVO-2G, and BIR-1G were analyzed as
252 secondary standards followed by every 10 analyses of samples. Each analysis
253 incorporated a 20-30 seconds background acquisition before 50 seconds of data
254 acquisition. An Excel-based software ICPMSDataCal was used to perform off-line

255  selection and integration of background and analyzed signals, time-drift correction,
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256  and quantitative calibration for the trace element analysis (Liu et al., 2008). The
257  accuracy and reproducibility of the analyses are included in Appendix Fig. 1
258  (Supplementary Material 3). A Python package, ‘pyrolite’, was used to process and
259  visualize the geochemical data (Williams et al., 2020).

260

261 Results

262  Classification of the spinel in the Kalatongke deposit

263 Based on the occurrence, crystal size variation, and chemical composition (shown

264  below), the spinel of the Kalatongke deposit can be classified into four groups (Fig.

265 3):

266 1. Cr-spinel in olivine (strictly some of these are Cr-magnetite, but Cr-spinel is
267 used to distinguish it from that in other silicates),

268 2. Cr-magnetite in other silicates (orthopyroxene, clinopyroxene, hornblende),

269 3. Cr-magnetite in disseminated sulfides, and

270 4. Magnetite in massive sulfides, further classified as Cr-magnetite/magnetite in
271 pyrrhotite and in chalcopyrite.

272 The spinels from the four groups show a large variation in grain size, as quantified

273 by the equivalent circle diameter (ECD) (Fig. 4). The Cr-spinel in olivine has a
274  euhedral to rounded shape (Fig. 3a, b, d), with a maximum ECD less than 100 pm,
275  mostly less than 50 pm. The grain diameters of the Cr-magnetite included in other
276  silicates (ECD varying from 10 to 100 um, Fig. 3a, b, d) tend to be slightly larger than

277  those included in olivine, but some grains can have ECD larger than 200 um. On the

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



This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America.
The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2022-8473. http://www.minsocam.org/

278  other hand, Cr-magnetite enclosed in disseminated sulfides occurs as equant grains
279  located close to, but not on, the edge of the sulfide blebs (Fig. 3d). The Cr-magnetite
280 in disseminated sulfide tends to be more irregular and coarser than those included in
281  silicates (Fig. 3e). The magnetite included in massive sulfides is coarse-grained (Fig.
282 3c). Some grains have ECD larger than 2 mm (Fig. 3c, f). Most of the magnetite in
283  massive ore is euhedral, but irregular to dendritic-shaped grains have been observed
284  from some massive ores (Fig. 3¢, d). A minor amount of ilmenite occurs as exsolution
285  lamellae in grains of Cr-magnetite/magnetite from the disseminated and massive ores.
286  Crydstal size distribution patterns

287 For simplicity, the Cr-spinel in olivine and the Cr-magnetite in other silicates are
288  combined as Cr-magnetite in silicates for CSD measurement. The populations of
289  Cr-magnetite grains in silicates, disseminated sulfides, and magnetite grains in
290  massive sulfides show distinct log-linear CSDs, defining three types of log-linear
291  distributions (Fig. 4). A single crystallization event should be defined by a single
292 linear slope in log space on the CSD plot and the intercept representing the nucleation
293 density of the mineral (Marsh, 1988). The characteristic length is estimated using the
294  negative inverse of the slope (-1/slope) and is equal to the residence time multiplied
295 by the growth rate (Marsh, 1988).

296 The CSDs exhibit variable intercepts and slopes. The CSD of Cr-magnetite in
297  silicates yields a high intercept and a steep slope. The CSD of Cr-magnetite grains
298  included in disseminated sulfides has a lower intercept and a gentler slope compared

299  to that of Cr-magnetite grains in silicates. The CSD of magnetite grains included in

14
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300 massive sulfides shows the lowest intercept and the gentlest slope. The nucleation
301 density decreases from 3*107 to 2*10” nuclei/mm® from Cr-magnetite in silicates to
302  Cr-magnetite in disseminated sulfide. The magnetite in massive ore has the lowest
303 nucleation density (5%10” nuclei/mm?®). The characteristic length increases from 23.4
304 mm for Cr-magnetite in silicates to 54.8 mm for Cr-magnetite in sulfide. The
305  magnetite in massive sulfide has the largest characteristic length of 165.9 mm.

306 Major element variationsin spinel

307 The spinel enclosed in olivine and other silicates (orthopyroxene, clinopyroxene,
308 and hornblende) is dominantly Cr-magnetite with minor Cr-spinel, having wide
309  wvariation in MgO (0.1-7.6 wt%), FeO (40-90 wt%), TiO; (0.1-6.3 wt%), MnO (0.2-1.8
310 wt%), ALOs; (1.0-25.5 wt%), Cr,03; (3.0-20.5 wt%) contents, and Mg# values
311 (IOO*Mg/[Mg-i-Fe%], ~0-40 mol%) (Supplementary Material 3, Fig. S5a-e). The
312 content of major elements of Cr-magnetite inclusions in the disseminated sulfides
313 overlaps with that of the Cr-magnetite included in silicates, but with lower MgO
314 (0.1-2.0 wt%), ALLO; (0.1-3.0 wt%), and Cr,O3 (0.1-8.5 wt%) contents and Mg#
315  values (~0-17 mol%). The Cr-magnetite in both silicates and disseminated sulfide
316  have the same variations in TiO, and MnO concentrations (Fig. 5b, ¢). The Cr# value
317  (defined as 100*Cr/[Cr+Al]) of the Cr-magnetite included in disseminated sulfide
318  varies from 60 to 80 mol%, whereas that of the Cr-magnetite in silicates varies from
319 35 to 90 mol% (Fig. 5f). The spinel hosted by massive sulfide is magnetite (FeO > 90
320  wt%), which has almost no Al,O; and Cr,0; (Fig. 5a, d, ¢). The TiO, in magnetite

321 (0-0.5 wt%) is significantly lower than that in the Cr-magnetite (0.1-6.3 wt%) (Fig.
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322 5b). The MnO content in magnetite (0.5-1.1 wt%) is comparable to that in the
323 Cr-magnetite (0.2-1.3 wt%; Fig. 5c).

324 Spinel compositions from regional Huangshandong, Huangshanxi, Huangshannan,
325 and Xiangshan deposits in the Central Asian Orogenic Belt are included for
326  comparison (Mao et al., 2014; Mao et al., 2015; Xue et al., 2016). The spinel of the
327  Kalatongke deposit, representing the Cr-spinel and Cr-magnetite in both silicates and
328  disseminated sulfides, is enriched in FeO, TiO,, MnO, and depleted in MgO, Al,Os,
329  and Cr,O; contents compared to the Cr-spinel hosted in silicates from regional Ni-Cu
330  deposits (Fig. 5). The variations in Cr# and Mg# values of the Kalatongke spinel are
331  wider (Fig. 5f). Specifically, the Kalatongke spinel has higher Cr# (30-90 mol%,
332 commonly >60 mol%) and lower Mg# values (0-40 mol%, commonly <20 mol%)
333  compared to spinel from other regional deposits (Cr#: 30-60 mol%, Mg#: 20-60
334 mol%, Fig. 5f). The Mg# values in the Kalatongke spinel are lower than those in other
335  deposits, consistent with olivine being more evolved in the Kalatongke deposit than in
336  the other deposits (Mao et al., 2022b). The regional Ni-Cu deposits show a trend of
337  widely variable Cr# at high Mg# and low Fe®" content, consistent with the Cr-Al trend
338  defined by Barnes and Roeder (2001), to which some of the Kalatongke Cr-spinel is
339  similar (Fig. 5f, 6). In contrast, most of the Kalatongke Cr-magnetite is more
340  comparable with the Fe-Ti trend (Barnes and Roeder, 2001), in which the Fe*" and
341  TiO; content increase at constant Cr# (Fig. 6). Thus, the Cr-spinel (Cr-magnetite) of
342 the Kalatongke deposit illustrates a compositional trend that is a combination of Cr-Al

343 and Fe-Ti trends (Fig. 6). For Cr-magnetite included in disseminated sulfides, the Fe**
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344  contents overlap with that of Cr-magnetite enclosed in olivine and form a continuum
345  with some of the Cr-magnetite in other silicates (Fig. 6). Such a continuous trend of
346  Cr-magnetite in silicates and Cr-magnetite in disseminated sulfides is seen from the
347  variation in Mg#, Cr#, Al,O3, Cr,03, TiO; contents (Fig. 5).

348  Trace element variationsin spinel

349 The Cr-magnetite grains in both silicates and disseminated sulfides have similar V,
350  Sc, and Ga, Mo, Zr, Nb contents (Supplementary Material 3, Fig. 7 a-f). The V and Sc
351  contents of two Cr-magnetite populations vary from 1000 to 3000 ppm, and from
352 0.5-9.6 ppm, respectively. These Cr-magnetite crystals have 30-88 ppm Ga, 0.1-5.2
353  ppm Mo, ~0.1-25.4 ppm Zr, and <0.1-2.9 ppm Nb. The V and Ga abundances in
354  Cr-magnetite from disseminated sulfide are lower than but overlap with those of
355  Cr-magnetite from silicates (Fig. 7a, c¢). On the other hand, the Ni, Zn, and Co
356  contents of magnetite in disseminated sulfides are significantly different from those
357  included in silicates (Fig. 7 g-i, 8). The Cr-magnetite in disseminated sulfides shows
358  overall lower Ni, Co, and Zn contents (Ni, Co, and Zn median value of 845, 22, 319
359  ppm) compared to those included in silicate minerals (Ni, Co, and Zn median value of
360 1428, 160, 1039 ppm). Importantly, the Ni, Co, and Zn contents are relatively
361  scattered, and the Co and Zn decrease with the increasing Fe*" (atom per formula unit,
362  apfu) in the Cr-magnetite in silicates. In contrast, those values change little for the
363  Cr-magnetite included in the disseminated sulfides (Fig. 8). The Fe/Ni ratio of
364  Cr-magnetite in disseminated sulfide is relatively constant with increasing Fe** apfu,

365  whereas Fe/Co and Fe/Zn show small but consistent linear increases with Fe*" apfu
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366  (Fig. 8 b, d, f).

367 For Cr-magnetite in disseminated sulfides, there is no detectable compositional
368  difference between Cr-magnetite inclusions in pyrrhotite and those in chalcopyrite
369  (Fig. 5,7, 9). For instance, the Cr-magnetite in pyrrhotite of disseminated sulfides has
370  Ni contents that vary from 476 to 1575 ppm (median value of 838 ppm), Co contents
371 vary from 4.4 to 71.7 ppm (median value of 21.8 ppm), and Zn contents range from
372 141 to 1028 ppm (median value of 347 ppm), whereas the Cr-magnetite in
373 chalcopyrite of disseminated sulfides has Ni contents that vary from 588 to 1403 ppm
374  (median value of 868 ppm), Co contents that range from 4.3 to 48.2 ppm (median
375  value of 24.6 ppm), Zn contents that vary from 144 to 745 ppm (median value of 280
376  ppm).

377 The trace element composition variations of magnetite included in massive sulfides
378  are distinct from those of Cr-magnetite in silicates and disseminated sulfides (Fig. 7, 8,
379  9). The V, Sc, and Ga contents are much lower in magnetite than those in
380  Cr-magnetite (Fig. 7a-c), but the Co, Mo, and Zr contents in magnetite are comparable
381  to those in Cr-magnetite (Fig. 7e, g, h). The Ni content in magnetite is lower than that
382 in Cr-magnetite from silicates but higher than that in Cr-magnetite from disseminated
383  sulfides (Fig. 7d). Moreover, the V, Co, and Zn contents in magnetite included in
384  pyrrhotite are lower than those included in the chalcopyrite (Fig. 7a, h, 1). The Fe/Ni,
385  Fe/Co, and Fe/Zn ratio in the magnetite included in pyrrhotite is generally higher than
386  those included in chalcopyrite (Fig. 8b, d, f). Although the content of several elements

387 (Al Sc, Ga, Mg, Ti, V) in the magnetite is much lower than the Cr-magnetite, some
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388  elements (Si, Zr, Ta, Mo, Sn, Mn) show comparable crust-normalized patterns (Fig.
389 9c).

390 In the discrimination diagram of magnetite in massive sulfide (Fig. 10, Dare et al.,
391 2012), the magnetite included in the massive sulfide of the Kalatongke plots in the
392 field associated with evolved Fe-rich sulfide, whereas the Cr-magnetite in silicates
393  and disseminated sulfides plot close to the field related to primitive Fe-rich sulfide
394  with lower Ti, V, and higher Ni contents. The former relationship shows the vein-type
395  massive sulfide has experienced a certain degree of sulfide fractionation, whereas the
396 latter is consistent with the observation that these disseminated sulfides appear as
397  droplets-networks without significant differentiation into monosulfide solution and
398  intermediate sulfide solution. The lower Ti content in the Cr-magnetite than that of
399  magnetite associated with primitive Fe-rich sulfides from the Huangshandong and
400  Sudbury deposits (Fig. 10a) suggests that the Kalatongke system is relatively depleted
401  in Ti, which could be used to explain the rareness of ilmenite exsolution in the
402  Kalatongke Cr-magnetite (Fig. 3e).

403

404  Discussion

405  Protracted crystallization of Cr-spinel (Cr-magnetite) from the basaltic magma

406 The occurrence of Cr-spinel (Cr-magnetite) inclusions in olivine, pyroxene, and
407  other silicates (Fig. 3) is comparable to that of other deposits in the Central Asian
408  Orogenic Belt (Mao et al., 2014; Mao et al., 2015; Xue et al., 2016), but with distinct

409  compositional trends (Fig. 5, 6). The variation in Cr’"-AI’*-Fe’" cations of the
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410  Kalatongke Cr-spinel (Cr-magnetite) is more comparable to those observed at the
411  Noril’sk-Talnakh deposits, a feature that has been attributed to continuous Cr-spinel
412 crystallization and interaction with evolving trapped liquid (Barnes and Kunilov, 2000;
413 Schoneveld et al., 2020). The Fe-Ti trend thus records the entire solidification process
414 from liquidus to solidus at the Noril’sk-Talnakh deposit (Schoneveld et al., 2020). The
415  occurrence of Cr-spinel (Cr-magnetite) inclusions in various silicate minerals (Fig. 3),
416  together with the gradual Mg-Fe-Cr-Al variations (Fig. 5, 6), suggest that the
417  Kalatongke Cr-spinel (Cr-magnetite) population crystallized from melts with
418  continuously changing composition over a long period. Note there is a large
419  compositional variation in Cr-spinel inclusions in olivine (Fig, 5, 6), which is
420  comparable to that of the Cr-magnetite included in other silicates. This reflects either
421  that the Cr-spinel in the olivine continued to react with the trapped liquid outside
422 olivine (e.g. Roeder and Campbell, 1985), or the Cr-spinel continued to grow from the
423 trapped liquid as it evolved and was subsequently captured by overgrowth olivine
424  (Barnes and Kunilov, 2000; Schoneveld et al., 2020). Most likely, both factors played
425  roles in the chemistry of Cr-spinel (Cr-magnetite) in olivine. The relatively larger size
426  of Cr-magnetite within other silicates relative to the Cr-spinel in olivine shows that
427  the Cr-spinel included in the olivine did not have a chance to grow into larger crystals,
428  whereas the Cr-magnetite in other silicates had longer residence times in the magma
429  crystallization range and hence more chance to interact with the evolved melts. The
430  wide variety and overall high TiO, content (Fig. 5b) in the Cr-magnetite inclusions in

431  silicates (except olivine) are likely the results of extensive reaction with evolving
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432 trapped liquid having increasing Fe and Ti concentrations. The extensive reaction may
433 be enhanced by the hydrous nature of the interstitial melt (Kang et al., 2020), which
434 remained partially molten to lower temperature, allowing a more extensive buildup of
435  Fe and Ti in the late stages of fractionation.

436 Equilibrium crystallization of Cr-magnetite from sulfide and silicate melts

437 The concentrations of major and most trace elements of Cr-magnetite included in
438  disseminated ore are comparable to those of Cr-magnetite included in silicate phases
439  (Fig. 5, 6, 7), which is inconsistent with the findings of several studies that the
440  chemistry of magnetite crystallized from sulfide is significantly different from those
441  crystallized from silicate melt (Dare et al., 2012; Dare et al., 2014). Moreover,
442 mechanical capture of Cr-magnetite crystallized from silicate melt by sulfide melt
443 could be ruled out by the distinct CSD patterns of the magnetite and Cr-magnetite
444 (Fig. 4).

445 Naldrett (1969) showed that sulfide liquids contain a substantial proportion of O,
446  which increases as they crystallise to form solid sulfides. He noted the higher
447  abundance of magnetite in massive relative to disseminated sulfides at Sudbury and
448  proposed that oxygen diffuses from the disseminated ore to a large body of
449  slowly-cooled silicate magma, driving magnetite nucleation and growth at the
450  interface between sulfide and silicate melts, whereas massive sulfide pools tend to
451  solidify as closed systems and reatin their original O contents. The experimental work
452 of Fonseca et al. (2008) further shows that the oxygen abundance in natural magmatic

453  sulfides was significantly lower than that which can be dissolved in the
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454  equivalent-mass sulfide melt, suggesting the loss of oxygen from the sulfide melt
455  during solidification and the tendency of magnetite nucleation at the interface. This
456  interface growth model explains the common distribution of Cr-magnetite close to the
457  boundaries of disseminated sulfides from both the Kalatongke deposit (Fig. 3) and the
458  Voisey’s Bay deposit (Naldrett et al., 2000), as well as in many komatiite-hosted
459  deposits such as Black Swan (Frost and Groves, 1989; Dowling et al., 2004), and
460  accounts for the similarity in the chemistry of Cr-magnetite included in sulfide and
461  silicates (e.g., Fig. 9, 10). However, according to the interface growth model, the
462  domain where sulfide liquid touches early crystallized cumulus olivine would have
463  much less magnetite than the domain where sulfide touches silicate melts (now
464  hornblende and plagioclase), similar to the distribution of Cr-rich magnetite along
465  komatiite xenoliths included in massive ore in komatiites (Frost and Groves, 1989;
466  Fonseca et al., 2008). Such a distribution pattern is inconsistent with the observations
467  from Kalatongke disseminated ores. We suggest that the Cr-magnetite of the
468  Kalatongke disseminated ore was crystallized from the sulfide melt. The tendency of
469  Cr-magnetite distributed close to the sulfide boundary could be explained by
470  synchronous magnetite growth with the outward diffusion of oxygen from the sulfide
471 melt to the silicate melt. Magnetite crystallization from disseminated sulfide agrees
472 with the single stage of crystal growth revealed by the log-linear CSD distribution of
473 Cr-magnetite (Fig. 4).

474 It is a well-established axiom in igneous petrology dating back to Bowen (1928)

475  that two immiscible liquids in equilibrium with one another should also be in
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476  equilibrium with the same solid phase; Cr-magnetite crystallized from coexisting
477  silicate and sulfide melts in equilibrium with one another should have the same
478  composition, although in nature they rarely if ever do, even when in very close
479  proximity (e.g. Frost and Groves, 1989), due to diffusion-limited disequilibrium. The
480  similar composition (Fig. 5, 7, 9b) between the Cr-magnetite crystals in disseminated
481  sulfides and the Cr-magnetite inclusions in silicates indicates that Kalatongke is an
482  unusual case of where Cr-magnetite from the silicate and sulfide compositions
483  conforms to the equilibrium case, or at least approaches it. Nevertheless, the discrete
484  log-linear CSDs show that Cr-magnetite grains in silicates and those in disseminated
485  sulfides crystallized with distinctly different nucleation density and growth rate (Fig.
486  4). The textural and grain size differences (Fig. 4) in Cr-magnetite in sulfide and that
487 in silicate suggest that the chemical equilibrium may have been reached after
488  crystallization via diffusive processes. On this evidence the disseminated sulfides
489  formed in close enough diffusive connection with the parent silicate melt that all the
490  essential Cr-magnetite components were able to approach equilibrium during the late
491  stages of solidification where the Cr-magnetite were becoming Fe and Ti-rich during
492 the reaction with trapped liquid.

493 The situation at Kalatongke is in contrast with that observed by Taranovic et al.
494  (2021) at Nova-Bollinger Ni-Cu deposits in Western Australia, where two distinct
495  spinels, an Al-Mg rich spinel s.s. and magnetite, coexist stably within adjacent silicate
496  grains and sulfide liquid blebs respectively. This reflects the operation of the

497  immiscibility gap within the spinel prism (Sack and Ghiorso, 1991) and arises from
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498  the growth of Al-Mg rich spinels from the silicate melt at the higher pressure of
499  emplacement of Nova-Bollinger.

500  Postcumulus reactions between Cr-magnetite and sulfide melts

501 Although most of the elements in Cr-magnetite within sulfides and that within
502  silicates exhibit an equilibrium signature, the depletions in Ni, Co, and Zn in
503  Cr-magnetite in disseminated sulfide relative to those of Cr-magnetite in silicates (Fig.
504  8) show that additional processes exert control these chalcophile elements beyond
505  only equilibrium crystallization. These depletions may be the result of synchronous
506  crystallization of Cr-magnetite with monosulfide solid solution from the sulfide melt,
507  during which these elements (Ni, Co, and Zn) partition strongly into the monosulfide
508  solid solution (Dare et al., 2012). This is somewhat like the fractionation model
509 observed from massive sulfide ore bodies (Fig. 10), which suggests that the
510  Cr-magnetite was a record of the compositional change of sulfide melt. Specifically,
511  the following geochemical signatures are expected for the crystallization model.
512 Firstly, continuous variation of compatible elements (such as Cr, Al, Ni, etc.) in
513  Cr-magnetite. Secondly, the magnetite records the changing composition of the
514  fractionating sulfide liquid. The Ni content in early crystallized Cr-magnetite
515 increases slightly or remains constant in the later crystallized magnetite (Fig. 10c)
516  (Dare et al. 2012; Boutroy et al. 2014; Duran et al. 2020). Similarly, the Zn is
517  enriched in the late Cu rich fractionated sulfide (Dare et al., 2012). Thirdly, a large
518  variation in lithophile element (especially Cr, Al, V, Ti) abundances exists in

519  Cr-magnetite crystallized at different stages, as these elements tend to be enriched in
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520 early Cr-magnetite phase crystallized with Fe-rich monosulfide solid solution
521  (occurring as inclusions in pyrrhotite) and depleted in late formed phase crystallized
522 from residual Cu-rich liquid (occurring as inclusions in chalcopyrite) (Dare et al.,
523 2012). The uniform compositional variations of the Kalatongke Cr-magnetite
524  enclosed in both pyrrhotite and chalcopyrite of the disseminated ore (Fig. 5, 7-9) are
525  distinctly different from the fractionation model, conforming to the proposition that
526  Cr-magnetite compositions were controlled by equilibrium crystallization and
527  illustrate that the Ni-Co-Zn depletions in Cr-magnetite included in disseminated
528  sulfide were not associated with sulfide fractionation.

529 Alternatively, we suggest that the Ni, Co, and Zn depletion in Cr-magnetite is a
530 record of element exchange between Cr-magnetite and sulfide melt, i.e.
531  re-equilibration due to postcumulus reactions. The exchange equilibria for element
532 pairs between sulfide and coexisting olivine have been studied by extensive
533 experimental measurements (e.g. Fleet and MacRae, 1988 and references therein;
534  Brenan, 2003) and identified in numerous natural magmatic Ni-Cu systems, such as
535  the Mirabela intrusion in Brazil (Barnes et al., 2011), the Betheno deposit in Western
536  Australia (Barnes et al., 2013), and the deposits in NW China (Mao et al., 2018). For
537  the olivine-sulfide system, it has been demonstrated that the exchange coefficient (Kp
538 olivinesulfide) for Fe and Ni is associated with oxygen fugacity, sulfur fugacity, Ni
539  content in the sulfide melt, etc. (e.g. Fleet and MacRae, 1988; Brenan, 2003; Barnes et
540  al., 2013). Comparatively, Fe/M ratios in Cr-magnetite, where M refers to Ni, Co, Zn

541 and X; is the mole fraction of component i in the phase of interest, may associate
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542 with the Fe/M ratio in sulfide and the Kp cr-magnetite-sulfide:

Koo o = | XMs/ Xuo /
D sulfide/Cr—magnetite Xres Xreo
sulfide liquid Cr—magnetite

543 Accordingly, the elemental exchange model can be tested by the Fe/M ratios in
544  Cr-magnetite. Assuming the Kp cr.magnetite-sulfide Temains constant and the change of
545  Fe/M ratio in the Kalatongke sulfide is negligible, the variation in Fe/M ratio in
546  Cr-magnetite should be relatively small. The restricted ratios of Fe/Ni (150 to 250)
547 and Fe/Co (6000 to 8000) in Cr-magnetite in disseminated sulfide (Fig. 8b, d, f)
548  suggest that the Ni and Co depletions in Cr-magnetite can be the result of exchange
549  equilibrium between Cr-magnetite and sulfide. The alternative interpretation would be

550  that these ratios in the disseminated ores are controlled by the equivalent exchange

/)

552 However, it is significant that the M/Fe ratios in the massive sulfide-hosted magnetite

551  equilibria with olivine:

Koo o = |XM0/
D olivine/Cr—magnetite — XFeO

olivine Cr—magnetite

553  are similar to those in the disseminated ores. This implies that divalent metal
554  exchange with sulfide is the dominant control for magnetite from different ore types.

555 The Fe/Zn and Fe/Co ratios tend to increase slightly with the ferrous iron (Fe*")
556  in Cr-magnetite, which may be explained by the Fe-Zn (Fe-Co) exchange reactions
557  being relatively sensitive to either sulfide composition or conditions of the system.
558  Temperature dependence of the Fe/Zn and Fe/Co Kp is the likely explanation. We
559  note that the element exchange mechanism cannot be used to explain the lack of Ni,

560  Co, and Zn depletion in the magnetite included in chalcopyrite from massive sulfide
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561  (Fig. 8). Such inconsistency could be reconciled by the relatively lower temperature
562  of the fractionated sulfide melt (low diffusive rate) together with the relatively
563  fast-cooling rate (limited equilibrium time) in the massive sulfides. The explanation is
564  consistent with the geological distribution of the Kalatongke massive ore, which
565 commonly occurs as sulfide veins intruding into the fractures of the cooled intrusive
566  body and/or cold wall rocks. The fast-cooling rate is suggested by the dendrite texture
567  of the magnetite in massive sulfide (Fig. 3d). Nevertheless, the Fe, Ni, Co, and Zn
568  exchange between Cr-magnetite and sulfide melt may remain active at late stages of
569  sulfide fractionation within the intrusive body, suggesting that the postcumulus
570  modification may have erased the fractionation signal in Cr-magnetite of most
571  magmatic systems. Sub-solidus reactions between magnetite and sulfide minerals
572 played a subtle role in the trace element compositions as there is little compositional
573  difference between magnetite (also Cr-magnetite) enclosed in pyrrhotite and that
574  included in chalcopyrite.

575  Potential application of spinel composition to sulfide enrichment processes

576 There is a much greater contrast in composition between disseminated
577  sulfide-hosted Cr-magnetite and those found within massive sulfide, specifically in
578  the much lower concentrations of the strong lithophile elements (Ti, Al, Cr, V, Sc, Ga,
579  shown in Fig. 5, 7, 9) in the latter. This is more typical of the situation in magmatic
580  sulfides: magnetite in the massive sulfide pools crystallized under conditions where
581  there was limited diffusive equilibration with the parent silicate melt (Naldrett et al.,

582 2000). In this light, we can consider whether the size distribution and composition of
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583  magnetite in sulfide could be used to indicate the origin of the massive ores. Massive
584  ores could be formed either by sulfide accumulation from the magma prior to
585  accumulation of the overlying cumulates, or by coalescence and percolation of sulfide
586  through the silicate-sulfide-melt mush and drainage to the bottom (Barnes et al., 2017).
587  For the latter case, extensive interdiffusion of elemental components between silicate
588  and sulfide melts might be expected, leveling out the difference in the compositions of
589  magnetite between the two sulfide types. In such a case, the ubiquitous distribution of
590  magnetite in the massive sulfides, together with the wide compositional variation in
591  magnetite from disseminated and massive ores (Fig. 10), could be taken to indicate
592 that the massive ore of the Kalatongke deposit was not the result of the coalescence of
593  interstitial disseminated sulfides. This would be further evidence that sulfide pools
594  have formed early in the Kalatongke deposit, probably before the formation of
595  disseminated ores. However, this is not a conclusive argument; it is even likely that
596  magnetite saturation in the massive sulfide liquid could have occurred subsequent to
597  percolation and drainage, from an evolved sulfide melt spatially and chemically
598  isolated from the silicate magma. Under these circumstances, this magnetite would be
599  expected to be strongly depleted in the lithophile components (Fig. 10). The massive
600 sulfide magnetites here actually show somewhat transitional character, being
601  generally similar to the disseminated and silicate hosted magnetites in some lithophile
602  elements — Zr, Ta, Mo, Sn, and Mn — while being strongly depleted in others — Al, Sc,
603 Mg, Ga, V, and Cr (Fig. 9¢c, 10). This could be taken as indicative evidence for a

604  hybrid model: a mixture of early accumulated sulfide pools with a component of
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605  drained sulfide from the cumulates above.
606

607  Implications

608 The compositional comparison of Cr-magnetite and magnetite from different
609  sulfide textures reveals that the Kalatongke deposit is an example of where the same
610  mineral phase from two immiscible liquids exhibit approximately equivalent
611  compositions (Bowen, 1928; Frost and Groves, 1989). Such a finding suggests that
612 equilibrium crystallization may be an important process in generating the complex
613 chemistry of Cr-magnetite/Cr-spinel in magmatic Ni-Cu deposits, particularly for the
614  Cr-magnetite in disseminated sulfide which has the opportunity to interact with the
615  coexisting silicate melts.

616 The equilibrium between Cr-magnetite in sulfide with the silicate liquid
617  illustrates that the Cr-magnetite is a potential candidate to trace sulfide migration and
618  percolation history. The slight enrichment in several trace elements (Zr, Ta, Mo, Sn,
619  Mn) in magnetite from massive ore is inferred to be formed by the mixture of early
620  accumulated sulfide pools with a component of drained sulfide from the cumulates.
621  The present study suggests that the trace element component in spinel may serve as an
622  indicator for not only the compositional evolution of silicate/sulfide melts (Dare et al.,
623 2014; Duran et al., 2020; Schoneveld et al., 2020) but also the percolation and
624  enrichment history of sulfide liquid.

625 The Kalatongke case study shows that the Cr-magnetite (magnetite) has

626  experienced reactions with the coexisting sulfide melt at the postcumulus stage,
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627  generating outward Ni, Co, and Zn (divalent cation) migration to sulfide melt. The
628 initial content of divalent cations in Cr-magnetite can only be preserved when the
629  sulfide cools rapidly, such as in massive sulfide veins intruding into cold wall rocks.
630  The element exchange with the coexisting sulfide melt may be the key factor for the
631  chalcophile element concentration in Cr-magnetite/magnetite of magmatic Ni-Cu
632  deposits, suggesting that fractional signatures of divalent cations in
633  Cr-magnetite/magnetite may be completely overprinted by postcumulus reactions.
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891 Figure captions

892  Fig.1 Simplified geological map of the East Junggar terrane (after Song and Li, 2009) and the

893  Central Asian Orogenic Belt (inset) (after Sengor et al., 1993), showing the location of the

894  Kalatongke Ni-Cu deposit. The small yellow circles in the inset show the location of other

895  Ni-Cu deposits in the Central Asian Orogenic Belt.

896

897  Fig. 2 Simplified geological map (a) and sections (b-d) of the Kalatongke deposit, showing

898 the distribution of the mafic intrusions and the variable types of sulfide mineralization within

899  them. The geological map is from Wang and Zhao (1991), whereas the sections are from Xinxin

900 Mining Industry Co. Ltd based on the latest exploration data.

901

902  Fig.3 Reflected light images (a-d), BSE image (e), and processed images (f-g) show the 2D

903  morphology, grain size, and spatial distributions of Cr-spinel, Cr-magnetite, and magnetite in

904  the disseminated and massive ores. Most Cr-magnetite grains are euhedral-shaped (a, b),

905  whereas some irregular magnetite grains are shown in massive ores (c¢). Dendritic textured

906  magnetite from a massive ore (d). The grain size of Cr-spinel and Cr-magnetite in silicates is

907  smaller than that of Cr-magnetite included in disseminated sulfides (e, f), which is

908  significantly smaller than that included in massive sulfides (g). Note that Cr-magnetite in the

909  disseminated sulfides tends to occur at the rim of the sulfide pockets (a, b, e). The

910  high-resolution versions of the processed images (f, g) can be downloaded from online

911 Supplementary Material 1 and 2. Abbreviations: Ap-apatite, Cpy-chalcopyrite, Cr-Sp for

912  Cr-spinel included in olivine, Cr-Mt for Cr-magnetite included in other silicates and
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913  disseminated sulfide, Hb-hornblende, Mt-magnetite, Ol-olivine, Opx-orthopyroxene,

914  Pl-Plagioclase, Pn-pentlandite, Po-pyrrhotite.
915

916  Fig. 4 Crystal size distribution (CSD) of Cr-magnetite grains in silicates, Cr-magnetite
917  crystals in disseminated, and magnetite in massive sulfides. The CSDs illustrate log-linear
918  distributions of variable slopes and intercepts, suggesting crystallization under different
919  conditions. The processed high-resolution image with touched grains separated was used for
920  crystal size distribution analysis (Fig. 3f-g, Supplementary Material 1 and 2).

921

922 Fig. 5 Major contents (a-¢) and Cr# variation (f) in Cr-spinel, Cr-magnetite, and magnetite of
923  the Kalatongke deposit. Mg# equals 100* Mg/(Mg+Fe), Cr# equals 100* Cr/(Cr+Al). The
924 Al O; and Cr,0; contents in magnetite are close to the detection limit and not plotted in the
925  Cr# plot (f). The composition of Cr-spinel in olivine and silicate minerals composition from
926  other Ni-Cu deposits in the Central Asian Orogenic belt (CAOB), which includes the
927  Huangshandong, Huangshanxi, Xiangshan, and Huangshannan deposits (from Mao et al.,

928 2014, 2015 and references therein), is plotted for comparison.
929

930 Fig.6 Al-Fe-Cr ternary diagram for the Cr-spinel, Cr-magnetite, and magnetite of the
931 Kalatongke deposit, in comparison with that from other regional deposits and the Noril’sk
932  camp. The Kalatongke data are from this study. The Norilsk spinel data are from Schoneveld
933 et al. (2020), the regional deposits and their data source are listed in the caption of Fig. 5. The
934  Cr-Al trend (two-headed gray arrow) and Fe-Ti trend (black arrow) are from Barnes and

935  Roeder (2001).
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936

937  Fig. 7 Trace element variations of Cr-spinel, Cr-magnetite, and magnetite from the

938  Kalatongke deposit. The Cr-magnetite grains enclosed in disseminated sulfides have similar V,

939 Sc, Ga, Mo, Zr, and Nb concentrations (a-f) but depleted Ni, Co, and Zn (g-i) contents relative

940  to those enclosed in silicates. For the Cr-magnetite in disseminated sulfides, no detectable

941  compositional difference is shown for the Cr-magnetite in pyrrhotite and that in chalcopyrite.

942  For the magnetite in massive sulfides, in contrast, the compositional difference of some trace

943 elements (V, Ni, Co, Zn, a, g, h, i) is shown for the magnetite in pyrrhotite and that in

944 chalcopyrite. See the text for a detailed explanation.
945

946  Fig. 8 Correlation between Ni, Co, Zn content and ferrous Fe in the X site of the Cr-spinel,

947  Cr-magnetite, and magnetite from the Kalatongke deposit. The ratio is calculated by ferrous

948 Fe to other elements.
949

950  Fig.9 A multi-element diagram for Cr-spinel, Cr-magnetite, and magnetite of the Kalatongke,

951  normalized to bulk continental crust (Rudnick and Gao, 2003). (a) Cr-spinel in olivine and

952  Cr-magnetite in other silicates, (b) Cr-magnetite included in disseminated sulfides, (c)

953  Magnetite in massive ores. Trace elements are ordered according to increasing compatibility

954 into magnetite from left to right (after Dare et al. 2014).

955

956  Fig. 10 The discrimination diagrams of the origin of the massive sulfide in terms of the

957  association of Cr versus Ti (a), V (b), and Ni (c) contents in magnetite. The magnetite

958  included in the massive sulfide of the Kalatongke deposit plot on the region of the magnetite
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959  crystallized from the evolved Fe-rich sulfide melt. The Cr-spinel in silicates and Cr-magnetite
960  in disseminated sulfides, which have been attributed to equilibrium crystallization, are plotted
961  for comparison. The gray fields show the composition of magnetite that crystallized from
962  massive sulfides with variable fractionation degrees, which was built based on the magnetite
963  from the Sudbury deposit (Dare et al., 2012; Boutroy et al., 2014). The magnetite from the

964  Huangshandong deposit is from Gao et al. (2013).

43

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



Figure 1

L ag° N\

Siberia
Craton

Kalatongke

East

Or
°9enic geit
Honggqiling

Frianshan 50\\’\Le‘/s —

88°

Granite
Diorite

Dolerite dyke / mafic intrusion
40 km
Ophiolite
Carboniferous volcanic
and sedimentary rocks

Ordovician-Devonian
volcanic and sedimentary rocks

Fault

/L ONREE

46°—




Figure 2

500 m

Line 28

B

Line 51

500
m
-800 E
600
- Gabbro / diorite
- Olivine norite / gabbronorite 3
[ Granite-diorte [l Massive ore . N
[ ] wallrock [ Net-textured ore \\Y3 ANy '4310
Fault Disseminated ore A Y
. S )
[ o ] Ssamplelocation || Sparse disseminated ore T
1000
|800
600
| 400
[200m

Line 36 28 20 12 4 3 11 19 27 35 43

51




Figure 3

[ Suffide

= Cr-Mt (Cr-Sp) in slicates
Silicates

I Cr-Mt (M) in sulfide




Ln (population density, n/mm -4)

Figure 4

—0— Cr-Magnetite in silicates

—l— Cr-Magnetite in disseminated sulfide
—o&— Magnetite in massive sulfide

y =-18.24x-6.41
y =-42.67x-3.59 R?=0.99 IS
R2=0.97 y=-6.02x-9.93
R?=0.99
0.2 0.4 0.6 0.8 1 1.2 14

Equivalent sphere diameter (ESD, mm)



FeO wt%

A|203 wt%

Figure 5

6 .
o
5 .
[ ] 8 o\o 4 -
60 - s
° % O 3- oV @
50 - C,g [=
0 o e
° 2
7 0
40 T $ ) ¢
o)
1 @ °
30 A 3
20 01
0 2 4 6 8 10 12 0 10 20 30 40 50
MgO wt% Mg#
40 - d]
35 1 40
30 A
55 ® 30 A
° S
=
20 - ® S Q
% & 201 S, ¢ o °
15 4 06 ®® O
®
@
10 A
Q g o
0 .
0 10 20 30 40 0 10 20 30 40 50
Mg# Mg#

MnO wt%

Cr#

1.75 4

1.50 A

1.25 A

1.00 A

0.75 A

0.50 A

0.25 A

0.00 A

@® Cr-Spin olivine
O Cr-Mtin silicates
o Cr-Mtin disseminated
© sulfide (Po)
¢ Cr-Mt in disseminated
sulfide (Cpy)
@ Mt in massive sulfide (Po)
A Mt in massive sulfide (Cpy)

100 A

30 A

20 A

10 20 30 40 50
Mg#




Figure 6

® Cr-Spinolivine

O Cr-Mtin silicates

O Cr-Mtin disseminated sulfide (Po)
<> Cr-Mt in disseminated sulfide (Cpy)

Other CAOB deposits
0.8 (from literature)

Noril'sk deposits (from literature)

v Q
cr3+ Q. Qn Q. Q. N. AI3+



V ppm

3000 B
2500 -
2000 - R
([ ]
1500 - ®
(]
1000 - ©
500
0 - T T T T T
0 10 20 30 40
Mg#
5. ° 4]

Figure 7

10 A

Sc ppm

25 A

- [b]
°
o O o
&
o
e .
0o © @
® °
Gl &
B ° © °
o
1I0 2I0 3I0 4I0
Mg#
o . E

400 -

(J

e

o0

o) ®
o °
o
®
10 20 30 40
Mg#

Zn ppm

® Cr-Spin olivine

O Cr-Mtin silicates

g Cr-Mtin disseminated
sulfide (Po)
Cr-Mt in disseminated
sulfide (Cpy)

g o @ Mt in massive sulfide (Po)
‘ A Mt in massive sulfide (Cpy)
01, . . . .
0 10 20 30 40
Mg#
A
3.0 A

°
4000 A ® °
o ®o
0 O o °
3000 °
o
o
2000
1000
0 .
0 10 20 30 40



Figure 8

350
E] m]
300 A <>U 8 e
o
250 - = K-
O @ [m}
& ER, @ WA
— 200 + o]
z 5H
E elm o D&% M.
150 | O o e
o o 8 % O DO
o © 6 o %
i [) o
100 ® C@O o % CDO @ (e} A
[} [ ] o) A
50 - © ©
T T T T 0 T T T T
0.6 0.7 0.8 0.9
Fe?* apfu
10° 5
[} [ ]
400 e ©° © ]
° [] o e ]
[ ] o |
300 ©
i 4
) (e} o 10 E
£ e0 P @ ®Pg O ° ]
o ) ]
2 00 - 68 8o P @ % ]
S o © oe o - ]
100 - ]
0 -
4000 -
3000 E
c ] ® CrSpinolivine
& 1 O Cr-Mtin silicates
< 2000 i Cr-Mt in disseminated
N sulfide (Po)
E &P A Cr-Mt in disseminated
1 ® O S
] 6] A
1000 - 1 ® @ .% e °0o sulfide (Cpy)
] [} @ Mt in massive sulfide (Po)
A Mt in massive sulfide (Cpy)
0 -
T T T T T
0.6 0.7 0.8 0.9 1.0

Fe?* apfu Fe?* apfu



Figure 9

Si Zr Hf Al Sc Ta Nb Mo Sn Ga Mn Mg Ti Zn Co V Ni Cr

1SNJD |B1UBUIIUO0D 0] PAZI|eWION

1SNJD [BIUSUIIUOD 0] PaZI|eUWION

ISNJD |BIUBUIIUOD 0] PAZI|eWIoN

* S| s -G =
\\ — . \m o
o - = K| - = e
T e 33
* - > i | - > 2 2
/
£ -S RS T -S o o
o o g o v o
e c - c 2 2
*__ SN T BN 23
e TSR o= Lo | L= € E
SO o o cc
AVRNNS s S~ | > | -
PN O \\\\\+ s ot eo <ol s m W
L £ | ©
= = = ® <
| © o o | ©
O |29 O
| © v o | ©
n | T 3T n
o E =
= | o S S | ©
E (2|23 =
~ Lo 23 | ©
5 [2 |28 5
] 5 Lo = = | ©
Qo b = € € [
o S ] v QO
(SIS Q | O n un . O
== SEEsiO~-. a n | owv )
wo ZAZNN<@0 0 Tt T ©
£ £ et P | £ £ - <
28 s s s
n PPt | 4= | )
s T | T T T g
OO . | oo .
‘ - - <>
- A N N R
o4 N N N !
X ) ) <D
S _ _ - — e _ rrrr——T _ e S — _ e S
m o~ — o — o~ m < m o~ — o — o m < m o~ — o — o m
o o o o | | | | o o o o | | | | o o o o | | |
— — i — o o o o — — —i — o o o o —l — — — o o o
— — — — — — — — — — —

1074



Ti ppm

V ppm

Ni ppm

Figure 10

106 E
] E' Primitive Fe-rich
105 3
104 4 Evolved Fe-rich
] A
103 4 w
a3
] Equilibrium
10? 4 crystallization
101 5 .
Cu-rich
100 1 ISS
10751 T T T T T T T T
10° 5
@ Primitive Fe-rich
104 E
103 E
10? 1 Equilibrium
crystallization
10! E
100 E
10~ ] - @ CrSpinolivine H
105 5 O Cr-Mtin silicates -
] [0 Cr-Mtin disseminated sulfide (Po)
<> Cr-Mt in disseminated sulfide (Cpy)
® Mt in massive sulfide (Po)
A Mt in massive sulfide (Cpy)
Mt from Huangshandong
10 E
Equilibrium
. crystallization
103 E
Evolved
Primitive Fe-rich
102

Ty Ty Ty Ty T
-1 100 10 102 103
Cr ppm

104 10%



	Article File
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Figure 9
	Figure 10



