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Magmatic Ni—Cu deposits that associated with mafic-ultramafic intrusions in convergent settings could form
from multiple magma pulses with age difference varying from 1 Ma to >10 Ma years. The Huangshandong de-
posit in NW China of the southern Central Asian Orogenic Belt was formed in such a setting. The intrusion is com-
posed of four units formed by four magma pluses: a gabbroic sequence (Phase I, crystallized from an evolved
magma), a sheet-like ultramafic body (Phase II, crystallized from a relatively primitive magma), a dike-like
gabbronorite body (Phase III, crystallized from an evolved magma), and an irregular ultramafic unit (Phase IV,
crystallized from a relatively primitive magma). Our zircon SIMS U—Pb dating shows that the Phase I and
Phase IV magmas of the Huangshandong deposit were emplaced at 280.3 4= 1.9 Ma and 281.4 + 2.2 Ma, respec-
tively, indicating that the four magma pulses were intruded over a very short period and cannot be distinguished
within the uncertainty of +2 Ma. Moreover, the zircon crystals in the four units record identical eHf (t) values
(average of 12.1-13.5) and §'80 values (average of 6.3-6.5%.). However, the intrusive relationships of the four
units illustrate that the Huangshandong complex cannot form by in-situ fractionation. Therefore, the indistin-
guishable Hf—O isotopic values, together with their contemporaneous emplacements, indicate that the four
magma pulses could originate from a same staging magma chamber. The overall enrichment of eHf (t) value rel-
ative to that of the depleted mantle (16) and elevation of '80 values relative to the mantle value (5.3%.) suggest
15-20% crustal material incorporation. Additionally, the magmas may have been contaminated prior to their ar-
rival at the staging magma chamber, where the magma has subsequently experienced variable olivine fraction-
ations and relatively primitive magma replenishment. For most mafic-ultramafic intrusions which are
characterized by long-duration magmatism (>10 Ma) in convergent settings, e.g., intrusions in the Kalatongke
area, Tulaergen intrusions, Xiarihamu intrusions, the most important Ni—Cu mineralization are closely related
to the last stage magmatism. This finding suggests that the intrusions emplaced at the late stage of subduction
and post—collisional period of the orogenic process may have more potential for Ni—Cu mineralization
exploration.
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1. Introduction

A single intrusion commonly crystallizes within 1 Ma, e.g. Cawthorn
and Walraven (1998) have suggested that the ~2054 Ma Bushveld
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complex (Scoates and Friedman, 2008), noted to be the world's largest
layered intrusion, solidified within 75,000 years. However, recent stud-
ies on many small mafic-ultramafic intrusions in convergent settings
(Lightfoot and Evans-Lamswood, 2015; Tang, 1996) illustrate that
some of these intrusions crystallized from multiple magma pulses that
could have had an age difference from several million years up to
100 Ma (Gehrels et al., 1987; Li et al., 2015; Saleeby, 1992; San et al.,
2010; Su et al., 2014; Xue et al.,, 2016). Such magmas may have formed
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during subduction and/or in post-collisional setting, and different
pulses have variable potential of Ni—Cu sulfide mineralization. Thus,
for mafic-ultramafic intrusions formed by multiple magma pulses, it is
very important to address the age and origin of different magma pulses.

The Huangshandong complex, one of the four largest Ni—Cu de-
posits in the Central Asian Orogenic Belt (CAOB), is comprised of four
units formed from four magma pulses, namely: gabbroic rocks (Phase
I), ultramafic rocks (Phase II), gabbroic rocks (Phase III), ultramafic
rocks (Phase IV) (Mao et al,, 2015; Wang et al.,, 1987). Han et al.
(2004) performed SHRIMP U—Pb dating on zircons separated from
Phase I and yielded a concordant age of 274 4 3 Ma. Despite subsequent
intensive study of the Huangshandong complex (Deng et al., 2014; Gao
and Zhou, 2013a; Han et al., 2004; Mao et al., 2015; Sun et al., 2013;
Zhou et al., 2004), no age data exist for the other three phases, a gap,
that should be filled to critically understand the evolutionary history
of the Huangshandong complex.

In this contribution, the SIMS U—Pb dating of zircon crystals sepa-
rated from Phase I and Phase IV rocks is conducted to further constrain
the time evolution of the Huangshandong complex. In addition, the O—
Hf isotopic compositions of the zircon grains from the four phases are
used to better understand the magma evolution at the deep-seated
magma chamber. The results from the Huangshandong complex, to-
gether with the evolution timeline of other mafic-ultramafic intrusions
in convergent settings, are used to constrain the temporal control on the
Ni—Cu mineralization in such setting. The findings improve our under-
standing of the Huangshandong Ni—Cu deposit and have several impli-
cations for the genesis of the Huangshandong deposit and exploration of
Ni—Cu deposits in convergent settings.

1.1. Geological background

The Huangshandong complex is located in the East Tianshan (also
known as Eastern Tianshan, Xiao et al., 2004) along the southern margin
of the CAOB (Fig. 1a) and belongs to a cluster of Permian Ni—Cu sulfide-
bearing mafic-ultramafic intrusions in NW China (Qin et al., 2011). The
geological and geochemical characteristics of these deposits and the
general geology of the East Tianshan have been detailed in several re-
cent publications (Mao et al., 2018; Qin et al., 2011; Song et al., 2013).
The Huangshandong complex is also among the four most important
Ni—Cu deposits in the CAOB, together with the Huangshanxi,
Kalatongke and Honggqiling deposits. The Huangshandong and
Huangshanxi deposits belong to the Huangshan district, which also con-
tains the Xiangshan deposit in the north and the Huangshannan deposit
in the south (Fig. 1b). All of the deposits in the Huangshan district were
emplaced along the Kangguer-Huangshan fault zone, and the distances
between each of deposits are <30 km.

The lens-shaped Huangshandong complex hosts >50 Mt. of sulfide
ores with average grades of 0.52 wt% Ni and 0.27 wt% Cu (Wang et al.,
1987). The geological information of the Huangshandong complex
was detailed in Wang et al. (1987) and Mao et al. (2015). In summary,
the intrusion is composed of four rock units: a layered gabbroic se-
quence (Phase I), a sheet-like ultramafic body (Phase II), a dike-like
gabbronorite body (Phase III) and an irregular ultramafic unit (Phase
IV) (Fig. 1b-d). The layered gabbroic body consists of olivine gabbro,
gabbro and hornblende gabbro at the center. Sulfide mineralization oc-
curs in the upper portion of this unit, connecting with the basal sulfide
mineralization in the Phase Il rocks. These sulfides in Phase I are be-
lieved to have percolated from the Phase Il magma (Mao et al., 2015).
The Phase Il rock, which is a sheet-like ultramafic body, exhibits an up-
wardly concave shape in cross-sectional view (Fig. 1d) and consists ol-
ivine websterite and lherzolite. Disseminated and net-textured sulfides
are present at the basal portion of this unit. The Phase IIl gabbronorite,
which is a dike-like body, occurs to the west (Fig. 1c). The thickness
of this injected dike-like body reaches ~200 m. Disseminated and net-
textured ores mainly occur as small lenses in the center of the dike
(Fig. 1c). Several small massive sulfide veins and semi-massive sulfide
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patches are also present. The irregularly shaped Phase IV lherzolite
and olivine websterite intersect the lower part of the layered gabbroic
sequence (Phase I) and the dike-like gabbronorite body (Phase III). Dis-
seminated and net-textured sulfides are present in various regions of
this unit. Economic sulfide mineralization is hosted by rocks of the
four magma pulses, whereas the most important orebodies are hosted
by the Phase II to Phase IV rocks.

2. Analytical methods

Zircon grains from the Phase I olivine gabbro, Phase II olivine
websterite, Phase Il gabbronorite, and Phase IV olivine websterite
were separated using standard density and magnetic separation tech-
niques. These grains, alongside the zircon standards Penglai and Qinghu,
were mounted in an epoxy resin. The mount was polished to expose the
centers of the grains. All the zircon grains were documented with trans-
mitted and reflected light micrographs and cathodoluminescence (CL)
images to examine their internal structures. The CL imaging was per-
formed on a LEO1450VP scanning electron microscope with a MiniCL
detector at the Institute of Geology and Geophysics, Chinese Academy
of Sciences (IGGCAS).

Measurements of U, Th and Pb were conducted using the CAMECA
IMS 1280 ion microprobe at the IGGCAS. The analytical protocols and
procedures followed those in Li et al. (2010). The measured Pb isotopic
compositions were corrected for common Pb using non-radiogenic
204pp, The corrections were acceptably small to be insensitive to the
preference for a common Pb composition. An average of the present—
day crustal composition (Stacey and Kramers, 1975) was used for the
common Pb. The uncertainties of individual analyses were reported at
a 1-sigma level; the mean ages for pooled U—Pb analyses are shown
with a 95% confidence interval.

Subsequently, zircon O isotopes were measured by the CAMECA IMS
1280 ion microprobe on the same grain analyzed for U and Pb. The Cs
+ primary ion beam was accelerated at 10 kV with an intensity of ca.
2 nA and rastered over a 10 um-area with a spot diameter of 20 pm.
The internal precision of a single analysis was generally better than
0.2%. for the 130/'°0 ratio. The 5'80 values were standardized to the Vi-
enna Standard Mean Ocean Water (VSMOW) and reported in standard
per mil (%.) notation. The instrumental mass fractionation factor was
corrected by the Penglai zircon standard with 8'0yspow = 5.31%. (Li
et al,, 2010). The measured '%0/'°0 was normalized using VSMOW
compositions and then corrected for the instrumental mass fraction-
ation factor.

Finally, Lu—Hf isotopes were measured using laser-ablation multi-
collector inductively coupled plasma mass spectrometry (LA-ICP-MS)
on the same zircon grains that were previously analyzed for U—Pb and
0 isotopes. Lutetium-Hf isotopic analyses were obtained with ablation
pits of 40-80 um in diameter, an ablation time of 26 s and a repetition
rate of 8 Hz. The measured '7®Hf/!””Hf ratios were normalized to
179Hf/177Hf = 0.7325.

3. Results
3.1. Zircon U—Pb isotopes

Most of the zircons were fragments rather than intact crystals. The
zircon fragments of the Phase I rocks were larger than those of the
Phase IV rocks (Fig. 2a-b), probably due to their longer residence time
in Zr-saturated liquid. In the CL images (Fig. 2a-b), most of the zircon
fragments from both the Phase I and Phase IV rocks displayed oscillatory
or sector zoning, whereas some of the zircons were too dark to show
textural information under the analytical conditions in this study. The
darker zircon grains had slightly higher U and Th concentrations than
those in lighter grains (Table 1). The U and Th concentrations of lighter
zircon from Phase I olivine gabbro varied from 194 to 388 ppm and from
43 to 147 ppm, respectively, whereas those of the darker zircon from
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Fig. 1. Simplified geological map of the Central Asian Orogenic belt (a), a simplified geological map (b), cross sections (c, d), and field pictures (e) of the Huangshandong mafic-ultramafic
complex (after Mao et al,, 2015). The yellow dot in f shows the location of a hammer. The yellow dashed line shows the intrusive contact between rocks from the different phases.

Phase I varied from 600 to 1293 ppm and from 236 to 889 ppm, respec-
tively. However, the darker zircon crystals from Phase I yielded
206pp,238J ages similar to those of the lighter zircon crystals (Table 1),
suggesting that all the zircon crystals crystallized from the same
magma. The U and Th concentrations in zircon from Phase IV olivine
websterite, which varied from 215 to 1406 ppm and from 96 to
1491 ppm, respectively, were slightly higher than those in the Phase I
zircons. The Phase I zircon yielded a concordant age of 280.3 4+ 1.9 Ma
(Fig. 2¢) with a mean standard weighted deviation (MSWD) of 1.6
(95% confidence), whereas the Phase IV zircon yielded a concordant
age of 281.4 + 2.2 Ma (Fig. 2c) with a MSWD of 0.43 (95% confidence).
The ages of the Phases I and IV rocks showed that all four phases of the
Huangshandong complex were emplaced at ~281 Ma and solidified
over a very short period of time. The concordant age of ~280 Ma for
the two units of the intrusion could rule out the possibility that the zir-
cons were incorporated from the wall rock which formed at the

Carboniferous. Thus, the Hf and O isotopes in zircon crystals from the
different rocks, as discussed in detail below, most likely recorded the
signature of the magma during crystallization. Moreover, the new
SIMS age of the Huangshandong complex is consistent with the em-
placement age (~280 Ma, Figs. 1, 3) of the Ni—Cu deposits in the
Huangshan district.

3.2. Zircon O—Hf isotopes

The eHf (t) and §'%0 values of zircons from Phase I olivine gabbro
varied from 10.4 to 15.0 (with an average of 13.0), and from 6.0%. to
6.7%. (with an average of 6.4%.), respectively (Table 2). The average
eHf (t) values of zircons from Phase II olivine websterite, Phase III
gabbronorite, and Phase IV olivine websterite were 13.5, 12.9, and
12.1, respectively, whereas the corresponding 6'20 values were 6.3%.,
6.4%o, and 6.3%., respectively. All the results of zircon analyzed from
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Fig. 2. The CL images and concordant ages of the zircon crystals separated from the Phase I (a, c) and Phase IV (b, d) rocks from the Huangshandong complex.

the four rock phases were comparable in terms of the O—Hf isotopic
values (Fig. 4). The average zircon €Hf (t) values (12.7) of the
Huangshandong complex in this study were slightly lower than the re-
sults from Sun et al. (2013, average value of 15.2), but were generally
comparable to those of other intrusions in the Huangshan district,
such as the Huangshanxi intrusion (eHf (t) = 12.0, Su et al., 2011),
Huangshannan intrusion (eHf (t) = 13.1, Mao et al, 2016), and
Xiangshan Ni—Cu associated gabbro (eHf (t) = 12.9, Su et al., 2011).
In addition, the slightly elevated 880 values (~6.3%) of zircons from
the Huangshandong complex were identical to those from the
Huangshannan intrusion (~6.5%., Mao et al., 2016) and Huangshanxi in-
trusion (6.1%., Su et al., 2011) but higher than those from the Xiangshan
Ni—Cu associated gabbro (4.9%., Su et al., 2011). Based on the assump-
tion that the SiO, content of melt is 53 wt% (Mao et al., 2015; Valley et
al., 2005), the calculated 5'80 values for the melts of different magma
pulses in equilibrium with the zircon crystals of the Huangshandong
complex vary from 6.5%. to 7.4%. (average, 6.9%.).

4. Discussion

4.1. Evolution of the Huangshandong magmas in the deep-seated magma
chamber

The spatial distribution and the intrusive relationship between the
rocks from the different phases (Wang et al., 1987) showed that the
Huangshandong complex could not have formed from in-situ fraction-
ation and/or contamination processes in its current location. We assume
the mantle derived melts have §'80 values of 6.1%. (Eiler et al., 2000)
and &y (280) values of 16 (Vervoort and Blichert-Toft, 1999), and the
average crust in the East Tianshan has 5180 value of 10%. and &yf
(280) value of 5 (Valley et al., 2005; Wang et al., 2008), the choice of
the Hf—O isotopic composition of the East Tianshan crust is consistent
with its juvenile arc crust nature and has been detailed in Mao et al.

(2016). According to the mixing modeling, such slightly enriched Hf—
0 isotopic values of the Huangshandong complex require approxi-
mately 10-25% crustal contamination (Fig. 4). It is important to note
that 10 uncertainty (0.2%.) of the 830 values could generate ~5%
error of crustal contamination degree estimation. Thus, the relatively
wide range of crustal contamination is likely derived from analytical un-
certainty. Considering the analytical uncertainty, the more reasonable
contamination degree of the magmas of the Huangshandong should
be 15-20%. Nevertheless, the identical Hf—O isotopic values of the
four magma pulses, together with the indistinguishable ages of Phases
I and IV rocks, illustrates that these magmas may have extracted from
the same staging magma chamber. Moreover, the contamination pro-
cess probably occurred before the arrival of the magmas to the staging
chamber, in which fractionation was the dominant factor according to
the identical Hf—O isotopic values. Based on these restraints, we catego-
rize four stages of the magma evolution process at the deep-seated
staging magma chamber (Fig. 5), corresponding to the emplacement
of the four magma phases in the current shallow location (Mao et al.,
2015).

The first stage involved the ascent of the parental magma from the
deep-seated staging chamber to a junction between the fault and
weak planes (sub-chamber), where the magma experienced significant
olivine fractionation (Fig. 5a), during which sulfide droplets probably
accumulated to form disseminated-massive ore at the sub-chamber.
The plumbing of this fractionated magma formed the Phase I evolved
magma, which further ascended to the current chamber and crystallized
into gabbroic rock. Meanwhile, minor olivine fractionation may have
occurred at the bottom and boundaries of the staging magma chamber,
accompanied by downward-settling of existing sulfide droplets and
segregation of new sulfide droplets from the parental magma. The
plumbing of the sulfide droplet-bearing parental magma through the
current intrusion location formed the Phase II lherzolite and olivine
websterite with disseminated sulfides (Fig. 5b). A proportion of sulfide
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Table 1
Uranium, Th and Pb concentrations and U—Pb isotopes of zircons in Phase [ and IV rocks from the Huangshandong complex.
Sample u Th Pb Th/U 207pp 235y +0% 206pp, 238 +0% 207p},206ph +0% 206pp, 238 +0%
ppm ppm ppm
Phase I, olivine gabbro
G2@01 284 109 15 0.383 0.31193 227 0.0442 1.52 0.05116 1.69 2789 41
G2@02 340 91 17 0.269 0.32299 2.13 0.0443 1.50 0.05288 1.52 279.4 41
G2@03 290 110 15 0.380 0.32289 2.81 0.0441 1.51 0.05310 2.37 2782 41
G2@04 303 112 16 0.370 0.30969 2.25 0.0440 1.55 0.05103 1.63 277.7 42
G2@05 217 43 1 0.199 0.32052 2.64 0.0438 1.50 0.05312 2.18 276.1 41
G2@06 843 417 45 0.495 0.32136 2.10 0.0443 1.50 0.05266 1.47 2792 41
G2@07 285 101 15 0.356 0.30928 2.72 0.0444 1.52 0.05054 2.26 279.9 42
G2@08 348 138 18 0.396 0.32019 2.14 0.0451 1.51 0.05150 1.51 2843 42
G2@09 272 106 14 0.388 0.31682 2.44 0.0440 1.58 0.05218 1.86 277.8 43
G2@10 379 147 20 0.388 0.31555 2.17 0.0442 1.50 0.05174 1.57 279.0 41
G2@11 224 85 12 0.380 0.32015 2.45 0.0449 1.53 0.05176 1.91 282.9 42
G2@12 328 120 17 0.366 0.31922 2.21 0.0443 1.50 0.05221 1.62 279.7 41
G2@13 194 76 10 0.393 0.32636 2.65 0.0447 1.50 0.05291 2.18 282.1 41
G2@14 205 79 11 0.385 0.32011 2.57 0.0443 1.52 0.05236 2.07 279.7 42
G2@15 305 109 16 0.357 0.31714 2.93 0.0447 155 0.05142 2.49 282.1 43
G2@16 600 236 31 0.392 0.32024 191 0.0446 1.50 0.05206 1.19 281.3 41
G2@17 1293 889 74 0.687 0.32523 1.72 0.0449 1.50 0.05256 0.84 283.0 42
G2@18 643 293 34 0.456 0.31680 2.26 0.0444 1.52 0.05181 1.67 279.7 42
G2@19 388 71 19 0.182 0.31906 2.12 0.0443 1.50 0.05219 1.49 279.7 41
G2@20 647 263 34 0.407 0.32331 1.97 0.0449 1.51 0.05223 1.26 283.1 42
Phase 1V, olivine websterite
HSD9@1 344 204 19 0.592 0.31527 241 0.0443 1.50 0.05167 1.89 279.1 41
HSD9@2 1356 1491 85 1.100 0.32181 1.75 0.0450 1.50 0.05191 0.90 283.5 42
HSD9@3 1406 1164 82 0.828 0.32593 197 0.0448 1.50 0.05279 128 2824 42
HSD9@4 210 158 12 0.754 0.32415 2.74 0.0453 1.50 0.05195 2.29 285.3 42
HSD9@5 770 315 41 0.409 0.32032 1.93 0.0449 1.50 0.05177 121 283.0 42
HSD9@6 973 642 55 0.660 0.32374 1.87 0.0449 1.50 0.05233 1.12 282.9 42
HSD9@9 366 131 18 0.356 0.30593 2.35 0.0433 1.52 0.05125 1.80 2732 41
HSD9@10 463 162 24 0.351 0.31157 2,01 0.0441 1.51 0.05126 133 278.1 41
HSD9@11 215 121 11 0.562 0.31163 2.44 0.0420 1.52 0.05381 1.92 265.2 39
HSD9@14 1185 485 62 0.410 0.31885 1.84 0.0447 1.51 0.05176 1.05 281.8 42
HSD9@15 275 96 14 0.350 0.31476 2.24 0.0441 1.51 0.05173 1.65 2784 41
HSD9@16 1107 814 64 0.735 0.31730 1.74 0.0446 1.53 0.05161 0.84 281.2 42
HSD9@17 355 325 21 0.915 0.31647 2.63 0.0445 1.52 0.05159 2.14 280.6 42
HSD9@18 1184 867 67 0.732 0.31740 1.78 0.0442 1.51 0.05204 0.93 279.0 41
HSD9@19 1111 1152 68 1.037 0.32202 1.94 0.0446 1.51 0.05238 1.22 281.2 41
HSD9@20 684 515 40 0.753 0.32153 1.90 0.0449 1.50 0.05191 1.17 2833 42
droplets could have been segregated from the magma and deposited
Duke island o along the conduit and/or at the sub-chamber. Subsequently, the occur-
P Siiafiarr rence of moderate olivine fractionation in the staging magma chamber
- . produced the evolved magma (Phase III) entraining some sulfide drop-
o lets. Due to the density contrast, the early segregated sulfides in the
?e‘ Kalatongke . . ..
o staging chamber tend to accumulate with the cumulus olivine and
& poyi lock within the pores of cumulus olivine. Such sulfide droplets, which
oyl . . . . . .
o T Boichan are entrained in the magma, are most likely depleted in Ni (Ni tenor
€, Poshi <1.7 wt%) as indicated by the low Ni contents (~600 ppm) in olivine
B . from the Phase Ill rocks (Mao et al., 2015). However, the sulfide droplets
o Baishiquan e . . .. . . .
- Central equilibrium with the Phase III olivine are too depleted in Ni (Ni tenor
R o~ Xiadong Tianshan <1.7 wt%) to form the ores in the current gabbronorite (Ni tenor of ~7,
& similar to the sulfides in Phase II) (Mao et al.,, 2015). Based on the sim-
] » T — ilarity in sulfide composition between Phase Il and Phase III rocks, it is
& Eot proposed that the sulfides in the Phase III rocks were picked up from
as! .
£ Huangshandong Tianshan the conduit where some sulfides had been left by the Phase Il magmas
S uindelbarrenitocks W Huangshanxl (Mao et al., 2015). The upward transportation of such evolved magma
& Ni-Cu mineralized rocks ©® H‘uangshannan . . N
: : : . _ & Xiangshan ) to a higher level produced the Phase IlI rocks (Fig. 5c). Finally, a rela-

300280260 220 180 140 100
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500 460 420 380 340

Fig. 3. Comparison of some protracted magmatism in convergent settings and the short-
lived magmatism of the Huangshandong complex. All the age data collected in this study
were produced from zircon U—Pb dating. Age sources: Duke Island (Gehrels et al., 1987;
Saleeby, 1992), Kalatongke (Qian et al., 2018), Poyi (Xue et al., 2016), Poshi (Qin et al.,
2011), Tulaergen (Mao et al., 2018; San et al., 2010), Xiadong (Su et al., 2014),
Baishiquan (Tang et al., in preparation), and Huangshandong (this study).

tively primitive magma injected into the staging chamber, driving the
residual magma to less evolved magma. The ascent of such magma
through the current location generated the Phase IV olivine websterite
and lherzolite with disseminated sulfides (Fig. 5d).

Our interpretation of the magma evolution in a deep-seated magma
chamber (Fig. 5) and previous findings indicate that transportation of
sulfide droplets from a deep-seated magma chamber and then deposi-
tion in another location played a critical role in the formation of the
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Table 2

Hafnium and O isotopic compositions in zircon from the four phases rocks in the Huangshandong complex.
Sample 176yb/177HE 20 176Lu/"7HE 20 176HE/17THE 20 (Y7SHE/YTTHS); eHf (t) 5180 10

%o %o

Phase I, olivine gabbro
G2@1 0.022554 0.000326 0.000927 0.000008 0.282962 0.000030 0.282957 12.7 6.04 0.22
G2@2 0.023741 0.000058 0.000968 0.000002 0.282979 0.000027 0.282974 133 6.39 0.20
G2@3 0.020675 0.000142 0.000856 0.000006 0.282978 0.000025 0.282973 133 6.57 0.31
G2@4 0.022120 0.000064 0.000934 0.000001 0.282987 0.000025 0.282982 13.6 6.41 0.30
G2@5 0.014224 0.000099 0.000601 0.000004 0.282944 0.000025 0.282941 121 6.37 0.29
G2@7 0.033541 0.001568 0.001333 0.000058 0.283009 0.000024 0.283002 143 6.13 0.28
G2@8 0.017245 0.000317 0.000719 0.000011 0.282948 0.000027 0.282944 123 6.58 0.25
G2@9 0.022776 0.000127 0.000966 0.000003 0.282964 0.000025 0.282959 12.8 6.17 0.22
G2@10 0.027066 0.000044 0.001130 0.000002 0.282951 0.000024 0.282945 123 6.10 0.25
G2@11 0.018100 0.000264 0.000740 0.000011 0.282953 0.000030 0.282949 124 6.70 0.26
G2@12 0.021577 0.000080 0.000869 0.000003 0.282928 0.000024 0.282924 115 6.22 0.36
G2@13 0.019569 0.000120 0.000780 0.000007 0.282975 0.000026 0.282971 13.2 6.53 0.26
G2@14 0.020341 0.000176 0.000833 0.000006 0.282989 0.000024 0.282985 13.7 6.32 0.28
G2@15 0.018582 0.000166 0.000795 0.000006 0.282964 0.000027 0.282960 12.8 6.74 0.25
G2@16 0.021949 0.000254 0.000914 0.000009 0.282995 0.000024 0.282990 13.9 6.44 0.31
G2@17 0.057699 0.001125 0.002163 0.000036 0.282907 0.000026 0.282895 10.5 6.38 0.21
G2@18 0.026782 0.000085 0.001063 0.000002 0.282897 0.000028 0.282891 104 6.37 0.26
G2@19 0.023379 0.000161 0.001014 0.000006 0.282986 0.000026 0.282980 135 6.46 0.28
G2@20 0.037955 0.000949 0.001531 0.000035 0.283002 0.000029 0.282994 14.0 6.40 0.34
G2@21 0.023480 0.000268 0.000999 0.000010 0.283007 0.000026 0.283002 143 6.13 0.26
G2@22 0.038611 0.000507 0.001623 0.000025 0.283031 0.000033 0.283023 15.0 6.54 0.34
G2@23 6.53 0.28
G2@24 6.38 0.28
Phase I, olivine websterite
DJ610-a-10-6@1 0.012368 0.000036 0.000481 0.000001 0.282988 0.000026 0.282986 13.7 6.35 0.25
DJ610-a-10-6@2 0.052101 0.000649 0.001987 0.000025 0.282974 0.000032 0.282963 129 6.39 0.28
DJ610-a-10-6@4 0.017602 0.000365 0.000715 0.000014 0.282989 0.000023 0.282985 13.7 6.42 0.20
DJ610-a-10-6@5 0.019361 0.000280 0.000787 0.000011 0.282973 0.000024 0.282968 13.1 6.24 0.31
DJ610-a-10-6@6 0.021655 0.000036 0.000966 0.000001 0.283002 0.000025 0.282997 14.1 6.13 0.22
DJ610-a-10-6@7 0.025181 0.000068 0.000981 0.000003 0.282964 0.000023 0.282958 12.8 6.34 0.31
DJ610-a-10-6@8 0.045487 0.000221 0.001669 0.000006 0.282964 0.000024 0.282955 12.7 6.28 0.15
DJ610-a-10-6@9 0.010994 0.000075 0.000473 0.000003 0.282983 0.000025 0.282981 13.6 6.73 0.30
DJ610-a-10-6@10 0.020796 0.000064 0.000959 0.000002 0.283017 0.000030 0.283012 14.7 6.31 0.18
DJ610-a-10-6@11 0.018727 0.000702 0.000813 0.000028 0.283027 0.000030 0.283023 15.1 6.01 0.32
DJ610-a-10-6@14 0.050437 0.000152 0.001975 0.000007 0.283031 0.000030 0.283020 15.0 6.57 0.30
DJ610-a-10-6@15 0.024046 0.000165 0.001002 0.000007 0.283010 0.000032 0.283005 144 6.33 0.37
DJ610-a-10-6@16 0.011003 0.000047 0.000454 0.000002 0.283004 0.000027 0.283002 143 6.54 0.30
DJ610-a-10-6@17 0.033169 0.000587 0.001386 0.000022 0.282948 0.000027 0.282941 12.2 6.20 0.25
DJ610-a-10-6@18 0.012790 0.000144 0.000539 0.000005 0.282987 0.000023 0.282984 13.7 6.51 0.18
DJ610-a-10-6@19 0.025439 0.000146 0.001035 0.000006 0.282985 0.000025 0.282979 135 6.78 0.15
DJ610-a-10-6@20 0.013628 0.000034 0.000566 0.000001 0.282939 0.000034 0.282936 12.0 6.12 0.20
DJ610-a-10-6@22 0.033905 0.000181 0.001402 0.000006 0.282921 0.000029 0.282913 11.2 6.08 0.32
DJ610-a-10-6@23 6.50 0.30
DJ610-a-10-6@24 5.97 0.22
Phase III, gabbronorite
DJ7007-1@1 0.037817 0.000641 0.001593 0.000027 0.282932 0.000028 0.282924 115 6.57 0.27
DJ7007-1@2 0.029948 0.001551 0.001269 0.000062 0.282948 0.000028 0.282941 122 6.36 0.19
DJ7007-1@3 0.032341 0.000146 0.001399 0.000005 0.282939 0.000026 0.282932 11.8 6.19 0.34
DJ7007-1@4 0.067995 0.001279 0.002645 0.000044 0.282953 0.000026 0.282939 121 6.34 0.32
DJ7007-1@5 0.042793 0.001612 0.001803 0.000065 0.283010 0.000026 0.283000 142 6.31 0.26
DJ7007-1@6 0.058217 0.001111 0.002292 0.000043 0.282951 0.000026 0.282939 121 6.39 0.15
DJ7007-1@7 0.045130 0.000376 0.001871 0.000011 0.283005 0.000026 0.282996 14.1 6.57 0.32
DJ7007-1@9 0.075325 0.000325 0.003091 0.000016 0.282997 0.000031 0.282980 135 6.36 0.26
DJ7007-1@10 0.016806 0.000446 0.000696 0.000019 0.282924 0.000029 0.282921 114 6.33 0.33
DJ7007-1@11 0.038674 0.000227 0.001642 0.000007 0.282915 0.000032 0.282907 10.9 6.66 0.30
DJ7007-1@12 0.075542 0.000208 0.002892 0.000010 0.283046 0.000028 0.283031 153 6.16 0.30
DJ7007-1@13 0.058328 0.000742 0.002335 0.000027 0.283010 0.000030 0.282997 14.1 6.08 0.26
DJ7007-1@14 0.046567 0.000503 0.001935 0.000017 0.282949 0.000028 0.282939 121 6.39 0.24
DJ7007-1@15 0.066980 0.000387 0.002633 0.000022 0.283076 0.000029 0.283062 16.4 6.25 0.39
DJ7007-1@16 0.045183 0.001332 0.001872 0.000050 0.282941 0.000025 0.282931 11.8 6.54 0.27
DJ7007-1@17 0.051936 0.000269 0.002132 0.000012 0.283027 0.000025 0.283016 14.8 6.43 0.35
DJ7007-1@18 0.037706 0.001560 0.001600 0.000060 0.282911 0.000029 0.282902 10.8 6.60 0.34
DJ7007-1@19 0.052400 0.000516 0.002135 0.000019 0.282973 0.000025 0.282962 129 6.32 0.29
DJ7007-1@20 0.056006 0.000291 0.002312 0.000011 0.282947 0.000029 0.282935 119 6.17 0.27
DJ7007-1@21 6.41 0.33
DJ7007-1@22 6.47 0.28
Phase IV, olivine websterite
HSD9@1 0.036653 0.000473 0.001648 0.000021 0.282923 0.000028 0.282914 11.2 6.47 0.34
HSD9@2 0.061989 0.000291 0.002618 0.000013 0.282904 0.000024 0.282890 104 6.45 0.23

HSD9@3 0.026960 0.001390 0.001209 0.000060 0.282942 0.000026 0.282936 12.0 6.74 0.16
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Table 2 (continued)
Sample 176Yh/177HE 20 176 u/ 77Hf 20 1761/ 7THE 20 ("7SHE/VTHE); eHf (t) 5180 10
%o %o

HSD9@4 0.052660 0.000273 0.002320 0.000011 0.282984 0.000026 0.282972 13.2 6.38 0.26
HSD9@5 0.049820 0.000748 0.002169 0.000031 0.282977 0.000026 0.282965 13.0 6.33 0.32
HSD9@6 0.042966 0.000638 0.001890 0.000025 0.282931 0.000022 0.282921 114 6.47 0.23
HSD9@7 0.028214 0.000653 0.001287 0.000030 0.282947 0.000022 0.282940 121 6.25 0.28
HSD9@8 0.052672 0.000801 0.002236 0.000033 0.282904 0.000024 0.282892 104 6.29 0.28
HSD9@10 0.040410 0.000954 0.001834 0.000041 0.282967 0.000025 0.282958 12.7 6.13 031
HSD9@11 0.021676 0.000939 0.001013 0.000043 0.282929 0.000024 0.282924 11.6 6.19 0.22
HSD9@12 0.031362 0.000563 0.001434 0.000023 0.282993 0.000026 0.282985 13.7 6.25 0.25
HSD9@13 0.042687 0.000213 0.001886 0.000009 0.282977 0.000025 0.282967 13.1 6.24 0.37
HSD9@14 0.025045 0.001017 0.001149 0.000044 0.282962 0.000022 0.282956 12.7 6.49 0.36
HSD9@15 0.026867 0.000893 0.001272 0.000040 0.282965 0.000022 0.282959 12.8 6.30 0.46
HSD9@16 0.017637 0.000601 0.000803 0.000025 0.282970 0.000022 0.282966 13.0 6.15 0.31
HSD9@18 0.045123 0.001750 0.001979 0.000069 0.282944 0.000023 0.282934 119 6.23 0.26
HSD9@19 0.032775 0.000785 0.001485 0.000034 0.282921 0.000023 0.282913 11.2 6.24 0.38
HSD9@20 0.043491 0.000324 0.001887 0.000012 0.282920 0.000025 0.282910 111 5.96 0.27
HSD9@21 6.23 0.25
HSD9@22 6.40 0.28
HSD9@23 6.35 0.25
t =281

Huangshandong deposit. The key ore-forming processes of the
Huangshandong deposit could be summarized as 1) sulfide saturation
took place in the deep-seated magma chamber forming sulfide droplets
entrained magma which contains a small proportion of sulfide, probably
in an open system; 2) continuous flow through of the sulfide-entrained
magma and deposition of the droplets at particular locations. The for-
mer process is consistent with “the deep-seated magmatic liquation-
injection mineralization” model proposed by Tang (1996), whereas
the latter is essentially different from Tang's model which requires em-
placement of extremely Ni-rich magma (ore-grade) from the deep-
seated magma chamber.

4.2. Magmatic Ni—Cu mineralization via short-time late-stage magmatism

The long evolutionary duration of small intrusions in a convergent
setting is shown in Fig. 3. For instance, the intrusions in the Kalatongke
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Fig. 4. Plots of the Hf (t) versus 5'®0 values in the melt of the four phases of rocks from the
Huangshandong complex, suggesting a 15-20% addition of crustal materials. The Hf and O
isotopic values in the melt were calculated from the zircon composition. The modeling
lines represent mixing between the average crust and the mantle melt, the numbers
beside the line represent the ratio of Hf content in mantle melt to these in the average
crust. The identical Hf-O isotopic values indicate that the four phases of magma may
have been derived from the same magma chamber at depth.

area formed from magmatism have ages varying from 320 to 287 Ma
(Qian et al., 2018), whereas the Poyi complex formed from magmatism
have ages ranging from 276 to 270 Ma (Xue et al., 2016) The Poshi com-
plex comprises rocks that are 274 and 284 Ma in age (Jiang et al., 2006;
Qin et al., 2011), whilst the Tulaergen complex is comprised of rocks
that are 350 to 280 Ma in age (Mao et al., 2018; San et al.,, 2010). Simi-
larly, the Xiarihamu intrusions in the Kunlun Orogenic Belt comprise
rocks that formed at 431-411 Ma (Li et al., 2015). These age differences
are significantly larger than the analytical error (~2 Ma). The longest
evolutionary duration is seen in the subduction-related Alaskan-type
intrusion (Xiadong and Duke Island intrusions), which could have
lasted as long as >100 Ma (Fig. 3) (Gehrels et al., 1987; Saleeby, 1992;
Su et al., 2014, 2017). Such long-term magma emplacements in the
same locations could have been the result of long-term magmatism oc-
curring during subduction and post-subduction processes, which are
most likely associated with multiple partial melting of the mantle
(Gao and Zhou, 2013b; Su et al., 2014).

In contrast, the four magma pulses of the Huangshandong com-
plex were associated with short-term magmatism, which cannot be
distinguished by SIMS dating (precision of 1-2 Ma). Furthermore,
the SIMS U—Pb age of the intrusions in the Huangshan district
(Huangshandong, Huangshanxi, Huangshannan, and Xiangshan in-
trusions) illustrate a uniform age of ~280 Ma (Fig. 3), suggesting a
short duration of Ni—Cu mineralization in this area. Thus, it is pos-
sible that the large volume magmatism over a short time was re-
lated to a ~280 Ma mantle plume (Qin et al., 2011; Su et al,,
2011; Tang et al, 2013), according to the extensive distribution of
contemporaneous Ni—Cu mineralized mafic-ultramafic intrusions in
the East Tianshan. Notably, even for intrusions that consist of
rocks of large age variation in the East Tianshan and other conver-
gent settings, the Ni—Cu mineralization was strongly related to the
relatively late stage magmatism (Fig.3). This may be explained by
the upwelling of a large volume of the asthenosphere to the mantle
wedge at the late stage of subduction and post-collisional period of
orogenic belt, as illustrated by the depleted Sr-Nd-Hf isotopic
values of the CAOB Ni—Cu mineralized intrusions (Deng et al.,
2015; Li et al., 2015; Su et al, 2011; Sun et al, 2013; Wei et al,,
2013). The most significant indication of such finding is that the ba-
saltic magmatism occurring at the late stage of subduction and/or
post—collisional period of the orogenic process in convergent set-
tings may have significant potential to produce economic Ni—Cu
mineralization, which most likely took place over a short time.
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Fig. 5. Schematic illustration of the emplacement process of the Huangshandong complex, which shows the hypothetical magma evolution in the deep-seated magma chamber. See the
text for explanations.
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