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Abstract: Enclaves constitute a key tracer guide to assess the magmatic source and evolutionary
processes of Cu–Mo–Au porphyry-type deposits. In this study, four types of enclaves were identified
in the Baogutu reduced Cu porphyry-type deposit, West Junggar, Northwest China: gabbroic enclaves
(Type 1) and schist enclaves (Type 2) are proposed to be restites and immiscible enclaves, respectively,
which confirm the contributions of mantle components and sediments in the reduced Cu porphyry-
type deposit. Fine-grained dioritic enclaves (Type 3) have a similar mineral composition and texture
to the dioritic host rocks, which are probably autoliths derived from inhomogeneous fractional
crystallization. Tuffaceous siltstone enclaves (Type 4) with a zircon U-Pb age of 339.2 ± 7.5 Ma
(MSWD = 0.55), the formation age of which is in agreement with the host early Carboniferous rock
unit, indicate that these tuffaceous siltstone enclaves might have formed in a contamination process.
Moreover, the schist enclaves, together with the newly discovered 2691.3 ± 12.3 Ma inherited zircon
in tuffaceous siltstone enclaves, further indicate that the Baogutu arc could be a continental arc.

Keywords: petrogenesis of enclaves; magmatic evolution; continental island arc; Baogutu reduced
Cu porphyry-type deposit

1. Introduction

Porphyry-type mineral deposits supply the most economically important class of Cu,
Mo, Au, W, and Sn mineral resources [1,2]. These are typically magmatic–hydrothermal
mineralizing systems associated with intermediate-felsic porphyritic intrusions and oc-
cur in convergent margins [2–4]. It is widely accepted that porphyry-type deposits are
formed by the precipitation of hydrothermal minerals from aqueous solutions. They are
normally indicated by disseminated, vein-, stockwork-, and breccia-hosted mineralization
with oxidized ore-forming conditions [5,6]. The Baogutu deposit is a special “reduced”-Cu
porphyry-type deposit, which contains abundant hypogene pyrrhotite and methane-rich
fluid inclusions, with a relatively lower Cu tonnage than classic oxidized Cu porphyry-type
deposit [7]. There are two different viewpoints regarding the formation mechanism of the
Baogutu reduced Cu porphyry-type deposit. On the one hand, Shen and Pan [8] suggest
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the Baogutu magma was derived from the partial melting of a metasomatized mantle
wedge, which underwent significant contamination after emplacement, with the reduced
component originating from the country-rock. On the other hand, Cao et al. [9,10] suggest
that reduced granitoids were formed through the mixing of mantle-derived mafic magma,
juvenile lower crust-derived felsic magma, subducted oceanic sediments, and astheno-
sphere mantle. Moreover, the mantle-derived CO2 was reduced to CH4 via the Fischer–
Tropsch reaction during the magmatic process, contributing to the reduced ore-forming
conditions [11]. However, the lack of convincing petrological evidence has hampered our
understanding of reduced Cu porphyry-type deposits.

Enclaves are widely preserved in porphyry-type deposits and thus present an excellent
opportunity to explore the process of magmatic to hydrothermal transition, e.g., the sulfide-
bearing enclaves in the Bingham Cu porphyry-type deposit, in detail. Utah suggests the
heterogeneous distribution of Cu sulfides in the magma source [12]; the mafic microgranular
enclaves in the Dabu Cu porphyry-type deposit, Tibet, indicate that the reaction between the
mafic and felsic magmas might have further increased Cu concentrations and contributed
to subsequent mineralization [13]; the microgranular enclaves in the Tulasu ore cluster,
Xinjiang, produced the Cu–Au metallogenic connection between the porphyry magma
and epithermal fluid [14]; and the fine-grained dioritic enclaves in the Sanchakou Cu
porphyry-type deposit, Eastern Tianshan, recorded the inhomogenous differentiation of
magma [15]. Importantly, many enclaves have previously been discovered in the Baogutu
reduced Cu porphyry-type deposit; however, research concerning their features, varieties,
and origins has not been conducted. In this study, we focused on both the newly defined
and previously studied enclaves and their relationships with host rocks and mineralization
in terms of the Baogutu deposit. We integrated petrographical and geochronological
studies with published data concerning the enclaves and wall rocks to: (1) define the
petrogenesis of enclaves; (2) determine the magmatic process in the Baogutu reduced Cu
porphyry-type deposit.

2. Geological Setting
2.1. Regional Geology

The West Junggar region is located in the core of the west domain of the Central Asian
Orogenic Belt (CAOB, Figure 1a) [16–18]. It encompasses six tectonic units from north
to south: Sawuer oceanic island arc (OIA), Xiemisitai OIA, Barluk continental arc (CA),
Barluk–Mayile–Tangbale–Darbut (BMTD) ophiolite belt, Baogutu arc, and Laba–Junggar
terrane (Figure 1b) [19,20]. The Sawuer and Xiemisitai arcs, which are considered to be
oceanic island arcs in the Paleo-Asian Ocean, are characterized by the occurrence of Early
Paleozoic adakites, porphyry-type deposits, and calc–alkaline granites [5,18,21]. The Barluk
arc contains abundant Precambrian-inherited zircons, which indicates that a Late Paleozoic
continental arc might occur in the east margin of the Kazakhstan continent during the
westward subduction of the Junggar Oceanic plate [19]. Ophiolites in the Mayile, Tangbale,
Barluk, Darbut, and Karamay areas (BMTD ophiolite belt) are likely to represent the residue
of the Junggar oceanic plate, which has been invaded by late Carboniferous granite plutons
and unconformably overlay by late Carboniferous–Permian strata [18–23].

The Baogutu arc, located between the BMTD ophiolite belt and Laba–Junggar ter-
rane, is sandwiched between the Darbut ophiolite belt and Karamay–Baijiantan ophiolite
belt (Figure 1b) [16,19,20]. The Early Paleozoic (ca. 426–368 Ma) Darbut ophiolite belt
represents the southeastern margin of the Junggar oceanic plate, and mainly consists of
wehrlite clinopyroxene peridotite, cumulated gabbro, pyroxenite, diabase, pillow lava, and
chert, and contains some metamorphic blocks [19,20,24,25]. The Baogutu arc was probably
formed during the southeastward subduction of the Junggar oceanic plate, which is con-
sidered to have been an island arc [10,19,20]. The majority of the Baogutu arc comprises
Carboniferous volcanic, volcaniclastic, and sedimentary rocks with three sequences: (1) the
lower part is composed of basalt, andesite, diabase, tuff, plagioclase-bearing crystal tuff,
volcanic breccia, interbedded by minor siliceous rocks (possibly chert), muddy siltstone,
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and lithic-dacitic tuff; (2) the middle section consists of flysch, felsic fine-grained tuff, tuffa-
ceous siltstone, tuffaceous sandstone, sandstone, and mudstone; (3) and the uppermost
sequence comprises tuffaceous sandstone interbedded with small amounts of tuffaceous
siltstone, tuffaceous mudstone, and lithic tuffs [26]. These sequences are invaded by late
Carboniferous–early Permian granitic plutons, gabbroic-dioritic dikes, and dioritic stocks
and porphyries [27–30].
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Figure 1. Location (a), (revised from [16,17]) and tectonic units (b), (revised from [19,20]) of the West
Junggar, CAOB. Abbreviations: BMTD: Barluk–Mayile–Tangbale–Darbut; OIA: oceanic island arc.

2.2. Intrusive Complex

The Baogutu reduced Cu porphyry-type deposit is situated in the southeastern part
of the Baogutu arc, hosted by a 0.6 km2 shallow felsic intrusion named the Baogutu V
stock (Figure 2a). It is composed of calc-alkaline magmatic rocks, e.g., diorites, granite
porphyries, and porphyritic diorites [7,10,27,28]. Dioritic and granite porphyries are the
main ore-bearing intrusive phase and are emplaced into the early Carboniferous fine-
grained tuff, tuffaceous siltstone, and sandstone. The porphyritic diorite dikes intruded
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into the earlier felsic (diorites and granite porphyries) stock and tuffaceous country-rock.
Moreover, Cu-bearing gabbro occurs at a depth of 550–650 m in the dioritic stock [20].
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2.3. Alteration

Ca–Na silicate, potassic, propylitic, and sericitic alterations are preserved in the
Baogutu reduced Cu porphyry-type deposit. Ca–Na silicate alteration occurred earlier
than the main stage of sulfide mineralization, which is characterized by actinolite, albite,
magnetite, and epidote association, mainly in the diorites [7,28]. Potassic alteration was
widely distributed in diorites, granite porphyries, and porphyritic diorites, which has been
associated with the Cu mineralization. Secondary biotite + potassic feldspar assemblages
are concentrated in the inner zone and epidote + chlorite in the outer zone, and these
two zones are accompanied by simultaneously or subsequently other propylitization, e.g.,
calcitization, actinolitization, and pyritization [7]. The sericitic alteration overprints the
potassic and propylitic alterations in diorites and granite porphyries, as demonstrated by a
sericite+ quartz+ carbonate+ pyrite assemblage [28].

2.4. Mineralization

The Baogutu reduced Cu porphyry-type deposit contains 63 × 104 t of Cu with average
grade of 0.28 wt.%, 1.8 × 104 t of Mo with an average grade of 0.011 wt.%, and 14 t of Au
with average grade of 0.1 g/t [7]. The mineralized intrusive complex at Baogutu contains a
predominance of disseminated Cu-Mo-Au mineralization together with lesser amounts
of vein- (>1 cm wide), veinlet- (<1 cm wide), and breccia-hosted mineralization, which is
found in diorites, granite porphyries, and tuffaceous country-rocks. Cu-Au mineralization
is localized in the main parts of the complex and at its outer contacts [28]. The ore minerals
are chalcopyrite, pyrrhotite, pyrite, molybdenite, and gold, with subordinate arsenopyrite,
bornite, galena, sphalerite, ilmenite, and titanomagnetite. The gangue minerals are mainly
composed of biotite, potassic feldspar, sericite, amphibole, epidote, chlorite, calcite, sphene,
zeolite, and quartz [7,28]. The Cu ore body is delineated within a 0.2 wt.% Cu shell in
an EW–NS joint cross-section (Figure 2b), together with multiple thick plates in a funnel
shape [7] distributed in the diorites and granite porphyries.
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3. Enclave Petrography

Four types of enclaves were defined in this study: a gabbroic enclave (Type 1), a schist
enclave (Type 2), a fine-grained dioritic enclave (Type 3), and a tuffaceous siltstone enclave
(Type 4). Detailed descriptions of these enclaves are provided in the following.

The biggest gabbroic enclave (Type 1) was identified in drilling cores at a depth of
550–650 m within the dioritic stock in the Baogutu deposit (Figure 3a,b). Some smaller
sized (10–50 mm) gabbroic enclaves were also preserved in the host diorites (Figure 3c,d).
These gabbroic enclaves mainly consist of 10–4000 µm diopside (>50 vol.%), 10–2000 µm
plagioclase (40 vol.%), and 10–150 µm hornblende (~5 vol.%). The plagioclase phenocrysts
have columnar-shaped, polysynthetic twins, polysynthetic twins, and high elongation
ratios from 3 to 8. Parts of the euhedral relicts of the diopside glomerocrysts are fragmented
(Figure 3b,d). More importantly, the gabbroic enclaves contain highly concentrated Cu
(>1000 ppm), which occurs as chalcopyrite grains in intracrystalline cracks or along the
boundaries of plagioclase and diopside phenocrysts [20].

Schist enclaves (Type 2) with a size of 20–100 mm (Figure 3e) occur in the diorites.
These enclaves are irregularly rounded and mainly consist of quartz (>60 vol.%, 10–80 µm),
biotite (~20 vol.%, 10–400 µm), and magnetite (~15 vol.%, 10–50 µm). The characteristics
of layered minerals, folded bedding structures, and parallel foliations (Figure 3f,g) [18]
indicate that they are typical schist enclaves. Additionally, the mineral composition and
layered structural feature of these schist enclaves are consistent with metamorphosed
(greenschist to amphibolite facies) sedimentary/volcanic rocks that were reported in the
southern Laba–Junggar terrane by Buckman and Aitchison [31].

The fine-grained dioritic enclaves (Type 3) were previously identified as felsic micro-
granular or fine-grained enclaves by Shen and Pan [8] and Wu et al. [20]. They were widely
distributed in diorites with irregular circular or elliptical shapes (Figure 4a). These enclaves
are 10–30 mm in width and have either sharp or diffuse boundaries with their host diorites.
These enclaves consist of fine-grained, 200 to 800 µm plagioclase (60–70 vol.%), 100 to
600 µm hornblende (10–15 vol.%), 50 to 400 µm biotite (10–15 vol.%), and 20 to 200 µm
quartz (5–8 vol.%) (Figure 4b). The accessory minerals include apatite, zircon, ilmenite,
magnetite, pyrrhotite, pyrite, and chalcopyrite [20].

Tuffaceous siltstone enclaves (Type 4) were identified in Baogutu diorites in this study.
Most are preserved as irregularly round or elliptical in the diorites. They are 20–100 mm in
size (Figure 4c). The mineral assemblage includes 20–200 µm biotite (>30 vol.%), 20–30 µm
quartz (~25 vol.%), 20–30 µm plagioclase (~25 vol. %), and minor accessory minerals
(~5 vol.%, include: apatite, zircon, ilmenite, magnetite, pyrite, etc.) (Figure 4d). These
tuffaceous siltstone enclaves underwent silicification and potassic alteration (biotitization).
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Figure 3. Representative photographs of the gabbroic enclave and schist enclave within diorite. Hand
specimen of the bulky gabbroic enclave (a); photomicrograph of the bulky gabbroic enclave (b); hand
specimen of diorite with a smaller gabbroic enclave (c); photomicrograph of the smaller gabbroic
enclave (d); diorite specimen containing a schist enclave (e); scanning image showing the outer
morphology and inner deformation of the schist enclave (f); a parallel light microphotography of the
deformed schist enclave (g). The white line in panel f represents the bedding structure (S0), and the
white dashed line in panels f and g represent foliations (S1) displayed by oriented quartz and biotite
crystals. Abbreviation: Bt: biotite; Ccp: chalcopyrite; Di: diopside; Hbl: hornblende; Mt: magnetite;
Pl: plagioclase.
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Bt: biotite; Hbl: hornblende; Pl: plagioclase; Q: quartz.

4. Sample Selection and Analytical Techniques

After detailed petrographic inspection, the representative tuffaceous siltstone enclave
samples, which have irregularly round or elliptical morphology, igneous texture, and felsic
mineral composition from the Baogutu reduced Cu porphyry-type deposit, were selected
for zircon U-Pb dating using secondary ion mass spectrometry (SIMS). These samples were
crushed and powdered in an agate mill. The analyses were conducted at the Institute of
Geology and Geophysics, the Chinese Academy of Sciences (IGGCAS).

Zircon grains were separated using conventional heavy fraction and magnetic tech-
niques. Representative zircon grains from tuffaceous siltstone enclave samples, together
with zircon standard 91500, were mounted in epoxy mounts, which were then polished
for analysis. All mounted zircons were documented in transmitted and reflected light
(micro) photographs and cathodoluminescence (CL) images in order to reveal their internal
structures. The mounts were vacuum-coated with high-purity gold prior to SIMS analysis.

Measurements of U, Th, and Pb were conducted using the Cameca IMS–1280 SIMS.
U-Th-Pb ratios and absolute abundances were determined relative to the standard zircon
91500 [32], the analyses of which were interspersed with those of unknown grains, using
operating and data-processing procedures similar to those described by Li et al. [33].
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A long-term uncertainty of 1.5% (1 RSD) for 206Pb/238U measurements of the standard
zircons was propagated to the unknowns [34], although the measured 206Pb/238U error in
a specific session is generally around 1% (1 RSD) or less. The measured compositions were
corrected for common Pb using non-radiogenic 204Pb. Corrections are sufficiently small
to be insensitive to the choice of common Pb composition, and an average of present-day
crustal composition [35] is used for the common Pb, assuming that the common Pb is
largely surface contamination introduced during sample preparation. Uncertainties in
individual analyses in data tables are reported at a 1σ level; mean ages for pooled U/Pb
(and Pb/Pb) analyses are quoted with the 95% confidence interval. Data reductions were
carried out using the Isoplot/Ex program version 2.49 [36]. Errors quoted as age dates are
at the 1σ levels. Zircon U-Pb results are presented in Table 1.

Table 1. SIMS zircon U-Pb ages of the tuffaceous siltstone enclaves in the Baogutu reduced Cu
porphyry-type deposit, West Junggar, Northwest China.

Sample No.
Content/10−6

Th/U
207Pb/206Pb 207Pb/235U 206Pb/238U 207Pb/206Pb 207Pb/235U 206Pb/238U f206%

Th U Ratio ±σ Ratio ±σ Ratio ±σ Age/Ma ±σ Age/Ma ±σ Age/Ma ±σ

13BGT04-B@1 111 134 0.8 0.38535 2.56 0.05359 1.67 0.05220 1.94 353.9 37.3 327.7 6.2 331.0 7.3 {0.18}
13BGT04-B@3 74 179 0.4 0.41073 3.78 0.05217 3.38 0.05710 1.70 292.7 75.3 358.0 5.9 349.4 11.2 {0.83}
13BGT04-B@4 282 232 1.2 0.41216 2.69 0.05322 1.50 0.05620 2.24 338.1 33.5 352.3 7.7 350.4 8.0 {0.00}
13BGT04-B@5 65 92 0.7 0.37791 3.46 0.05331 2.65 0.05140 2.22 342.2 58.9 323.2 7.0 325.5 9.7 {0.23}
13BGT04-B@7 343 266 1.3 0.40419 2.56 0.05408 1.25 0.05420 2.24 374.6 28.0 340.3 7.4 344.7 7.5 {0.38}

13BGT04-
B@8 35 98 0.4 13.30594 2.49 0.18423 0.74 0.52380 2.38 2691.3 12.3 2715.4 52.9 2701.6 23.8 {0.02}

13BGT04-B@9 127 164 0.8 0.40421 2.41 0.05410 1.75 0.05420 1.65 375.1 39.0 340.2 5.5 344.7 7.1 {0.59}
13BGT04-B@10 105 106 1.0 0.37627 3.18 0.05174 2.58 0.05270 1.85 273.9 58.1 331.4 6.0 324.3 8.9 {0.36}

Note: Analyses in shadow were selected for the concordia age calculation, and their cathodoluminescence (CL)
images are exhibited at the bottom of Figure 5a,b. The bold italic data denote the Neoarchean zircon, the CL
images of which are shown in Figure 5a.

5. Analytical Results

The zircons from the tuffaceous siltstone enclave samples are tetragonal prismatic
crystals, 50–120 µm in size with elongation ratios from 1 to 3, which have an oscillatory
growth zone visible in the CL images (Figure 5a,b). They have a Th/U ratio range from
0.4 to 1.3. These characteristics are in accordance with magmatic zircons [37,38]. The
SIMS analysis result suggests that most of these magmatic zircons have 206Pb/238U ages
from 324.3 ± 8.9 Ma to 349.4 ± 11.2 Ma and 207Pb/235U ages from 323.2 ± 7.0 Ma to
358.0 ± 5.9 Ma (Table 1). On the concordia line, they demonstrated a concordia age of
339.2 ± 7.5 Ma (MSWD = 0.55) (Figure 5b), which may represent the formation time of
the protolith of the tuffaceous siltstone enclaves. This age is consistent with the 336 Ma
tuffaceous country-rock but is obviously older than the 311–318 Ma host diorites [10,20].
Moreover, grain 8 is a typical Neoarchean magmatic (inherited) zircon (Figure 5a) that has
a consistent isotopic age: the 207Pb/206Pb age is 2691.3 ± 12.3 Ma; the 206Pb/238U age is
2701.6 ± 23.8 Ma; and the 207Pb/235U age is 2715.4 ± 52.9 Ma.
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6. Discussion

Enclaves in granites and volcanic rocks can provide information concerning the pet-
rogenesis, evolution, and emplacement processes with their host rocks [39–41]. Thus, the
gabbroic enclave, schist enclave, fine-grained dioritic enclave, and tuffaceous siltstone en-
clave were used to assess the magmatic origination and evolution of the Baogutu reduced
Cu porphyry-type deposit.

6.1. Petrogenesis of the Enclaves
6.1.1. Gabbroic Enclave (Type 1)

The gabbroic enclaves are typical restites associated with the earliest intrusive phases
at Baogutu, which have a U-Pb zircon age of 318.2 6 ± 0.8 Ma, low SiO2 contents of approx-
imately 48 wt%, and high εHf(t) values ranging from +8.82 to +14.4 [20]. The plagioclase
formed around the hornblende and diopside glomerocrysts was fragmented as euhedral
relicts (Figure 3b,d). This petrological evidence indicates that these minerals in the gabbroic
enclaves formed as a result of a high-pressure process and decompression. Wu et al. [20]
reported that the gabbroic enclaves contain 1182–1260 ppm Cu and interpreted these en-
claves to be the residuals of unusually Cu-rich mantle-derived mafic magma that was
incorporated into the subsequent felsic magma during the later magma-evolution process.

6.1.2. Schist Enclave (Type 2)

The layered minerals of biotite and magnetite, folded bedding structures, and parallel
foliations (Figure 3f,g) illustrate that these enclaves have features in accordance with
magnetite-biotite-quartz schist. We proposed that these schist enclaves are the undigested
solid bodies incorporated into the magma during the partial melting process in the magma
source, similar to those in the Bingham Cu porphyry-type deposit [12]. Minerals in the
schist enclaves were formed in a directional parallel structure (oriented biotite, Figure 3g),
suggesting that they experienced (re-)crystallization under an anisotropic stress field.
The presence of magnetite mineralization and biotitization also indicates relatively high-
temperature formation conditions. Thus, these schist enclaves might originate from the
deformed and metamorphic basement of the Baogutu area.
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6.1.3. Fine-Grained Dioritic Enclaves (Type 3)

These fine-grained dioritic enclaves have similar mineral assemblage to those of the
host diorites but with smaller mineral sizes and more biotite (Figure 4a,b). Thus, we
suggested that the fine-grained dioritic enclaves might be the autolith that experienced
relatively rapid fractionation and crystallization [20,39]. The smaller size of the autolith
indicates that they were disaggregated by flow in the magma chamber [12] and might have
crystallized from the dioritic magma.

6.1.4. Tuffaceous Siltstone Enclave (Type 4)

The tuffaceous siltstone enclaves are xenoliths and could have been trapped into the
magma during upwelling or the emplacement process [41,42]. They consist of fine-grained
biotite, quartz, and plagioclase (Figure 4d), similar to the country-rock in composition.
Moreover, the zircon age (339.2 ± 7.5 Ma) (Figure 5b) of the tuffaceous siltstone enclaves is
similar to the formation age of the country-rock (336.3 ± 2.5 Ma) [43]. Thus, the tuffaceous
siltstone enclaves provide convincing evidence of country-rock contamination [8].

6.2. Magma Process
6.2.1. Source Features

Previous studies have suggested that the magma of dioritic–granitic intrusions in the
main Baogutu V stock was probably derived from the partial melting of residual subducted
oceanic crust and juvenile mantle materials [27,44]. Cao et al. [10] further indicated that
these dioritic–granitic intrusions were ilmenite-series I-type granitoids, which were also
genetically related to asthenosphere mantle components. More importantly, Wu et al. pro-
posed the possibility of mafic magma represented by gabbroic rocks [20]. He suggested that
this may be the residual of early-stage unusually Cu-rich magma derived from a mixture
process of metasomatized mantle wedge, the hydrous slab, and old crustal materials.

In this paper, the gabbroic enclaves (Type 1) and schist enclaves (Type 2) were dis-
tributed in the main diorite stock and were both derived from the deep magmatic source
region (Figure 6a) [45]. They might be derived from the metamorphic mafic rocks and
volcanic–sedimentary rocks, which reveals that the mantle and sediments (including sub-
ducted oceanic sediments and crustal materials) contribute to the magma source. This
hypothesis is also supported by previous zircon δ18O geochemical studies (compositions
up to 7.4‰) and the εNd(t) values (up to +7.5) of the host diorites. The metamorphic
volcanic–sedimentary rocks could be the strata that formed earlier in the northwest margin
of the southeastern Laba–Junggar terrane (the Baogutu arc), which were deeply buried
and experienced compressional deformation during the subduction process. Therefore, we
propose that the magma sources of the Baogutu intrusions were formed from the mixture
of partial melting of the metasomatized mantle wedge, the hydrous slab, crustal materials,
and asthenosphere mantle components

6.2.2. Fractional Crystallization

The fractional crystallization process occurred in the main diorite stock according
to the appearance of fine-grained dioritic enclaves and plagioclase, hornblende, biotite,
and quartz phenocrysts. These autoliths have either sharp or diffuse boundaries with
their host diorites, which suggests that they were part of the main phases that crystallized
from the dioritic magma (Figure 6b). Moreover, fractional crystallization also impacted the
precipitation of the disseminated sulfide.
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6.2.3. Contamination

Cao et al. [10] first suggested that the contamination of sediments was less than 8% in
the Baogutu reduced Cu porphyry-type deposit, and the high δ18O values (up to 7.4‰) of
host diorites indicated a mixture of oceanic metasediments more or less. Shen and Pan [8]
additionally proposed that the elemental and Sr–Nd compositions of the gabbro and diorite
have a transitional relationship with the country-rocks. The tuffaceous siltstone enclaves
exhibited as xenoliths in the main diorite stock further verified a significant contamination
by early Carboniferous country-rock in this study. These tuffaceous siltstone enclaves might
be derived from the wall rocks [12,41,42]. The debris from early Carboniferous wall rocks
was enveloped into the melt during magma ascent or emplacement, inducing a typically
contaminative phenomenon in the Baogutu reduced Cu porphyry-type deposit (Figure 6c).
The contamination process might involve both felsic components and reduced materials
(e.g., Carbonaceous sediment) to induce the chemical variation in the Baogutu rocks and
promote the reduced mineralization [8].

Sillitoe [2] proposed that Cu porphyry-type systems were initiated by the injec-
tion of oxidized magma saturated with S- and metal-rich, aqueous fluids from cupolas
on the tops of the subjacent parental plutons. Cao et al. [7] deduced that the reduced
magmatic-hydrothermal system, which has produced the uncommon mineral assemblage
(widespread hypogene and hydrothermal pyrrhotite, arsenopyrite, predominant ilmenite
with trace magnetite), restricted the scale of mineralization of the Baogutu Cu deposit. The
earlier reduced condition in magmatic phase induced more disseminated sulfide miner-
alization (e.g., hypogene pyrrhotite) in Baogutu than other Cu porphyry-type deposits.
The crystallization of abundant disseminated hypogene pyrrhotite extracts large amounts
of Cu [9]. Moreover, the variations in temperature, pressure, pH value, volatiles, etc.,
in hydrothermal fluid phase may lead to further reduced and formed vein-, veinlet-, or
further disseminated sulfide mineralization accompanied by hydrothermal alterations [2].
Thus, contamination was a significant condition which might trigger the formation of the



Minerals 2022, 12, 815 12 of 15

main diorite stock and the associated mineralization of the Baogutu reduced Cu porphyry-
type deposit.

Thus, the process of multiple enclaves occurring in the magma can be further divided
into three stages: the source-derived gabbroic enclaves and schist enclaves were melted in
the early stage (Figure 6a); the fine-grained dioritic enclaves were crystallized in the middle
stage (Figure 6b); and the tuffaceous siltstone enclaves were enveloped into ascending
magma in the last stage (Figure 6c).

6.3. Tectonic Implication

The discovery of schist enclaves indicates that the early Carboniferous volcano-
sedimentary rocks in the Baogutu reduced Cu porphyry-type deposit have a deformed and
metamorphic basement. Moreover, these early Carboniferous volcano-sedimentary rocks
unconformably overlay a deformational and metamorphic zone, which is likely related to a
collision zone that was formed during the closure of the Junggar Ocean [18]. In addition,
the newly discovered 2691.3 ± 12.3 Ma inherited zircon in the tuffaceous siltstone enclaves
may imply that the Baogutu arc has an Archean basement. This Archean basement has
probably contributed to the formation of Baogutu host diorites, although this deduction has
not been confirmed by other geochemical studies. This old zircon grain with an euhedral
morphology, oscillatory zoning, and a Th/U ratio of 0.4 is attributed to typical magmatic
or inherited magmatic zircons [18,37]. The consistent isotopic ages, e.g., the 207Pb/206Pb
age is 2691.3 ± 12.3 Ma, the 206Pb/238U age is 2701.6 ± 23.8 Ma, and the 207Pb/235U age is
2715.4 ± 52.9 Ma, not only indicate the zircon formation age, but also reflect the source age.

Furthermore, previous geochronological, geochemical, and tectonic studies reported
that the following: (1) abundant Neoproterozoic–Neoarchean (1.88–2.54 Ga) magmatic
zircons occur in the basalts of the Karamay area in the Baogutu arc [46]; (2) igneous rocks
in the Baogutu area mainly belong to calc–alkaline series and are characterized by an
enrichment of Zr and Hf [20]; and (3) the southern part of the Junggar Basin possibly has a
Precambrian basement [23]. This evidence further indicates that the igneous rocks in the
Baogutu arc were probably formed in a continental island arc setting (such as the East Java,
Solomon, Japan, and Taiwan arc [18,47–50]; Figure 6a–c).

7. Conclusions

Four types of enclaves were identified in the Baogutu reduced PCD. The gabbroic
enclaves (Type 1) and schist enclaves (Type 2) could be restites and immiscible enclaves,
respectively, formed in the magma source. The tuffaceous siltstone enclaves (Type 3) present
as xenoliths formed during magmatic migration, whereas the fine-grained dioritic enclaves
(Type 4) are likely to be autoliths derived from inhomogeneity fractional crystallization in
magmatic evolution.

The concordia zircon U-Pb age of tuffaceous siltstone enclaves was found to be
339.2 ± 7.5 Ma (MSWD = 0.55) based on the SIMS test. These tuffaceous siltstone en-
claves may be derived from the Late Carboniferous country-rock, and further confirmed
the country-rock contamination of magmas.

The magma of Baogutu intrusive rocks is dominantly derived from the mixing of the
partially melted metasomatized mantle wedge, the hydrous slab, crustal materials, and
asthenosphere mantle components. Fractional crystallization and contamination may have
occurred during the upwelling or emplacement of magma.

The Baogutu arc, which produced these granitoids and enclaves, was probably a
continental arc.
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