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ASSESSING THE MAGMATIC AFFINITY AND PETROGENESIS OF
GRANITOIDS AT THE GIANT AKTOGAI PORPHYRY Cu DEPOSIT,
CENTRAL KAZAKHSTAN

MINGJIAN CAO*', GUANG-MING LI*', KE-ZHANG QIN*, NOREEN J. EVANS#*,
and ELEONORA YUSUPOVHA SEITMURATOVA®***

ABSTRACT. Most mineralized porphyries associated with large to giant oxidized
porphyry Cu deposits show an affinity with high Sr/Y rocks, while barren or weakly
mineralized granitoids show typical low Sr/Y features. The Aktogai giant porphyry Cu
deposit occurs in the Koldar pluton and provides a good natural laboratory in which to
investigate this relationship, while determining the petrogenesis of the pluton and its
mineralization. Zircon U-Pb dating, mineral chemistry, whole rock geochemistry and
Sr-Nd-Pb and zircon Hf-O isotopic analyses were carried out on the pre-ore granodio-
rite (the major component of the Koldar pluton) and on the mineralized granodiorite
porphyry. Zircon U-Pb ages indicate that the pre-ore granodiorite and mineralized
granodiorite porphyries were emplaced at 345 and 328 to 331 Ma, respectively.
Distinctly higher apatite SO contents in the granodiorite porphyry relative to the
granodiorite suggest an increase in fO, during the petrogenesis of the mineralized
porphyries (>NNO+1). Although all rocks share similar geochemical characteristics
(calc-alkaline, strong depletion in Nb, Ta and Ti, and enrichment in LREE and LILE),
the pre-ore Koldar pluton has normal arc related magmatic features [low Sr/Y and
(La/Yb)y, high Y and Yby], while the granodiorite porphyries and diorite (trace
component of Koldar pluton) exhibit high Sr/Y and (La/Yb)y, low Y and Yby, features.
All samples show similar Sr-Nd-Pb-Hf-O isotogic compositions [(3"Sr/ 86Sr)i = 0.70369
t0 0.70413, ey (t) = + 3.6 to + 5.6, (*°°Pb/?**Pb), = 18.16 to 19.32, zircon &4 (t) = +
11.8 to + 15.9, and 8'%0 = + 3.8 to + 5.9 %o, and very young whole rock T,DM (Nd)
(640 — 680 Ma) and zircon TDMC (Hf) (320 — 590 Ma) values, suggesting that they were
probably derived from partial melting of juvenile lower crust. Geochemical patterns
and partial melt modeling indicate that the high Sr/Y rocks were probably formed by
partial melting of eclogitized, thickened lower crust, while the Koldar pluton formed
by partial melting of normal thick lower crust. We propose that pre-ore low Sr/Y rocks
were probably generated earlier via subduction of Junggar-Balkhash oceanic crust, and
that the high Sr/Y rocks were formed later by partial melting of sulfide-enriched,
thickened juvenile lower crust. High oxygen fugacity and the high melting temperature
of the high Sr/Y rocks ensured that all sulfide was dissolved in the magma, which
intruded the previously emplaced low Sr/Y pluton and resulted in significant
mineralization.

Keywords: normal arc magmatism, high Sr/Y rocks, thickened lower crust, Ak-
togai porphyry Cu deposit, Central Kazakhstan

INTRODUCTION

With a few notable exceptions (reduced porphyry Cu deposit; Rowins, 2000; Smith
and others, 2012; Cao and others, 2014a), almost all large to giant porphyry Cu
deposits emplaced in subduction zones or in postsubduction orogenic belts are
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spatially and genetically related to oxidized magmatic systems (Hedenquist and
Lowenstern, 1994; Qin and Ishihara, 1998; Audétat and others, 2004; Li and others,
2007; Sillitoe, 2010; Xiao and others, 2012; Qin and others, 2014), with oxygen
fugacities (foe) varying between the hematite-magnetite (HM) and nickel-nickel oxide
(NNO) oxygen buffers (mostly > NNO+1; Mungall, 2002; Richards, 2003). In
addition, many oxidized magmatic rocks in large porphyry Cu deposit systems have a
geochemical affinity with high Sr/Y rocks (Baldwin and Pearce, 1982; Thieblemont
and others, 1997; Sajona and Maury, 1998; Oyarzun and others, 2001; Reich and
others, 2003; Zhang and others, 2004; Wang and others, 2006; Li and others, 2011).
For example, Thieblemont and others (1997) determined that 38 out of 43 epithermal
and porphyry deposit systems from different regions show high Sr/Y characteristics.
Oyarzun and others (2001) reported on the contrast between the small and giant
porphyry copper deposit magmatic systems in northern Chile, with the former showing
normal calc-alkaline (low Sr/Y) affinity and the latter, high Sr/Y features.

Central Kazakhstan (66°N-84°N, 43°E-54°E) is a famous metallogenic province,
known worldwide for the abundance of granite-related ore deposits (fig. 1). Central
Kazakhstan hosts many large (Bozshakol, Samarsk, Borly and Koksai) to giant (defined
as > 2 Mt Cu, after Singer, 1995) Aktogai and Kounrad porphyry Cu deposits (fig. 1).
The Aktogai ore field (in the Koldar pluton; Bespaev and Miroshnichenko, 2004) is
characterized by the widespread occurrence of veinlet anhydrite (Li and others, 2008),
suggesting an oxidized magmatic source for the mineralized rocks. A broad range of
ages for granitoids have been obtained by previous workers (366-312 Ma; Syromyat-
nikova and others, 1990; Singer and others, 2005); however, more recent U-Pb dating
(Chen and others, 2014) determined Koldar pluton quartz diorite and mineralized
granodiorite porphyry ages of 335.7 £ 1.3 Ma and 327.5 = 1.9 Ma, respectively.
Although some whole rock geochemical data have already been published (Heinhorst
and others, 2000; Liu and others, 2012; Shen and others, 2015), there are still a lot of
unresolved issues surrounding the petrogenesis of the Aktogai mineralized porphyries.

Mineral chemistry is widely used to constrain the crystallization processes and
physicochemical conditions (Ruprecht, P. and Worner, 2007; Cao and others, 2013,
2015), which are very important tracers of rock petrogenesis. Fluctuating An and FeO
content in plagioclase profile can be used to identify magmatic processes; for example
magma mixing or replenishment (Tepley and others, 2000; Ruprecht, P. and Wérner,
2007; Cao and others, 2014c). The contents of SOy in primary apatite and the
assemblage of Fe-Ti oxide could be used to estimate the oxygen fugacity of the magma
(Peng and others, 1997; Parat and Holtz, 2005; Smith and others, 2012; Cao and
others, 2014b, 2016).

In this study, we apply a broad range of geochronological [secondary ion mass
spectrometry (SIMS) zircon U-Pb] and geochemical (mineral chemistry, whole rock
geochemistry and Sr-Nd-Pb isotopes, and zircon O-Hf isotopes) methods to the pre-ore
granodiorite and diorite, and mineralized granodiorite porphyry. These data, along
with previously published work (Heinhorst and others, 2000; Liu and others, 2012;
Shen and others, 2015) are used to determine: (1) whether the pre-ore Koldar pluton
and mineralized porphyries show an affinity with typical low Sr/Y or high Sr/Y
magmatism, respectively; (2) the petrogenesis of the Koldar pluton and mineralized
system, and (3) the geodynamic processes responsible for generation of the Koldar
pluton and mineralized system.

GEOLOGICAL BACKGROUND

The Central Asian Orogenic Belt (CAOB), also known as the Altaid Tectonic
Collage (Sengor and others, 1993; Windley and others, 2007), extends from the Urals
in the west, through Kazakhstan, northern China, Mongolia, and southern Siberia to
the Okhotsk Sea along the eastern Russian coast (fig. 1A; Windley and others, 2007). It
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Fig. 1. (A) Location of the study area in the Central Asian Orogenic Belt (modified after Windley and
others, 2007). (B) Simplified geological map of Central Kazakhstan showing major ore deposits (modified
after Abdulin and others, 1996; Windley and others, 2007 and Li and others, 2008).
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is located between the Siberian Craton to the north and the North China and Tarim
Cratons to the south (fig. 1A). Central Kazakhstan, located in the midwest of the
CAOB, displays a large oroclinal bend of Paleozoic fold belts, which show Early to
Middle Devonian ages in the outer portion and Late Devonian to Carboniferous ages
in the central region (fig. 1B). Precambrian microcontinental fragments consist of
Paleoproterozoic basement and Neoproterozoic to Early Paleozoic cover, and mainly
occur in the west and south of Central Kazakhstan. A number of island arcs occur
within the Early Paleozoic accretionary collage of the Kazakhstan microcontinent and
show age variations from Cambrian to Early Silurian. Microcontinents and island arcs
are separated by suture zones within which fragmented Paleozoic oceanic crust was
emplaced.

Windley and others (2007) indicated that the amalgamation of microcontinents
and major island arcs was completed by the Late Silurian. Andean-type magmatic arcs
(the ‘Devonian’ belt; D, in fig. 1B) then formed as a result of subduction under the
Kazakhstan continental margin commencing in the Early Devonian. Continued
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accretion led to oceanward rollback of the subduction zone and magmatic arc,
forming the Devonian to Carboniferous magmatic arc (Ds-C Balkhash-Yili) within
which many magmatic-hydrothermal deposits are developed (Aktogai, Kounrad, Kok-
sai and Borly porphyry Cu deposits, the Sayak skarn Cu deposit, and the East Kounrad,
Zhanet and Akshatau W-Mo deposits; fig. 1B). Orocline bending was a result of the
oblique collision between the Siberian and Tarim continents and probably occurred in
the Permian (Filippova and others, 2001; Levashova and others, 2003), giving rise to
the curved shape of the Balkhash-Yili belt and also to large-scale post-collisional strike
slip displacements.

The giant Aktogai ore field is located 22 km east of the Aktogai railway station,
northeast of Lake Balkhash (fig. 1), and includes two large porphyry copper deposits
(Aktogai and Aidarly) and one small deposit (Kyzylkiya). Aktogai contains a combined
resource of more than 3.25 Gt of ore with 12.5 Mt Cu @ 0.4 percent (Sokolov, 1998).
The Aktogai ore field occurs in the Koldar granitoid pluton, which intrudes into the
Early Carboniferous Keregetasskaya volcanic suite. The latter is composed primarily of
andesite with minor rhyolite, sandstone and siltstone and is overlain by Late Carbonif-
erous to Early Permian volcano-sedimentary rocks of the Koldarskaya suite. The 75 km®
Koldar pluton is a complex intrusion primarily comprising granodiorite and granite
but with minor to trace components of gabbro, gabbro diorite, diorite and quartz
diorite. It was intruded by an elongate stock of ore-forming granodiorite porphyry
(fig. 2A).

The ore-bearing stockwork of the Aktogai deposit is elliptical and partially open to
the west, with a maximum diameter of 2500 m and a width of 50 to 830 m (Bespaev and
Miroshnichenko, 2004; fig. 2B). A stock of granodiorite porphyry occurs in the center
of the mineralized stockwork. Four types of hydrothermal alteration have been
recognized, including I-alkaline (silica, KAfeldspar, biotite), II-acid (silica, sericite,
chlorite and carbonate), III-boron- aluminosilicate (tourmaline) and IV-late propylitic
(carbonate, chlorite, zeolite, prehnite) (Bespaev and Miroshnichenko, 2004).

The main mineralization of the deposit took place in the alkali alteration zones
that consist of an inner zone of potassic alteration and silicification, and an outer zone
of biotite and albite alteration (fig. 2C). The Aktogai deposit is dominated by
disseminated Cu mineralization with moderate amounts of vein-type mineralization.
The occurrence and width of quartz-K-feldspar veins increases from the outer zone to
the inner zone with sulfide mineralization concentrated in the transitional zones.
Bornite only occurs in the inner zone, while magnetite and pyrite are widely developed
in the outer biotite zone. At the Aidarly deposit (fig. 2A), the inner silicification core is
surrounded by anhydrite veinlets and disseminated anhydrite that increases in abun-
dance (up to 25 vol.%) from the outer zone to the inner zone (Li and others, 2008).

The acidic stage of alteration is manifest by lenticular bodies in a NW-oriented,
discontinuous belt along the periphery of the alkali alteration zone (fig. 2C). The
central part of the acidic alteration zone is characterized by quartz-sericite rocks,
surrounded by sericitized and chloritized rocks, with chloritized and carbonatized
rocks on the periphery (fig. 2C). The quartz-sericite alteration zone consists of
disseminated pyrite with rare molybdenite and locally, sphalerite and galena. Cu-
bearing minerals are rare in the completely sericitized rocks, but are abundant in the
alkali alteration zone partially overprinted by sericite alteration, which is characterized
by the richest Cu mineralization in the area.

Boron-aluminosilicate assemblages formed the tourmaline cement of alkaline and
acid altered breccias. The copper grade of the breccias is related to the abundance of
these mineralized fragments. The late propylitic alteration produced epidote-chlorite-
prehnite assemblages with veins of carbonate and zeolite, which crosscut the previous
alkaline and acid altered rocks.
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Fig. 2. Geological map of the Aktogai porphyry Cu deposit area showing the Aktogai, Aidarly and
Kyzylkiya Cu deposits (after Zhukov and others, 1997), and sample localities with U-Pb ages. The published
data are from Chen and others (2014). The samples A2-1, A2-3-2, A2-3-3, A2-6, A2-7-1, A2-7-5, A2-7-9 and
A2-7-12 were collected from the similar location. For simplicity and clarity, we just show one star in figure 2B
representing these samples.
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Previous work to determine the age of the granitoids yielded a variety of results.
Syromyatnikova and others (1990) gave whole rock Rb-Sr isochron ages of 366 = 10 Ma
to 346 = 20 Ma, and mineral Rb-Sr isochron ages of 332-319 * 15 Ma for the granitoids
from the Koldar pluton. Singer and others (2005) suggested mineralization ages of 354
to 312 Ma for the Aktogai. Recently, Chen and others (2014) obtained SHRIMP zircon
U-Pb ages of quartz diorite (335.7 £ 1.3 Ma) and granodiorite porphyry (327.5 = 1.9
Ma). Heinhorst and others (2000) analyzed the whole rock geochemistry and Sr-Nd
isotopes of five granitoid rocks and illustrated their primitive characteristic (€Nd(300) =
+ 2.9 to + 5.9). Liu and others (2012) and Shen and others (2015) both analyzed the
whole rock geochemistry of three granitoids and proposed that their magmatic arc
affinity suggested that the Aktogai deposit developed in a subduction zone.

PETROGRAPHY

The pre-ore granodiorite (Al-1), major component of the Koldar pluton (fig. 2A),
was collected from the western part of Aktogai deposit (fig. 2A). The Al-1 sample is
fine-grained, gray to light gray in color, massive with a subhedral to euhedral granular
texture, and is composed of plagioclase (50 vol%, 0.3—-1 mm), K-feldspar (20 vol%,
0.1-1 mm), quartz (20 vol%, 0.1-1 mm), biotite (3 vol%, 0.1-0.6 mm) and hornblende
(5 vol%, 0.2-0.6 mm) (figs. 3A and 3E). The pre-ore diorite (A2-3-1), a trace
component of the Koldar pluton (fig. 2A), was collected from the western part of
Aktogai ore-body. The diorite shows fine-grained, grayish in color, massive with a
subhedral granular texture, and is composed of plagioclase (65 vol%, 0.2~1 mm),
K-feldspar (12 vol%, 0.2~1 mm), quartz (4 vol%, 0.1~0.7 mm), biotite (10 vol%,
0.1~1 mm) and hornblende (8 vol%, 0.1~2 mm). Accessory minerals are magnetite,
titanite, apatite and zircon in diorite and granodiorite. In these rocks, subhedral to
euhedral magnetite and apatite are usually contained in, or grew together with,
euhedral hornblende (fig. 3F) and biotite, suggesting magnetite and apatite were
crystallizing at a relatively early magmatic stage. Ilmenite is observed to be exsolved
from magnetite (fig. 3F) or occurs as an independent mineral. Magnetite is ten times
more abundant than ilmenite (volume percent). Subhedral titanite (40-250 wm) and
euhedral zircon (40-150 pm) usually occur as discrete grains in the interstices of
plagioclase, K-feldspar and quartz in diorite and granodiorite, indicating that they
formed at a relatively late stage of crystallization. Although primary biotite and
hornblende are partially altered to chlorite and actinolite, respectively (figs. 3A and
3F), plagioclase is quite fresh and shows weak sericite alteration (fig. 3E). Thus, the
pre-ore rocks are relatively fresh.

All the granodiorite porphyry samples in this study (A2-1, A2-3-2, A2-3-3, A2-6,
A2-7-1, A2-7-5, A2-7-9 and A2-7-12) were collected from the center of the mineralized
stockwork with disseminated mineralization outcrop area ~1.1 km? (fig. 2B). They are
gray to light gray and massive with a porphyritic texture (figs. 3B, 3C, and 3D). The
phenocryst assemblage contains plagioclase (50—-60 %, 0.1-1 mm), K-feldspar (10-20 %,
0.1-0.5 mm), quartz (1020 %, 0.1-0.5 mm), biotite (8-12 %, 0.2-0.5 mm), horn-
blende (3-8 %, 0.2-0.6 mm), magnetite (2-4 %, 0.1-1 mm) and apatite (~2 %,
0.1-0.3 mm) (figs. 3B, 3C, and 3D), in a matrix of plagioclase, K-feldspar, quartz,
hornblende and biotite with minor accessory minerals (magnetite, pyrite, chalcopyrite,
apatite, titanite and zircon) (figs. 3G, 3H, and 3I). The phenocryst content of the
granodiorite porphyry is about 35 to 45 percent by volume. Acicular ilmenite with a
width/length ratio of 20:500 (um) is probably exsolved from magnetite phenocrysts
(fig. 3H). Similar to the granodiorite and diorite, magnetite is far more abundant than
ilmenite (estimated petrographically to be in the ratio of >15:1 by volume percent).
Euhedral zircon (50-150 wm) and subhedral to anhedral titanite (50-250 wm) mainly
occur in the matrix. Subhedral to euhedral apatite is observed contained within or
growing with magnetite phenocryst (fig. 3H), and also occurs as independent phenocryst
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Fig. 3. Representative photomicrographs show the mineral assemblages for Al-1 granodiorite (A,
plane-polarized light), A2-6 granodiorite porphyry (B, cross-polarized light; C, plane-polarized light) and
A2-7-12 granodiorite porphyry (D, plane-polarized light). Representative Backscattered electron (BSE)
images show primary Pl, Kfs and Qtz (E) and apatite growing with magnetite contained in or growth with
partially actinolized Hbl (F) in Al-1 granodiorite; fresh Pl phenocryst in matrix of primary PI, Kfs, Qtz, Bt
and Ap (G) and apatite growing with, or contained in, magnetite phenocrysts which also contains acicular
ilmenite (H) in A2-6 granodiorite porphyry; and matrix of P1, Kfs, Qtz, Bt and Ap in A2-7-12 granodiorite
porphyry (I). Abbreviations: Act, actinolite; Ap, apatite; Bt, biotite; Chl, chlorite; Hbl, hornblende; Ilm,
ilmenite; Kfs, K-feldspar; Mag, magnetite; P, plagioclase.

(fig. 3C), indicating that apatite was an early crystallization phase. However apatite may
also have crystallized during middle to late stages as indicated by the occurrence of
apatite growing with assemblage of rutile and magnetite or growing independently in
matrix. Phenocrysts of plagioclase, K-feldspar, biotite and hornblende are partly
altered to sericite, clay minerals, chlorite, and actinolite, respectively (figs. 3B and 3I).
The matrix contains a primary assemblage of plagioclase, K-feldspar, biotite and
apatite (figs. 3G and 3I), suggesting that the porphyries are relatively fresh.

ANALYTICAL METHODS

In order to determine the emplacement ages of the pre-ore granodiorite and
mineralized porphyries from the Aktogai deposit, four samples were chosen for
secondary ion mass spectrometry (SIMS) zircon U-Pb dating. To constrain the crystal-
lizing conditions of the pre-ore granodiorite and mineralized porphyries, the chemical
compositions of apatite and plagioclase were determined. Whole rock geochemistry
(major-trace elements, Sr-Nd-Pb isotopes) and zircon Hf-O isotopes were analyzed in
the pre-ore granodiorite and diorite, and mineralized porphyries in order to constrain
their petrogenesis. Weathered surfaces were carefully removed from all samples and
zircon crystals were isolated from clean, crushed rock using heavy liquid and magnetic
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separation techniques. Zircon was carefully handpicked under a binocular microscope
and mounted in epoxy resin. In order to characterize the internal structures/zonation
of the zircons, polished sections of zircon were carbon coated for Cathodolumines-
cence (CL) imaging, obtained using a CAMECA SX-50 microprobe (15kV) at the
Institute of Geology and Geophysics, Chinese Academy of Sciences (IGGCAS) in
Beijing. Both optical photomicrographs and CL images were taken as a guide to
selection of spots for U-Pb dating and Hf-O isotopic analysis.

Measurements of U, Th and Pb were conducted using the Cameca IMS-1280 SIMS
at the IGGCAS. U-Th-Pb ratios and absolute abundances were determined relative to
standard zircon 91500 (Wiedenbeck and others, 1995), analyses of which were inter-
spersed with those of unknown grains, using operating and data processing procedures
similar to those described bZ Li and others (2009). A long-term uncertainty of 1.5
percent (1 RSD) for °°Pb/?**U measurements of the standard zircons was propagated
to the unknowns (Li, Q.L. and others, 2010), despite a 1 percent (1 RSD) (or less)
206ph /28U error being measured within each analytical session. Measured composi-
tions were corrected for common Pb using non-radiogenic ?**Pb. Corrections were
sufficiently small to be insensitive to the choice of common Pb composition, and an
average of present-day crustal composition (Stacey and Kramers, 1975) was used for
common Pb, assuming that the common Pb is largely surface contamination intro-
duced during sample preparation. Uncertainties on individual analyses in data table
are reported at the 1o level; mean ages for pooled U/Pb (and Pb/Pb) analyses are
quoted with 95 percent confidence interval. Data reduction was carried out using
the Isoplot/Ex v. 2.49 program (Ludwig, 2001). The results of SIMS including the
standard zircon 91500 (concordia age of 1064.3 = 3.5 Ma; n = 18) are listed in table 1.

The major element compositions of apatite and plagioclase were measured at the
IGGCAS, using a JEOL-JXA8100 electron microprobe operated in wavelength disper-
sive spectrometer mode. The operating conditions were 15 kV accelerating voltage, 10
nA beam current and 3 pm probe beam with counting times of 20 s for Si, Ti, Al, Fe,
Mn, Mg, Na, K, Ba, Sand Cl, 40 s for F, and 10 s for Ca and P at their characteristic X-ray
line. The following natural minerals and synthetic oxides were used for calibration:
apatite (P), barite (S), benitoite (Ba), diopside (Ca and Si), rutile (Ti), jadeite (Al),
garnet (Fe), bustamite (Mn), jadeite (Na), Kfeldspar (K), pyrope (Mg), tugtupite
(Cl), and fluorite (F). All data were corrected using the atomic number-absorption-
fluorescence procedure. Analyzed compositions of apatite and plagioclase are pre-
sented in Appendix tables Al and A2.

Major oxide abundances were obtained using X-ray fluorescence spectrometry
(XRF) on fused glass disks, using a Shimadzu XRF-1500 instrument at the IGGCAS.
Loss on ignition (LOI) was measured as the weight loss of the samples after 1 hour of
baking at a constant temperature of 1000 °C. The FeO content of the samples was
analyzed using conventional wet chemical titration methods. Sample powders (0.5 g)
were fused with 5 g of lithium tetraborate (Li,B,O;) at 1050 °C for 20 min. The
accuracy and reproducibility were monitored using the Chinese national standard
sample GSR1 (granite; table 2), with a relative standard deviation from recommended
values of *£5 percent. Trace element concentrations, including the rare earth elements
(REE), were determined by inductively coupled plasma mass spectrometry (ICP-MS)
using an Agilent 7500a system at the IGGCAS. Sample powders (~50 mg) were
dissolved in 1 ml of distilled 20 N HF and 0.5 ml of 7.5 N HNOy in Teflon screw-cap
capsules, then enclosed with alloy steel sleeves and heated at 200 °C for 10 days. The
solutions were dried and re-dissolved with 2 ml of 7.5 N HNOjg in the capsules, and
then were diluted in 1 percent HNOg to 50 ml before analysis. The standard sample
GSRI (table 2) was used to monitor the analytical accuracy and reproducibility, with a
relative standard deviation of better than 5 percent for most elements.
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Whole rock Sr, Nd and Pb isotopic compositions were determined on a Finnigan
MAT-262 mass spectrometer operated in static mode at the Isotope Laboratory of
IGGCAS. The measured %°Sr/®%Sr and **Nd/!**Nd ratios were normalized to %°Sr/
¥Sr = 0.1194 and "*°Nd/'*'Nd = 0.7219, respectively. During the course of analyses,
the mean 7Sr/®%Sr ratio of NBS987 standard was 0.710250 + 9 (20, n = 4), and the
mean **Nd/'"**Nd ratio of Jndi-1 standard was 0.512115 = 11 (20, n = 4). The
measured results for standard BCR-2 were Nd 27.5 ppm, Sm 6.25 ppm, '*’Sm/'*'Nd
0.1377, "**Nd/'**Nd 0.512637 = 10 (20, n = 3), and Rb 46.2 ppm and Sr 326.6 ppm,
87Rb/°Sr 0.4095 and *'Sr/%°Sr = 0.705056 = 11 (20, n = 3), which are comparable
with the published data (Raczek and others, 2003). Within-run Pb isotope fraction-
ation was corrected using correction factors derived from measurements of the
international standard NBS-981. Repeated analyses of NBS-981 gave ***Pb/?°°Pb =
0.05897 *+ 15, 2°7Pb /2°°Ph = 0.91445 + 80, 2°*Pb/?°°Pb = 2.16170 + 180 (20, n = 3),
which are comparable with published data (Todt and others, 1996). Details of
analytical procedures were described by Chen and others (2002). Results for major and
trace elements including the standard sample GSR1, and Sr-Nd-Pb isotopic composi-
tions of granitoids from the Aktogai deposit are listed in table 2.

Zircon Lu-Hf isotopic analysis was carried out on a Neptune multi-collector
ICP-MS equipped with a Geolas-193 laser-ablation system at the IGGCAS. Lu-Hf
isotopic analyses were obtained on the same zircon grains that were previously
analyzed for U-Pb and O isotopes, with ablation pits 63 wm in diameter, an ablation
time of 26 s, repetition rate of 10 Hz, and energy density of 10 J/cm? The detailed
analytical procedures were similar to those described by Wu and others (2006). During
analyses, the Y7611 /1 7THf ratio of standard zircon (GJ-1) was 0.282015 = 15 (1o, n =
33), similar to the recommended "°Hf/!"7Hf ratio of 0.282000 * 5 (2¢) measured
using solution methods (Morel and others, 2008). Zircon Hf isotopic data from four
samples are listed in table 3.

Oxygen isotopes on zircon were measured using the Cameca IMS-1280 SIMS at
the IGGCAS, following the procedures of Li, X. H., and others (2010a). The Cs+
primary ion beam was accelerated at 10 kV, with an intensity of ca. 2 nA corresponding
to a beam size of 10 pm in diameter. The instrumental mass fractionation factor (IMF)
was corrected using the 91500 zircon standard with a 8'®O value of 9.9 permil
(Wiedenbeck and others, 2004). The internal accuracy achieved based on a set of
analyses of matrix-matched reference material was commonly better than * 0.5 permil
(2SD). Measured values of 80 are reported in the standard delta notation (per mil,
%o) relative to VSMOW. Repeated analyses of an in-house standard (Penglai zircon)
during the course of analysis yielded mean 8'®0 value of 5.31 + 0.05 permil (20; n =
42), which is in good agreement with the previously reported value (5.31 = 0.10%o) for
Penglai zircon (Li, X. H., and others, 2010b). Zircon O isotopic data from four samples
are listed in table 4.

RESULTS

Geochronology

Concordia diagrams and representative CL images with analytical numbers,
eHf(t) and 3'O values are shown in figure 4. The size range of zircon grains was
similar for granodiorite and porphyries (50~150um), with the length/width ratio of
1:1 to 3:1 and Th/U ratios ranging from 0.6 to 1.7. In addition, all zircon grains showed
well developed oscillatory or sector zoning in CL images (fig. 4). These observations
support a magmatic origin for granodiorite and porphyries. Figure 4 displays concor-
dia ages of 344.7 = 2.9 Ma (20, MSWD = 0.17, n = 12) for Al-1 granodiorite, 327.7 =
2.5Ma (20, MSWD = 1.2, n = 15) for A2-1 granodiorite porphyry, 331.4 = 2.6 Ma (20,
MSWD = 0.06, n = 15) for A2-3-2 granodiorite porphyry and 328.1 = 2.1 Ma (20,
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Fig. 4. SIMS U-Pb zircon concordia diagrams for (A) Al-1 granodiorite, (B) A2-1 granodiorite
porphyry, (C) A2-3-2 granodiorite porphyry, (D) A2-7-1 granodiorite porphyry from the giant Aktogai
porphyry Cu deposit. Representative cathodoluminescence (CL) images of zircons with analytical position
for O, U-Pb and Hf isotopes analyses, eHf(t) and 8'®O values are shown. The scale bar is 100 um long.

MSWD = 0.13, n = 21) for A2-7-1 granodiorite porphyry. Our results indicate that the
pre-ore granodiorite formed at 344.7 Ma, while the mineralized porphyries intruded at
327.7~331.4 Ma.

Mineral Chemistry

The analyzed apatite samples in the Al-1 granodiorite contained minor amounts
of FeO (0.20 — 0.56 wt.%), Cl (0.11 — 1.78 wt.%) and F (2.31 — 3.53 wt.%), and trace
amounts of MnO (<0.19 wt.%) and SOy (<0.17 wt.%) (table Al). All the apatite
samples from the granodiorite porphyry showed higher amounts of MnO (0.17 — 0.40
wt.%) (fig. 5). The apatite formed in the relatively early to middle stages of crystalliza-
tion showed significantly higher contents of SOg than that crystallizing during the late
stage (fig. 5). For example, apatite contained in magnetite phenocrysts, apatite
occurring with assemblages of magnetite and rutile, and apatite crystallized in the
matrix had SOjg values of 0.34 to 0.64 weight percent, 0.21 to 0.28 weight percent and
0.02 to 0.19 weight percent, respectively (fig. 5).

The compositions of the plagioclase in Al-1 granodiorite yielded values of
Ang 44053 (table A2). The phenocryst of plagioclase from A2-6 granodiorite porphyry
had values of An, 5. 39. Figure 6 shows that plagioclase from both the Al-1 granodio-
rite and A2-6 granodiorite porphyry do not show significant compositional variations
or repeated oscillatory zoning in An, Ab, SiO, and FeO contents.

Geochemistry
Major and trace element compositions.—Petrographic characteristics indicate that all
rocks are relatively fresh and have only suffered minor alteration. Due to significant Sr
mobility in hydrothermal fluids, Farmer and DePaolo (1987) indicated that the Sr
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Fig. 5. Plot of MnO versus SO in apatite from the Aktogai deposit. The minimum SOy content in
apatite (indicated by the horizontal line) in the silicic melt and anhydrite saturated field are from Parat and
Holtz (2005) and Peng and others (1997). Inset figure is the backscattered electron (BSE) image of apatite
with anhydrite inclusions in A2-6 granodiorite porphyry. Abbreviation: ap, apatite; bt, biotite; mag,
magnetite; ru, rutile. Please see the text for more details.

isotopic compositions of altered rocks, including potassic to propylitic alteration zones
in porphyry Cu deposit systems, should show high radiogenic and large variation. The
more radiogenic and widely varying Sr isotopic compositions [ (*’Sr/*°Sr); = 0.7062 to
0.7138] in Aktogai rocks studied by Heinhorst and others (2000) suggest obvious
alteration for previously published rocks. However, all our samples show restricted and
less radiogenic Sr isotopic compositions, indicating that they retain primary features
without significant alteration. In addition, the relatively low loss on ignition values
(LOT = 1.42 — 2.20 wt.%) and the lack of correlation of LOI with mobile element
concentrations (for example, Cs, Rb, K, Ba, Sr, Na) suggest that most of the composi-
tions reported are close to the original igneous values. Thus, the geochemical results of
whole rock represent primary characteristics.

The rocks show a restricted compositional variation of SiO, (62.05 — 69.01 wt. %),
TiO, (0.41 - 0.71 wt.%), Al,O4 (15.02 — 17.42 wt.%), MgO (1.21 - 2.73 wt.%), and
Na,O (3.21 — 4.38 wt.%). In the Nb/Y versus SiO, diagram (fig. 7A; Winchester and
Floyd, 1977), all samples plot in a range from diorite to granodiorite fields and show
sub-alkaline feature. The pre-ore granodiorite (Al-1) shows characteristics of metalu-
minous granitoids (A/CNK = 0.92, A/NK = 1.69), low Sr/Y (18.32) and (La/Yb)y
(5.32), high Y (19.69 ppm) and Yby (7.84) (figs. 7B, 7C, and 7D) which exemplify
normal arc magmatism. However, the ore-forming granodiorite porphyries show
peraluminous features (A/CNK = 1.06-1.18, A/NK = 1.38 — 1.64), high Sr/Y (55.70 -
111.9) and (La/Yb)y (13.19 = 20.17), low Y (7.98 — 11.30 ppm) and Yby (2.86 — 4.03)
(figs. 7B-7D). On the plots of Y versus Sr/Y and Yby versus (La/Yb) (figs. 7C and 7D),
all porphyries locate in the field of high Sr/Y rocks. The pre-ore diorite (A2-3-1)
displayed similar characteristics to those of the granodiorite porphyries (figs. 7B, 7C,
and 7D).
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Fig. 6. BSE images and measured electron microprobe profiles including contents of SiO,, Na,O and
CaO, mole percent of Ab, An and Or for plagioclase crystals from the Aktogai deposit. White lines with
arrows on BSE images show electron microprobe transect location and direction.

On the primitive mantle-normalized incompatible trace element spidergrams, all
samples show a strong depletion in high field strength element (HFSE, such as Nb, Ta
and Ti), and variable enrichment in light REE and large ion lithophile elements
(LILE, such as K, Rb, Sr, Ba, U) (figs. 8A and 8B). However, relative to pre-ore
granodiorite (Al-1), all porphyries and diorite samples display more fractionated
LREE/HREE with slightly negative Eu anomalies with Eu/Eu* [Euy/ (Smy*Gdy) ]
ranging from 0.87 to 0.98 (figs. 8C and 8D).

Sr-Nd-Pb isotopes.—The pre-ore rocks (Al-1 and A2-3-1) and ore-forming granodio-
rite porphyries (except A2-3-3 with (*’Sr/%Sr); = 0.70418, (***Nd/"**Nd); = 0.51239,
€na () = + 3.6) show similar and restricted Sr-Nd isotopic compositions
with (¥7Sr/%5Sr); values of 0.70369 to 0.70397, (***Nd/'**Nd); values of 0.51247 to
0.51250, ey (t) values of + 5.0 to + 5.6 (fig. 9A), ToDM (Nd) values of 640 to 680 Ma.
In addition, all rocks show (**°Pb/2**Pb), values ranging from 18.16 to 19.15, (**’Pb/
204Pb); values ranging from 15.52 to 15.58 (fig. 9B), and (***Pb/***Pb), values ranging
from 37.95 to 38.65 (table 2; fig. 9B).

Zircon Hf-O isotopes.—Zircon Hf isotope analyses from all samples show similar
isotopic compositions with 1761 0 /V7Hf and '7°Hf/77HF ratios of 0.00034 to 0.00222
and 0.28291 to 0.28302, respectively (table 3). The calculated eHf (t) values range
from + 11.8 to + 15.9 (20 < 1.1; figs. 10A and 10D), TDMC (Hf) ages vary from 320 to
590 Ma (fig. 10E), and f; , /iy values range from -0.93 to -0.99 (table 3). The zircon Hf
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Fig. 7. Plots of (A) Nb/Y versus SiO, (after Winchester and Floyd, 1977), (B) A/CNK [molar ratio
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1989), (C) Y versus Sr/Y (after Defant and Drummond, 1990) and (D) Yby versus (La/Yb) (after Martin
and others, 2005) for granitoids from the Aktogai deposit. N represents chondrite-normalized value with
chondrite values from Taylor and McLennan (1985). Previously published data are from Heinhorst and
others (2000), Liu and others (2012) and Shen and others (2015).

isotopic data show similar but slightly lower values than depleted mantle in the
Carboniferous (fig. 10).

Eighty-nine zircon 8'*0 compositions (20 < 0.4 %o) show limited variations with
values of + 3.8 to + 5.3 %o (mean + 4.8 %o; lo = 0.32; n = 20) for pre-ore
granodiorite (Al-1), + 4.3 to + 5.7 %o (mean + 5.2 %o; 1o = 0.33;n = 22), + 4.4 to +
5.9 %o (mean + 5.1 %o; 1o = 0.37; n = 23) and + 4.5 to + 5.5 %o (mean + 5.1 %o;
lo = 0.32; n = 24) for ore-forming granodiorite porphyry A2-1, A2-3-2 and A2-7-1,
respectively (table 4; fig. 10), all of which are slightly lower than values for depleted
mantle (5.3 = 0.3 %o).

DISCUSSION

Petrogenesis

Whole rock geochemistry shows that all the Aktogai rocks have a typical sub-
alkaline arc signature: LILE and light REE enriched, right inclined REE patterns,
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Fig. 8. Primitive mantle-normalized trace element diagrams (A, B) and Chondrite-normalized rare
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chondrite values are from Sun and McDonough (1989), and Taylor and McLennan (1985), respectively.
Data sources for previously published data of the Aktogai granitoids are the same as in figure 7.

HFSE depleted. Isotopic compositions indicate that all the Aktogai rocks share a
similar magma source. Windley and others (2007) indicated that the Devonian to
Carboniferous Balkhash-Yili magmatic arc, within which the giant Aktogai and Koun-
rad porphyry Cu deposits occur, is an Andean-type magmatic arc. The highly enriched
Sr-Nd isotopic compositions ((*’Sr/%°Sr); = 0.71050, eNd (t) = —7.8, T,DM (Nd) =
1700 Ma) in barren granite (Kt-1) northwest of Aktogai deposit, also suggest the
existence of an ancient continental crustal source (Li and others, 2016a), consistent
with an Andean-type magmatic arc. Most researchers proposed that the giant Aktogai
porphyry Cu deposit was formed during subduction (Heinhorst and others, 2000; Li
and others, 2008; Chen and others, 2014; Shen and others, 2015; Li and others, 2016a,
2016b), similar to the giant porphyry Cu deposits in the Eastern Pacific. Thus, all the
Aktogai rocks are arc-related magmatism.

Chen and others (2014) obtained a SHRIMP U-Pb age of 335.7 = 1.3 Ma for the
granodiorite [xh080919-4(1)] which also has low Sr/Y (20.7) and La/Yb (8.1) ratios
(Liu and others, 2012). All mineralized porphyries have high Sr/Y ratios and ages of
327.7~331.4 Ma. In addition, the pre-ore high Sr/Y diorite (in this study), was
collected near to the Aktogai ore-body (fig. 2A), while previously published diorite
(AQ3; Heinhorst and others, 2000) collected probably far from the ore-body shows
similar low Sr/Y features with our granodiorite. Thus, the pre-ore diorite probably
intruded into the Koldar pluton between 331.4 Ma and 335.7 Ma, and likely closer to
331.4 Ma. Considering that the pre-ore diorite (in this study) is only a trace component
of the Koldar pluton and younger than the major component of granodiorite with ages



640 Ming-Jian Cao and others—Assessing the magmatic affinity and petrogenesis of

12 15.8
DM A r B
0 % B BSE PN
s E\% o ¢ EMI |
r % Alteration 2 r
6 - \'% e~ = B
[ y N 15.6 —
= /_/>J g' +
< 4 - e S C
Z - t )~ /data from Heinhorst et al. (2000) 'f -
WoL : g 155 _—‘\
E e EMI?
0L s s NHRL
L 154 = < granodiorite
2 F » previous diorite-granodiorite O diorite
k ® previous granodiorite porphyry @ granodiorite porphyry
7R N | AP A SO P T AT B R R I
0.702 0.705 0.708 0.711 0.714 17 17.5 18 18.5 19 19.5 20
(¥7Sr/%8Sr); (2Pb/?%Pb),

Fig. 9. Plots of (A) (37Sr/®%Sr); versus eNd(t) and (B) (2*°Pb/2°'Pb), versus (**’Pb/2*'Pb); for rocks
from the Aktogai deposit, indicating the Aktogai granitoids showing a MORB affinity. The reservoir of
Mid-Oceanic Ridge Basalt (MORB) is from White and Hofmann (1982), the bulk silicate Earth (BSE) value
is from Alleégre and others (1988), the northern hemisphere reference line (NHRL) is from Hart (1984), the
depleted mantle (DM) and enriched mantle (EMI, EMII) are from Zindler and Hart (1986). Data sources
for previously published data of the Aktogai granitoids are the same as in figure 7. Figure 9A indicates that
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of 335.7~344.7 Ma (Chen and others, 2014; this study), the granodiorite (a major
component) could be used to represent the general characteristics of the Koldar
pluton. In addition, we also summarized all the previously published pre-ore rocks
which consistently show an affinity to normal arc magmatism with high Y and Yby;, low
Sr/Y and (La/Yb)y characteristics (fig. 7). However, all the mineralized porphyries
show low Y and Yby;, high Sr/Y and (La/Yb) (fig. 7).

Petrogenesis of the Aktogai high Sr/Y rocks.—Several genetic models have been
proposed to explain the origin of arc-related high Sr/Y rocks, including: (1) magma
mixing of felsic and basaltic magmas, and combined mantle or crust assimilation
fractional crystallization (Guo and others, 2007); (2) high-pressure fractional crystalli-
zation (HPFC) involving garnet of basaltic magma derived from melting of the mantle
wedge (Macpherson and others, 2006); (3) amphibole * clinopyroxene fractional
crystallization of parental arc basaltic magmas (Castillo and others, 1999; Davidson and
others, 2007; Richards and Kerrich, 2007; Richards, 2011; Richards and others, 2012);
(4) partial melting of young and hot subducted oceanic slab (Defant and Drummond,
1990); (5) partial melting of thickened basaltic lower crust (Atherton and Petford,
1993; Petford and Atherton, 1996; Chung and others, 2003; Li and others, 2011; Li and
others, 2016a); (6) partial melting of delaminated lower crust (Kay and Kay, 1993; Xu
and others, 2002). Each of these is considered below in relation to the origin of the
Aktogai high Sr/Y rocks.

Magma mixing will form significant resorption textures and reversed mineral
zoning in minerals, such as clinopyroxene phenocrysts with low Mg# cores but high
Mg# mantle and rim (Guo and others, 2007), or plagioclase phenocrysts with low An
core but high An mantle and rim (Tepley and othes, 2000; Cao and others, 2014c).
However, the plagioclase from the Aktogai granodiorite and granodiorite porphyry do
not show significant An variations, indicating a lack of significant magma mixing. In
addition, magma mixing with ancient crust derived magma will usually contribute to
increases in (*’Sr/®%Sr); but decreases in eéNd(t) with increasing SiO,. The constant
(87Sr/868r)i and eNd(t) values obtained in this work (figs. 11A and 11B) suggest
insignificant magma mixing with high radiogenic continental crust, which is consistent
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with the restricted variations in zircon Hf and O isotopes [gy (t) = + 11.8 to + 15.9;
3'%0 = + 3.8 to + 5.9 %o; fig. 10].

HPFC of hydrous basaltic melts requires garnet fractionation which yields obvious
geochemical trends (Macpherson and others, 2006). For example, Yb content signifi-
cantly decreases with La/Yb ratios significantly increasing (fig. 11C), and La/Yb,
Dy/Yb, Sr/Y ratios increase with increasing magma SiO, values (figs. 11D, 11E, and
11F). On the other hand, fractionation of amphibole * clinopyroxene for parental arc
basaltic magmas (Castillo and others, 1999; Davidson and others, 2007; Richards and
Kerrich, 2007; Richards, 2011; Richards and others, 2012) was proposed as a preferential
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Due to significant alteration indicated by figure 9A, previous Sr isotopic compositions from Heinhorst and
others (2000) are not shown in figure 11A. Data sources for previously published data of the Aktogai
granitoids are the same as in figure 7.

mechanism for generating evolved magmas with strongly fractionated REE patterns
and high Sr/Y ratios. Arc magmatic rocks usually contain high H,O concentrations,
consistent with the occurrence of hornblende and biotite in all Aktogai rocks. High
H,O contents in magma (>3%) will suppress plagioclase formation and lead to
crystallization of amphibole and garnet (Moore and Carmichael, 1998; Mintener and
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others, 2001; Richards and others, 2012). Due to different REE distribution coefficient
(Kd) for amphibole and garnet (Kdp, y,amphibole > 1, Kdp, y,garnet < 1; Blundy
and Wood, 2003), garnet fractionation will increase Dy/Yb, but amphibole fraction-
ation will decrease Dy/Yb (Macpherson and others, 2006; Davidson and others, 2007).
Figure 11E shows a decrease in Dy/Yb with differentiation for the Aktogai high Sr/Y
rocks, which support the fractionation of amphibole but not garnet. However, the
fractionation of amphibole and garnet will generate an evolved magma with higher
contents of Sr/Y due to both Kdg, yamphibole and Kdg, ygarnet << 1 (Pearce and
Norry, 1979; Anderson and Cullers, 1987; Martin, 1987). Figure 11F displays a decrease
Sr/Y ratios with increasing SiO, for all rocks which does not support the fractionation
of both amphibole and garnet.

In addition, the following features are not consistent with fractionation models:
first, both the pre-ore and ore-forming rocks contain amphibole and biotite, indicating
high HyO contents in all rocks, while distinct geochemical characteristics occur in both
rocks. Second, it is difficult to explain the obvious higher fO, and apatite saturation
temperatures for the mineralized porphyries (figs. 5 and 14) using fractionation
models. Third, fractionation models usually generate continuous evolution from low
Sr/Y to high Sr/Y features (Castillo and others, 1999; Davidson and others, 2007;
Richards and Kerrich, 2007; Richards, 2011), while the Aktogai pre-ore and ore-
forming rocks show distinct evolution trends (fig. 11). If fractionation models are
correct, the decreasing in Sr/Y with SiO, increasing (fig. 11) requires the fractionation
of plagioclase. However, plagioclase will preferentially incorporate Eu relative to Sm
and Gd (Drake and Weill, 1975) and cause the obvious negative Eu anomaly in the
residual magma, which is not consistent with week Eu anomaly in high Sr/Y rocks.
Thus, we propose that both the HPFC and amphibole * clinopyroxene fractional
crystallization of hydrous basaltic melts seems an unlikely mechanism for generation of
the high Sr/Y rocks of the Aktogai deposit.

Both the Aktogai high Sr/Y rocks (diorite and ore-forming porphyries) and
pre-ore low Sr/Y rocks show similar Sr-Nd-Pb-Hf-O isotopic compositions, indicating a
common magma source for all the granitoids. All the granitoids exhibit MORB-like or
depleted mantle-derived isotopes (figs. 9 and 10), suggesting an affinity with sub-
ducted oceanic crust or juvenile lower crust (defined as the model ages not much older
than the formation ages and MORB-like isotopic compositions). If the high Sr/Y rocks
were generated by partial melting of young and hot subducted oceanic crust (Defant
and Drummond, 1990), the pre-ore rocks should also show high Sr/Y characteristics
(figs. 7C and 7D). In addition, it is probable that the high Sr/Y magmas interacted with
the overlying mantle wedge during ascent, and thus obtained higher contents of MgO,
Ni and Co. Similarly, if the Aktogai high Sr/Y magmas were generated by partial
melting of delaminated lower crust, they would also have high MgO, Ni and Co
contents due to the interaction between mantle peridotite and lower crust-derived
melts. However, the Aktogai high Sr/Y porphyries have relatively low MgO (1.21 —1.63
wt.%), Ni (2.78 - 5.85 ppm) and Co (4.50 — 7.24 ppm), which is not consistent with
rocks formed by melting of subducted oceanic crust or delaminated lower crust (fig.
12). Furthermore, the granitoids from the Sayak skarn Cu deposit and the Kounrad
porphyry Cu deposit show coeval or slightly younger mineralization (315 Ma for Sayak
and 325 — 327 Ma for Kounrad; Li and others, 2016a) than Aktogai and a petrogenetic
affinity to high Sr/Y rocks (Liu and others, 2012; Shen and others, 2015). These
deposits are more than 200 km and 400 km to the west of Aktogai (fig. 1). It would be
very challenging to generate these types of rock with similar ages, at distinct locations,
large distances apart by partial melting of young and hot subducted oceanic crust.

Although the Aktogai high Sr/Y porphyries fall in the overlap field between
subducted oceanic crustal-derived high Sr/Y rocks (adakites) and thickened lower
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tal melts hybridized with peridotite in (A) and (B) are from the compilation of Wang and others (2006) and
references therein. The fields in (C) are from Foley and others (2002). Percent partial melt values are listed
on each of the model curves in (D). According to Shaw (1970), if the melt remains at all times in equilibrium
with the residual solid, Cy e1/ Cy iniar cOuld be expressed as: Gy o1/ Cy i = 1/ [Dx+F(1-Dx) |; where x is
x element, C ., is concentration of x element in melt, C ; ;. 1S concentration ofx element in initial rock,
F is the fraction of melting. Dx = bulk distribution coefficient of x element, Dx = Fy"K */'+F, PR+, .
where Fy* is the initial weight fraction of phase a, Fo® is the initial weight fraction of phase B, K.*" is the
solid-liquid distribution coefficient for x element in phase K. P'is solid-liquid distribution coefficient for x
element in phase 3. The distribution coefficient of hornblende (0.058), garnet (0.015) and clinopyroxene
(0.2) for Sr are from Pearce and Norry (1979) and hornblende (3.2), garnet (12.5) and clinopyroxene (2.0)
for Y are Anderson and Cullers (1987) and Martin (1987). Data sources for previously published data of the
Aktogai granitoids are the same as in figure 7.

crust-derived high Sr/Y rocks by some geochemical measures (figs. 12A and 12B), itis
more likely that the Aktogai high Sr/Y rocks were derived from partial melting of
thickened juvenile lower crust. On the plot of Zr/Sm versus Nb/Ta (fig. 12C; Foley and
others, 2002), it is true that not all high Sr/Y rocks fall in the field of continental crust,
but are more likely to locate in the field of TTG. This could be explained by the
universal Juvenlle lower crust (Jahn and others, 2000) in the Central Asian Orogenic
Belt. Young zircon Tpy® (HF) values (320 — 590 Ma; fig. 10E) in this study also indicate
the existence of juvenile lower crust which shows more similar features with TTG than
ancient continental crust. Thus, figure 12 also supports a juvelile lower crust source
and does not support a source from pure subducted slab or ancient crust.
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The slab melting derived rocks (adakites) always show highly oxidized characteris-
tics (Mungall, 2002). However, juvenile, lower crust-derived rocks could also display
highly oxidized conditions (Xiao and others, 2012). For example, the giant Qulong
porphyry Cu deposits, Tibet (~10 Mt Cu, 0.5 Mt Mo) are genetically related to highly
oxidized Miocene high Sr/Y rocks which contain widespread magmatic anhydrite as
inclusions in plagioclase phenocryst, interstitial minerals between plagioclase and
quartz and independent phenocrysts (Xiao and others, 2012). These highly oxidized
rocks are proposed to be derived from partial melting of juvenile lower crust (Qin and
others, 2014; Yang and others, 2015).

The relatively high contents of Al,O4 (15.54 — 17.42 wt.%) and Sr (521 — 923
ppm), and very low Y (7.09 — 13.2 ppm) and Yb (0.71 — 1.22 ppm), combined with
slightly negative Eu anomalies (Eu/Eu* = 0.88 — 0.98; figs. 8C and 8D) suggest garnet
and/or amphibole but little or no plagioclase in the source residue during melt
extraction (Defant and Drummond, 1990; Atherton and Petford, 1993). In order to
trace the assemblage in the residue and the percent of partial melting, three different
residue assemblages are modeled: (I) eclogite (50 garnet: 50 clinopyroxene), (II)
eclogitic amphibolite (10 garnet: 90 amphibole) and (III) amphibolite (100 amphi-
bole). The Sr and Y contents of the lower crust are from Wedepohl (1995) based on
the studies in western Europe where units are similar to those found in the Pre-
Cambrian shield and Late Proterozoic to Phanerozoic fold belts of the Central Asian
Orogenic belt. Figure 12D indicates that most of high Sr/Y rocks plot on the partial
melting curve of (I) eclogite, with an average partial melt percentage of 45 percent, but
far from the partial meting curves of (II) eclogitic amphibolite and (III) amphibolite.
Thus, the high Sr/Y rocks were probably derived from partial melting of eclogitic
juvenile lower crust.

Petrogenesis of the Aktogai pre-ore low Sr/Y rocks.—The pre-ore low Sr/Y rocks show
similar whole rock Sr-Nd-Pb isotopes and zircon Hf-O isotopes to those of the later
high Sr/Y rocks, indicating a common source. The Aktogai high Sr/Y rocks probably
originated from partial melting of juvenile lower crust. Thus, the juvenile lower crust is
also a likely source for the pre-ore low Sr/Y rocks. If partial melting of lower crust with
similar residue assemblages (fig. 12D) is responsible for the generation of pre-ore low
Sr/Y rocks, the pre-ore rocks should represent higher proportions of partial melting
with lower SiO, than the high Sr/Y rocks, and there should be a continuous evolution
trend from high Sr/Y rocks to pre-ore rocks. However, all the pre-ore low Sr/Y rocks
plot below the partial melting curves (fig. 12D). In addition, these rocks show wide
range of SiO, variations (61.0 — 69.7 wt.%) with SiO, contents that are not significantly
lower than those of the high Sr/Y rocks. Furthermore, the pre-ore samples show
distinct distribution trends compared to high Sr/Y rocks on the plots of SiO, versus
La/Yb, Dy/Yb and Sr/Y (figs. 11D, 11E, and 11F), suggesting a different residual
assemblage with absence of garnet during lower crust partial melting. The normal low
Sr/Y ratios for pre-ore rocks suggest the lower crust with normal thickness (less than 30
km; Kay and Kay, 1993; Chiaradia, 2014).

Physicochemical Conditions

Temperature.—Two independent geothermometers were applied to estimate the
temperature of crystallization: apatite saturation thermometry (Harrison and Watson,
1984) and zircon saturation thermometry (Watson and Harrison, 1983) (fig. 13).
Restricted Sr-Nd-Hf-O isotopic compositions [(*’Sr/*°Sr), = 0.70369 to 0.70413,
eNd(t) = + 3.6 to +5.6, eHf(t) = + 11.8 to + 15.9, and 8'°0 = + 3.8 to + 5.9 %o]
suggest that no samples experienced significant crustal contamination of ancient crust
during magma ascent and emplacement. Constant An values in plagioclase from the
Aktogai granodiorite and granodiorite porphyry indicates a lack of significant magma
mixing. The petrogenesis of all samples was probably mainly controlled by partial melting
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Fig. 13. Plot of age versus temperature of apatite or zircon saturation calculated after Harrison and
Watson (1984) and Watson and Harrison (1983) for granitoids from the Aktogai deposit. Data sources for
previously published data of the Aktogai granitoids are the same as in figure 7. Low Sr/Y granodiorite with
age of 335.7 + 1.3 (Liu and others, 2012; Chen and others, 2014) implies the high Sr/Y diorite forms
between 331.4 Ma and 335.7 Ma, but closer to 331.4 Ma (332 Ma assumed in this plot).

with variable residual assemblages, but not by fractional crystallization. Thus, we use the
bulk rock Zr and P,O; concentrations to represent the Zr and P,O5 content of the melt,
47.6 weight percent of Zr according the formula of ZrSiO, and 42.0 weight percent of
P,O; according to the contents of apatite to represent the Zr and P,O, content of
zircon and apatite in the model, the temperatures of apatite-saturation (T

apatite saturation)
and zircon-saturation (T

Zircon saturation) Were calculated for Aktogai rocks. Results for
T, atite saturation Were 866 °C, 939 °C and 948 to 959 °C, and T, .o saturation Were 834 °C,
80P7 °C and 790 to 813 °C (fig. 13), for the granodiorite (Al-1), diorite (A2-3-1) and
granodiorite porphyries, respectively (fig. 13). This indicates higher temperatures of
apatite saturation relative to zircon saturation in all rocks, which is consistent with the
petrographic observation of early crystallization for apatite and middle to late crystalliza-
tion for zircon. Moreover, the results show higher apatite saturation for high Sr/Y rocks
than for pre-ore low Sr/Y rocks (fig. 13).

Oxygen fugacity.—Although the assemblage of magnetite and ilmenite could
survive under a wide range of fO, conditions, the obvious predominance of magnetite
over ilmenite in all samples suggests a high oxidation state for these rocks. In addition,
many studies have indicated that apatite would show a high SO4 content in a highly
oxidized magma (Imai and others, 1993; Parat and Holtz, 2005; Cao and others, 2012).
Thus, the contents of SO4 in apatite could be used to estimate the oxygen fugacity of
the magma (Peng and others, 1997; Parat and Holtz, 2005; Smith and others, 2012;
Cao and others, 2014b). The early-crystallized apatite, contained in magnetite phe-
nocrysts, has a very high SO content (0.34 — 0.64 wt. %), suggesting that the fO, of the
porphyries was higher than NNO+1 (Peng and others, 1997; Parat and Holtz, 2005).
Under this high oxygen fugacity, the magma probably contained primary anhydrite,
supported by the occurrence of anhydrite inclusions in apatite (fig. 5). The widespread
occurrence of veinlet anhydrite also suggests an oxidized porphyry Cu deposit system
(Li and others, 2008). Although coexisting anhydrite and magnetite was not observed
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-logfS,

Fig. 14. Fugacity diagram of S, versus O, for Aktogai porphyritic mdgmd Stdblllty fields are from Luhr
(1990) and Parat and others (2002) for T = 800 and 900 °C with P_, P,.q = 2 kbar. po, pyrrhotite; anh,
anhydrite; mag, magnetite; fay, fayalite. Represented N (= Fe/Sin mole) of pyrrhoute is related to sulfur fugacity.

in the granodiorite porphyry, the occurrence of anhydrite inclusions in apatite (fig. 5)
and magnetite phenocrysts (fig. 3H) implies that both the anhydrite and magnetite
crystallized as early mineral phases. According to the stability field of co-existing
anhydrite, pyrrhotite, and magnetite defined by experiments on El Chichén trachy-
andesite at 900 °C in the system O-H-S-Si-Ca-Fe-Ti (Luhr, 1990), the £So-fO, conditions
for the Aktogai porphyritic magma could be constrained by the occurrence of
anhydrite and magnetite, and should be logfS, > -1 and O, > NNO+1 (fig. 14). This
is consistent with the oxygen fugacity results determined using SO4 contents in apatite.
Due to the high volatile effect of SO, but not MnO, magma degassing would
significantly decrease the content of SOz in apatite without having a significant
influence on apatite MnO contents, while crystallization would decrease both the SO4
and MnO contents in apatite. Thus, the variations of SOg4 in apatite suggest the
existence of degassing at the early crystallization stage of a high Sr/Y magma. However,
the average SO3 content over a wide range of MnO contents in apatite could also be
used to compare the fO, of different magmas. The content of maximum SOy (~0.3
wt.%) in porphyry apatite with widely variable MnO contents is significantly higher
than maximum SOy (~0.1 wt.%) in apatite from the pre-ore granodiorite (Al-1) (fig.
5). This suggests higher fO, for the porphyry over the granodiorite.

Magma Sources

The Aktogai granitoids show very young zircon TDMC (Hf) values (320 — 590 Ma),
suggesting the presence of juvenile mafic lower crust. In addition, the granitoids were
probably derived from partial melting of juvenile mafic lower crust, without significant
crustal contamination of ancient crust or mixing with ancient crust derived highly
radiogenic magma during ascent and emplacement as indicated by restricted Sr-Nd-Hf-O
isotopic compositions. Therefore, isotopic compositions can be used to indicate the nature
of the source. All the granitoids from the Aktogai deposit show relatively enriched Sr-Nd
isotopic compositions compared to depleted mantle at Carboniferous, which supports a
slightly enriched mantle source, metasomatized by subducted sediment and/or fluids.
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Primary zircon preserves magmatic Hf-O isotopic compositions even under strong
alteration, and these signatures can be used to trace magma source (Valley and others,
2005; Kemp and others, 2007; Munoz and others, 2012). However, O isotopes will
undergo slight fractionate during magma fractional crystallization (Valley and others,
2005) and partial melting (Eiler, 2001; Munoz and others, 2012). Melt O isotopic
compositions were calculated according to the equation of 3'*Omelt ~ §'*0OZrc +
0.0612 (wt.%SiO,) - 2.5 (Valley and others, 2005). Assuming that the Aktogai high Sr/Y
porphyries formed by partial melting of the lower crust, the SiO, values of porphyries
were used to represent the melt SiO, contents (67.57 wt.%) and the 8'*Omelt of the
Aktogai high Sr/Y porphyries was calculated to be + 6.0 to + 7.5 permil (fig. 15A).
Figure 12D indicates that 35 to 55 percent partial melting of eclogitic lower crust could
generate most of the high Sr/Y rocks. Assuming (1) a melting temperature of 950 °C
based on T, e saturation Values; (2) a restite of 50 percent garnet and 50 percent
clinopyroxene based on partial melting modeling; and (3) that the assemblage of
phenocrysts (15% quartz, 55% plagioclase, 10% K-feldspar, 10% biotite, 5% amphi-
bole, 3% magnetite, 2% apatite) represents the mineral assemblage of melt; the
3'®*Owhole system compositions could be calculated according to the approach of Eiler
(2001) and Munoz and others (2012) as follows: (1) Calculation of mineral-pair O
isotope fractionation factors based on the quartz-mineral pairs (Zheng, 1991, 1993a,
1993b, 1996). (2) Calculation of O isotope fractionation between melt and minerals
comprising the residue. (3) Calculation of 8'*0 whole system = §'*Omelt - SIAMelt-
MxI; where I is the corresponding proportion of mineral MxI and X1 is the proportion
of residue. 2IAMelt-MxI values were calculated to be 0.52, 0.44, 0.36 for F(melt) =
0.35, 0.45 and 0.55, respectively (fig. 15A). When F(melt) = 0.45, the 3'%0 (whole
system) representing the 8'®O values of juvenile mafic lower crust show variations of +
5.5 to + 7.1 permil, slightly higher values than for depleted mantle-derived melts
(5.3 = 0.3 %o). Juvenile lower crust forms by mantle-derived basaltic magma underplat-
ing at the base of the lower crust. Thus, the Hf-O isotopes of the lower crust could be
used to trace the characteristics of mantle-derived magma.

Since Zr and Hf are conservative elements in slab fluids, and Sr and Nd are highly to
moderately nonconservative elements in slab fluids (Pearce and Peate, 1995; La Fleche
and others, 1998), we use a two-component Hf-O mixing model to calculate the propor-
tion of sediment in juvenile lower crust. Considering the input of slab fluid to the mantle,
the calculated sediment proportion should be the maximum value. During modeling, one
end-member is characterized by depleted mantle melt Hf and O isotopic values (eHf(t) =
+ 15.8, 3'%0 = +5.6 %o; Salters and Stracke, 2004), and the other end-member by
subducted oceanic sediment melt (eHf (t) = +2 from Chauvel and others, 2008; 8'%0 = +
20 %o from Hoefs, 2009). The mixing calculation suggests that the source of juvenile lower
crust is dominantly mantle-derived magmas (>90%) with the sediment melt proportion
making up less than 10 percent (fig. 15B). In addition, average zircon Hf-O isotopes of
A2-1, A2-3-2 and A2-7-1 granodiorite porphyries could be generated by less than 6 percent
addition of sediment to the depleted mantle with Cpy;/ Cyegimenc (HE) = 1:2 (0.5; the ratio
of Hf concentration in the depleted mantle and sediment (fig. 15B). Furthermore, a
Cpm/ Cyediment (HE) ratio of 0.5 not only supports the addition of sediment melt into the
mantle melt, but also supports the dominance of sediment melt over fluid, since the
reverse would generate Cpy/Cqiq (HE)>>0.5 due to the conservative characteristics of
Hf in slab fluids. Therefore, the juvenile lower crust was generated by less than 10 percent
addition of subducted oceanic sediment melt with a small proportion of slab fluids added
to the depleted mantle source.

Geodynamic Processes

Zircon U-Pb dating indicates that the pre-ore Koldar pluton and ore-forming
porphyries were generated in the Carboniferous (344 — 328 Ma). These rocks can be
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Fig. 15. Plots of (A) 3" 0melt versus 3'°0O (whole system) or zircon and (B) 380 (whole system) versus
eHf(t)whole system for porphyries from the Aktogai deposit. The values of 3'*Omelt and 3'*O (whole
system) calculated according to the approach of Eiler (2001) and Munoz and others (2012). Please see the
text for more details. The compositions of the end-members for mixing calculations are: (1) depleted
mantle melt (DM): eHf (t) = 15.8, 8'®0 = 5.6 %o (Salters and Stracke, 2004); (2) subducted oceanic
sediment melt: eHf (t) = 2 (Chauvel and others, 2008), 8'*0 = 20 %o (Hoefs, 2009). The mixing curves were
calculated using different DM/Sediment elemental concentration ratios shown on the plots. The small cross
on the curves represents the percent of mixing by sediment melt to the depleted mantle melt.

divided into two groups based on their geochemical characteristics: pre-ore Koldar
pluton with characteristics of low Sr/Y ratios (normal arc magmatism), and later high
Sr/Y rocks including the pre-ore diorite (trace component) and ore-forming porphy-
ries. These samples have similar Sr-Nd-Pb-Hf-O isotopic compositions, indicating a
common source for these granitoids. The very young zircon TDMC (Hf) values (320 —
590 Ma) indicate that these rocks were formed by partial melting of juvenile mafic
lower crust. Partial melting simulations indicate that the pre-ore low Sr/Y Koldar
pluton was probably produced by partial melting of normal thick juvenile lower crust,
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while the Aktogai high Sr/Y rocks were probably generated by partial melting of
eclogitized lower crust (fig. 12).

It is possible to combine our data with published work to deduce the mechanism
responsible for melting of the lower crust. During the subduction of Junggar-Balkhash
oceanic crust (Filippova and others, 2001; Windley and others, 2007), dehydrated fluid
and sediment were released from the slab to metasomatize the overlying mantle wedge,
causing it to melt and form an arc basaltic magma enriched in volatiles, sulfur and
fluid-mobile LILE (such as Rb, K, Cs, Ba and Sr) (fig. 16A). This hot basaltic magma
ascended from the mantle wedge and was emplaced at the base of the crust, forming an
underplating layer, which became hot and caused partial melting of the overlying,
pre-existing, non-eclogitized or normal-thickness lower crust within zone of melting,
assimilation, storage and homogenization at the base of the crust (MASH; Hildreth
and Moorbath, 1988; Winter, 2001; Richards, 2003), generating pre-ore calc-alkaline
arc magmatism with low Sr/Y(18.32) and (La/Yb)y (5.32) (fig. 16A).

With more basaltic magma stored at the base of the crust, the lower crust was
thickened significantly and transformed to eclogite or eclogitic amphibole composi-
tion. This thickening of the lower crust must have happened between the emplace-
ment of pre-ore granodiorite (345 Ma) and the beginning of generation of the high
Sr/Y rocks (diorite age >331 Ma), a duration of approximately <14 Myr. A similar
timespan was postulated for the thickening of lower crust during subduction in
northern Chile, where Paleocene-Early Eocene normal low Sr/Y magmatism is associ-
ated with small porphyry Cu deposits and Late Eocene-Early Oligocene high Sr/Y
rocks hosting huge porphyry Cu deposits (Oyarzun and others, 2001). Although many
researchers suggested that high Sr/Y rocks were derived from lower crust with
thickness of >50 km (Chung and others, 2003), Qian and Hermann (2013) indicated
that the most appropriate T and crustal thickness for generating lower crust-derived
high Sr/Y rocks are 800 to 950 °C and 30 to 40 km. Apatite saturation temperatures
indicate that the high Sr/Y rocks crystallized at 950 °C. It is reasonable to suggest that
the lower crust increased in thickness from less than 30 km to 30 to 40 km during 344
to 331 Ma due to the continued addition and storage of metasomatized mantle
wedge-derived basaltic magma (Winter, 2001; Richards, 2003).

High contents of MgO and Ni were recorded in delaminated lower crust-derived
high Sr/Y rocks (Kay and Kay, 1993; Xu and others, 2002), while the Aktogai high Sr/Y
rocks had low contents of MgO (1.21 — 1.63 wt.%) and Ni (2.78 — 5.85 ppm), suggesting
foundering of lithospheric root but not thickened lower crust. The foundering of
lithospheric mantle would cause upwelling of underlying hot asthenosphere, which would
significantly heat the overlying eclogitized thickened lower crust and cause partial melting
to generate high Sr/Y magmatism (fig. 16B). Thus, the foundering of lithospheric mantle
should coincide with, or occur slightly before, high Sr/Y magmatism (331 Ma). Significant
higher apatite saturation temperatures for high Sr/Y rocks than for pre-ore low Sr/Y
samples indicates a higher temperature of partial melting, which is consistent with the
upwelling of hot asthenosphere. The partial melting of thickened juvenile lower crust
within the MASH zone formed the high Sr/Y magma, which ascended to the shallow crust
to form the ore-bearing porphyries at the Aktogai deposit.

Arc magmatism, especially in large to giant porphyry copper deposits, shows high
oxidation states (foo > NNO+1; Mungall, 2002; Richards, 2003). The origin of the
high oxidation in porphyry Cu deposit systems is controversial, being either inherited
from the oxidized sub-arc mantle (Kelley and Cottrell, 2009; Evans and others, 2012)
or acquired during magmatic differentiation (Lee and others, 2010, 2012). Consider-
ing that all samples studied herein were probably derived by partial melting of the
lower crust, the oxygen fugacity of the magma could reflect the oxidation state of
magma source (lower crust and mantle wedge). Significantly higher SO3 content in
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Fig. 16. Schematic illustration showing the petrogenetic models for the pre-ore metaluminous granodiorite
and ore-forming high Sr/Y porphyries at the Aktogai deposit (modified after Winter, 2001; Richards, 2003; Li and
others, 2016a, 2016b). (A) 344 Ma: Normal arc magmatism represented by the pre-ore major component of
Koldar pluton was formed by partial melting of juvenile mafic lower crust which was generated by storage of
basaltic melts derived from the metasomatized mantle wedge during the northward subduction of Junggar-
Balkhash oceanic plate (Filippova and others, 2001; Windley and others, 2007); (B) 331~328 Ma: Formation of
high Sr/Y rocks by partial melting of eclogitized thickened and sulfide-rich juvenile lower crust which was heated
by upwelling hot asthenosphere due to the foundering of subcontinental mantle lithosphere.

porphyritic apatite relative to pre-ore granodioritic apatite suggests an increase in fO,
from pre-ore granodiorite to porphyries. Thus, the fO, of lower crust has probably
increased during 344.7 Ma to 331.4 Ma. The Cu contents of pre-ore low Sr-Y rocks vary
from 58 to 87 ppm (Heinhorst and others, 2000; this study). This is consistent with the
Cu contents of primitive arc magmas (50 — 90 ppm from Lee and others, 2012) and a
not highly oxidized sub-arc mantle wedge since magmatic Cu contents are >200 ppm
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under high fO, (Lee and others, 2012). Partial melting of normal thickness lower crust
within MASH zone to produce the Koldar low Sr/Y rocks, required relatively low
oxygen fugacity conditions in the mantle and juvenile lower crust and early Cu-rich
sulfide fractionation and accumulation in the lower crust (Lee and others, 2012;
Richards, 2013; Chiaradia, 2014). Chiaradia (2014) indicated that a large amount of
Cu can be gradually accumulated within or at the base of the crust of thicker arc
segments and may be incorporated into later high fO, magmas. Due to the continued
input of dehydrated supercritical fluids and sediment melts (Mungall, 2002), the
oxygen fugacity of mantle wedge and mantle-derived basaltic melt gradually increased.
At the time of lithospheric mantle foundering, the fO, of the basaltic magma within
MASH zone was high, probably keeping sulfide undersaturated and S in the form of
S®* which is consistent with the occurrence of primary anhydrite without pyrrhotite (fig.
5). Due to the heating of upwelling hot asthenosphere, partial melting of the thickened
lower crust incorporated all the sulfide previously accumulated at the lower crust and
formed the Aktogai high Sr/Y rocks with high mineralization potential. With the emplace-
ment of the high Sr/Y porphyries, ore-forming fluids exsolved from the highly oxidized
magma and caused the development of a huge alteration zone, and also precipitated
ore-forming elements in the form of sulfide in different alteration zones.

CONCLUSIONS

(1) SIMS zircon U-Pb isotopic compositions show that the pre-ore granodiorite
and mineralized porphyries formed at 344.7 and 327.7 to 331.4 Ma, respectively.

(2) Whole rock geochemistry indicates that the pre-ore major component of the
Koldar pluton (granodiorite) and mineralized porphyries show different geochemistry
(Iow Sr/Y and high Sr/Y rocks, respectively), but both exhibit an affinity for arc magma-
tism with a strong depletion in Nb, Ta and Ti and enrichment in LREE and LILE.

(3) All the granitoids show similar Sr-Nd-Pb-Hf-O isotopic compositions ((¥7Sr/
805r), = 0.70369 to 0.70413, £y (1) = + 3.6 to + 5.6, (*?°Pb/?**Pb), = 18.16 to 19.32,
(*7Pb/2*'Pb), = 15.52 to 15.60, (**"Pb/?*'Pb); = 37.95 to 38.65, zircon g (t) = +
11.8to + 15.9and 8'°0 = + 3.8 to + 5.9 %0), and very young whole rock T,DM (Nd)
(640 to 680 Ma) and zircon Tpy© (Hf) (320 — 590 Ma), indicating that they were
sourced from a juvenile lower crust.

(4) We proposed that the pre-ore low Sr/Y rocks were probably formed by partial
melting of normal thick juvenile lower crust under relatively reducing condition
during the subduction of Junggar-Balkhash oceanic crust, while the high Sr/Y rocks
were generated by partial melting of thickened, eclogitized and sulfide-rich juvenile
lower crust under moderately oxidizing condition.
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