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A B S T R A C T

The ore-forming processes in the Baogutu porphyry copper deposit are spatially and temporally related to the
Late Carboniferous intrusions in the west Junggar of China. The mineralized intrusions, consisting of grano-
diorite, quartz diorite, and diorite, are characterized by moderate zircon Ce4+/Ce3+ ratios (15.9–163) and Eu/
Eu* ratios (0.25–0.57; Eu/Eu*= EuN/(SmN×GdN)1/2). Estimated magmatic oxidation state based on amphibole
crystallized in the deep magma chamber (logfO2=△FMQ+1.7) is lower comparing with that based on am-
phibole crystallized in the shallow magma chamber (logfO2= ΔFMQ+3.5). The Baogutu ore-forming magmas
were moderately oxidized with an average logfO2 value of ΔFMQ+2.5 (based on amphibole oxygen-barometer)
or ΔFMQ+2.7 (based on magnetite – ilmenite oxygen-barometer). These data indicate that the Baogutu ore-
forming magmas were moderately oxidized.

1. Introduction

The oxidation states of magmatic system play a crucial role in the
formation of large porphyry copper deposits (Mungall, 2002; Richards,
2003; Sun et al., 2013). Porphyry copper deposits are usually formed in
relatively oxidized magmatic systems with logfO2 values varying be-
tween the hematite-magnetite (HM) and nickel-nickel oxide (NNO)
buffers, mostly exceeding ΔFMQ+2 (FMQ represents the fayalite–
magnetite–quartz buffer) (Jugo et al., 2005; Hattori, 2018). The mi-
neralized intrusions are mainly magnetite-series I-type granitoids
(Jenner et al., 2010; Sillitoe, 2018) and contain highly oxidized mi-
nerals such as primary anhydrite and hematite (Hattori and Keith,
2001; Stern et al., 2007; Grondahl and Zajaca, 2017). Magmatic sources
with high oxidation state would breakdown the magmatic sulfide
phases (S2-), and ensure that sulfate (SO4

2-) is the dominant sulfur
species in the melt (Carroll and Rutherford, 1988; Jugo et al., 2010).
This process likely releases large amounts of chalcophile elements and
Au to the melt, which can transport these ore-forming metals to the
shallow crust (Richards, 2009; Nadeau et al., 2010; Botcharnikov et al.,
2011; Wilkinson, 2013). Hence, most ore-forming magmas of large
porphyry copper deposits show relatively high logfO2 values. Examples
include the El Teniente in Chile (Cannell et al., 2005), the Oyu Tolgoi in
Mongolia (Khashgerel et al., 2006, 2008) and the Yulong in China (Hou
et al., 2003; Liang et al., 2009). However, a few reduced porphyry

copper deposits with logfO2 values lower than or equal to the FMQ
buffer have been recognized (Randall et al., 1994; Rowins et al., 1997;
Smith et al., 2012). These deposits contain hypogene magmatic pyr-
rhotite and are associated with ilmenite-bearing granitoids (Rowins,
2000). Examples of such deposits include the 17 Mile Hill in Australia
(Rowins et al., 1997), the San Anton in Mexico (Randall et al., 1994)
and the Catface in Canada (Smith et al., 2012).

The Baogutu porphyry copper deposit, located in the south part of
the west Junggar of China, is medium-sized in copper reserve (Zhang
et al., 2006a). Extensive researches mainly based on geology, altera-
tion, mineralization and geochronology have been performed on the
Baogutu porphyry copper deposits (Zhang et al., 2006b; Shen et al.,
2009; Wei and Zhu, 2015). However, the oxidation state of the ore-
forming magma and its relationship with copper mineralization remain
controversial. Cao et al. (2014) suggested that the mineralized intru-
sions are ilmenite-series granitoids with logfO2 values between
ΔNNO+0 and ΔNNO − 2. In contrast, Shen and Pan (2015) reported
that the ore-bearing diorite contains magmatic magnetite with logfO2

values > ΔFMQ+1. Cao et al. (2017) estimated the logfO2 values of
the ore-bearing granitoids and identified two distinct results:
logfO2= ΔNNO+0.6 and logfO2 < ΔNNO. Zhu et al. (2018) sug-
gested two magmatic stages: the early oxidized stage (> ΔNNO+2.4)
and the late reduced stage (< ΔNNO − 0.6). Here, we use mineral
compositions (magnetite, ilmenite, amphibole, zircon) and
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geochemistry of the Baogutu intrusions to determine the oxidation state
of ore-forming magmas, which contributes to understanding of the ore-
forming processes of porphyry copper deposits.

2. Regional geology

The west Junggar is a major constituent of the central Asian me-
tallogenic domain (Fig. 1; Zhu et al., 2016). It extends westward to the
Junggar–Balkhash region in Kazakhstan. Several ophiolite mélange
belts are distributed in the west Junggar, striking NE or EW, from
northwest to southeast including Barleik, Mayile, Tangbale, Dalabute,
Hongguleleng, and Karamay with ages ranging from Cambrian to

Devonian (Zhu and Xu, 2006; Chen and Zhu, 2011; Xu et al., 2012;
Yang et al., 2013; Zhu et al, 2015). Flysch, consisting of siltstone,
mudstone, tuff and chert, overlies the ophiolite mélanges. The ophiolite
mélanges and associated flysch underwent intensive deformation and
were unconformably covered by the Late Paleozoic volcanic– sedi-
mentary units (Zhu et al., 2013).

Early Carboniferous volcanic–sedimentary strata consist of three
stratigraphic units: Tailegula, Baogutu and Xibeikulasi Formations
(Fig. 1b–c). The Tailegula Formation contains tuffaceous siltstone, tuff,
basalt and siliceous units. The zircon SHRIMP age of the tuff was
328.1 ± 1.8Ma (Wang and Zhu, 2007). The Baogutu Formation is
composed of coarse-grained tuffaceous sandstone, fine-grained

Fig. 1. (a–b) Simplified geological map of the west Junggar (modified from Zhu et al., 2013). (c) Geological map of the Baogutu region (modified after Zheng et al.,
2015) showing occurrences of the studied intrusions with sample locations.
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sandstone, siltstone and tuff. Zircons separated from the tuff gave ages
of 328–342Ma (An and Zhu, 2009; Zhu et al., 2014). The Xibeikulasi
Formation is mainly composed of coarse-grained tuffaceous sandstone
with tuff, tuffaceous siltstone and andesite interlayers.

Late Paleozoic granitic plutons are widely distributed, intruding
into the ophiolite mélanges and early Carboniferous volcanic–sedi-
mentary strata, with an age peak of 310–290Ma (Zhu et al., 2013). The
dioritic to granitic porphyries and dykes are mainly exposed in the
Baogutu region. They intruded into the early Carboniferous volca-
nic–sedimentary strata during 320–310Ma (Liu et al., 2009; Wei et al.,
2011). The gabbroic to dioritic dykes, intruding into volcanic–sedi-
mentary units and granitic plutons, were dated to be 280–240Ma (Li
et al., 2004; Yin et al., 2013). The granitic plutons and gabbroic to
dioritic dykes were suggested to be the products of post-collisional
magmatism (Han et al., 2006; Jiang and Zhu, 2018).

Numerous copper–gold deposits have been discovered in the west
Junggar. For example, the Hatu–Sartohay Au concentration area, lo-
cated in the north side of the NE-striking Darbut fault, contains more
than ten gold deposits (Fig. 1b, Qiu and Zhu, 2015; Wang and Zhu,
2015; Zhang and Zhu, 2016). The Baogutu Cu–Au concentration area,
located in the south side of the Darbut fault, contains one porphyry
copper deposit, one gold deposit and more than ten gold occurrences
(Fig. 1c, An and Zhu, 2010). The Baogutu porphyry copper deposit is
hosted in granitic to dioritic stocks, while the gold mineralization oc-
curs in the contact zone between stocks and early Carboniferous vol-
canic–sedimentary units (Song et al., 2007; Zheng et al., 2015).

3. Geology of the Baogutu copper deposit

The Baogutu porphyry copper deposit, with resources of 225 Mt at
average grades of 0.28 wt% Cu, 0.01 wt% Mo and 0.14 g/t Au, is lo-
cated in the south side of the Darbut faults (Zhang et al., 2006a). The
Xibeikulasi, Baogutu and Tailegula Formations formed a SN-trending
fold structure. Several mineralized intrusions (numbered as I to V)
emplaced into the core of the fold (Figs. 1c, 2a–b). These intrusions are
mainly granodiorite, quartz diorite and diorite. They display similar
trace element geochemical and Sr–Nd–Pb–Hf isotopic signatures (Shen
et al., 2009; Tang et al., 2010; Zhu et al., 2014; Wei and Zhu, 2015; Cao
et al., 2016). Zircons separated from these intrusions were dated to be
310Ma to 320Ma (Liu et al., 2009; Wei et al., 2011).

Different intrusions show distinct alteration and mineralization
features. The intrusions I, II and IV are weakly altered and mineralized,
bearing only a small amount of disseminated pyrite and chalcopyrite. In
comparison, the intrusion III developed remarkable mineralization, and
malachite is widespread on its surface. Sulfides including pyrite, chal-
copyrite and pyrrhotite, with trace amounts of arsenopyrite, molybde-
nite, bornite, tetrahedrite, sphalerite, gudmundite and electrum are
disseminated in the intrusion and the adjacent wall rocks. However, the
ore grade is much lower than the marginal grade. The intrusion V
contains a predominance of disseminated Cu–Mo–Au mineralization
together with lesser amounts of vein-type and breccia-type miner-
alization. This intrusion was strongly affected by potassic, propylitic
and phyllic alteration. Abundant hydrothermal biotite occurs in the
center of the deposit and is locally overprinted by phyllic alteration.
The propylitic alteration surrounds the potassic zone and contains weak
copper mineralization. Molybdenite separated from the ore body was
dated to be 310.4 ± 3.6Ma using Re–Os method (Song et al., 2007).

4. Petrology of the Baogutu intrusions

The petrographic characteristics of the mineralized intrusions in the
Baogutu area were gained based on observations from outcrops and 8
drill holes. These intrusions mainly consist of granodiorite, quartz
diorite and diorite, with a small amount of pyroxene diorite. They show
equigranular or porphyritic texture, and are mainly composed of pla-
gioclase, amphibole, biotite, K-feldspar, quartz and clinopyroxene

(Fig. 2). Accessory minerals include magnetite, ilmenite, sphene, apa-
tite and zircon. Plagioclase, which is the most abundant primary mi-
neral (40–60 vol%), is subhedral to euhedral. Euhedral plagioclase is
usually white-colored with polysynthetic twins (Fig. 2c). Some plagio-
clase crystals show oscillatory zonation. Amphibole (5–15 vol%) coex-
ists with plagioclase (Fig. 2d). Biotite (5–10 vol%), K-feldspar
(10–15 vol%) and quartz (5–25 vol%) coexist with plagioclase and
amphibole (Fig. 2e). Pyroxene diorite is rarely found in drill holes.
Clinopyroxene is replaced by amphibole along rims (Fig. 2f).

Accessory minerals occur as inclusions in amphibole and biotite, or
as interstitial crystals between amphibole, plagioclase and biotite. The
occurrences of magnetite and ilmenite in different intrusions are dis-
tinct. In the intrusions I and II, more magnetite was observed than il-
menite. Both of them coexist with amphibole and plagioclase (Fig. 2g).
Ilmenite is more popular in the intrusions III and IV, where magnetite is
absent (Fig. 2h). The intrusion V contains more ilmenite than magne-
tite. Both ilmenite and magnetite occur as inclusions in amphibole and
biotite.

5. Analytical methods

Compositions of minerals were determined using an electron probe
microanalyzer (EPMA) JXA-8230. Instrument was operated at an ac-
celeration voltage of 15 kV, beam current of 10nA and beam diameter
of 1 μm. Standards of natural and synthetic phases were supplied by SPI
Company. The ZAF correction method was used for standardization.
The analytical precision was better than 1%.

The least altered samples were selected for major and trace element
analyses. Whole rock samples were carefully washed by distilled water
and crushed into powder, with a grain size of approximately 80 μm.
Major element oxides were analyzed using RIX-2100 X-ray fluorescence
(XRF) spectrometer. Analytical uncertainty ranged from ± 1% to ±
5%. The FeO analysis was undertaken by titration in order to determine
whole-rock Fe3+/Fe2+ ratios. The precision of the analyses was gen-
erally < 3%. Trace elements were analyzed by inductively coupled
plasma mass spectrometry (ICP-MS). For quality control, the standard
and parallel samples were analyzed during all analytical runs. The
precision of the analyses was generally < 7% for trace elements.

Zircons were separated from the least altered samples by hand-
picking. The zircons were mounted in epoxy and polished to reveal
their interiors. CL images show clearly magmatic zones without obvious
alteration, suggesting that they were crystallized from magmas. Zircon
analyses were performed at Northwest University in Xi’an. A Compex
102 ArF excimer laser system was used to ablate the zircons and stan-
dards, and ablated material was carried by He–Ar gas (flowrates of 0.67
L He/min and 0.85 L Ar/min) to an Agilent 7500a ICP-MS. Laser ab-
lation spot sizes were approximately 44 μm. Data were acquired for 20 s
with the laser off and 45 s with the laser on, and then the system was
flushed with He–Ar gas for 25 s with the laser off. Each block of 8 zircon
analyses was bracketed by analysis of standard glass NIST 610, which
was used to correct for mass bias drift (Pearce et al., 1997). Calibration
was conducted by GLITTER (version 4.0, Macquarie University), as-
suming SiO2 to be stoichiometric in zircon (ZrSiO4) with a concentra-
tion of ca. 32.78 wt%.

6. Results

6.1. Mineral chemistry

The compositions of primary plagioclase, amphibole, biotite, clin-
opyroxene, magnetite and ilmenite in the Baogutu intrusions were
analyzed with EPMA. Representative chemical compositions are listed
in Supplementary Table 1. Plagioclase exhibits a slightly wide range
from An14Ab85Or1 to An64Ab35Or1 (Fig. 3a; Supplementary Table 1A).
Amphibole is magnesiohornblende based on the classification of Leake
et al. (1997), and its Mg# (Mg# = Mg/(Mg+ Fe)) values range from
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0.58 to 0.90 (Supplementary Table 1B, Fig. 3b). Biotite is classified as
Mg-biotite using the discrimination diagrams of Foster (1960) (Fig. 3c).
It is homogeneous in composition with Mg# values of 0.40 – 0.65
(Supplementary Table 1C, Fig. 3d). The compositions of clinopyroxene

from the diorite are relatively homogeneous, ranging from
En37Fs17Wo46 to En48Fs10Wo42 and corresponding to augite (Fig. 3e)
with Mg# values of 0.69 – 0.87, Al2O3 contents of 0.33 – 4.52 wt% and
TiO2 contents of 0.08 – 0.71 wt% (Supplementary Table 1D). According

Fig. 2. Outcrop and microphotographs of the Baogutu intrusions. (a) Outcrop of the Baogutu intrusion V. (b) A drill hole sample shows the boundary of diorite
intruded sandstone. (c) Diorite from the intrusion III, with plagioclase, amphibole and biotite, cross-polarized light. (d) Granodiorite porphyry from the intrusion II
with plagioclase, amphibole and biotite phenocrysts, cross-polarized light. (e) Granodiorite from the intrusion II with plagioclase, amphibole and biotite, cross-
polarized light. (f) Pyroxene diorite from the intrusion III with clinopyroxene replaced by amphibole, cross-polarized light. (g) Coexisting magnetite and ilmenite in
granodiorite (from the intrusion II); magnetite replaced by hematite along crystal lattice, reflected light. (h) Ilmenite in quartz diorite (from intrusion III), reflected
light. Abbreviations: Amp= amphibole, Bt= biotite, Cpx= clinopyroxene, Hem=hematite, Ilm= ilmenite, Mgt=Magnetite, Pl= plagioclase, and Qz=quartz.
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to the Fe-Ti oxide classification of Buddington and Lindsley (1964), all
ilmenite analyses are close to the FeTiO3 end-member with high TiO2

contents (46.09 – 52.19 wt%). Magnetite analyses are close to the Fe3O4

end-member with FeOT contents of 88.79 – 93.93 wt% (Fig. 3f,
Supplementary Table 1E).

6.2. Whole-rock geochemistry

Major element compositions of whole-rock samples from the
Baogutu I to V intrusions are variable, with SiO2 contents ranging from
51.69 wt% to 66.51 wt% (Table 1, Fig. 4a) with an average Na2O/K2O
ratio of 2.97. Most samples are classified as calc-alkaline series based on
the SiO2 – K2O diagram (Fig. 4b). All samples have high MgO contents

(1.11 – 5.89 wt%) and Mg# values (0.35 – 0.71). In comparison, geo-
chemical characteristics of most trace elements are similar (Table 1,
Fig. 5). They are characterized by enrichments of Cs, Ba, and U, and
depletions of Nb, Ta, and Ti. The total REE concentrations of various
intrusions vary from 38.3 ppm to 103 ppm. They show moderate en-
richments in light REE ((La/Yb)N= 3.33 – 8.09) and flat heavy REE
distribution patterns with variable Eu anomalies (Eu/Eu* = 0.74 –
1.23).

6.3. Zircon trace element

Trace element compositions of zircon grains separated from the
Baogutu intrusions are listed in Table 2 and illustrated on Fig. 6. The

Fig. 3. Compositions of minerals in the Baogutu intrusions. (a) Classification diagram of plagioclase. (b) Classification diagram of calcic amphibole (after Leake et al.,
1997). (c) Component diagram of biotite (after Foster, 1960). (d) Fe3+–Fe2+–Mg diagram (Wones and Eugster, 1965), biotite plotting in the field between the
Ni–NiO (NNO) and Fe2O3–Fe3O4 (HM). (e) The plot of Wo–En–Fs for pyroxene. (f) Classification diagram of Fe-Ti oxides (Buddington and Lindsley, 1964).
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Table 1
Compositions of major oxides (in wt%) and trace elements (in ppm) of the Baogutu intrusions.

Sample Ab13-17b Ab13-19b Ab13-21b Ab13-23b 07HT112 07HT113 07HT95 07HT96 07HT94 07HT97 ZK02-1 ZK02-3 ZK02-9

Intrusion I I I I I I II II II II III III III
SiO2 54.69 51.69 60.13 57.74 57.51 62.33 66.28 66.49 59.39 65.95 57.93 58.38 61.68
TiO2 0.81 0.90 0.65 0.87 0.76 0.39 0.53 0.52 0.39 0.36 0.48 0.48 0.42
Al2O3 16.30 19.60 17.24 17.06 17.43 16.41 15.49 15.39 15.44 14.97 16.69 16.09 15.56
∑Fe2O3 7.71 8.17 5.70 6.97 6.86 5.53 4.39 4.22 5.70 4.85 7.36 7.33 5.60
FeO 5.83 5.71 2.91 3.90 N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A.
MnO 0.12 0.13 0.09 0.11 0.11 0.08 0.05 0.06 0.07 0.03 0.10 0.09 0.07
MgO 5.89 4.85 3.23 4.08 4.46 2.74 2.10 2.16 2.82 1.84 3.73 3.75 2.36
CaO 7.23 8.23 5.68 5.94 6.31 4.98 3.86 3.72 3.98 2.98 5.97 5.13 3.97
Na2O 3.62 4.30 4.26 4.28 3.69 4.99 3.85 3.91 4.48 4.43 4.40 4.23 5.29
K2O 1.34 0.43 1.28 1.12 1.27 1.10 2.26 2.45 2.16 2.70 1.40 1.42 1.31
P2O5 0.15 0.21 0.15 0.20 0.15 0.15 0.11 0.10 0.11 0.11 0.15 0.15 0.13
LOI 1.95 1.13 1.39 1.77 1.10 1.14 1.01 1.01 5.30 1.48 1.62 2.78 3.46
Total 98.04 98.69 98.56 98.53 98.55 99.85 98.92 99.00 99.85 99.70 99.84 99.84 99.84
Mg# 0.45 0.40 0.42 0.42 0.57 0.50 0.49 0.51 0.50 0.43 0.50 0.51 0.46
Fe3+/Fe2+ 0.27 0.14 0.24 0.30
Cs 0.80 0.43 0.53 0.93 1.11 0.60 1.34 1.34 1.33 1.48 1.29 1.30 2.08
Rb 21.00 5.20 23.00 19.30 22.96 13.57 46.63 41.09 46.32 65.57 31.00 31.20 26.80
Ba 414 275 500 504 731 603 772 769 805 799 440 596 606
Th 0.96 0.33 1.72 1.10 1.45 1.71 4.96 5.44 4.65 6.12 1.00 2.14 3.24
U 0.33 0.16 0.49 0.38 0.43 0.45 1.10 1.23 1.98 1.94 0.39 0.56 1.08
Nb 1.30 1.50 2.10 2.90 1.91 2.47 4.08 3.90 3.61 3.96 1.77 1.93 2.32
Ta 0.20 0.20 0.20 0.30 0.30 0.23 0.35 0.38 0.35 0.35 0.19 0.17 0.21
La 6.40 7.40 9.90 11.20 7.80 10.80 13.62 14.97 12.52 9.43 8.58 8.16 10.22
Ce 14.10 17.50 21.30 25.70 16.91 22.42 27.76 29.77 26.83 19.01 19.84 19.10 22.80
Pr 2.01 2.47 2.74 3.42 2.54 3.20 3.61 3.83 3.65 2.63 2.82 2.54 3.16
Sr 765 1060 757 724 878 680 425 421 526 415 494 518 476
Nd 8.70 10.90 11.60 13.90 11.75 13.55 14.90 14.74 15.22 11.04 11.68 10.92 13.20
Zr 55 34 98 121 64 124 177 166 152 179 95 115 149
Hf 1.60 1.20 2.70 3.00 1.90 3.04 4.32 4.38 3.89 4.60 2.01 2.53 3.33
Sm 2.41 2.45 2.78 3.65 2.84 2.91 3.08 2.89 3.29 2.36 2.72 2.56 2.94
Eu 0.74 0.87 0.82 1.09 0.98 0.90 0.81 0.82 0.92 0.76 0.87 0.81 0.86
Gd 2.37 2.27 2.53 3.68 2.92 2.77 3.15 2.65 3.16 2.39 2.56 2.40 2.66
Tb 0.33 0.29 0.35 0.54 0.39 0.40 0.40 0.39 0.45 0.33 0.44 0.40 0.43
Dy 2.10 1.85 2.29 3.26 2.46 2.36 2.66 2.45 2.94 2.03 2.76 2.66 2.84
Y 10.90 9.80 11.80 17.40 13.83 13.55 15.38 14.70 16.16 12.50 14.72 13.66 15.72
Ho 0.43 0.36 0.45 0.66 0.50 0.49 0.54 0.49 0.59 0.45 0.54 0.54 0.57
Er 1.28 1.08 1.31 1.87 1.41 1.39 1.58 1.50 1.71 1.28 1.58 1.62 1.70
Tm 0.22 0.20 0.24 0.29 0.21 0.22 0.25 0.21 0.25 0.20 0.23 0.25 0.28
Yb 1.11 1.05 1.34 1.86 1.45 1.42 1.67 1.66 1.73 1.37 1.59 1.58 1.71
Lu 0.18 0.16 0.17 0.26 0.20 0.21 0.26 0.25 0.26 0.23 0.28 0.26 0.30
REE 42.38 48.85 57.82 71.38 52.36 63.04 74.29 76.62 73.52 53.51 56.49 53.80 63.67
(La/Yb)N 4.14 5.06 5.30 4.32 3.86 5.46 5.85 6.47 5.19 4.94 3.87 3.70 4.29
Eu/Eu* 0.95 1.13 0.95 0.91 1.04 0.97 0.80 0.91 0.87 0.98 1.01 1.00 0.94

Sample ZK02-12 ZK02-16 ZK02-20 ZK02-23 ZK02-27 ZK02-31 ZK02-34 ZK02-44 ZK02-46 ZK02-49 ZK02-51 Ab13-47b Ab13-48b

Intrusion III III III III III III III III III III III VI VI
SiO2 62.05 60.94 63.98 62.97 61.96 62.47 62.65 62.65 63.21 63.56 63.36 56.95 58.07
TiO2 0.41 0.41 0.40 0.44 0.37 0.40 0.36 0.39 0.42 0.40 0.38 0.69 0.72
Al2O3 16.06 15.29 15.35 15.12 15.29 16.04 14.57 16.13 14.77 15.19 16.02 16.56 17.08
∑Fe2O3 5.92 5.51 5.79 6.20 5.12 5.90 4.80 3.59 5.07 5.68 5.38 6.25 6.58
FeO N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. 4.97 4.92
MnO 0.08 0.07 0.08 0.08 0.07 0.06 0.07 0.07 0.07 0.05 0.07 0.11 0.09
MgO 2.68 2.18 2.29 2.29 2.47 1.80 1.69 1.11 1.49 1.91 2.29 5.33 3.25
CaO 4.07 4.80 4.20 4.53 3.98 3.99 5.73 5.21 4.61 3.03 4.25 5.96 5.71
Na2O 4.72 4.50 4.49 4.50 3.86 4.09 3.37 0.63 2.11 4.30 4.53 4.15 3.81
K2O 1.84 1.49 2.26 2.14 2.37 2.19 2.00 3.25 1.98 2.00 2.11 1.42 1.37
P2O5 0.13 0.14 0.13 0.14 0.10 0.13 0.11 0.14 0.11 0.13 0.13 0.13 0.17
LOI 1.86 4.52 0.85 1.39 4.23 2.78 4.53 6.73 6.04 3.59 1.35 2.19 1.41
Total 99.82 99.85 99.82 99.80 99.84 99.86 99.86 99.90 99.89 99.84 99.85 97.71 97.05
Mg# 0.48 0.44 0.44 0.42 0.49 0.38 0.41 0.38 0.37 0.40 0.46 0.47 0.35
Fe3+/Fe2+ 0.37 0.25
Cs 1.44 2.22 1.74 1.34 1.81 3.06 3.58 6.82 5.70 0.79 1.75 1.98 1.50
Rb 33.60 33.60 40.80 42.20 41.80 45.20 43.00 70.20 45.40 16.14 45.00 25.30 32.00
Ba 722 518 748 642 776 640 446 430 338 354 630 430 458
Th 5.44 3.00 2.80 3.22 4.46 3.36 2.62 3.62 2.26 1.91 3.20 0.88 1.84
U 1.60 0.90 1.04 1.07 1.39 1.14 0.86 1.03 0.74 0.49 0.68 0.35 1.63
Nb 2.36 2.26 2.38 2.58 2.68 2.58 1.98 2.30 2.26 1.70 2.16 1.60 2.10
Ta 0.27 0.23 0.20 0.22 0.37 0.28 0.14 0.24 0.17 0.17 0.19 0.10 0.20
La 12.24 11.50 12.62 11.46 10.72 11.44 9.90 11.64 10.02 9.78 10.44 5.90 8.40
Ce 26.80 25.80 28.40 26.40 24.20 26.00 22.60 25.40 23.80 22.60 24.20 13.20 18.50
Pr 3.44 3.40 3.66 3.50 3.10 3.36 3.08 3.48 3.08 3.10 3.20 1.81 2.50
Sr 520 460 448 480 460 416 368 197 230 762 456 627 558

(continued on next page)
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total REE abundances vary from 347 ppm to 2565 ppm. Chondrite-
normalized REE patterns are characterized by a steep increase from LaN
to LuN with strongly positive Ce anomalies and weakly negative Eu
anomalies, which are typical characteristics of magmatic zircons.

7. Estimates of magmatic oxidation state

7.1. Estimates of magmatic oxidation state based on amphibole
compositions

Amphibole is widely developed in igneous rocks. The stability of

Table 1 (continued)

Sample ZK02-12 ZK02-16 ZK02-20 ZK02-23 ZK02-27 ZK02-31 ZK02-34 ZK02-44 ZK02-46 ZK02-49 ZK02-51 Ab13-47b Ab13-48b

Nd 14.14 14.16 15.20 14.38 12.74 14.08 12.58 13.62 13.10 13.74 13.26 7.90 10.40
Zr 164 144 176 146 144 151 130 152 136 61 130 66 84
Hf 3.64 3.16 3.83 3.25 3.21 3.23 2.68 3.18 2.77 1.36 2.65 1.80 2.50
Sm 3.02 3.08 3.08 2.94 2.54 3.14 2.74 2.62 2.92 2.60 2.76 2.03 2.67
Eu 0.87 0.78 0.83 0.83 0.70 0.82 0.70 0.68 0.88 1.05 0.73 0.66 0.76
Gd 2.78 2.74 3.18 2.72 2.56 2.80 2.50 2.28 2.82 2.60 2.56 1.99 2.51
Tb 0.45 0.46 0.51 0.43 0.44 0.43 0.42 0.38 0.47 0.42 0.41 0.29 0.34
Dy 2.80 3.06 3.10 2.90 2.84 2.80 2.56 2.54 2.96 2.40 2.60 1.83 2.20
Y 15.90 16.50 17.52 16.82 15.80 16.26 14.54 13.90 16.22 12.22 15.32 9.20 11.30
Ho 0.58 0.60 0.62 0.58 0.58 0.60 0.50 0.47 0.59 0.45 0.54 0.34 0.43
Er 1.74 1.74 1.92 1.68 1.73 1.69 1.50 1.51 1.71 1.27 1.57 1.06 1.36
Tm 0.27 0.26 0.26 0.28 0.28 0.28 0.22 0.22 0.26 0.19 0.24 0.17 0.21
Yb 1.71 1.79 1.90 1.75 1.81 1.87 1.53 1.50 1.67 1.31 1.68 0.95 1.34
Lu 0.32 0.32 0.35 0.32 0.30 0.30 0.27 0.27 0.28 0.20 0.26 0.15 0.21
REE 71.16 69.69 75.63 70.17 64.54 69.61 61.10 66.61 64.56 61.71 64.45 38.28 51.83
(La/Yb)N 5.13 4.61 4.76 4.70 4.25 4.39 4.64 5.57 4.30 5.36 4.46 4.45 4.50
Eu/Eu* 0.92 0.82 0.81 0.90 0.84 0.85 0.82 0.85 0.94 1.23 0.84 1.00 0.90

Sample Ab13-50b Ab13-51b Ab13-52b Wb13-3 Wb13-7 Wb13-8 09BGT-55 ZK102-G18 ZK203-3 ZK203-5 ZK601-3

Intrusion VI VI VI V V V V V V V V
SiO2 58.03 56.7 63.59 66.51 65.95 62.87 66.07 61.34 57.08 59.22 62.11
TiO2 0.80 0.71 0.57 0.61 0.58 0.69 0.45 0.49 0.52 0.48 0.46
Al2O3 17.36 16.64 15.94 14.92 15.57 16.68 14.99 15.37 17.19 17.14 16.4
∑Fe2O3 6.89 6.49 4.99 4.33 3.6 1.87 3.79 4.34 7.3 5.01 5.24
FeO 4.79 5.10 3.65 1.70 2.50 1.33 N.A. N.A. N.A. N.A. N.A.
MnO 0.11 0.12 0.07 0.02 0.02 0.04 0.02 0.03 0.07 0.05 0.03
MgO 3.94 5.39 2.48 2.33 2.39 4.18 2.17 2.73 3.86 3.63 3.23
CaO 6.79 5.99 4.65 2.48 3.49 6.86 3.95 2.77 5.81 5.89 4.75
Na2O 4.04 4.31 3.77 3.98 4.16 5.06 5.66 6.73 4.72 5.41 4.87
K2O 1.15 1.05 2.28 2.67 1.64 0.62 1.49 2.46 1.50 1.39 1.13
P2O5 0.19 0.14 0.13 0.14 0.14 0.16 0.13 0.18 0.18 0.17 0.14
LOI 0.86 2.19 1.49 1.88 1.59 1.39 0.94 2.70 1.43 1.26 1.48
Total 99.47 97.71 98.63 98.32 98.78 99.13 99.66 99.12 99.65 99.63 99.85
Mg# 0.39 0.47 0.35 0.43 0.43 0.71 0.53 0.56 0.51 0.59 0.55
Fe3+/Fe2+ 0.13 0.37 0.32 0.76 0.46 0.20
Cs 0.98 2.06 0.84 1.97 3.24 2.87 1.57 2.88 4.18 2.68 1.54
Rb 22.9 21.1 40.6 96.8 90.0 34.9 72.8 114.2 74.2 62.4 41.2
Ba 533 412 685 853 484 205 452 314 380 462 272
Th 1.51 0.94 2.54 4.55 4.71 2.7 4.8 4.32 3.24 2.36 4.46
U 0.58 0.37 0.62 1.93 1.65 0.68 1.75 1.26 1.04 0.85 1.37
Nb 2.50 1.60 2.20 4.00 4.20 3.10 3.72 3.06 2.36 2.26 3.18
Ta 0.20 0.20 0.20 0.40 0.40 0.30 0.28 0.31 0.31 0.17 0.27
La 9.50 6.50 9.60 12.00 15.80 8.20 14.80 7.62 8.66 10.76 19.96
Ce 21.50 14.80 21.00 26.40 33.40 20.70 33.20 22.40 20.60 24.20 42.40
Pr 2.98 2.05 2.83 3.41 4.13 3.19 4.22 3.34 2.86 3.16 5.10
Sr 694 697 557 399 577 651 498 438 756 588 590
Nd 12.30 9.00 11.20 13.80 15.20 14.00 17.12 14.34 12.10 12.94 20.00
Zr 88 69 112 151 161 118 175 138 117 104 168
Hf 2.40 2.00 3.20 4.10 4.20 3.10 3.70 2.75 2.29 2.28 3.11
Sm 3.10 2.24 2.80 3.40 3.46 3.60 3.78 3.50 2.88 2.64 3.66
Eu 0.96 0.77 0.68 0.80 0.82 0.97 0.88 0.85 0.93 0.89 0.99
Gd 3.08 2.54 2.58 3.16 3.33 3.52 3.32 2.98 2.36 2.52 3.12
Tb 0.46 0.32 0.36 0.45 0.47 0.52 0.53 0.49 0.41 0.36 0.50
Dy 2.64 2.01 2.37 2.84 3.04 2.95 3.44 3.14 2.58 2.36 3.02
Y 14.20 10.8 12.8 15.5 16.5 16.4 18.62 15.82 12.94 13.18 16.98
Ho 0.54 0.41 0.48 0.57 0.61 0.63 0.69 0.59 0.51 0.44 0.61
Er 1.72 1.19 1.48 1.77 1.77 1.73 1.93 1.64 1.32 1.35 1.78
Tm 0.23 0.19 0.25 0.26 0.31 0.31 0.30 0.26 0.21 0.20 0.26
Yb 1.53 1.18 1.49 1.79 1.91 1.72 2.12 1.64 1.43 1.35 1.77
Lu 0.22 0.19 0.23 0.27 0.26 0.27 0.35 0.27 0.24 0.24 0.28
REE 60.76 43.39 57.35 70.92 84.51 62.31 86.68 63.06 57.09 63.41 103.45
(La/Yb)N 4.45 3.95 4.62 4.81 5.93 3.42 5.01 3.33 4.34 5.72 8.09
Eu/Eu* 0.95 0.99 0.77 0.75 0.74 0.83 0.76 0.80 1.09 1.05 0.90

Mg# = Mg/(Mg+ Fe).
N.A.= not applied.
Eu/Eu* = EuN/(SmN×GdN)1/2.
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amphibole depends on oxidation state, H2O content and melt compo-
sition (Schmidt, 1992; Sisson and Grove, 1993; Grove et al., 2003).
Experiments, combined with oxygen fugacity–amphibole composition
regression analyses, show that oxygen fugacity is closely correlated
with Mg* of amphibole (Scaillet and Evans, 1999; Ridolfi et al., 2008,
2010):

= − =ΔNNO 1.644Mg 4.01(R 0.89)2

where Mg* = Mg+Si/47 - VIAl/9–1.3VITi+ Fe3+/3.7+ Fe2+/5.2
− BCa/20 − ANa/2.8 + A[]/9.5. This formulation is estimated to be
accurate within 0.22 log fO2 units (1σ; Ridolfi et al., 2010), and is in
agreement with the uncertainty expected from experiments (0.2 – 0.3
logfO2 units; Scaillet and Evans, 1999; Pichavant et al., 2002). This
oxygen barometer is valid for magmas in the range of
550–1120 °C,< 1200MPa, and ΔNNO − 1 to ΔNNO+5. This am-
phibole Mg* oxygen-barometer was initially applied to subduction-re-
lated volcanic rocks and widely used on intermediate igneous rocks. Its
reliability is tested recently. For example, the logfO2 values based on
amphibole compositions from the Wandongshan monzogranite por-
phyry related with the Beiya Au deposit of southwest China range from
ΔNNO+1.0 to ΔNNO+1.9, which are slightly higher than those of
the Bailiancun monzogranite porphyry (ΔNNO+0.4 to ΔNNO+0.7).

These logfO2 values are consistent with the values based on zircon
compositions (Bao et al., 2018). The logfO2 values (ΔNNO+0.3 to
ΔNNO+1.5) based on amphibole compositions in the Baguio diorite
porphyry from northern Luzon of Philippines are similar to the values
estimated from co-existing Fe–Ti oxides (Cao et al., 2018). It should be
noted that the amphibole analyzed should have early–stage textures
and show homogeneous compositions, because late–stage amphiboles
may overestimate the original magmatic oxidation state.

Amphibole in the Baogutu intrusions is calcic and is classified as
magnesiohornblende (Fig. 3b). The crystallization pressures, tempera-
tures and logfO2 values were estimated based on amphibole composi-
tions (Supplementary Table 1B, Fig. 7). Amphibole in the intrusion I
yields pressures of 0.72 – 3.03 kbar, temperatures of 790 – 846 °C, and
logfO2 values varying from △FMQ+1.7 to ΔFMQ+3.0. Amphibole
in the intrusion II gives similar pressures (0.32 – 2.93 kbar), tempera-
tures (793 – 837 °C), and logfO2 values (ΔFMQ+2.1 to ΔFMQ+3.5).
Amphibole in the intrusion III produces lower pressures (0.14 – 1.34
kbar), temperatures (748 – 772 °C), and similar logfO2 values
(ΔFMQ+1.9 to ΔFMQ+2.7). The pressures, temperatures and logfO2

values estimated for the intrusion IV are 1.11 – 1.93 kbar, 789 – 848 °C,
and ΔFMQ+2.2 to ΔFMQ+3.1, respectively. Amphibole in the in-
trusion V is homogeneous in composition, suggesting pressures of 0.17
– 1.63 kbar, temperatures of 761 – 806 °C, and logfO2 values varying
from ΔFMQ+2.1 to ΔFMQ+3.4. The average logfO2 value is
ΔFMQ+2.5 (Fig. 7a–b). The correlation between logfO2 values and
temperatures is not obvious (Fig. 7c), while logfO2 values increase from
△FMQ+1.7 to ΔFMQ+3.5 with decrease pressures (Fig. 7d).

7.2. Estimates of magmatic oxidation state with magnetite–ilmenite oxygen-
barometer

The magnetite–ilmenite oxygen barometer is widely used to esti-
mate magmatic oxygen fugacity with the assumed equilibrium between
these two Fe–Ti oxides (Andersen and Lindsley, 1985; Ghiorso and
Sack, 1991; Audétat and Pettke, 2006; Ghiorso and Evans, 2008;
Sauerzapf et al., 2008). However, these minerals are prone to re-equi-
librate in slowly cooled plutonic rocks or in hydrothermal rocks
(Venezky and Rutherford, 1999; Idrus et al., 2007; Anderson et al.,
2008). Consequently, coexisting magnetite and ilmenite may not be in
equilibrium. In the Baogutu intrusions, primary magnetite and ilmenite
mainly occur as interstitial crystals and inclusions. We analyzed ilme-
nite and magnetite where textural equilibrium can be demonstrated.
We used the ILMAT spreadsheet (Lepage, 2003) to calculate tempera-
tures and logfO2 values from the coexisting magnetite-ilmenite pair.

Magnetite and ilmenite are common in the Baogutu intrusion I.
However, ilmenite grains are partly altered to sphene and rutile, or
postdate magnetite. Consequently, no reliable data were obtained from
magnetite–ilmenite pair for the intrusion I. In the intrusion II, magne-
tite is common, whereas ilmenite is subordinate. Although some mag-
netite grains in the intrusion II were replaced by hematite along crystal
lattice, magnetite and ilmenite occurring as intergrowths with straight
boundaries and without exsolution textures were investigated for
oxygen fugacity calculation (Fig. 8a). Representative magnetite–ilme-
nite pairs yield logfO2 values varying from ΔFMQ+1.6 to ΔFMQ+3.9
(Fig. 8c). No equilibrated magnetite–ilmenite pairs were found in the
intrusions III and IV. Several magnetite– ilmenite pairs occur as inclu-
sions in the intrusion V (Fig. 8b), in which eight representative pairs
yield logfO2 values of ΔFMQ+1.9 to ΔFMQ+3.1 (Fig. 8c). The
average logfO2 value for the Baogutu intrusions defined by magneti-
te–ilmenite pair is ΔFMQ+2.7 (Fig. 8d), which is in agreement with
the logfO2 values based on amphibole compositions.

7.3. Whole-rock Fe3+/Fe2+ ratios

Whole-rock Fe3+/Fe2+ ratio is an empirical redox indicator (Brett
and Sato, 1984; Rhodes and Vollinger, 2005), which can only be used to

Fig. 4. Classification diagrams of the Baogutu intrusions (literature data from:
Zhang et al., 2006b; Shen et al., 2009; Tang et al., 2010; Shen and Pan, 2013;
Wei and Zhu, 2015; Cao et al., 2016). (a) Total alkali vs. silica (after
Middlemost, 1994). The alkaline and subalkaline division is after Irvine and
Baragar (1971). (b) Potassium vs. silica (Rickwood, 1989).
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fresh igneous rocks. Sufficiently fresh samples were selected for this
method based on detailed microscopic observations. These samples
have low loss on ignition (LOI,< 2.0 wt%), and their Fe2O3/FeO ratios

do not correlate with LOI values.
The Fe3+/Fe2+ ratios for the intrusion I range from 0.42 to 1.68,

which belong to magnetite series (Fig. 9a) and correspond to

Fig. 5. Primary mantle-normalized multi-elements diagrams and chondrite-normalized REE distribution patterns for the Baogutu intrusions (shaded areas are from:
Shen et al., 2009; Tang et al., 2010; Shen and Pan, 2013; Wei and Zhu, 2015; Cao et al., 2016). Normalization values are from Sun and McDonough (1989).
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Table 2
Concentrations of trace elements in zircons from the Baogutu intrusions (in ppm, by LA-ICP-MS).

Analysis number Intrusion P Ti Y Nb La Ce Pr Nd Sm Eu Gd Tb

Ab13-23b-1 I 228 9.18 1320 0.40 0.01 7.45 0.13 2.38 5.99 1.60 31.68 10.94
Ab13-23b-2 I 227 8.45 902 0.31 0.26 5.26 0.16 2.08 3.47 1.05 17.42 6.25
Ab13-23b-4 I 212 9.45 931 0.30 0.02 4.75 0.08 1.60 3.32 1.03 17.54 6.43
Ab13-23b-5 I 160 23.13 720 0.36 0.41 5.37 0.13 1.44 2.42 0.82 13.52 4.93
Ab13-23b-6 I 160 146.53 788 0.34 0.05 4.55 0.08 1.46 2.83 0.87 14.93 5.45
Ab13-23b-7 I 203 30.26 1081 0.31 0.30 8.95 0.18 2.23 4.62 1.33 22.92 7.94
Ab13-23b-8 I 224 12.35 1062 0.38 0.02 4.99 0.09 1.76 3.79 1.18 21.07 7.55
Ab13-23b-10 I 163 14.52 713 0.28 0.12 4.42 0.08 1.19 2.33 0.80 12.32 4.58
Ab13-23b-11 I 184 7.21 802 0.30 0.02 4.90 0.09 1.32 2.76 0.91 14.73 5.40
Ab13-23b-14 I 205 10.19 1044 0.32 0.01 5.12 0.12 2.07 3.98 1.33 21.18 7.63
15BGT-1–1 II 270 10.23 1507 0.49 0.02 9.69 0.19 3.06 5.79 1.59 32.01 11.16
15BGT-1–2 II 150 3.11 484 0.59 0.25 7.51 0.08 0.62 1.03 0.32 6.18 2.48
15BGT-1–4 II 221 3.80 844 0.76 0.51 11.75 0.20 1.68 2.50 0.74 12.68 4.79
15BGT-1–5 II 214 11.02 1079 0.46 0.02 7.47 0.13 2.47 4.42 1.24 21.36 7.57
15BGT-1–10 II 205 2.99 623 0.85 0.63 10.25 0.18 1.19 1.36 0.38 7.65 3.09
15BGT-1–11 II 166 3.30 665 0.97 0.15 10.25 0.07 0.71 1.37 0.46 8.35 3.32
15BGT-1–12 II 169 6.00 538 0.46 0.01 5.27 0.04 0.52 1.47 0.49 7.86 3.13
15BGT-1–13 II 172 4.12 797 0.60 0.01 7.51 0.07 1.49 2.75 0.70 13.94 5.12
15BGT-1–14 II 148 2.65 526 0.65 0.16 9.28 0.06 0.76 1.24 0.33 7.07 2.73
15BGT-1–15 II 281 5.86 1003 0.54 0.84 9.78 0.42 3.91 4.64 1.19 21.16 7.32
09BGT-18–1 III 167 8.35 598 0.39 bdl 6.16 0.03 0.62 1.54 0.54 7.70 2.97
09BGT-18–3 III 255 8.36 857 0.53 bdl 8.07 0.04 0.86 2.21 0.68 12.62 4.81
09BGT-18–4 III 242 10.43 1018 0.48 bdl 8.16 0.07 1.43 3.06 0.93 17.45 6.50
09BGT-18–5 III 207 9.58 801 0.43 bdl 8.20 0.05 0.93 1.94 0.69 9.76 3.84
09BGT-18–6 III 199 9.03 769 0.41 0.01 7.68 0.05 1.17 2.04 0.84 10.51 3.87
09BGT-18–8 III 236 10.69 757 0.45 bdl 7.84 0.04 0.91 2.17 0.57 12.54 4.69
09BGT-18–9 III 138 20.25 381 0.35 0.10 4.84 0.06 0.49 1.00 0.39 4.99 1.84
09BGT-18–10 III 173 8.03 631 0.34 bdl 5.57 0.04 0.89 1.81 0.65 9.30 3.48
09BGT-18–14 III 204 10.50 751 0.50 0.01 7.30 0.03 0.89 1.71 0.71 9.46 3.66
Ab13-48b-3 IV 406 10.20 2982 0.97 0.03 19.80 0.27 5.15 10.00 2.15 58.41 21.40
Ab13-48b-4 IV 406 10.55 3247 0.93 0.04 21.71 0.31 5.67 11.06 2.52 68.28 24.38
Ab13-48b-5 IV 303 10.54 1580 0.60 0.02 11.32 0.14 2.56 5.52 1.22 29.94 11.13
Ab13-48b-6 IV 362 20.63 1874 0.62 0.03 12.98 0.19 3.26 6.55 1.47 38.19 13.41
Ab13-48b-7 IV 225 8.77 1603 0.41 0.01 10.22 0.14 3.41 6.94 1.46 36.71 12.68
Ab13-48b-8 IV 331 7.40 1974 0.53 0.02 13.49 0.20 3.58 7.46 1.41 40.13 14.66
Ab13-48b-9 IV 585 15.02 3844 1.95 0.02 37.79 0.27 5.29 11.73 2.74 79.48 29.32
Ab13-48b-10 IV 321 6.89 1801 0.51 bdl 12.00 0.16 3.47 6.16 1.36 35.26 12.88
Ab13-48b-11 IV 245 8.59 1079 0.32 0.07 7.54 0.10 1.87 4.22 0.93 22.93 8.11
Ab13-48b-12 IV 387 11.28 1729 0.70 0.03 13.00 0.15 2.74 6.13 1.38 33.65 12.08
Ab13-48b-13 IV 334 9.46 2087 0.55 0.07 13.30 0.21 3.80 7.89 1.60 43.86 15.69
Ab13-48b-14 IV 518 13.10 3698 1.93 0.02 35.96 0.30 5.45 11.56 2.49 72.06 26.87
Ab13-48b-15 IV 355 9.88 2684 0.81 0.02 19.47 0.27 4.87 10.13 2.13 58.09 20.86
Wb13-3–1 V 184 16.90 594 0.68 0.18 8.35 0.29 2.63 1.99 0.66 7.97 3.05
Wb13-3–2 V 135 28.59 465 0.50 0.03 6.40 0.06 0.65 1.27 0.53 6.70 2.56
Wb13-3–3 V 179 44.76 661 0.70 0.03 7.67 0.06 0.94 1.75 0.70 9.11 3.51
Wb13-3–4 V 166 23.81 459 0.42 0.06 7.40 0.08 0.96 1.71 0.63 8.85 3.04
Wb13-3–6 V 212 7.10 795 0.80 0.10 8.30 0.07 1.07 2.12 0.65 11.56 4.77
Wb13-3–8 V 200 6.37 804 0.64 bdl 9.65 0.07 1.20 2.46 0.91 12.82 4.88
Wb13-3–10 V 213 6.27 950 0.75 0.02 11.16 0.10 1.70 3.52 1.45 17.44 6.13
Wb13-3–11 V 185 4.44 591 0.79 0.07 7.53 0.10 0.75 1.56 0.65 8.15 3.13
Wb13-3–12 V 245 8.19 879 0.83 0.37 10.9 0.17 2.10 3.74 0.98 17.00 5.83
Wb13-3–13 V 152 7.45 410 0.57 0.12 5.51 0.09 0.65 1.21 0.42 6.49 2.38
Wb13-3–14 V 174 7.90 637 0.57 0.02 7.29 0.08 0.99 2.06 0.69 9.74 3.58
Wb13-3–15 V 193 6.44 987 0.78 0.12 8.60 0.23 2.83 3.76 0.97 17.92 6.41

Analysis No Intrusion Dy Ho Er Tm Yb Lu Hf Ta Th U REE Eu/Eu* Ce4+/Ce3+ T(°C)

Ab13-23b-1 I 124.06 44.63 190 38.26 361 66.53 7589 0.13 66.48 70.85 885 0.36 28.75 765
Ab13-23b-2 I 75.23 29.00 135 29.55 303 60.17 7850 0.12 39.91 66.37 668 0.42 22.77 757
Ab13-23b-4 I 79.55 30.50 138 29.70 296 57.32 8042 0.14 36.71 56.87 666 0.41 33.39 768
Ab13-23b-5 I 59.62 23.19 108 23.32 240 47.37 7536 0.12 32.74 54.50 531 0.44 31.79 864
Ab13-23b-6 I 66.34 25.68 118 25.33 258 50.52 8112 0.13 29.30 54.57 574 0.41 35.62 813
Ab13-23b-7 I 95.11 35.46 157 32.98 320 60.20 7752 0.13 46.41 64.18 749 0.40 31.85 896
Ab13-23b-8 I 91.04 34.96 160 33.69 334 63.84 7266 0.14 33.46 56.15 759 0.40 31.05 795
Ab13-23b-10 I 56.99 22.57 106 23.68 247 49.79 7840 0.12 29.90 56.81 532 0.46 38.69 812
Ab13-23b-11 I 65.78 25.44 119 26.03 272 54.30 8359 0.13 45.20 80.93 592 0.44 38.41 742
Ab13-23b-14 I 88.65 33.71 150 31.69 316 58.84 7721 0.10 35.97 53.55 720 0.44 24.30 775
15BGT-1–1 II 134.64 50.33 222 45.14 427 79.46 8012 0.20 79.94 91.08 1022 0.36 28.63 776
15BGT-1–2 II 32.91 14.39 76 18.48 209 45.81 9706 0.25 69.06 162.16 415 0.38 114.36 669
15BGT-1–4 II 61.63 25.47 130 30.65 335 70.85 9940 0.31 117.51 218.61 688 0.40 59.08 686
15BGT-1–5 II 92.03 35.42 161 33.10 323 61.85 7887 0.19 50.38 71.94 752 0.39 29.71 783
15BGT-1–10 II 42.59 18.50 98 24.00 269 58.59 10,010 0.35 103.55 209.79 536 0.36 74.06 666
15BGT-1–11 II 45.82 20.06 106 25.67 291 63.15 10,056 0.36 95.05 206.64 576 0.41 163.30 674
15BGT-1–12 II 39.93 16.74 84 19.80 214 45.99 8573 0.19 30.24 76.14 439 0.44 123.28 725

(continued on next page)
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“moderately oxidized” to “strongly oxidized” magmas with logfO2 va-
lues higher than the FMQ buffer (Fig. 9b). The Fe3+/Fe2+ ratios (0.29 –
0.65) of the intrusion IV are plotted near the boundary of “magnetite
series” and “ilmenite series” magmas (Fig. 9a) and correspond to
“moderately reduced” to “moderately oxidized” magmas closing to the
FMQ buffer (Fig. 9b). Those of the intrusion V (0.59 – 0.98) are near the
boundary of “magnetite series” and “ilmenite series” magmas (Fig. 9a).
The average Fe3+/Fe2+ ratio of the Baogutu intrusions is 0.71, sug-
gesting magmas between the “magnetite series” and “ilmenite series”
(Fig. 9a). The corresponding oxidation state is mainly “moderately
oxidized”, which is higher than the FMQ buffer (Fig. 9a).

7.4. Zircons Ce4+/Ce3+ and Eu/Eu* ratios

Zircon is a common accessory mineral in intermediate to felsic in-
trusive rocks, and is resistant to hydrothermal alteration and surficial
weathering. Therefore, it can retain its primary chemical and isotopic
compositions, and provide chemical information related to its parental
magma. Among REE, Ce forms Ce4+ and Ce3+ under terrestrial con-
ditions. Ce4+ preferentially partitions into zircon because of its similar
charge and ionic size to Zr4+, whereas other light REE including Ce3+

are largely excluded. Thus, zircon grains formed in oxidized magmas
show positive Ce anomalies on chondrite-normalized REE diagrams.
The Ce4+/Ce3+ ratios were used to estimate the oxidation state of
parental magmas (Ballard et al., 2002; Liang et al., 2006; Muñoz et al.,
2012; Wang et al., 2014; Trail et al., 2011; Smythe and Brenan, 2015,
2016; Zhang et al., 2017). The concentration of Ce3+ is commonly
estimated based on the concentrations of La and Pr with the assumption

that the normalized values of La, Ce3+, and Pr plot along a smooth
curve. However, the concentrations of La and Pr are very low in zircon.
We therefore employed the calculation method proposed by Ballard
et al. (2002), where the abundance of Ce3+ is determined from the REE
concentrations and whole-rock data on the basis of a lattice-strain
model for mineral–melt partition of elements (Blundy and Wood,
1994). Zou et al. (2019) introduced a new parameter (δK) to constrain
the reliability of this oxygen barometer. They suggested that only zir-
cons with δK < 3 can provide credible Ce4+/Ce3+ values. We checked
our samples with this parameter and found out that only 4 of the 54
zircons tested display δK > 3, which indicates that the calculated
Ce4+/Ce3+ ratios are quite credible.

The Eu anomaly of zircon is also indicative of the oxidation state of
the parental magmas because Eu2+ is excluded from zircon relative to
Eu3+. Zircon grains formed under relatively reduced conditions show
negative Eu anomalies on chondrite- normalized REE diagrams where
most of the Eu is present as Eu2+. Zircon with REE patterns lacking
negative Eu anomalies formed under relatively oxidized conditions
where most of Eu is present as Eu3+ (Burnham and Berry, 2012). The
Eu anomaly (Eu/Eu*) is calculated based on chondrite-normalized va-
lues of Sm, Eu and Gd concentrations (Eu/Eu* = EuN/(SmN×GdN)1/2.
It should be noted that the zircon Eu/Eu* ratios can be affected by pre-
or co-precipitated minerals. For example, plagioclase preferentially
incorporates Eu relative to Sm and Gd, which would produce low Eu/
Eu* ratios in zircon. Amphibole and apatite always show negative Eu
anomalies in the chondrite-normalized REE diagram. However, the
whole-rock compositions with Eu/Eu* values varying from 0.74 to 1.23
do not show obvious Eu anomalies. This suggests that the effects on

Table 2 (continued)

Analysis No Intrusion Dy Ho Er Tm Yb Lu Hf Ta Th U REE Eu/Eu* Ce4+/Ce3+ T(°C)

15BGT-1–13 II 63.15 25.03 122 27.77 297 61.79 9223 0.22 76.05 143.64 628 0.35 66.44 692
15BGT-1–14 II 36.61 15.81 82 19.65 219 47.14 10,165 0.29 105.27 216.37 441 0.34 149.91 657
15BGT-1–15 II 86.65 32.86 151 32.56 329 65.40 8774 0.19 72.29 118.87 747 0.37 15.91 723
09BGT-18–1 III 39.65 17.75 95 23.51 270 57.92 7770 0.13 27.70 58.68 524 0.48 146.80 756
09BGT-18–3 III 62.37 26.69 133 30.56 323 64.30 8135 0.16 34.43 67.31 670 0.39 130.55 756
09BGT-18–4 III 80.77 33.10 155 34.43 348 66.22 8019 0.16 35.49 65.68 756 0.39 71.99 778
09BGT-18–5 III 53.25 23.95 125 30.51 344 71.91 7914 0.15 40.70 71.86 674 0.49 135.67 769
09BGT-18–6 III 53.06 23.17 119 28.90 317 65.63 7820 0.13 40.03 71.86 633 0.56 102.88 763
09BGT-18–8 III 60.32 24.75 118 26.16 271 52.18 8427 0.17 26.98 55.07 581 0.34 110.92 780
09BGT-18–9 III 25.34 11.45 61 15.50 181 39.22 7830 0.10 19.25 45.41 347 0.54 93.92 848
09BGT-18–10 III 44.74 19.34 100 24.14 268 56.17 7991 0.12 27.13 54.65 534 0.48 87.32 752
09BGT-18–14 III 50.27 22.72 121 29.53 332 70.03 8358 0.17 29.17 63.16 650 0.54 161.93 778
Ab13-48b-3 IV 264.25 101.45 445 89.85 833 151.44 8202 0.32 222.42 215.64 2002 0.27 41.43 775
Ab13-48b-4 IV 293.73 111.32 485 96.82 895 161.09 8076 0.31 232.65 217.72 2177 0.28 39.37 779
Ab13-48b-5 IV 136.68 53.40 240 49.48 475 87.95 8154 0.21 77.68 100.72 1104 0.29 48.77 779
Ab13-48b-6 IV 162.64 62.27 281 57.31 548 102.28 8203 0.21 99.10 123.15 1290 0.28 40.08 851
Ab13-48b-7 IV 147.87 54.84 238 48.07 447 80.84 8562 0.17 70.29 84.76 1087 0.28 33.13 761
Ab13-48b-8 IV 176.81 67.49 301 61.43 586 105.17 9121 0.21 110.37 135.33 1379 0.25 38.86 744
Ab13-48b-9 IV 354.52 132.94 575 112.38 1024 180.70 7449 0.44 458.72 309.86 2547 0.28 79.92 815
Ab13-48b-10 IV 158.37 60.82 274 56.29 543 98.74 8999 0.20 106.38 133.41 1262 0.28 41.30 738
Ab13-48b-11 IV 97.96 36.88 164 33.42 320 58.01 8574 0.14 40.39 59.22 756 0.29 41.46 759
Ab13-48b-12 IV 149.53 57.92 264 54.59 523 96.26 7895 0.20 91.79 113.25 1214 0.30 51.57 786
Ab13-48b-13 IV 193.65 72.67 321 64.50 612 109.43 8578 0.22 117.94 130.49 1459 0.26 35.26 768
Ab13-48b-14 IV 335.76 130.36 578 114.46 1063 188.90 7958 0.50 502.84 346.06 2565 0.26 72.70 801
Ab13-48b-15 IV 252.14 94.18 412 82.25 768 134.99 8389 0.29 200.98 187.91 1859 0.27 39.87 772
Wb13-3–1 V 41.99 17.62 92 22.59 265 50.43 7946 0.22 54.27 103.43 515 0.51 25.87 828
Wb13-3–2 V 34.73 13.91 73 17.49 204 38.64 8519 0.20 44.82 89.72 399 0.56 98.01 889
Wb13-3–3 V 47.73 19.70 99 24.31 278 52.40 8095 0.22 58.81 112.11 546 0.54 96.12 947
Wb13-3–4 V 38.14 14.41 70 16.26 178 31.91 8077 0.24 27.46 50.99 371 0.50 64.99 867
Wb13-3–6 V 60.72 25.23 123 28.35 297 61.38 7988 0.23 70.73 129.45 625 0.40 90.62 741
Wb13-3–8 V 61.18 25.24 123 28.86 310 65.16 8205 0.22 88.47 123.84 646 0.50 99.60 731
Wb13-3–10 V 73.40 29.84 142 32.62 350 72.65 8000 0.24 105.54 139.15 742 0.57 69.98 729
Wb13-3–11 V 42.46 17.78 92 22.59 263 49.51 7950 0.30 54.42 107.52 510 0.56 81.09 699
Wb13-3–12 V 72.14 27.14 130 29.47 318 55.42 7697 0.23 78.57 122.59 673 0.38 41.26 754
Wb13-3–13 V 31.72 12.70 65 15.59 180 33.29 7896 0.21 34.62 84.06 355 0.45 63.42 745
Wb13-3–14 V 47.88 19.30 97 23.28 269 50.10 8009 0.22 55.95 105.12 531 0.47 73.71 751
Wb13-3–15 V 78.53 31.28 149 33.44 349 68.69 7923 0.26 76.80 143.90 751 0.36 25.03 732

Zircon temperature is estimated based on Ferry and Watson (2007)
Zircon Ce4+/Ce3+ and Eu/Eu*ratios are calculated based on Ballard et al. (2002)
Bdl= below the detection limit.
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zircon Eu anomalies by pre- or co-precipitated minerals offset each
other, and the Eu/Eu* ratios of zircon could also be used to estimate the
oxidation state of the Baogutu ore-forming magma.

The calculated Ce4+/Ce3+ ratios in zircons from the Baogutu in-
trusions vary from 15.9 to 163 with Eu/Eu* ratios ranging from 0.25 to
0.57 (Table 2, Fig. 10). Temperatures estimated based on Ti-in-zircon
geothermometer of Ferry and Watson (2007) show a large variation
from 657 °C to 947 °C (Table 2, Fig. 10). Zircons from the intrusion I
display constantly low Ce4+/Ce3+ ratios (22.8 – 38.7) and Eu/Eu* ra-
tios (0.36–0.46). Temperatures calculated for these zircons range from
744 °C to 896 °C. Zircons from the intrusion II show variable Ce4+/
Ce3+ ratios (15.9 – 163) and constantly low Eu/Eu* ratios (0.34 – 0.44).
Calculated temperatures range from 657 °C to 783 °C. In comparison,
zircons from the intrusion III show pretty higher Ce4+/Ce3+ ratios
(72.0 – 162), Eu/Eu* ratios (0.34 – 0.56) and temperatures of 752 °C to
848 °C. The Ce4+/Ce3+ ratios (33.1 – 79.9) and Eu/Eu* ratios (0.25 –
0.30) for zircons in the intrusion IV are least variable. The temperatures
for these zircons range from 738 °C to 851 °C. Zircons from the intrusion
V have moderate Ce4+/Ce3+ ratios (25.0 – 99.6) and relatively high
Eu/Eu* ratios (0.36 – 0.57). Temperatures calculated for these zircons
range from 699 °C to 889 °C. There is a positive correlation between the
Ce4+/Ce3+ and Eu/Eu* ratios (Fig. 10).

8. Discussion

8.1. Oxidation state of the Baogutu ore-forming magma

The magmatic oxidation state of the Baogutu intrusions has been
investigated using various mineralogical and geochemical parameters.
The oxygen barometer based on amphibole compositions provides
logfO2 values varying from △FMQ+1.7 to ΔFMQ+3.5 with an
average value of ΔFMQ+2.5, while the magnetite–ilmenite oxygen
barometer provides logfO2 values varying from ΔFMQ+1.6 to
ΔFMQ+3.9 with an average value of ΔFMQ+2.7. The whole-rock
Fe3+/Fe2+ ratios confirm to these logfO2 estimates (“moderately oxi-
dized”). However, the significance of the zircon Ce4+/Ce3+ ratios (15.9
– 163: average 67.0) and Eu/Eu* ratios (0.25 – 0.57: average 0.40) is
still inconclusive. Ballard et al. (2002) suggested Ce4+/Ce3+>300 and
Eu/Eu*> 0.4 for intrusions with porphyry copper mineralization in
northern Chile. Liang et al. (2006) suggested a Ce4+/Ce3+ ratio of 120
to divide the ore-bearing and barren porphyries in Yulong, east Tibet.
Wang et al. (2014) suggested Ce4+/Ce3+>50 for Miocene ore-forming
magmas in the eastern Gangdese belt. Considering these discrepancies,
we compared the Ce4+/Ce3+ and Eu/Eu* ratios of the Baogutu intru-
sions with those of typical porphyry copper deposits worldwide
(Fig. 11). Seven ore-bearing calc-alkaline intrusions from the Chuqui-
camata El Abra porphyry copper belt in Chile have extremely high
zircon Ce4+/Ce3+ ratios (91–2341) and moderate Eu/Eu* ratios (0.23 –
0.95) (Ballard et al., 2002). Zircons from the El Teniente ore deposit
have variable Ce4+/Ce3+ ratios (26.8 – 2718) and moderate Eu/Eu*

ratios (0.17 – 0.64) (Muñoz et al., 2012). Zircons from the Yulong ore-
bearing porphyries display variable Ce4+/Ce3+ ratios (5–1314) (Liang
et al., 2006). Two ore-bearing intrusions from the Lannitang porphyry
deposit display high zircon Ce4+/Ce3+ ratios (163 – 621) and Eu/Eu*

ratios (0.54 – 1.00) (Yu et al., 2016). Four ore-bearing intrusions from
the Pulang porphyry copper deposit have moderate to high zircon
Ce4+/Ce3+ ratios (65 – 1128) and Eu/Eu* ratios (0.5 – 0.7) (Kong et al.,
2016). In the eastern Gangdese belt of southern Tibet, magmas asso-
ciated with several large porphyry Cu–Mo ± Au deposits are char-
acterized by moderate zircon Ce4+/Ce3+ ratios (18.6 – 142) and vari-
able Eu/Eu* ratios (0.19 – 0.87) (Wang et al., 2014). Zircons from eight
porphyry copper deposits in the central Asian metallogenic domain
display moderate to high Ce4+/Ce3+ (29 – 592) and Eu/Eu* ratios
(0.24 – 0.79, Shen et al., 2015). Our data show that zircons from the
Baogutu intrusions have low to moderate Ce4+/Ce3+ ratios (15.9 –
163) and Eu/Eu* ratios (0.25 – 0.57, Table 2). These values are

Fig. 6. Chondrite-normalized REE patterns for zircons from the Baogutu in-
trusions. Normalization values are from Sun and McDonough (1989).
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obviously lower than those from the circum-pacific metallogenic do-
main, but in the variation range of porphyry deposits in the Tethyan
and central Asian metallogenic domain (Fig. 11).

8.2. Baogutu porphyry copper deposit: Oxidized or reduced?

The Baogutu deposit was considered to be a reduced porphyry
copper deposit based on the occurrence of hypogene pyrrhotite and
absence of anhydrite and/or hematite (Cao et al., 2014, 2017; Shen and
Pan, 2015). Classical porphyry copper deposits are relatively oxidized
during magmatic stage in which primary anhydrite is a powerful in-
dicator of the oxidized feature (Sillitoe, 2010). Among thousands of
oxidized porphyry copper deposits all over the world, only minorities
are reported to contain primary or hydrothermal anhydrite (Hattori and
Keith, 2001; Audétat et al., 2004; Liang et al., 2009; Stern et al., 2007;
Xiao et al., 2012; Grondahl and Zajaca, 2017), which suggests that
anhydrite can not be used solely to constrain the oxidized state of
porphyry copper deposits. Moreover, the genesis of hematite in por-
phyry copper deposits is still controversial. Most of the previously re-
ported hematite grains were considered as secondary phase formed by
exsolution (Ballard et al., 2002) or via post-mineralization oxidation
(Patricio and Gonzalo, 2001). These happened to be the phenomenon as
we observed in the Baogutu intrusions (see Fig. 2g).

Sulfate (SO4
2-) is the dominant sulfur species in magma source with

high oxidation state, which facilitates ore-forming metals such as Cu
and Au to be released to the magma, and transported to the shallow

crust (Botcharnikov et al., 2011; Zajacz et al., 2013). Sulfide crystal-
lization at early stage will consume ore-forming elements in magmas
with low oxidation state. Abundant pyrrhotite grains were reported as
“inclusions in amphibole” in the Baogutu porphyry (Cao et al., 2014).
However, we believe that these “pyrrhotite inclusions” were formed at
late hydrothermal stage and could not be magmatic minerals. In fact,
the interstitial pyrrhotite grains distributed among plagioclase crystals
in the Baogutu porphyry copper deposit (Shen and Pan, 2015) suggest
that pyrrhotite crystallized in the late stage of magmatic process. The
abundances of magnetite and ilmenite vary among the intrusions (in-
trusions I and II contain more magnetite, while intrusions III, IV and V
contain more ilmenite), which is consistent with the scattered data of
Fe3+/Fe2+ ratios (Fig. 9). Thus, the Baogutu intrusions locate between
the “magnetite series” and “ilmenite series”.

The fO2 values of the Baogutu ore-forming magma have been dis-
cussed by different researchers with multiple methods. Shen and Pan
(2013) obtained high logfO2 values (ΔNNO+2.7 to ΔNNO+3.5) for
the Baogutu magma based on the empirical formula given by Scaillet
and Evans (1999). With the same method, Zhu et al. (2018) identified
two magmatic stages for the Baogutu intrusions: the early oxidized
stage (logfO2= ΔNNO+2.4) and the late reduced stage
(logfO2= ΔNNO − 0.6). Shen and Pan (2015) recalculated the redox
conditions of the Baogutu primary magma at logfO2 > NNO+0 or
logfO2= ΔFMQ+1, mainly based on mineral compositions (amphi-
bole, apatite, magnetite–ilmenite), whereas they reported temperatures
and fO2 values for individual magnetite and ilmenite grains instead of

Fig. 7. Plots and histograms of oxidation state, temperature and pressure estimated from amphiboles from the Baogutu intrusions. (a) logfO2 vs. temperature (at
1kbar pressure). (b) ΔFMQ histogram. (c) ΔFMQ vs. temperature. (d) ΔFMQ vs. pressure. ΔFMQ and temperature were calculated from the spread sheet of Ridolfi
et al. (2010); pressure was calculated using equations of Schmidt (1992). HM=hematite–magnetite buffer curve (Spencer and Lindsley, 1981), NNO=nickel–nickel
oxide buffer curve (Huebner and Sato, 1970), FMQ= fayalite–magnetite–quartz buffer curve (Huebner, 1971), MW=wustite–magnetite buffer curve (Eugster and
Wones, 1962).
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matched pairs, which made the results doubtful. Cao et al. (2014)
proposed that the logfO2 value of the Baogutu magma is NNO based on
the absence of anhydrite, SO3 contents in apatite, and whole rock
Fe2O3/FeO ratios. These authors revaluated the oxidation of the ore-
bearing granitoids and identified two distinct logfO2 values:
ΔNNO+0.6 from zircon Ce anomaly and < NNO+0 from biotite
Fe3+/FeT ratios (Cao et al., 2017). Our data indicate that the average
logfO2 value for the Baogutu ore-forming magma is ΔFMQ+2.5 (am-
phibole Mg* oxygen-barometer) or ΔFMQ+2.7 (magnetite–ilmenite
oxygen-barometer). Both these values exceed the lower limit of logfO2

value for most porphyry copper porphyries (> ΔFMQ+2; Mungall,
2002; Richards, 2003; Sun et al., 2013; Hattori, 2018). Therefore, we
suggest that the Baogutu deposit is a moderately oxidized porphyry
copper deposit.

8.3. Metallogenic implication

Magmatic oxidation state plays an important role in the speciation
and solubility of sulfur in silicate melts, which in turn influences the
solubility of chalcophile and siderophile elements (Nadeau et al., 2010;
Jugo et al., 2010; Botcharnikov et al., 2011). Shen et al. (2015) sug-
gested a positive correlation between logfO2 values and the scale of the
deposits based on oxygen fugacity data of porphyry deposits in the
Balkhash–Junggar metallogenic belts. Zhang et al. (2017) combined the
zircon Ce4+/Ce3+ ratios with copper reserves of seven porphyry de-
posits worldwide and reached a similar conclusion.

The Baogutu intrusions show obvious differences in mineralization
styles. The intrusions I, II and IV developed a small amount of dis-
seminated pyrite and chalcopyrite. The intrusion III was moderately

mineralized with a variety of sulfides. The intrusion V contains plenty
of disseminated and vein-type sulfides. However, there is no obvious
correlation between their oxygen fugacity and mineralization intensity.
The least mineralized intrusion II has a high average logfO2 value of
ΔFMQ+2.8 based on amphibole compositions, moderate zircon Ce4+/
Ce3+ ratio (82.5) and Eu/Eu* ratio (0.38). The moderately mineralized
intrusion III has the lowest average logfO2 value (ΔFMQ+2.1 based on
amphibole compositions), the highest zircon Ce4+/Ce3+ ratio (115.8)
and Eu/Eu* ratio (0.47). The strongly mineralized intrusion V has a
moderate logfO2 value of ΔFMQ+2.6 based on amphibole composi-
tions. This intrusion also has moderate zircon Ce4+/Ce3+ ratio
(average 69.1) and Eu/Eu* ratio (average 0.48). The logfO2 values of
the intrusion II increased with decreasing temperatures, while those of
the intrusion V decreased gradually with decreasing temperatures. This
demonstrates that magmatic oxidation state is not responsible for the
mineralization diversity among the Baogutu intrusions.

Various processes are vital to the formation of an economic por-
phyry deposit, from partial melting in the source area, through me-
chanisms for magma emplacement, to magmatic–hydrothermal fluid
evolution in the upper crust. Only optimization of these processes can
affect the grade and size of the resulting deposits. The Baogutu mi-
neralized intrusions underwent various degrees of magmatic–hy-
drothermal evolution (Wei et al., 2014; Zhu et al., 2014; Shen and Pan,
2015; Cao et al., 2016), which may be responsible for their different
mineralization intensities.

9. Conclusion

The Baogutu intrusions mainly consist of granodiorite, quartz

Fig. 8. Backscattered electron (BSE) images show magnetite and ilmenite as intergrowths in the Baogutu intrusions and the estimated oxidation state and tem-
perature. (a–b) Coexisting magnetite and ilmenite with straight boundaries. (c) logfO2 vs. temperature (at 1kbar). (d) ΔFMQ histogram. ΔFMQ and temperature from
magnetite–ilmenite mineral pairs were calculated using ILMAT (Lepage, 2003). HM=hematite–magnetite buffer curve (Spencer and Lindsley, 1981),
NNO=nickel– nickel oxide buffer curve (Huebner and Sato, 1970), FMQ= fayalite– magnetite– quartz buffer curve (Huebner, 1971), MW=wustite–magnetite
buffer curve (Eugster and Wones, 1962).
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diorite and diorite, with a small amount of pyroxene diorite. As the
accessory mineral phases, magnetite and ilmenite occur as inclusions in
amphibole and biotite, or as interstitial minerals among amphibole,
plagioclase and biotite. The intrusions I and II contain more abundant
magnetite compared to ilmenite, while the intrusions III and IV only
contain ilmenite. Ilmenite is more popular compared with magnetite in
the intrusion V. Fresh samples with whole-rock Fe3+/Fe2+ ratios of
0.29 – 0.98 plot along the boundary between magnetite series and il-
menite series. Magnetite–ilmenite mineral pairs record logfO2 values
varying from ΔFMQ+1.6 to ΔFMQ+3.9. Amphibole compositions
provide logfO2 values of △FMQ+1.7 to ΔFMQ+3.5. Zircon Ce4+/
Ce3+ ratios (15.9 – 163) and Eu/Eu* ratios (0.25 – 0.57) plot in the
range of typical porphyry copper deposits worldwide. Present study
suggests that the Baogutu ore-forming magma is oxidized with logfO2

value of ΔFMQ+2.5 (based on amphibole oxygen-barometer) or
ΔFMQ+2.7 (based on magnetite–ilmenite oxygen-barometer), in-
dicating a moderately oxidized magmatic condition for porphyry
copper ore-formation.
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