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Abstract: The Yidun island arc was formed in response to the Late Triassic westward
subduction of the Ganzi-Litang oceanic plate, a branch of the Paleo-Tethys Ocean. The
Zhongdian arc, located in the south of the Yidun island arc, has relatively large number
of porphyry (skarn) type Cu-Mo £ Au polymetallic deposits, the largest of which is the
Pulang Cu (-Mo—-Au) deposit with proven Cu reserves of 5.11 Mt, Au reserves of 113 t,
and 0.17 Mt of molybdenum. However, the relationship between mineralization and the
potassic alteration zone, phyllic zone, and propylitic zone of the Pulang porphyry deposit
is still controversial and needs further study. Titanite (CaTiSiOs) is a common accessory
mineral in acidic, intermediate, and alkaline igneous rocks. It is widely developed in
various types of metamorphic rocks, hydrothermally altered rocks, and a few sedimentary
rocks. It is a dominant Mo-bearing phase in igneous rocks and contains abundant rare
earth elements and high-field-strength elements. As an effective geochronometer, thermo-
barometer, oxybarometer, and metallogenic potential indicator mineral, titanite is ideal
to reveal the magmatic-hydrothermal evolution and the mechanism of metal enrichment
and precipitation. In this paper, major and trace element contents of the titanite grains
from different alteration zones were obtained using electron probe microanalysis (EPMA)
and laser-ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) to define
the changes in physicochemical conditions and the behavior of these elements during the
process of hydrothermal alteration at Pulang. Titanite in the potassic alteration zone is
usually shaped like an envelope. It occurs discretely or is enclosed by feldspar, with lower
contents of CaO, Al, Sr, Zr and Hf; a low Nb/Ta ratio; high } REE + Y, U, Th, Ta, Nb,
and Ga content; and high FeO/Al,O3 and LREE/HREE ratios. This is consistent with the
characteristics of magmatic titanite from fresh quartz monzonite porphyry in Pulang and
other porphyry Cu deposits. Titanite in the potassium silicate alteration zone has more
negative Eu anomaly and a higher U content and Th/U ratio, indicating that the oxygen
fugacity decreased during the transformation to phyllic alteration and propylitic alteration
in Pulang. High oxygen fugacity is favorable for the enrichment of copper, gold, and other
metallogenic elements. Therefore, the enrichment of copper is more closely related to the
potassium silicate alteration. The molybdenum content of titanite in the potassium silicate
alteration zone is 10>~10* times that of the phyllic alteration zone and propylitic alteration
zone, while the copper content is indistinctive, indicating that molybdenum was dissolved
into the fluid or deposited in the form of sulfide before the medium- to low-temperature
hydrothermal alteration, which may lead to the further separation and deposition of copper
and molybdenum.
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1. Introduction

Porphyry deposits are the main source of copper and molybdenum in the world,
as well as an important source of gold [1-3]. The Pulang giant porphyry Cu (-Mo-Au)
deposit is located in the Zhongdian island arc, southern Yidun island arc, which is a part
of the Sanjiang Tethys metallogenic domain [4,5]. Porphyry Cu (-Mo—Au) deposits are
characterized by their typical alteration zones and minerals [1,6,7]. However, the factors
controlling the formation of the Pulang Cu (-Mo—-Au) deposit are controversial. Most
studies suggest that Cu (-Mo-Au) mineralization is closely associated with the potassic
alteration zone [8-10], whereas others have suggested that the metallogenic region of Cu
(-Mo—Au) mineralization is closely related to propylitic alteration [11,12].

Titanite (CaTiSiOs) is widely developed in acidic, intermediate, and alkaline igneous
rocks; various types of metamorphic rocks; hydrothermally altered rocks; and some sedi-
mentary rocks [13]. The closure temperature of the U-Pb system of titanite is relatively high
(600-700 °C). However, it is lower than that of monazite (~750 °C) and zircon (>800 °C),
while being higher than the closure temperature of the ° Ar-% Ar isotopic system of horn-
blende (~500 °C) and the *? Ar-% Ar isotopic closure temperature of sericite (~300 °C to
500 °C). Titanite can be used in U(-Th)-Pb dating, which can be applied to determine or
define the geochronology of the deposit [14-16]. Furthermore, the igneous rocks contain
less ancient titanites of inherited genesis, which can reveal the cooling age of initial magma.
Titanite experiences complete magmatic-hydrothermal evolution and is rich in rare earth
elements (REEs) and high-field-strength elements (HFSEs). The major and trace element
characteristics of titanites formed by magmatic crystallization, late-stage fluid exsolution,
and hydrothermal metasomatism record the geological information of continuous high-
to low-temperature magmatic-hydrothermal evolution [17,18]. In conclusion, titanite is
effective geochronometer, thermobarometer, oxybarometer, and metallogenic potential
indicator mineral [19,20]. So, it has become an ideal research object to reveal the metal
enrichment mechanism of magmatic-hydrothermal deposits.

There are three alteration zones in the Pulang porphyry deposits (potassium silicate
alteration, phyllic alteration, and propylitic alteration). Given the relationship between
mineralization and different alteration zones in Pulang porphyry deposits, previous studies
have mainly adopted petrographic methods such as ore body morphology and mineral
assemblage [10,11]. A recent study has reported the correlation between mineralization
and biotite with different alteration characteristics (fugacity temperature, oxygen fugacity,
etc.). However, no clear distinction has been defined between phyllic and propylitic alter-
ations [21], and a direct correlation between mineralization and the elements’ geochemical
characteristics is lacking. Furthermore, the Pulang deposit exhibits a phenomenon of
vertical separation of copper and molybdenum mineralization. Specifically, the intensity
of copper mineralization along an exploration line remains uniform from the shallow to
the deep sections, with notable high-grade mineralization in the shallow to middle depths.
Conversely, Mo exhibits higher grades in the deeper sections and lower grades in the
shallow sections [10]. However, the underlying mechanism responsible for this separation
and precipitation of Cu and Mo remains elusive.

In this study, detailed textural and in situ LA-ICP-MS elemental analysis of titanite
grains from three alteration zones in the Pulang Cu (-Mo—-Au) deposit were analyzed and
compared. The results indicate the influence of elemental behavior on mineralization during
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magma-fluid evolution, reveal the relationship between mineralization and alteration, and
throw light on the mechanism of Cu-Mo separation.

2. Geological Background
2.1. Regional Geology

The Pulang giant porphyry deposit is located in the south of the Yidun island arc,
Sanjiang Tethys metallogenic domain (Figure 1), which belongs to the eastern section
of the Tethys Himalayan tectonic domain, located in the area of intense collision and
compression between Gondwana and Eurasian ancient plate. The Yidun island arc was an
ancient arc formed in response to the subduction of the Paleo-Tethys oceanic slab, causing
the formation of multiple deposit types in Late Triassic [22-27]. The VMS-type Pb-Zn-
Ag polymetallic deposits are developed in the northern section of the Yidun Island arc.
Abundant porphyritic intrusions occurred in the southern section of the Yidun Island arc,
as the causative intrusions of porphyry-(skarn) type Cu-Mo—-Au deposits [28-30].

283, 99° 48' E
RN

Terrane

[ Tectonic belt
Ganzi-Litang(GLS)
Jinsha River(JS)

Lancang River(LCJ)
Bangonghu-Nujiang(BNS)

[ IMicroblock
Changdu block(CB)
Baoshan block (BB)
Qiangtang block (QB)
Simao block(SB)

Zhongzan block(ZB)

[1Volcanic arc
Yidunisland arc(YAS)
Jiangda-Weixi(JWAS)
Zaduo-Jinghong(ZJAS)

Chayu-Tengchong(CTAS)
BB
CTAS
] 1

28°N—

26°N—} }anma&

96°E 98°E 100°E
Xuejiping
Yangtze block Porphyry \ T/ X il
102
lime dolostone, clasticrocks [T] ;"‘g"’::zya”"“‘”‘e ||
udsons, mestone Yanshanian monzont ’Q‘“"d”\\
basalt, pyroclastic rock Indosinian quartz
and limestone porphyry
Indosinian quartz
Zhongzan block(ZB) moazbile Fecshys zB
clastic rocks, pelitic siltstone L’:gﬁf;";?ﬂ'j"*yf"[‘ez T,h ’/
o
" N Indosinian diorite
Yidun island arc (YAS) porphyrite \\
sitistone, shate, sandstone [ indosinian orthophyre b Zhongdian I
andesite, dacite Shangri-La l
i lastc focks 9] maticrocs i)
o mafic volcanic rocks, “ Faultand sliding
9] pyroclastic and clastic rocks rock mass T.4.x ((
limestone, clastic rocks
interbedded with basalt Tectonic belt boundary |

/‘ Tongchanggo
T,b

%ngge | ‘ Yangtze block

99° 45' E 100° 00" E

sandshale, andesite and tuff Suiire zone Srinisred

0 4 __8km
; C———
[ Shudu ophiolite belt 881 Deposit 27

Figure 1. Regional tectonic map of the Yidun Island arc collision orogenic belt. Modified from Deng
et al., 2014 [4]. (a) The location map of the study area; (b) Geological schematic map of the Yidun
Island arc; (c) Geological map of the southern Yidun arc (Zhongdian) region.

The magmatic activities in the area are more frequent, with large areas of mainly
intrusive rocks, which are divided into three stages, including Indosinian, Yanshanian, and
Himalayan, among which Indosimian magmatic rocks are most widely distributed. The
Upper Triassic Tumugou Formation (T3t) and Quaternary (Q) strata are the main strata
exposed in the Pulang deposit. The Tumugou Formation is composed of volcanic and clastic
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rocks. The volcanic rocks are mostly andesite with minor amounts of rhyolite. The clastic
rocks consist of sandy slate, slate, and a small amount of limestone. The tectonic activity
in the mineralized area is very complex. In addition to the major faults, secondary folds
and joints are also very common, providing favorable conditions for the emplacement of
magmatic rocks [31,32]. The mineralized area is generally hosted by a series of intermediate—
felsic intrusions and controlled by the Pulang syncline paralleling to the regional NNE
trending faults [33].

2.2. Deposit Geology

The Pulang giant porphyry deposit located on the east flank of the Pulang syncline is
the largest porphyry deposit developed in the Late Triassic of the study area. The main
focal envelope of the ore body is the Tumgou Formation (Figure 2).
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Figure 2. Geological map (a) and AA’ profile (b) of the Pulang porphyry copper deposit, showing the
orebodies and magmatic-hydrothermal alteration zones. Modified from Li et al., 2011 [8].

There are different stages of magmatic activities in the Pulang mineralized area,
forming the Pulang multi-stage complex. The Pulang multi-stage complex can be divided
into five separate rock bodies (V is located outside the map area). The geological and
geophysical data show that the five separate rock bodies are connected at depth. Quartz
diorite porphyry, which formed in the early stage has the widest distribution area, followed
by quartz monzonite porphyry. The quartz monzonite porphyry intruded the quartz diorite
porphyry in the late stage, showing an intrusive contact relationship (Figure 2). The main
ore bodies are distributed mainly in the quartz monzonite porphyry, and the ore body
shape is controlled by the morphology of the quartz monzonite porphyry. The late granite
porphyry is interspersed with quartz diorite porphyry and quartz monzonite porphyry
as veins. The quartz diorite porphyry is in jagged contact with the surrounding rock, and
various alterations are developed. The rock bodies are more fragmented in the mineralized
area, and quartz veins and broken crystal cavities are visible (Figure 3).
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Figure 3. Petrographical characteristics of the Pulang porphyry copper deposit showing the different
alteration zones and mineral assemblages. (a) A hand specimen of quartz monzonite porphyry with
potassium silicate alteration overprinted by quartz veins with obvious mineralization; (b) A hand
specimen of quartz monzonite porphyry with phyllic alteration overlapping the potassium silicate
alteration; (c) A hand specimen of quartz diorite porphyry with propylitic alteration and phyllic
alteration; (d) A hand specimen of quartz monzonite porphyry with phyllic alteration; (e) A hand
specimen of granite porphyry with propylitic alteration; (f) A hand specimen of quartz monzonite
porphyry with potassium silicate alteration. Ccp-chalcopyrite; Mo-molybdenite; Po-pyrrhotite;
Py-pyrite; Qtz-quartz.

2.3. Alteration Zonation and Mineral Assemblage

The Pulang complex developed typical alteration zoning. From the core of quartz
monzonite porphyry to peripheral area, the alteration type changes from potassium silicate
to phyllic alteration and propylitic alteration zoning [34,35], with extensive hornfelsic
alteration zones developed in the lateral contact zone of surrounding rocks (Figure 2).
Metal sulfides (mainly pyrite and chalcopyrite) mineralization is common in the potassium
silicate alteration zone and phyllic zone, and most of the ore bodies occur in the potassium
silicate zone of quartz monzonite porphyry [10].

The potassium silicate alteration zone is located in the core of the rock, mainly con-
sisting of K-feldspar (Kfs), quartz (Qz), and biotite. Large amounts of secondary reddish
K-feldspar and quartz can be found in the potassium silicate alteration, which are agglom-
erated and distributed in a pocket-like fashion in the rock body. Quartz variegated crystals,
quartz veins, and fine-grained quartz matrix are visible, demonstrating that significant
silicification has occurred. The ore body in the first mining area is confined to the potassium
silicate alteration zone.

The phyllic alteration zone is mainly distributed around the potassium silicate alter-
ation zone, and the boundary between the two alteration zones is not clear. There is a
gradual transition trend from potassium silicate alteration to phyllic alteration, and some
areas have overlaps. Within this alteration zone, sericitization and silicification are common,
and potassic-alteration is relatively rare. The mineral composition of altered quartz mon-
zonite porphyry mainly includes quartz and sericite, with the widespread development of
fine metal sulfide veins. Near the potassium silicate alteration zone, the copper metal grade
is greater than 0.2 wt.%, reaching the ore grade, while the copper metal grade is gradually
lower than 0.2 wt.% toward the distal zone.

The propylitic alteration zone is distributed mainly on the distal zone, and the dis-
tribution is more extensive. A large amount of chlorite and saussurite were developed,
and carbonate veins with a small amount of pyrite are also common. The chlorite in this
alteration zone mainly occurs as agglomerates or veins. The alteration zone is characterized
by pyrite and chalcopyrite mineralization, but the overall mineralization is relatively weak.
Alteration superposition can be seen locally, where mineralization obviously enhanced.
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3. Characteristics of Titanite

In the fresh rocks of Pulang, titanite occurs as large euhedral grains, usually larger
than 200 um. It is intergrown with quartz, primary biotite, and other typical early magmatic
crystalline minerals (Figure 4a,b). It shows characteristic internal growth zoning of typical
magmatic titanite.

Figure 4. Photomicrograph of the three styles of titanites in different alteration zones. (a—c) are from
the potassium silicate alteration zone; (d,e) are from the phyllic alteration zone; (f,g) are from the
propylitic alteration zone; (h-n) are backscatter electron images correspond to a-g, respectively. The
red spot is the electron probe point. Qz-quartz; Bt-biotite; Kfs-K-feldspar; Ttn-titanite; Scr-sericite;
Rt-rutile; Ccp-chalcopyrite; Mt-magnetite; Py-pyrite; Po-pyrrhotite; llm-ilmenite.

Titanite in the potassium silicate zone of Pulang, copper ore is usually shaped as a
complete wedge or envelope, with the subhedral occurrence. The size of mineral grains
ranges from 100 to 500 um. Titanite is either paragenetic with the early crystalline minerals
of magma (such as quartz) or wrapped inside the feldspar. The paragenetic association of
minerals usually include apatite, magnetite, magnetic pyrite, and chalcopyrite (Figure 4c,d).
Some of the less altered titanites also have obvious zonings, and their overall characteristics
are closer to those of magmatic titanites. Ilmenite is locally visible, presumably as a result
of hydrothermal metasomatism of magmatic titanite.

Titanite in the phyllic alteration zone is usually paragenetically associated with typical
hydrothermal alteration minerals such as ilmenite and rutile with subhedral and anhedral
shapes. Some of these are visible in quartz veins, and their occurrence is strongly influenced
by vein morphology (Figure 4e). Their grains are small, usually about 50-200 pm. The
titanite in this alteration zone exhibits characteristic hydrothermal titanite features [36-38].

Titanite in the propylitic alteration zone is also often produced in biotite cleavage
joints or paragenetic with ilmenite and rutile, with subhedral and anhedral (predominantly
anhedral) shapes, about 50-100 pm in grain size, with obvious hydrothermal titanite
characteristics (Figure 4f,g).

4. Sampling and Analytical Methods

The analyzed samples were collected from different alteration zones of the ore body in
Pulang (Figure 2b), including quartz monzonite porphyry, quartz diorite porphyry, and
granite porphyry. Quartz monzonite porphyry is altered by potassium silicate, phyllic, and
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propylitic alterations. Quartz diorite porphyry and granite porphyry are mainly altered
by phyllic and propylitic alterations. A total of 11 rock samples were selected from the
potassium silicate, phyllic, and propylitic alteration zones.

The electron probe analysis was completed at the Testing Center of Shandong Bureau
of Metallurgical Geology Administration of China using a JXA-8230 electron probe mi-
croanalyzer, JEOL, Tokyo, Japan, with an operating voltage of 15 kV, operating current of
10/20 nA, analysis beam spot of 5 um, calibration method of ZAF, and peak integration
time of 20 s for main elements (content > 1%). The standard samples include the U.S. SPI
mineral/metal standard and the Chinese national standard sample GSB. To ensure the
stability of the standard sample, the test conditions of the standard sample are the same as
the unknown sample, and each standard sample is tested at five points. Therefore, the count
rate of the standard sample test is stable and reliable. A total of 154 points were analyzed.

The LA-ICP-MS trace elements measurements were performed on 7900 inductively
coupled plasma mass spectrometer, Agilent Technologies Inc., State of California, United
States, at Wuhan Sample Solution Analytical Technology Co., Ltd. (Wuhan, China), which
corresponds to 75 points of the major elements data.

5. Results
5.1. Major Elements

Titanite mainly contains Ti, Ca, Si, Al, Fe, and F, and their contents are correlated
with their genesis [14,39,40]. The obtained results of major elements in titanite are shown
in Figure 5 and Table 1. The CaO, Fe;O3, Al;O3, and F content ranges in titanite in the
potassium silicate alteration zone vary from 26.35 to 29.95 wt.%, 0.84 to 2.23 wt.%, 0.51 to
1.37 wt.%, and 0.21 wt.%, respectively, while the Al,O3/Fe,O5 ratios range from 0.46 to 0.81.
The ranges of CaO, Fe;O3, Al,O3, and F content in titanite in the phyllic alteration zone vary
from 28.52 to 30.02 wt.%, 0.11 to 2.41 wt.%, 0.63 to 5.00 wt.%, and 0.36 wt.%, respectively,
and Al,O3/Fe;O5 ratios range from 0.48 and 26.59. The ranges of CaO, Fe;O3, Al,O3, and
F content in titanite in the propylitic alteration zone vary from 29.08 to 30.10 wt.%, 0.84 to
2.23 wt.%, 0.81 to 4.31 wt.%, and 0.26 wt.%, respectively, and the Al,O3/Fe;O3 ratio ranges
from 0.82 to 14.35. The titanite MnO, Na,;O, MgO, K;O, and P,O5 contents in the different
alteration zones are close to the detection limits. The contents of other elements such as Cl
are below the detection limits of the electron probe microanalysis.
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Table 1. Analysis results of major element (wt.%) of titanite in the potassium silicate alteration zone, phyllic alteration zone, and propylitic alteration zone of Pulang.

lflinnllll))fr PL15-11 PL17-CC-11 PL17-EN-1  PL17-EN-2  PL17-EN-6 PL17-EN-7 PL17-EN-8 PL17-EN-10 PL17-EN-13 PL17-EN-7 PL17-EN-12
5i0, 30.27 30.48 31.15 30.88 30.90 31.34 31.20 31.00 31.09 31.12 31.25
TiO, 35.53 36.56 36.03 36.64 35.81 34.73 34.75 37.33 36.95 34.82 35.79
AlLO3 1.18 0.96 2.08 1.60 2.16 3.23 3.16 1.25 1.50 3.28 2.63
FeO 1.89 1.50 0.89 0.92 0.39 0.33 0.36 0.59 0.38 0.63 0.28
MnO 0.08 0.09 0.03 0.03 0.02 0.02 0.03 0.01 0.01 0.01 0.01
MgO 0.01 0.01 0.01 0.01 0.01 0.04 0.05 0.01 0.01 0.05 0.01
CaO 27.80 28.50 29.32 29.13 29.30 29.48 29.63 29.62 29.64 29.41 29.74
Na,O 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.00 0.01
K,O 0.03 0.01 0.07 0.06 0.00 0.02 0.08 0.01 0.03 0.01 0.00
P,05 0.07 0.09 0.02 0.04 0.07 0.01 0.06 0.08 0.07 0.01 0.04
F 0.25 0.20 0.49 0.33 0.42 0.73 0.60 0.12 0.18 0.77 0.55
Cl - - - 0.01 0.01 0.01 0.01 - - - -
CeyO3 1.15 0.70 0.03 0.06 0.08 0.00 0.00 0.07 0.03 0.03 0.02
Y03 0.45 0.25 0.05 0.05 0.04 0.03 0.01 0.05 0.16 0.05 0.06
Sn 0.02 0.00 - - - - - 0.08 0.03 - -
Total 98.61 99.28 100.18 99.63 99.04 100.06 100.28 100.01 100.04 99.86 100.27
Comment potassium - potassium Phyllic Phyllic Phyllic Propylitic Propylitic Propylitic Propylitic Propylitic Propylitic

silicate silicate

The above values are the average values of several measuring points for one sample.
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In general, the electron probe microanalysis (EMPA) data of titanite in different alter-
ation zones of the Pulang porphyry copper deposit are similar regarding content of major
elements, but some elements, such as Ca, Fe, and Al, show more significant differences.
For example, the F content of titanite in the propylitic alteration zone is overall higher
than titanite in the potassium silicate alteration zone and lower than titanite in the phyllic
alteration zone.

5.2. Trace Elements

The trace element content in titanite is controlled by a variety of factors, including
the element content in the melt, melt composition, oxygen fugacity, temperature and
pressure conditions, and mineral structure. Essentially, the trace element content in titanite
is controlled by the element content in melt when titanite crystallizes and the distribution
coefficient of the elements between titanite and melt. The obtained results of trace elements
in titanite are shown in Table 2 and Figure 6.
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Table 2. Analytical results of trace element and REE content (ppm) of titanite in the potassium silicate, phyllic, and propylitic alteration zones at Pulang.

lfliTnll))l:r PL15-11 PL17-CC-11 PL17-EN-1  PL17-EN-2 PL17-EN-6  PL17-EN-7 PL17-EN-8 PL17-EN-10 PL17-EN-13 PL17-EN-7 PL17-EN-12
Zr 739.17 671.17 130.92 92.26 11.34 19.30 48.77 550.72 479.20 101.00 172.04
Nb 2400.00 2524.83 475.03 14.23 2.00 11.83 10.07 553.16 789.40 268.50 402.63
Sr 50.15 62.48 108.80 539.80 293.50 439.00 219.00 102.97 20.82 26.25 89.60
Cu 0.92 1.90 39.81 79.46 467.38 17.20 16.44 61.51 1.23 2.99 11.54
Mo 82.15 65.62 17.12 142.70 93.15 18.70 18.30 21.09 0.16 0.05 72.10
Sn 397.50 241.42 55.73 73.26 145.40 24.60 7.31 586.34 844.00 46.25 149.08
Ga 57.82 96.51 12.22 360.60 758.53 151.00 36.93 119.39 9.48 7.00 14.60
Cr 60.30 53.33 118.52 115.08 169.47 67.70 17.07 142.08 452.60 167.00 13.45
v 1030.83 875.00 690.40 47.44 49.08 23.10 9.05 1435.21 2020.00 1213.00 1517.88
Hf 63.42 5291 12.43 131.44 122.57 88.00 28.30 45.26 33.86 3.25 7.51
Ta 293.18 287.33 40.40 19.39 13.06 14.00 5.33 41.95 80.94 8.05 19.65
Th 623.28 704.84 20.94 108.58 61.79 82.00 35.70 68.11 87.74 1.30 29.55
U 179.73 167.46 96.62 863.80 502.63 96.20 212.67 200.11 60.62 3.60 27.95
Pb 13.89 23.58 71.62 1080.40 539.50 360.00 432.00 181.32 7.67 3.44 14.47
Y 3714.50 2242.33 138.54 144.08 22.89 48.70 26.73 477.59 776.20 58.15 811.25
Sc 17.53 13.92 44.32 1.34 0.81 0.96 0.54 199.48 441.40 102.75 12.05
La 2698.00 1988.67 109.12 48.42 0.08 4.04 0.34 74.13 59.90 3.92 97.83
Ce 9511.17 6833.58 275.46 10.45 1.46 441 2.69 466.07 437.20 16.41 691.75
Pr 1281.50 861.83 52.14 103.88 488.88 86.40 43.17 248.52 105.50 3.92 159.93
Nd 5480.83 3564.50 134.93 9.51 12.31 5.60 4.57 429.17 626.00 23.49 876.38
Sm 1198.67 753.75 44.82 72.60 1924.88 172.00 188.00 149.26 200.80 9.06 260.04
Eu 205.97 138.08 108.77 1060.80 1857.00 1338.00 1039.00 445.55 121.54 11.32 86.09

Gd 978.50 604.33 31.82 34.28 24.05 5.10 8.23 120.62 200.02 11.78 249.98
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Table 2. Cont.
13?11;113)1; PL15-11  PL17-CC-11  PL17-EN-1  PL17-EN-2  PL17-EN-6  PL17-EN-7  PL17-EN-8  PL17-EN-10  PL17-EN-13  PL17-EN-7  PL17-EN-12
Tb 134.43 81.55 5.43 83.26 30.26 11.80 44.07 25.48 27.58 1.71 33.23
Dy 731.33 442.33 24.13 75.74 40.29 7.50 29.10 104.24 151.32 9.15 176.10
Er 372.67 229.00 13.46 20.14 10.70 15.50 7.65 19.86 28.16 1.81 31.34
Tm 44.58 28.71 5.80 53.48 28.76 40.80 23.20 53.83 76.82 4.72 80.35
Yb 283.00 189.20 10.98 6.19 3.33 473 2.88 6.25 8.92 0.58 8.76
Lu 35.08 25.83 541 39.76 23.00 24.90 17.27 39.66 58.88 3.51 51.03
HFSE 7883.67 6545.75 845.17 5.27 3.60 2.75 2.29 5.23 8.18 0.56 5.71
YREE +Y 26,823.00 18,079.42 1024.20 2821.60 1453.13 968.00 972.00 2167.65 2268.20 466.50 1532.63
LREE 20,376.50 14,140.25 689.80 1675.80 2605.25 667.00 265.67 2208.80 2552.80 204.50 2820.50
HREE 2714.67 1682.83 111.00 1212.20 1871.13 377.00 126.67 1557.55 1551.20 68.00 2171.88
LREE/HREE 6.87 9.49 31.87 384.40 266.88 273.00 122.67 391.10 560.00 34.00 636.38
(La/Yb)N 6.97 7.52 7.55 4.78 7.84 1.38 1.15 5.96 3.64 1.96 3.45
(Sm/Yb)N 447 416 2.69 3.88 4.02 0.51 0.81 2.44 1.00 0.59 1.43
(La/Sm)N 1.63 1.87 224 3.53 6.03 291 1.06 4.30 3.94 2.18 522
Ce/Ce* 1.35 1.38 1.16 1.30 1.41 1.13 0.94 1.53 1.44 1.16 1.43
Eu/Eu* 0.59 0.64 2.21 1.25 1.88 0.92 1.28 2.00 2.40 7.48 0.95
Th/U 6.21 5.35 0.35 0.81 7.51 0.39 0.74 3.26 1.55 0.30 1.31
Lu/Hf 0.58 0.49 0.45 0.35 0.16 0.54 0.33 0.25 0.31 0.17 1.19
Nb/Ta 7.37 9.78 24.58 14.98 18.96 30.60 9.83 19.09 9.58 33.50 21.24
Zr/Hf 11.95 12.94 31.71 23.70 16.73 18.83 27.98 21.60 13.62 31.34 25.25
Comment P Osgisczi;m p(;;isczi;m Phyllic Phyllic Phyllic Propylitic Propylitic Propylitic Propylitic Propylitic Propylitic

The above values are the average values of several measuring points for one sample.
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In general, the trace element content in the potassium silicate alteration zone is dif-
ferent from that in phyllic and propylitic alteration zones, such as Zr/Hf and Nb/Ta. The
ranges of Zr/Hf of titanite in the potassium silicate, phyllic, and propylitic alteration zones
vary from 2.30 to 9.44 (mean 6.17), 0.05 to 2.85 (mean 0.92), and 0.39 to 4.32 (mean 2.10),
respectively. The Zr/Hf ranges of titanite in the potassium silicate, phyllic, and propylitic
alteration zones vary from 7.0 to 13.1 (mean 9.0), 6.1 to 46.4 (mean 19.4), and 8.344.0 (mean
16.9), respectively. The ranges of Sr content of titanite in the potassium silicate, phyllic
and propylitic alteration zone vary from 13 to 100 ppm (mean 58 ppm), 19 to 406 ppm
(concentrated in 19-76 ppm, mean 39 ppm), and 16 to 49 ppm (mean 23 ppm), respectively,
and showed obvious linear relationships.

5.3. Rare Earth Elements

The obtained results of trace elements in titanite are shown in Table 2 and Figure 7.

10"
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Figure 7. Chondrite-normalized pattern of REEs. Normalization ratios from McDonough and Sun,
1995 [41].

The total REE + Y content of titanite in the potassium silicate alteration zone of the
Pulang copper deposit varies from 9839 to 35,764 ppm (mean 20,994 ppm), the light rare
earth elements (LREEs) vary from 8116 to 25,872 ppm (mean 16,219 ppm), the LREE/HREE
ratios range from 6.21 to 11.83 (mean 8.61), and the 6Eu range is more concentrated at
0.50-0.81 (mean 0.62). The REE + Y content in titanite in the phyllic zone varies from
417 to 7051 ppm (mean 2179 ppm), the LREE content varies from 103 to 4868 ppm (mean
1342 ppm), the LREE/HREE ratio range is concentrated at 0.95-9.20 (mean 5.22), and the
dEu ranges from 0.94 to 4.18 (mean 1.79). The variation in REE + Y content of titanite in the
propylitic alteration zone ranges from 403 to 8420 ppm (mean 2571 ppm), LREE content
varies from 92 to 2677 ppm (mean 1368 ppm), LREE/HREE ratios range from 0.56 to 8.32
(mean 3.94), and 0Eu ranges from 0.45 to 3.89 (mean 1.95).

In general, all the titanite grains have a “right-leaning” chondrite-normalized REE pat-
tern, with relative enrichment in LREEs and depletion in HREEs. Titanite in the potassium
silicate alteration zone is enriched in REEs, and the chondrite-normalized REE patterns of
titanite are all above the whole rock. The REE pattern of titanite in phyllic and propylitic
alteration zone is dispersive, and REE content is lower than that in the potassium silicate
alteration zone.
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6. Discussion
6.1. Origin of Titanite

Previous studies show that the Fe;O3 content in magmatic titanite and metamorphic
titanite have differences (metamorphic titanite usually has a higher Al/Fe ratios). Maps
of magmatic and metamorphic rock zones delineated by Kowallis in 1997 can be used
based on Fe and Al content. According to the summary of previous studies, it is known
that when the Al/Fe ratio is 1-2, the representative titanite is basically located within the
range of granite and diorite. When the Al/Fe ratio is 3-15, the representative titanite is
located within the range of metamorphic rocks [42]. The analysis of titanite in different
alteration zones of the Pulang copper deposit show that the Al/Fe ratio of titanite in the
potassium silicate alteration zone is about 1, which is in the range of magmatic titanite. In
contrast, all the Al/Fe ratios of titanite in the propylitic alteration zone are greater than 3,
which is in the range of hydrothermal titanite (Figure 8). Even more to the point, the Al/Fe
ratios of titanite in the phyllic alteration zone combine the characteristics of magmatic and
hydrothermal titanite. Part of the magmatic titanite in the potassium silicate alteration
zone was metasomatized by REE-rich fluid. Al and Fe usually have low mobility in fluids.
In contrast, REEs can easily form complexes in fluids rich in C1~, F~, or CO32~, and their
migration ability is significantly enhanced. Furthermore, the AI** and Fe>* diffusion rate
in crystals is much lower than REE** At low temperature hydrothermal conditions, the
rebalancing of Al/Fe may be limited by dynamics, whereas REEs are more easily diffused
or quickly reset through the solution—reprecipitation process. As a result, Al and Fe may
not have been significantly brought in or out of the fluid, resulting in an Al/Fe value in the
phyllic alteration zone similar to that of magmatic titanite in potassium silicate alteration
zone, but REEs remain similar to that of titanite in the phyllic alteration zone. It probably
indicates that titanite in the phyllic alteration zone partially inherited the characteristics of
titanite in the potassium silicate alteration zone during the process of magmatic evolution
or metasomatism with surrounding rock. This corresponds to the existence of the zone

structure of titanite and the hydrothermal metasomatism characteristics in the edge of
the band.
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Figure 8. Al versus Fe (apfu) diagram of titanite in different alteration zones. Background map is

from Aleinikoff et al., 2002 [43].

The titanite TiO, content is higher and F content is lower in the potassium silicate al-
teration zone of the Pulang copper deposit, which is closer to the magmatic titanite features
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overall. In contrast, the titanite TiO, content is lower and the F content is higher overall
in the phyllic and propylitic alteration zones, which is consistent with the hydrothermal
titanite features [43—46].

Since magmatic and hydrothermal titanites have differences in trace elements, the
titanite type can also be judged based on the titanite trace element content characteristics.
Compared to magmatic titanite, hydrothermal titanite has lower contents of high-field-
strength elements (HFSEs), Zr, Hf, Nb, Ta, Th, and Mo; a higher Nb/Ta ratio; and relatively
low Lu/Hf and Th/U ratios (Figure 6). The trace elements of titanites show that phyllic
and propylitic alteration zone titanites have lower Nb, Ta and Sn contents; higher Nb/Ta
ratios; and lower Lu/Hf and Th/U ratios than potassium silicate titanites, which are closer
to the elemental characteristics of hydrothermal titanites. The titanite in the potassium
silicate zone of the Pulang copper deposit has significantly higher REE content and obvious
negative Eu anomaly (Figure 7), which are closer to the magmatic titanite characteristics,
while the titanite in the phyllic and propylitic alteration zone is closer to the hydrothermal
titanite characteristics.

By comparing the major, trace, and rare earth element contents in different alteration
zones, it is clear that the potassium silicate to phyllic to propylitic alteration zone titanite of
the Pulang copper deposit is generally consistent with the evolutionary trend of magmatic
to hydrothermal titanite. The potassium silicate alteration zone titanite is closest to the
unaltered magmatic titanite characteristics and can be regarded as formed at the initial
stage of hydrothermal events.

6.2. Element Substitution Mechanism in Titanite

The trace element content of titanite is mainly controlled by trace element content in
the melt at the time of titanite crystallization and the partition coefficient of this element
between titanite and melt. The study of the elemental substitution mechanism of titanite
can provide a better understanding of the compositional characteristics of magmatic—
hydrothermal systems.

6.2.1. Substitution of Ti

The ideal TiO, content in titanite is 40.13%. However, the TiO; of titanite in the three
alteration zones is significantly less than this value, which implies that the TiO; in titanite
was subjected to replacement reactions, where the major elements that likely replace Ti
include Al Fe, Sn, Zr, Nb, Ta, and Mo. The main reactions include the following;:

Ti** + 0>~ <= (Al, Fe)*>* + (F, OH)~ (1)
2Ti** <= (Nb, Ta, Mo)>* + (Al, Fe)** 2)
Ca®" + Ti** <= REE®*" + (Al, Fe)** 3)

The negative correlation between TiO; and Al,O3 + Fe;O3 in titanite confirms the
influence of the above elemental substitution (Figure 9a).

Reaction (1) has less effect on the substitution of titanite Ti in the potassium silicate
zone because the TiO, content of titanite does not have an obvious linear relationship
with F content (Figure 9c). Since the TiO, content of titanite in the potassium silicate
zone has an obvious linear relationship with the CaO content (Figure 9b), reaction (3) is
main substitution mechanism. The linear relationship between TiO; and the F content
of titanite is relatively obvious in the phyllic and propylitic alteration zones (Figure 9c).
However, there is no obvious correlation between TiO; content and CaO content (Figure 9b),
so reaction (1) is its main substitution mechanism. During the process of potassium
silicate alteration to phyllic and propylitic alterations, the Nb, Ta, and Mo content in
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titanite decreases significantly with the increase in titanic TiO, content (Figure 6), so the
reaction (2) substitution mechanism in the magmatic-hydrothermal process also plays an

important role.
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Figure 9. The substitution mechanism of Fe;O3 + Al,O3 — TiO; (a), CaO — TiO; (b), F — TiO; (),
Nay;O — CaO (d), and Ce;O3 + Y,03 — CaO (e) in titanite from different alteration zones.

6.2.2. Substitution of Ca

The ideal CaO content in titanite is 28.6%. However, the CaO of titanite in all three
alteration zones is lower than this ideal ratio, which proves that titanite CaO underwent
replacement reactions. The main elements replacing Ca include Ce, Y, Na, etc. The reactions
include the following:

2Ca’** <= Na" + REE>* (4)
Ca?* + Ti** <= Na* + (Nb, Ta)** (5)
Ca?* + Ti** <= REE®" + (Al, Fe)** (6)
Ca?t «— Sr** 7)

The Na* content in titanite in the three alteration zones in the Pulang copper deposit is
very low and does not have an obvious linear relationship with the Ca?* content (Figure 9d),
so reactions (4) and (5) have a minimal effect on the substitution mechanism. The CaO
and Ce;O3 + Y203 content in the titanite of the potassium silicate zone shows a significant
negative correlation (Figure 9e), so we speculate that reaction (6) mainly occurred in titanite
in the potassium silicate alteration zone. The correlation between CaO and Ce;O3 + Y703
content is poor in titanite of the phyllic and propylitic zones (Figure 9¢), but Sr content keeps
increasing as CaO content decreases (Figure 6). Thus, the main substitution mechanism for
CaO in these alteration zones may be reaction (7).
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6.3. Magmatic—Hydrothermal Processes Revealed by Titanite
6.3.1. Oxygen Fugacity
Mineral Assemblages

Different types of titanite can correspond to different products of magmatic and
hydrothermal stages, and their element characteristics can reflect the physical and chemical
conditions at the time of their formation [47]. Titanite is an important redox indicator,
and it is generally recognized that the mineral assemblage of titanite, magnetite, and
quartz in igneous rocks indicates the environment of high oxygen fugacity of silicate
magma. The results of numerous studies show that the clinopyroxene—ilmenite assemblage
reflects lower redox conditions of the magma compared to the titanite-magnetite-quartz
assemblage [48-52]. The titanite in the potassium silicate alteration zone of the Pulang
copper deposit is usually paragenetically associated with magnetite, while the titanite in
the phyllic and propylitic zones is usually paragenetic with ilmenite and rutile (Figure 4),
conjecturing a trend of lower oxygen fugacity during potassium silicate alteration — phyllic
alteration — propylitic alteration.

Titanite Eu Anomaly

Different ions of the same element behave differently in the magma due to differences
in their valence and radius. Magma oxygen fugacity is an important factor governing
the valence and radius of element ions, which has a dramatic impact on the partitioning
of elements between minerals and melts. In magmatic systems, the enrichment of Eu
in minerals such as plagioclase makes the Eu depleted in the residual fluid, so that the
late-stage crystallized magmatic titanite generally shows negative Eu anomalies. Since
the radius of Eu?* instead of Eu®* is closer to the size of Ca2*, more Eu?* is converted to
Eu®* in the oxidizing environment, converting Eu?* into titanite so limited that it forms an
obviously negative Eu anomaly.

The analysis results of titanite in different alteration zones of the Pulang copper deposit
show that titanite in the potassium silicate alteration zone has an obvious negative Eu
anomaly, while titanites in the phyllic and propylitic zones have an obvious positive Eu
anomaly (Figure 7). This indicates that the fluid has a high oxygen fugacity during the
potassium silicate alteration stage, while the Eu value increases when entering the phyllic
and propylitic alteration stages, indicating the decreasing oxygen fugacity from potassium
silicate alteration to phyllic and propylitic alteration.

Titanite U/Th Ratio

Previous experiments have shown that there is a significant increase in the solubility of
U when the oxygen fugacity and salinity of the fluid increase, while there is no significant
change in Th. Therefore, the high U content and decreased Th/U ratio indicate that the
fluid may have higher oxygen fugacity and salinity [53]. Therefore, the U content and U/Th
ratio of titanite can indicate the oxygen fugacity of the mineral formation environment.

The Th/U ratios of titanite in the potassium silicate alteration zone of the Pulang
copper deposit are concentrated in the range of 2.30-9.44 (mean 6.17), the Th/U ratios
of titanite in the phyllic alteration zone are concentrated in the range of 0.05-2.85 (mean
0.92), and the Th/U ratios of titanite in the propylitic zone are concentrated in the range
of 0.39—4.32 (mean 2.10). Comparing the titanite compositions of the different alteration
zones, it can be found that the titanite Th/U ratios are significantly higher in the potassium
silicate alteration zone (Figure 6), which proves that the formation environment of the
potassium silicate alteration of the Pulang copper deposit has a higher oxygen fugacity.
In the meantime, it also indicates that oxygen fugacity decreased in the process from
potassium silicate alteration to phyllic and propylitic alterations.
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6.3.2. Indication of Magmatic Fractional Crystallization

The Sr content in titanite is mainly related to the Sr content in the melt since the Sr
content in the melt decreases significantly as the feldspar crystallization continues; thus,
titanite contains less Sr content. The titanite in the potassium silicate zone of the Pulang
copper deposit exhibits a wide range of Sr content variation. Therefore, the Sr content
in titanite can be used as an indicator to estimate the magmatic fractional crystallization.
Rare earth element ratios and the Sr content diagram shows that the (La/Yb)y;, (Sm/Yb)n;,
and (La/Sm)y ratios are generally unchanged as the Sr content decreases (Figure 10),
illustrating that REE fractionation is not obvious. At this point, the titanite is more likely to
be an early crystallization mineral phase of the magma, preferentially formed before other
LREE-rich and MREE-rich minerals (such as orthite and apatite). The narrow variation
range of the Sr content of titanite in the phyllic and propylitic zones indicates that the
magmatic fractionation process had ended and was dominated by hydrothermal activity
instead of magmatic fractional crystallization.
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Figure 10. Sr-(La/Yb)y (a), Sr-(Sm/Yb)y (b), and Sr-(La/Sm)y (c) diagrams of titanite in different
alteration zones.

6.4. Comparison of the Metallogenic Potentials for Different Alteration Zones Related to Porphyry

Magmatic ore-bearing potential determines the probability of the occurrence and
scale of hydrothermal ore deposits associated with the magmatism. Titanite is usually
enriched in Sn, Mo, and W and depleted in Cu. Therefore, the Cu content in titanite
does not reflect the degree of Cu enrichment in the magma and cannot be used as an
indicator for searching for copper ore deposits. However, the major elements of titanite
in the potassium silicate zone of the Pulang copper deposit are characterized by low CaO
and Al,O3 and high Fe,O3/Al,O5 (Figure 11). The trace elements are characterized by
high LREE/HREE and (Ce/Ce*)/(Eu/Eu*) ratios; high } REE + Y, U, Th, Ta, Nb, and Ga
content; lower Sr content; and lower Zr/Hf, Nb/Ta, and Eu/Eu* ratios (Figure 6). These
are similar to the characteristics of titanite in porphyry-bearing rock bodies of the Red
River-Jinshajiang alkali-rich porphyry belt [45]. In contrast, the titanite composition of the
phyllic and propylitic zones are closer to the characteristics of the ore-barren rock bodies.
It is inferred that the copper mineralization of the Pulang copper deposit is more closely
related to the potassium silicate alteration.
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Figure 11. CaO—Al, O3 (a) and CaO—FeO/Al;O3 (b) diagrams of titanite in different alteration zones.
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6.5. Possible Metallogenic Mechanism of Cu-Mo Separation at Pulang

Magmatic-hydrothermal evolution processes are critical in the enrichment of molybde-
num. Molybdenum is an incompatible element in the crystallization of magmatic minerals,
and it is generally assumed that molybdenum is enriched with an increasing degree of
magmatic differentiation. However, petrological experimental studies have shown that
molybdenum enrichment remains several orders of magnitude from industrial require-
ments after extensive magmatic fractional crystallization. Previous studies have shown
that there is no linear relationship between the Mo and Sr contents in titanites (Sr content
indicates the degree of magmatic differentiation) in granite bodies with different metallo-
genic potential, suggesting that the residual melt is not enriched in molybdenum during
mineral crystallization. In the meanwhile, F-rich titanites developed in molybdenum-rich
granites. The low F content in titanites from molybdenum-poor granites suggest that
molybdenum enrichment may be related to the F content of the magma and that high F
promotes melt/fluid separation.

The Cu content of titanite in the different alteration zones in the Pulang rock bodies
associated with copper mineralization is low and does not vary significantly, while the
Mo content is highly variable. Mo is mainly substituted for Ti to form titanite using the
following reaction:

2Ti* <= Mo + (Al, Fe)**

Mo is usually +6 valent and becomes +5 valent under the reducing conditions. The
oxygen fugacity of titanite in the potassium silicate zone of the Pulang copper deposit is
higher than that of titanite in the phyllic and propylitic zones, so the Mo content in titanite
from the phyllic and propylitic zones will normally gradually increase as the oxygen fugac-
ity decreases. However, the Mo content in titanite from the potassium silicate zone of the
Pulang copper deposit is much higher than that in the titanite from the phyllic and propy-
litic zones (about 102-10* times). In contrast, the Cu content exhibits an almost constant
(Figure 12), which may suggest that molybdenum was partitioned into the fluid phase
or precipitated as sulfide before medium- and low-temperature hydrothermal alteration
during this process. The increased F content may have further caused the separation of
copper and molybdenum and mineralization.
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Figure 12. Cu-Mo separation mechanism of the Pulang copper deposit.

7. Conclusions

The composition of titanite within the potassium silicate alteration zone, phyllic alter-
ation zone, and propylitic alteration zone of the Pulang copper deposit shows that titanite
in the potassium silicate alteration zone has higher TiO,, REE, and HFSE content; higher
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Lu/Hf and Th/U ratios; obvious negative Eu anomalies with low Nb/Ta ratios; and greater
enrichment in LREEs. This is more aligned with magmatic titanite characteristics, combined
with the euhedral occurrence and mineral assemblages and the titanite characteristics from
previous studies of the Pulang copper deposit. This can represent the product of the early
stage of magmatic crystallization with little influence from hydrothermal alteration overall.
At the late stage of phyllic and propylitic alteration, the paragenetic mineral assemblage
with titanite gradually changes from titanite + magnetite to titanite + ilmenite. The Th/U
ratio decreases, and the Eu content increases, suggesting the decrease in oxygen fugacity
during the process of potassium silicate alteration to phyllic and propylitic alteration (in
other words, during the process of magma-fluid evolution).

The formation of the porphyry copper deposit is tremendously influenced by oxygen
fugacity, and high oxygen fugacity is favorable to porphyry formation. The oxygen fugacity
tends to decrease during the transformation of potassium silicate alteration to phyllic and
propylitic alterations. The titanite in the potassium silicate alteration zone has low CaO, Al,
and Sr content; low Zr/Hf and Nb/Ta ratios; high Y REE + Y, U, Th, Ta, Nb, and Ga content;
and high Fe;O3/Al,O3, LREE/HREE ratios. These are the same as the characteristics of the
ore-bearing porphyry rock bodies from previous studies, so it is assumed that the Pulang
copper ore is more closely related to potassium silicate alteration. Comparing the potassium
silicate alteration with the Cu elements in titanite of the propylitic zone, the Cu content
is nearly unchanged during this process, and the Mo content is reduced, demonstrating
that molybdenum was unloaded into the fluid phase or precipitated as sulfides before the
medium- and low-temperature hydrothermal alteration during this process, which may
have further led to the separation of copper and molybdenum and mineralization.
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