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of Mo ore deposits: Examples from four granite plutons in the southern Yidun arc, SW China
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ABSTRACT

Major, minor, and trace element abundances in titanite crystals from four granitic plutons in southern
Yidun arc, SW China, have been determined using electron microprobe and laser ablation-inductively
coupled plasma-mass spectrometry. The selected plutons are the Cretaceous Xiuwacu (CXWC) plu-
ton, with quartz vein-type Mo mineralization (economic-Mo), the Tongchanggou (TCG) pluton, with
porphyry-type Mo mineralization (economic-Mo), the Triassic Pulang (PL) pluton, with porphyry-type
Cu mineralization (subeconomic-Mo), and the Triassic Xiuwacu (TXWC) pluton, without any Mo
mineralization (Mo-barren). Our study reveals that the chemical compositions of titanite crystals from
these plutons such as REE, Sr, Ga, dEu, 6Ce, Fe,0,/Al,0;, halogens, and Mo can be used to track
magma compositions, oxidation states, metal fertility, and crystallization history. The data from this
study also show that titanite crystals from these plutons with different potential of Mo mineralization
have similar Mo contents and exhibit an irregular variation between Mo and Sr abundances (indicat-
ing non-Mo enrichment in the residual melt during the progressive crystallization) for some Mo-
mineralized plutons. Our new observations support the recent hypothesis that high initial Mo contents
in magma and the enrichment of Mo in residual melts formed by fractional crystallization are not the
only requirements to form a granite-related Mo ore deposit. Efficient extraction of the residual melts,
possibly facilitated by high concentrations of magmatic F is also critical to the ore formation. Evidence
for high-F concentration in felsic magma, which facilitates melt and fluid separation and economic
Mo mineralization during magma evolution, may be traced by the presence of F-rich titanite crystals
in the two Mo-mineralized granite plutons (CXWC and TCG). These new findings from this study
confirm that titanite is indeed a good petrogenetic and metallogenic indicator. However, in light of the
limited contribution of metal fertility to Mo mineralization, we suggest that titanite Mo concentrations
should be used along with other crucial proxies, such as titanite F contents and Fe,05/Al,0; ratios to

better evaluate the Mo-mineralized potential of granites.
Keywords: Titanite, LA-ICP-MS, REE, oxidation state, magma composition, Mo mineralization,

ore genesis; From Magmas to Ore Deposits

INTRODUCTION

The chemical compositions of minerals in igneous rocks are
widely used to track magma evolution. With respect to trace-
element compositions, accessory minerals are more useful than
major rock-forming minerals because the accessory minerals
contain much large amounts of important trace elements such
as REEs and HFSEs and are less susceptible to alteration and
weathering. Titanite (CaTiSiOs) is an important accessory min-
eral in granites (Nakada 1991; Bachmann et al. 2005; Glazner
et al. 2008). It is robust and therefore preserves its original
geochemical signature even after post-emplacement alteration
(Selvig et al. 2005). Titanite is a major carrier of REE and
HFSE in granites and thus can be used to track felsic magma
evolution (Tiepolo et al. 2002; Buick et al. 2007; Hayden et al.
2008). For example, titanite crystallization may significantly
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affect whole-rock Nb/Ta, Zr/Hf, and REE ratios (Wolff 1984;
Wolff and Storey 1984; Prowatke and Klemme 2005; Marks et
al. 2008; Glazner et al. 2008).

It is well known that titanite is a good petrogenetic and
metallogenic indicator. For example, Zr in titanite has been used
to estimate its saturation temperature in magma (Hayden et al.
2008). Substitution of Ti**+0* by AI**+F- in the titanite structure
is known to be a function of temperature and pressure (Tropper
and Manning 2008). The Ga content and dCe of titanite have
been used to evaluate the oxidation state of magma (King et al.
2013; Xu et al. 2015). The cotectic ratio of titanite and ilmenite
is also a function of the oxidation state of magma and has been
used to estimate redox conditions (Carmichael and Nicholls
1967; Wones 1989; Frost et al. 2000). The concentrations of Sn,
W, and Mo in titanite are good indicators of magma fertility for
these metals (Aleksandrov and Troneva 2007; Xie et al. 2010;
Wang et al. 2013; Che et al. 2013). In addition, titanite is also a
good U-Th-Pb radiometric chronometer (Corfu and Muir 1989;
Pidgeon et al. 1996; Essex and Gromet 2000; Frost et al. 2000;
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Buick et al. 2007; Li et al. 2010).

It is well known that titanite is a good petrogenetic and metal-
logenic indicator, and has been successfully used in the studies
of granitoids worldwide (e.g., Piccoli et al. 2000; Wang et al.
2013; Bruand et al. 2014; Xu et al. 2015; Jiang et al. 2016). In
this study, we use the major and trace element compositions of
titanite from four granite plutons in the Mesozoic Yidun arc in
SW China to study the magma evolution, the factors control-
ling Mo mineralization, and the Mo mineralization potential of
these granites. The selected plutons are of Triassic to Cretaceous
ages and are all I-type granites (typical or highly fractionated)
(Wang et al. 2011, 2014a; Liu et al. 2017). Among the selected
plutons, the Xiuwacu (Cretaceous), Tongchanggou, and Pulang
host hydrothermal vein type Mo mineralization, porphyry type
Mo mineralization (both economic-Mo), and porphyry type Cu
mineralization with weak Mo mineralization (subeconomic-Mo),
respectively, while the Xiuwacu (Triassic) pluton does not con-
tain any type of hydrothermal Mo mineralization (Mo-barren).

These data show that the chemical compositions of titanite
crystals, such as the REE (especially Eu, 8Ce), Sr, Ga, halogen,
and Mo compositions, and Fe,0,/Al,0; ratios are good proxies
to track magma composition, oxidation state, metal fertility,
and crystallization history. Based on these magmatic properties
revealed by titanite chemistry, we further discussed the control-
ling mechanisms of granite-related Mo mineralization operating
in these districts. Our new results provide further evidence sup-
porting an important conclusion made recently by Lerchbaumer
and Audétat (2013) that high initial magmatic Mo contents and
extreme enrichment of Mo by fractional crystallization are not
sufficient to form economic Mo mineralization. Efficient Mo
extraction during magma evolution, possibly facilitated by high
concentrations of magmatic F, is also required for the formation
of a granite-related Mo ore deposit.

GEOLOGY AND PETROLOGY

The four selected granite plutons occur in the southern part
of the Mesozoic Yidun arc that is bound by the Qiangtang block
to the west and the Yangtze Craton to the east (Fig. 1). Regional
magmatism mainly occurred from Triassic to Cretaceous during
the westward subduction of the Garzé-Litang oceanic plate and
the post-collisional lithospheric rifting or delamination (Li et
al. 2007; Peng et al. 2015), with two major peaks at 230-215
and 110-80 Ma (Wang et al. 2011, 2014a). The igneous rocks
are dominated by I-type granites that mainly formed by the
partial melting of the crust with Rittmann index <3.3, A/CNK
~1.0, (¥’St/*Sr); >0.7056, and negative exq(t) (Wang et al. 2011,
2014a, 2014b; Leng et al. 2014; Zu et al. 2016). Hydrothermal
Cu and Mo mineralization are present in some of the plutons.
The characteristics and genesis of Mo and Cu mineralization
associated with some of the granite plutons in the region have
been well documented and discussed in many previous studies
(e.g., Li 2007; Li et al. 2014; Wang et al. 2014a, 2014b, 2015;
Yu and Li 2014; Yu et al. 2015).

We selected four representative plutons, including Mo-Cu
mineralized and unmineralized varieties. The extent of Mo
mineralization decreases from economic in the Tongchanggou
(porphyry type) and Cretaceous Xiuwacu plutons (Qz-vein
type) to sub-economic in the Pulang pluton (porphyry type,
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Cu-dominant). The Triassic Xiuwacu pluton represents a Mo
completely unmineralized end-member. The parental magmas of
the TCG and CXWC plutons were derived from the Cretaceous
within-plated setting, while that of the PL and TXWC plutons
were derived from the Triassic island arc setting. While these
plutons represent various ages and tectonic settings, we chose
them because they exemplify different endowments of Mo min-
eralization and provide an opportunity to use titanite chemistry
to test what geologic mechanisms control Mo mineralization in
these districts.

The Cretaceous Xiuwacu (CXWC) pluton

The CXWC pluton is located ~50 km northwest of the
Shangri-La city (Fig. 1). This pluton consists of three zones:
biotite granite, monzogranite, and leucogranite (Fig. 2a). The
major rock-forming minerals are biotite, hornblende, plagioclase,
K-feldspar, and quartz. The accessory minerals are apatite, al-
lanite, zircon, and titanite. Titanite has been found only in the
biotite granite and monzogranite zones. Hydrothermal vein
type Mo mineralization (~0.20 Mt Mo) is mainly associated
with biotite granite and monzogranite zones. The zircon U-Pb
age of this pluton is ~85 Ma (Wang et al. 2014a, 2014b). The
whole rocks have (¥’Sr/%Sr); from 0.7075 to 0.7085, exy(t) from
—6.9 to —7.6, and zircon 8'*O from 5.9 to 8.4%o.. These isotope
characteristics suggest that the parental magma was formed by
the partial melting of lower continental crust (Wang et al. 2014b).

The Tongchanggou (TCG) pluton

The TCG pluton is located ~15 km southeast of the Shangri-
La city (Fig. 1). It is mainly composed of biotite granitic por-
phyry (Fig. 2b), with abundant plagioclase, biotite, and quartz
phenocrysts. The matrix is composed of fine-grained plagioclase,
K-feldspar, quartz, biotite, and hornblende. Apatite, titanite, and
zircon occur as accessory phases in the matrix. This pluton hosts
a large porphyry Mo deposit with proven reserves of nearly 0.30
Mt Mo. The zircon U-Pb age of this pluton is ~87 Ma (Wang et
al. 2014a). The whole rocks have (¥’Sr/*Sr); of 0.7069 and gy4(t)
from —5.3 to —5.6. Combined with the slight Eu anomalies (8Eu
from 0.9 to 1), high ratios of (La/Yb)y (>30), and low concentra-
tions of Y (<18 ppm) and Yb (<1.9 ppm), these data suggest this
adakitic parental magma was derived from the partial melting of
thickened lower continental crust (Wang et al. 2014b).

The Pulang (PL) pluton

The PL pluton is located ~36 km northeast of the Shangri-La
city (Fig. 1). It consists of quartz diorite porphyrite, quartz mon-
zonitic porphyry, and granodiorite units (Fig. 2c). The quartz
monzonitic porphyry unit hosts a porphyry Cu deposit with weak
Mo mineralization (~0.01 Mt Mo). The host rock is composed
of K-feldspar, plagioclase, biotite, and quartz as phenocrysts
and fine-grained plagioclase, K-feldspar, quartz, and biotite as
matrix. Apatite, titanite, and zircon are accessory phases in the
matrix. The zircon U-Pb age of the pluton varies from 211 to
230 Ma (Wang et al. 2011; Pang et al. 2014). The whole rocks
have (¥St/*Sr); of 0.7065 and ey4(t) of —3.0, which supports the
notion that the parental magma was probably derived from the
partial melting of the subducted oceanic slab (Li et al. 2007,
Pang et al. 2014).
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FIGURE 1. Regional geological map of the research area (modified from Wang et al. 2014a).

The Triassic Xiuwacu (TXWC) pluton

The TXWC pluton is located ~85 km northwest of Shangri-
La city (Fig. 1). It is dominated by biotite granite (Fig. 2a) that
is composed of biotite, K-feldspar, plagioclase, biotite, and
quartz. The accessory minerals are apatite, titanite, and zircon.
No significant Mo mineralization is associated with this pluton.
The zircon U-Pb age and g;(t) of this pluton are ~202 Ma and
from —2.9 to 4.1, respectively, which is consistent with the hy-
pothesis that this pluton also formed from magma produced by
partial melting of the subducted oceanic slab (Liu et al. 2017).

ANALYTICAL METHODS

The whole-rock samples used in this study are relatively fresh and do not
contain significant Mo-Cu mineralization. The concentrations of major elements in
whole rocks were determined with fused lithium tetraborate glass pellets using an

Axios PW4400 X-ray fluorescence spectrometer at the State Key Laboratory of Ore
Deposit Geochemistry, Institute of Geochemistry, Chinese Academy of Sciences in
Guiyang. The analytical precision is estimated to be within 5%. The concentrations
of trace elements in whole rocks were analyzed using a PE DRC-e ICP-MS at the
same laboratory described above. Powdered samples (50 mg) were dissolved using
HF and HNO; acids mixture in high-pressure polytetrafluoroethylene vessels for 2
days at about 190 °C. Rh was used to monitor signal drifting during analysis. The
detailed analytical procedures are given in Qi et al. (2000). The analytical precision
is estimated to be within 10%.

Titanite crystals were separated from the samples using standard heavy-liquid
and magnetic methods, followed by handpicking under a microscope. The titanite
grains were mounted in epoxy, polished, and examined using CL and BSE images
to select suitable targets for in situ analysis. The selected analytical targets are at the
center of titanite crystals, to minimize the effect of subsolidus exchange reaction
between titanite and the surrounding minerals.

The contents of major and minor elements in titanite were determined using a
JOEL-1600 electron microprobe at the above-mentioned laboratory. The analytical
conditions are 25 kV accelerating voltage, 10 nA beam current, and 10 wm beam

Downloaded from https://pubs.geoscienceworld.org/msa/ammin/article-pdf/103/9/1417/4322752/am-2018-6224..pdf
by Institute of Geochemistry Chinese Academy user

on 31 May 2019



1420

PAN ET AL.: TITANITE COMPOSITIONS INDICATE MAGMA PROPERTIES

. 99°55'30" 99°58'54" N99°57’59" 100“07’09"N
S T % ]
= N 0 600m |R
N 0 H s
~N
g o
= S o
99°55'30" oose5a" % :
= =
c G
'99°5759" 100°0709"
3071
B + + + + ]
+ + + +
biotite granite biotite granite
3070
monzogranite  Granodiorite porphyry L
~ Trissic
Cretaceous<<
5
A ar
3069 ) —
leucogranite Quartz diorite porphyry|
'— Biotite granitic Quartzmonzonite _|
3068-] porphyry porphyry
I Y I e =
Triassic Quaternary Permian Hornfels zone Diabase
system system basalt
3067
. N *
Ore vein Fault Sample location

FIGURE 2. Simplified geological maps for the CXWC and TXWC plutons (a), the TCG pluton (b), and the PL pluton (¢) (modified from Wang

et al. 2014b).

diameter. The following natural minerals were used for calibration: rutile (Ti),
pyrope garnet (Si, Al, Mg, Fe, Mn), albite (Na), apatite (Ca, P), and phlogopite (F).
The detection limits are 0.04 wt% for F, 0.03 wt% for Ti, 0.02 wt% for Mn and Fe,
and 0.01 wt% for Ca, Si, Na, Al, Mg, and P.

The concentrations of trace elements in titanite were measured by in situ LA-
ICP-MS at the above-mentioned laboratory, following the analytical procedures
and operation conditions given in Tu et al. (2011). The LA-ICP-MS system consists
of an Agilent 7500a ICP-MS equipped with a Resonetics RESOLution M-50 ArF-
Excimer laser gun (A = 193 nm, 80 mJ, 10 Hz). The laser ablation spot is 30 um
in diameter. The ablated aerosol was fed to the ICP instrument using He gas. The
content of Ca was measured using ¥*Ca and normalized using the concentration
determined by electron probe analysis. The NIST610 standard was used for

calibration and the NIST612 standard was used as a standard reference. Offline
data reduction was performed using the ICPMSDataCal software from Liu et al.
(2008). The detection limits by LA-ICP-MS are estimated to be <0.3 ppm for Sm
and Gd, and <0.1 ppm for U, Th, Sr, Zr, Ga, and other REE.

To determine the magmatic oxidation states, trace elements in zircon from these
four plutons were determined by LA-ICP-MS at the above-mentioned laboratory.
Zircon was sampled by a GeoLasPro laser-ablation system. Ion-signal intensities
were acquired through an Agilent 7700x ICP-MS instrument with helium (He)
as the carrier gas. Ablation protocol employed a spot diameter of 44 um at 4 Hz
repetition rate. The NIST610 standard was used for calibration and the NIST612
standard was used as a standard reference. Offline data reduction was performed
using the ICPMSDataCal software from Liu et al. (2008). The detection limits for
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trace elements in zircon by LA-ICP-MS are estimated to be <0.4 ppm for Hf, <0.2
ppm for Nd, and <0.1 ppm for U, Th, Y, Nb, Ta, and other REE.

RESULTS
Whole-rock compositions

Major and minor elemental compositions of the rock
samples from the four selected granite plutons are listed in
Supplemental’ Table 1. They are metaluminous, calc-alkaline
granitoids (Figs. 3a and 3b) with a Rittmann index of 2.00-2.75
and A/CNK 0f 0.94—1.00. The samples from the CXWC pluton
have higher SiO, (71.19-76.19 wt%) but lower CaO (0.63—1.45
wt%) and MgO (0.10-0.55 wt%) than the other plutons. The
samples from the TCG pluton have SiO, from 64.6 to 65.8 wt%,
CaO from 2.9 to 3.8 wt%, and MgO from 1.2 to 1.4 wt%; the
samples from the PL pluton have SiO, from 61.7 to 65.0 wt%,
CaO from 2.7 to 3.5 wt%, and MgO from 2.4 to 4.0 wt%; the
samples from the TXWC pluton have SiO, from 68.3 to 70.3
wt%, CaO from 2.4 to 3.0 wt%, and MgO from 1.0 to 1.7 wt%.

The chondrite-normalized trace element patterns of the
samples are illustrated in Figure 4a. All of the samples from the
different plutons are characterized by mild to strong depletions
in K, Sr, P, and Ti. Except for the samples from the CXWC plu-
ton, all of the samples from the other plutons are also character-
ized by negative Nb-Ta anomalies. In the chondrite-normalized
REE diagram, all of the samples from the four selected plutons
display fractionated REE patterns (Fig. 4b). The samples from
the TCG pluton have the highest values of (La/Yb)y from 35
to 46, (La/Sm)y from 7.4 to 8.6, (Sm/Yb)y from 7.4 to 5.3, and
OEu from 0.9-1. The samples from the PL and TXWC plutons
have medium REE ratios: the PL pluton has (La/Yb)y from
13.2 to 14.5, (La/Sm)y from 3-3.5, (Sm/Yb)y from 4.2 to 4.5,
and 8Eu from 0.73-0.75 while the TXWC pluton has (La/Yb)y
from 14.7 to 20, (La/Sm)y from 4.8 to 6.1, (Sm/YDb)y from 2.8
to 3.3, and 8Eu from 0.75 to 0.8. The lowest REE ratios are
shown by the samples from the CXWC pluton: (La/Yb)y from
2.3 to 21, (La/Sm)y from 2.2 to 6.7, (Sm/Yb)y from 0.98 to
3.2, and 8Eu from 0.1 to 0.6.

12

Quart
monzonite

—_
o

Alkdgkic

co

Granite

Na20+K20(wt%)

6
@ CXWC pluton
g ® TCG pluton
4 + = A PLpluton
o
5 @ TXWC pluton
2
60 65 70 75 80

SiO2(wWt%)

1421

Major and minor elements in titanite

The titanite crystals from the four selected granite plutons
have similar major element compositions: 26-28 wt% CaO,
34-36 wt% TiO,, and 29-31 wt% SiO,. The average contents
of F in titanite crystals from the CXWC pluton are up to 1 wt%,
much higher than those from the other plutons (<0.5 wt%). The
average contents of (Fe,0;+AlLOs) in titanite crystals from the
CXWC pluton are up to 4.2 wt%, significantly higher than the
value (<3.4 wt%) in titanite crystals from the other plutons. The
average contents of MnO in titanite crystals from the CXWC,
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TCG, and TXWC plutons can be up to 0.14 wt%. The contents
of MnO in most of the titanite crystals from the PL plutons are
below the detection limit by EMPA (0.02 wt%). The contents of
Na,0, P,0s, and MgO in titanite crystals from all four selected
granite plutons are close to or below the detection limits.

The co-variations in concentrations of Ca, F, TiO,, and
Fe,0,+Al,0; in titanite crystals can be seen in Figure 5. The
factors controlling these co-variations will be discussed below.

TRACE ELEMENTS IN TITANITE

REE-Y

Among the four selected granite plutons, the total REE con-
tent in titanite are the highest in the TXWC pluton (1.97 wt%),
medium in the PL pluton (1.63 wt%) and the TCG pluton (1.49

PAN ET AL.: TITANITE COMPOSITIONS INDICATE MAGMA PROPERTIES

wt%), and the lowest in the CXWC pluton (1.15 wt%). Although
Y and REE are believed to have similar partitioning behavior in the
magmatic process, the magnitude of Y contents is different from
the magnitude of REE contents in titanite. Among the four selected
plutons, titanite crystals in the TXWC and CXWC plutons have
higher Y contents (3700-5700 ppm). Titanite crystals in the other
two plutons have lower Y contents (1900-2700 ppm).

The magnitude of REE ratios of titanite and whole-rock
samples from the four selected granite plutons are similar. Similar
to whole-rock REE trends, titanite crystals from the TCG pluton
have the highest values of (La/Yb)y from 4.2 to 16.1, (La/Sm)y
from 0.76 to 2.2, (Sm/Yb)y from 4.2 to 9.4, and dEu from 0.6
to 0.9. Titanite crystals from the PL and TXWC plutons have
medium REE ratios: the PL titanite crystals have (La/Yb)y from
2.8 to 11, (La/Sm)y from 0.6 to 2.9, (Sm/Yb)y from 3.8 to 6.4,
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and OEu from 0.56-0.69 while the TXWC titanite crystals have
(La/Yb)y from 1.1 to 3.3, (La/Sm)y from 0.5 to 0.9, (Sm/Yb)y
from 1.7 t0 5.9, and 8Eu from 0.27 to 0.57. Titanite crystals from
the CXWC pluton have the lowest REE ratios: (La/Yb)y from 0.9
to 7.8, (La/Sm)y from 0.4 to 1.5, (Sm/Yb)y from 1.7 to 5.3, and
OEu from 0.17 to 0.51. The values of Ce are very close in these
four plutons (~1.0), but are more variable in titanite crystals from
these plutons (1.12—1.27).

Nb-Ta-Th-U

Titanite is a very important sink of the whole-rock Nb, Ta,
Th, and U. The Nb and Ta contents in titanite crystals from the
four selected granite plutons are positively correlated. Titanite
crystals from the CXWC pluton have the highest average con-
centrations of Nb (6227 ppm) and Ta (983 ppm). Titanite crystals
from the TXWC and TCG plutons have medium average Nb and
Ta contents: the TXWC titante crystals have 4460 ppm Nb and
599 ppm Ta while the TCG titanite crystals have 3007 ppm Nb
and 282 ppm Ta. Titanite crystals from the PL pluton have the
lowest average contents of Nb (1410 ppm) and Ta (184 ppm).

The concentrations of Th and U in titanite crystals from the
four selected granite plutons are negatively correlated. Titanite
crystals from the PL pluton contain the highest Th (527 ppm) and
the lowest U (70 ppm). Titanite crystals from the CXWC pluton
contain the lowest Th (183 ppm) and the highest U (190 ppm).
Titanite crystals from the TXWC and TCG plutons have medium
Th and U contents: the TXWC titanite crystals contain 432 ppm
Th and 151 ppm U while the TCG titanite crystals contain 395
ppm Th and 101 ppm U. Titanite crystals from the CXWC plu-
ton have the lowest Th/U ratios among the four selected granite
plutons. However, the whole-rock Th/U ratios of this pluton are
not lower than those from the other plutons.

Ga-Sr-Cu-Mo

The contents of Ga, Sr, Cu, and Mo in titanite can be used to
trace magmatic oxidation states, crystallization history and metal
fertility. Thus, we investigated the variations in contents of these
elements in titanite crystals. The abundances of Ga, Sr, Cu, and
Mo in titanite from the four selected granite plutons show no
correlation. The highest Ga content is detected in titanite from
the TXWC pluton (59 ppm); medium Ga contents are observed
in titanite from the PL pluton (50 ppm) and the TCG pluton
(49 ppm); the lowest Ga content is found in titanite from the
CXWC pluton (39 ppm). The highest Sr content is detected in
titanite from the TCG pluton (77 ppm); medium Sr contents are
found in titanite from the PL pluton (63 ppm) and the TXWC
pluton (25 ppm); the lowest Sr content is observed in titanite
from the CXWC pluton (12 ppm). The contents of Cu in titanite
from the different plutons rarely exceed 1 ppm. The contents
of Mo in the titanite crystals are much higher. The highest Mo
content is detected in titanite from the CXWC pluton (104 ppm);
medium Mo contents in titanite are observed in titanite from the
TCG pluton (69 ppm) and the PL pluton (60 ppm): the lowest
Mo content is found in titanite from the TXWC pluton (19 ppm).

The co-variation of the contents of REE, Y, Nb, Ta, Th, U,
Ga, and Sr between whole rocks and titanite crystals can be seen
in Figure 6. The factors controlling these co-variations will be
discussed below.
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FIGURE 6. The geochemical behavior of St, U, Th, Y, REE, Nb, and
Ta between titanite and whole rock. The average contents of whole rocks
were used to represent the magmatic composition, avoiding the possible
effect from the cumulate of minerals.

Trace elements in zircon

The contents of trace elements in zircon crystals have
been shown in Table 1. High Th/U ratios (>0.1) suggest the
selected zircon crystals are igneous. The Ce and Ti contents
in zircon from the CXWC, TCG, PL, and TXWC plutons are
36.6 , 41.5, 30.4, 70.9 ppm and 4.30, 3.76, 4.85, 4.29 ppm,
respectively. We calculated the magmatic oxygen fugacity and
temperatures using the method proposed by Trail et al. (2012)
and Ferry and Watson (2007). The result (Table 1) shows
that the parental magmas of these four plutons have a similar
temperature (720-742 °C). The parental magmas of the PL,
TXWC, and TCG plutons have higher log (fo,) =—10.4,-11.0,
—13.3, respectively, than CXWC pluton with log (fo,) =—15.1.

DiSCUSSION
Origin of the analyzed titanite

The titanite crystals from these four plutons are interpreted
as igneous for the following reasons. First, in terms of chemical
compositions, the analyzed titanite crystals are clearly differ-
ent from metamorphic and hydrothermal titanite crystals. The
metamorphic and hydrothermal titanite crystals commonly have
extremely low Th/U ratios close to zero, plus flat chondrite-
normalized REE patterns or depletions in light REE relative to
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TABLE 1. The magmatic temperature and oxygen fugacity calculated by zircon compositions

Pluton CXWC TCG PL TXWC

Zircon n=19 St.dev. n=22 St.dev. n=21 St.dev n=13 St.dev.
Ti 430 272 3.76 0.86 485 1.62 4.29 1.61
La 0.14 0.19 0.14 0.15 0.06 0.10 0.10 0.09
Ce 36.6 32.69 41.5 8.8 30.4 7.1 79.0 38.0
Pr 0.31 0.32 0.13 0.05 0.09 0.08 0.20 0.18
Nd 3.86 4.38 1.73 0.43 1.48 0.97 3.29 3.05
Sm 6.16 5.72 3.66 0.90 333 1.44 6.35 4.81
Eu 1.49 1.75 1.96 045 1.48 0.61 246 1.76
Gd 28.8 21.66 19.9 4.4 19.1 6.5 339 21.0
Tb 9.59 6.50 7.05 1.62 6.62 1.95 11.37 6.22
Dy 113 70 84 19 81 22 139 69
Ho 424 239 325 6.8 31.8 8.0 56.2 254
Er 196 103 154 30 154 36 275 114
Tm 43.0 215 340 6.1 34.6 77 62.8 239
Yb 416 202 347 56 343 73 633 226
Lu 86.7 41.1 79.1 11.7 74.4 15.5 140.1 46.5
Hf 11823 1146 12708 724 11882 432 12367 713
U 1321 999 1026 185 426 106 1391 559
Th 657 516 476 142 406 198 1514 841
T(°C) 732 720 742 731

(Ce/Ce*)p 40.3 74.7 100.0 133.7

log(f,,) -15.1 -13.3 -11.0 -10.4

Notes: The formula of Ti-in-zircon thermometry is cited from Ferry and Watson (2007). ar, is selected to be 0.7 due to the absence of igneous rutile but presence
of igneous titanite in rocks. The formula of calculating magmatic oxygen fugacity is cited from Trail et al. (2012).

heavy REE (Aleinikoff et al. 2002; Chen et al. 2013; Papapav-
lou et al. 2017). The Al and Fe contents and Al/Fe ratios of the
analyzed titanite from the four selected granite plutons are all
similar to the values of typical igneous titanite in diorites and
granites worldwide, such as low Al (0.02—0.06 awful), high Fe
(0.03-0.06 awful) and low Al/Fe ratios (0.63—1.5) (Aleinikoff
et al. 2002). High total REE contents (2340-8170 ppm), high
HFSE contents such as Zr (174—463 ppm) and Nb (134-397
ppm) (Supplemental' Table 2), negative Eu anomalies, and
nearly flat heavy REE patterns for the analyzed titanite crystals
from the four selected granite plutons (Fig. 7) provide further
support for the magmatic origin, according to the genetic
analysis for titanite by some previous studies (Xie et al. 2010;
Gao et al. 2012; Jiang et al. 2016). Second, the interpretation
of magmatic origin for the analyzed titanite based on chemical
composition is consistent with textural observations. In all of
the samples used in this study, titanite occurs as intergrowths
with plagioclase, K-feldspar, hornblende, and quartz that are
not significantly altered (Fig. 8).

The analyzed titanite crystals can be further divided into
early and late phases during granite crystallization. Those in
the PL, TXWC, and TCG plutons, which mostly have euhedral,
elongated morphology, and yellowish color, are interpreted
to be early phases (Figs. 8d—8i). Those in the CXWC pluton,
which have anhedral morphology, contain apatite inclusions,
and occur in the interstitial assemblages, are interpreted to be
late phases (Figs. 8a—8c). Our interpretations for the analyzed
titanite crystals from the different plutons are consistent with
higher F contents in those from the CXCW pluton than those
from the other plutons. Previous studies have shown that F
is capable of forming a complex with Ti, which hinders the
removal of Ti from melts by incorporated into early crystal
phases and results in a large amount of residual Ti in melt
(Keppler 1993; Agangi et al. 2010). Thus the crystallization
of titanite that contains Ti as essential structural constituents,
as we see in the CXCW pluton, would be delayed due to the
F-rich system.

Controls on titanite compositional variations

The chemical formula of titanite is CaTi(SiO,)O. Without
any substitution for Ca, the ideal CaO content in titanite is 28.6
wt%. The contents of CaO in the analyzed titanite from the
four selected granite plutons are all substantially lower than the
ideal value, indicating significant substitution of Ca by other
elements. The negative correlation between CaO and REE in
titanite crystals (Fig. 5a) supports the reaction of

Ca* + Ti* = REE* + (Al,Fe*") @)
and is an important mechanism for Ca substitution (Franz and
Spear 1985; Bernau and Franz 1987; Vuorinen and Halenius
2005). However, no correlation between CaO and TiO, is shown
for titanite crystals from the CXWC pluton (Fig. 5b), implying
that Ca substitution by REE or Ti substitution by Al plus Fe in
these samples is more complicated than reaction 1.

Without any element substitution for Ti, the ideal TiO, content
in titanite is 40.13 wt%. The contents of TiO, in the analyzed
titanite from the four selected granite plutons (33-37 wt%) are
all significantly lower than the ideal value. The positive correla-
tion between CaO and TiO, (Fig. 5b) and negative correlation
between TiO, and (Al,O;+Fe,0;) (Fig. Sc) for the titanite crystals
from the TCG, PL, and TXWC plutons (Fig. 5b) indicates that
reaction 1 is an important mechanism for Ti substitution in these
samples. The observed negative correlation between TiO, and
(ALO5+Fe,05) (Fig. 5¢) and positive correlation between F and
(Al,O;+Fe,0;) (Fig. 5d) in the CXWC titanite crystals suggests
that the reaction of

Ti* + O* = (ALFe*") + (F,OH)" ?2)
is also significant for Ti substitution in these samples (Franz and
Spear 1985; Bernau and Franz 1987; Enami et al. 1993; Carswell
et al. 1996). However, the lack of correlation between CaO and
TiO, (Fig. 5b) implies that reaction 1 is not very important for Ti
substitution in these CXWC titanites probably due to this F-rich
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FIGURE 7. Chondrite-normalized REE patterns for titanite crystals from the selected plutons. Data are listed in Supplemental' Table 2. The

chondrite values are from Sun and McDonough (1989).

magma that favors reaction 2. In addition, the lack of correlation
between (Nb+Ta) and TiO, (Fig. Se) indicates that reaction of
2Ti*" = (Nb+Ta>") + (ALFe™) 3)
is negligible for Ti substitution in titanites (Franz and Spear 1985;
Bernau and Franz 1987; Enami et al. 1993; Carswell et al. 1996).
The contents of SiO, in the analyzed titanite from the four
selected granite plutons are ~30 wt%, which are only slightly
lower than the ideal value for titanite (30.65 wt%) if no element
substitution for Si occurs. The results show that element substitu-
tion for Si is indeed not important in the samples we analyzed.
Halogens (F and OH") in titanite occupy the underbonded O1
site, substituting O* via reaction 2 (Ribbe 1980; Oberti et al. 1991;
Enami et al. 1993; Markl and Piazolo 1999; Troitzsch and Ellis
2002). The concentrations of F in titanite crystals from the TCG,
PL, and TXWC plutons are relatively low as compared to that in
the titanite crystals from the CXWC pluton. This, together with the
lack of correlation between F and (A1,05+Fe,05) for this mineral
(Fig. 5d), indicates that such an exchange reaction is not important
for these plutons. In contrast, titanite crystals from the CXWC
pluton exhibit a positive correlation between F and (Al,0;+Fe,0;)
(Fig. 5d) and a negative correlation between F and TiO, (Fig. 51),
indicating that this reaction is important for this pluton.
Some trace elements in titanite occupy either the heptahedral
Ca site or the octahedral Ti site through isomorphous substitu-
tion. The former include Sr, REE, Y, Th, and U (Higgins and
Ribbe 1976; Deer et al. 1982), while the latter include Nb and
Ta (Bernau and Franz 1987; Cérny et al. 1995; Knoche et al.
1998; Cempirek et al. 2008; Lucassen et al. 2011). Without the
effects of subsolidus element exchange reactions, the contents
of the trace elements in titanite are mainly controlled by their

abundances in the parental magma and the titanite/magma
partition coefficients that are strongly influenced by magma
composition, oxygen fugacity, temperature, and total pressure
(Tiepolo et al. 2002; Prowatke and Klemme 2005, 2006; Anand
and Balakrishman 2011).

Based on their variations in titanite crystals and host rocks, the
selected trace elements can be divided into two groups. The first
group of elements, such as Sr and U, exhibit a positive correlation
between them as well as between titanite and the host rocks (Figs.
6a and 6b), implying that these elements behave similarly in the
various magmatic systems and that the whole-rock and magma
compositions are similar. The second group of elements, such as Y,
REE, Nb, Ta, and Th, do not show the positive correlation between
titanite and the host rocks (Figs. 6¢—6g). This could be due to dif-
ferent bulk partition coefficients for different magmatic systems
or simply because the whole-rock and magma compositions are
dramatically different. The dilemma of relatively high concentra-
tions of Th and REE in whole rocks but low concentrations of these
elements in titanite for the CXWC pluton (Figs. 6¢ and 6¢) can
be explained by the presence of allanite that crystallized before
titanite and consumed large amounts of REE and Th from magma
before titanite crystallization.

Magma differentiation and REE-Sr variations in titanite

The chondrite-normalized REE patterns of titanite crystals
from the four selected granite plutons are slightly different
(Fig. 7). Based on euhedral morphology, the titanite crystals
from the TCG, PL, and TXWC plutons were the early crystal-
lizing phases. When titanite crystallized, the melt compositions
were similar to the whole-rock compositions due to the lack of
magmatic differentiation. Thus titanite crystals crystallizing from
such melt could largely show the similar REE features with their
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FIGURE 8. The modes of occurrence of titanite in the rock samples from the selected plutons. Ab = albite; Ap = apatite; Bt = biotite; Chl =

chlorite; Hbl = hornblende; Pl = plagioclase; Qtz = quartz; Ttn = titanite.

host rocks. As a result, the higher (La/Sm)y, (La/Yb)y, (Sm/Yb)y,
and 0Eu are shown in titanite from the TCG pluton (0.76-2.2,
4.2-16.1,4.2-9.4, and 0.6-0.9, respectively) than that from the
PL (0.6-2.9, 2.8-11.1, 3.8-6.4, and 0.56-0.69, respectively)
and TXWC plutons (0.5-0.9, 1.1-3.3, 1.7-5.9, and 0.27-0.57,
respectively), which is consistent with the higher these values
in the TCG pluton than that in other plutons. Available experi-
mental data show that under the same conditions, the partition
coefficients for middle REE such as Sm between titanite and
magma are higher than those for light REE such as La and heavy
REE such as Yb (Green and Pearson 1986; Tiepolo et al. 2002;
Prowatke and Klemme 2005; Olin and Wolff 2012). Moreover,
we have calculated the REE partition coefficients of titanite/melt
through dividing the average content of each REE in titanite by

those in the whole rock, assumed that the REE contents of the
melt where titanite crystallized could be represented by those of
the whole rock. The calculational results (Tables 2a and 2b) also
show that MREE partition coefficients of titanite/melt are higher
than those of LREE and HREE. This explains the observation
that titanite crystals from these plutons have lower (La/Sm)y and
higher (Sm/YD)y than the host rocks.

The variation of Sr contents in titanite commonly reflects
magma compositional variation due to the crystallization of
Sr-rich minerals such as plagioclase (Icenhower and London
1996; White et al. 2003; White 2003; Ren 2004; Xu et al. 2015).
The abundances of Sr in titanite from the PL, TXWC, and TCG
plutons are highly variable (Fig. 9), which may have resulted
from different timing during the course of associated plagioclase
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TABLE 2a. The average contents of REE in titanites and whole rocks
TCG PL TXWC
Contentsin  St.dev. Contents St.dev.  Contentsin  St.dev. Contents St.dev.  Contentsin  St.dev. Contents St.dev.
whole rock (n=5) in titanite (n=20) wholerock (n=2) in titanite (n=19)  whole rock (n=4) intitanite  (n=17)
(ppm) (ppm) (ppm) (ppm) (ppm) (ppm)
La 68.3 3.52 1725 502 255 1.91 1835 459 35.0 6.13 1331 204
Ce 113 5.24 5905 1532 52.6 0.85 6037 1945 64.9 105 6029 710
Pr 11.1 0.44 868 212 6.29 0.06 918 371 6.88 1.03 1097 120
Nd 374 1.41 3851 930 27.2 1.34 4292 1992 26.2 3.57 5599 707
Sm 5.42 0.32 788 201 511 0.21 996 546 4.08 0.42 1473 218
Eu 1.47 0.1 178 40.38 1.09 0.02 167 83.4 0.88 0.07 180 65.1
Gd 3.93 0.35 602 157 3.94 0.12 758 428 2.99 0.32 1223 169
Tb 0.56 0.03 823 224 0.53 0.01 107 62.8 0.40 0.03 186 25.2
Dy 263 0.14 435 117 2.84 0.23 579 339 241 0.23 1092 137
Ho 0.48 0.03 77.0 19.5 0.52 0.01 104 59.3 0.48 0.03 214 27.3
Er 1.39 0.08 184 43.24 1.44 0.05 258 140 1.44 0.16 576 92.2
Tm 0.18 0.01 24.0 4.94 0.19 0.00 351 17.7 0.20 0.04 84.2 17.8
Yb 1.22 0.08 144 248 1.32 0.01 215 95.6 1.50 0.15 534 150
Lu 0.18 0.01 17.2 235 0.18 0.01 25.6 9.40 0.22 0.02 67.2 23.0

TABLE 2b. Calculational REE partition coefficients of titanite/melt

Calculational partition coefficients TCG PL TXWC
Kd La 25 72 38
Kd Ce 52 115 93
Kd Pr 79 146 159
Kd Nd 103 158 214
Kd Sm 145 195 361
Kd Eu 121 154 204
Kd Gd 153 193 410
Kd Tb 148 205 463
Kd Dy 166 204 454
Kd Ho 160 202 450
Kd Er 132 180 399
Kd Tm 136 185 432
Kd Yb 118 164 356
Kd Lu 95 146 309

Notes: The REE partition coefficients of titanite/melt can be estimated through
dividing the average contents of each REE in titanites by those of the whole rocks,
assuming that REE contents in the melt could be represented by whole-rock
REE contents. The results show that MREE partition coefficients of titanite/melt
are higher than those of LREE and HREE, which is consistent with the previous
findings (e.g., Green and Pearson 1986; Tiepolo et al. 2002; Prowatke and Klemme
2005; Olin and Wolff 2012).

crystallization. In contrast, the low Sr contents in titanite from the
CXWC pluton (Fig. 9) would imply the late-stage crystallization
of titanite occurred after the massive crystallization of plagio-
clase. The more restricted range of Sr contents in these titanite
crystals (Fig. 9) implies the crystallization of less plagioclase
during titanite crystallization.

The co-variation between Sr contents and other components
in titanite can be used to trace magmatic crystallization history.
For example, our results have shown that the ratios of (Sm/Yb)y
and (La/Yb)y decrease with the decrease of Sr contents in the
titanite crystals (Fig. 9). Available experimental data indicate
that under the same conditions the partition coefficients for
middle REE such as Sm between allanite or apatite and magma
are also higher than those for heavy REE such as Yb (Watson
and Green 1981; Ayers and Watson 1993; Gieré and Sorensen
2004). As a result, the removal of these phases and plagioclase
from melt will decrease (Sm/Yb)y and Sr contents in the frac-
tionated melt. Consequently, titanite crystals crystallizing from
the fractionated melt will also display the synchronous decrease
in (Sm/Yb)y ratios and Sr contents (Fig. 9b). Lower (Sm/Yb)y
ratios for titanite crystals from the CXWC pluton than those from
the other three plutons are consistent with the different timing
of titanite crystallization revealed by textural variations. Lower
(Sm/YDb)y ratios for titanite than the host rock samples from the

CXWC pluton can be explained by the presence of significant
amounts of early REE-rich minerals such as allanite and apatite.

Similarly, the (La/Yb)y variations in titanite crystals from the
CXWC pluton (Fig. 9a) may be ascribable to the crystallization
of allanite. Allanite as a very important carrier of La occurs in the
CXWC pluton. Crystallization of this mineral from magma will
decrease the (La/Yb)y ratio in the residual melt (Brooks et al. 1981;
Frei et al. 2003; Gieré and Sorensen 2004). Another process that
may decrease such ratio is the exsolution of Cl-rich fluid during
magma fractional crystallization because the partition coefficients
for light REE such as La are much higher than those for heavy
REE such as Yb (Haas et al. 1995; Mayanovic et al. 2009). The
relative significance of these two competing processes during the
evolution of the studied magmatic system is yet to be determined.
However, due to the lack of allanite in rock, the (La/Yb)y varia-
tions in titanite crystals from the TCG, PL, and TXWC plutons
are more likely to be restricted by the second process.

Variation of Ga abundance, 6Ce, and Fe,0/Al,0; in
titanite with oxidation state

Fe,05/Al,0;, 8Eu, 0Ce, and Ga contents in titanite are sensitive
to the oxidation state of the parental magma for titanite (King et
al. 2013; Xu et al. 2015). Eu*, Ce**, Ga**, and Fe*" are favored
by titanite because Eu** and Ce** can occupy the heptahedral Ca
site while Ga** and Fe** can occupy the octahedral Ti site (Frost
et al. 2000; Tiepolo et al. 2002; King et al. 2013; Xu et al. 2015).
The increased oxygen fugacity increases Eu’*, Ce**, Ga*', and
Fe** at the expense of Eu?', Ce*", Ga?*, and Fe* in magma, which
facilitates the incorporation of more Eu, Ga, and Fe, but less Ce
into titanite. As a result, titanite crystallizing from more oxidized
magma will have higher Ga content, dEu, and Fe,0,/Al,0; but
lower 8Ce than that crystallizing from more reduced magma if
everything else in the magma remains the same. However, the
decrease of OEu in titanite can also result from plagioclase crystal-
lization from magma (Ballard et al. 2002; Bi et al. 2002; Buick et
al. 2007; Xu et al. 2015). Thus, co-variation of two multi-variance
elements is a better indicator of the change of oxidation state.

OEu and dCe in titanite crystals from the TXWC pluton are
negatively correlated (Fig. 10a). The co-variation of these two
indexes that are sensitive to the oxidation state indicates that oxi-
dation state was a major control on the concentration variations
of these elements. In contrast, titanite crystals from the TCG, PL,
and CXWC plutons do not display such a correlation, indicating
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FIGURE 10. Plots of dEu vs. 8Ce (a), Ga vs. dCe (b), and Ga vs. (Fe,05/Al,0;) (¢) for titanite crystals from the selected plutons.

that other factors such as fractional crystallization may play a role
on the variation of these two indexes. Thus the relative magmatic
oxygen fugacity of these four plutons cannot be determined by
OEu and dCe in titanite crystals. As shown in Figure 10b, dCe and
the contents of Ga in titanite crystals from the CXWC and TCG
plutons show a negative correlation. Such co-variations, together

with higher Ga contents and lower 0Ce in titanite crystals from
TCG plutons than that from CXWC pluton support the premise that
the parental magma for the TCG pluton is more oxidized than that
for the CXWC pluton. Moreover, a positive correlation between
Ga contents and Fe,05/AlL,0; ratios in the titanite crystals from
the same two plutons can be observed (Fig. 10c). This, together
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with the more variable of contents of Ga and Fe,0,/Al,0; ratios
reveals the higher oxygen fugacity in the parental magma for the
TCG pluton as well.

To verify above findings, we calculated the magmatic oxygen
fugacity by zircon Ce data. The result shows that the parental
magma of the TCG pluton characterized by log(fo,) =—13.3 is more
oxidized than that of the CXWC pluton characterized by log(/o,)
=—15.1 under similar temperatures (720-732 °C) (Table 1). The
consistent variations of log(fo,) with titanite Ga contents (Fig. 11a)
and Fe,0,/Al1,0; ratios (Fig. 11b) further support the conclusion.
The difference in magmatic oxidation state between these two
intracontinental granites is probably attributable to the magma
source of the TCG pluton modified by the subduction-related
fluids (Meng 2014).

Mo in titanite as an indicator of metal fertility for granites

In porphyry Cu and Mo deposits, due to the stock work and
disseminated style of mineralization, whole-rock samples may be
mixed with the hydrothermal molybdenite and chalcopyrite, which
inevitably causes the overestimation of Mo and Cu contents in the
parental magma using whole rocks. Thus the metal contents in
minerals instead of that in whole rocks could be a better indicator
for the variation of such metal contents in the parental magmas
as long as the distribution coefficients for the metals of interest
are relatively high. However, low distribution coefficients would
make the metal contents in titanite insensitive to the content varia-
tions of these metal elements in magmas. For example, our data
show that the contents of Cu are very low in titanite from all of
the four selected granite plutons. Titanite crystals from the Cu-
mineralized PL pluton do not have higher Cu contents (0.60-0.84
ppm) than those from the other plutons that are not Cu-mineralized
(0.58-0.86 ppm). In contrast, titanite crystals have relatively higher
Mo contents. Mo contents in titanite can be strictly controlled by
the crystallization of molybdenite from magma, but molybdenite

1429

is considered a very uncommon magmatic phase with the occur-
rence reported in few plutons such as the peralkaline rhyolites
from Pantelleria, Italy (Lowenstern et al. 1993; Lerchbaumer and
Audétat 2013). Although there are other magmas could saturate
in molybdenite, we may not see it preserved because magmas
oxidize a bit upon decompression and eruption due to degassing
of H, (Mercer et al. 2015).

Audétat et al. (2011) counted the chemical compositions of
several molybdenite-saturated plutons worldwide to identify the
region of molybdenite-saturated plutons in the tectonic discrimina-
tion diagrams of Pearce et al. (1984). Their results showed that the
molybdenite is most likely to crystallize directly from relatively
reduced magmas (mostly around QFM buffer) (Fig. 12) in the
within-plate setting such as a continental rift (Fig. 13). According
to the characteristics of trace elements (Rb, Nb, Y) in whole rock,
the PL and TXWC plutons are considered to be subduction-related
I-type granites (Fig. 13). Some samples of the TCG pluton show
the compositional similarity to subduction-related granites, which
is probably ascribable to its magma source influenced by pre-
existing subduction-related material (Meng 2014). The CXWC
pluton has been proved to be highly fractionated I-type granite.
Thus some samples show the similar chemical characteristics to
A- and S-type granite due to highly magmatic evolution (Fig. 13)
(Wang et al. 2014b). Generally, samples from the PL, TXWC,
and TCG plutons all deviate from the region of the molybdenite-
saturated plutons in the tectonic discrimination diagrams of Pearce
et al. (1984) proposed by Audétat et al. (2011). The estimated
oxidation states of these magmatic systems are above the NNO
buffer (Fig. 12a), indicating that molybdenite could not have
crystallized directly from the parental magma for these plutons
regardless of Mo concentration. Some samples from the CXWC
pluton plot in the molybdenite-saturated region (Figs. 12 and 13).
However, the parental magma of this pluton is too oxidized (esti-
mated to be around the NNO buffer, Fig. 12a) for molybdenite to
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FIGURE 11. Plots of log(fo,) vs. titanite Ga contents (a) and Fe,05/AL,0; (b). The values of log(f,,) were calculated from zircon data listed in Table 1.
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Js, fixed at the value corresponding to the pyrrhotite-magnetite-fayalite assemblage (Audétat et al. 2011).
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shaded fields show MoS,-saturated and -undersaturated felsic melt inclusions from around the world (Audétat et al. 2011).

crystallize directly from such a magma (Audétat et al. 2011). These
authors have shown that under fs, at the value corresponding to
the assemblage pyrrhotite-magnetite-fayalite, the concentrations
of 100-1000 ppm Mo in magma are needed for molybdenite to
crystallize directly from the magma (Fig. 12b). These values are
2-3 orders of magnitude higher than the whole-rock Mo contents
of the CXWC pluton (<10 ppm).

Titanite crystals from the TCG and PL plutons have similar
Mo content (Fig. 14a), but the TCG pluton occurs with much
more significant Mo mineralization than does the PL pluton.
This discrepancy is discussed in the following section. Although
economic-Mo mineralization all occurs in the TCG and CXWC
plutons, higher Mo contents in titanite crystals from the CXWC

pluton than those from the TCG pluton may have in part resulted
from different oxidation states. Mo has two common valences,
Mo*" and Mo®". Mo is more prone than Mo® to enter titanite
through the following substitution reaction:

2Ti* = Mo + (ALFe™). “
The negative correlation between Mo and TiO, for the samples
(Fig. 14a) may have resulted from such an exchange reaction. This
reaction can proceed more easily in a more-reduced magmatic
system such as that of the CXWC pluton. As described above,
the magma of the TCG pluton was more oxidized than that of the
CXWC pluton. Another possible effect is the concentration of
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Mo in magma. Mo is an incompatible element during the crystal-
lization of major minerals from felsic magma and may progres-
sively become more enriched in residual magma as crystallization
proceeds. But Mo in the titanite crystals from the CXWC pluton
does not show this incompatible behavior with progressive crystal-
lization (increasing Mo with decreasing Sr) (Fig. 14b), implying
that Mo was not enriched in the residual melt.

Generally, in view of the difficulty of direct crystallization of
molybdenite from the felsic magmas, titanite Mo contents thus
would be a potential indicator for Mo fertile of different magmas
if there is no significant difference in magmatic oxidation states.

Titanite as a metallogenic indicator for Mo deposits

Although the transference of metals from magma to an ore
deposit is a complex process, the popular hypothesis is that the
metal-rich magmas are in favor of magma-related mineralization
(Candela 1992; Richards 2015). However, it is still controversial
that whether the mineralized-magmas must be extremely enriched
with metal elements (Lerchbaumer and Audétat 2013; Zhang and
Audétat 2016). The results from our study indicate that unusually
high concentration of Mo in magmas is not very relevant to Mo
mineralization, at least for the parental magmas of plutons that
we have investigated. For example, titanite crystals from the Mo-
economic TCG pluton (porphyry type) and the Mo-subeconomic
PL pluton (porphyry type, Cu-dominant) have similar Mo contents
(Fig. 14a). Considering more-reduced parental magma for the TCG
(Fig. 12a), the Mo content in the parental magma for the TCG
pluton could be in fact even lower than that in the parental magma
for the PL pluton. Combined with slightly different whole-rock
Mo contents between these two plutons, the Mo abundances in
the parental magmas for these two plutons with different degrees
of porphyry-style Mo mineralization may not be significantly
different.

As mentioned above, feldspar crystallization in felsic magma
can cause depletion of Sr in the residual melt, thereby produc-
ing Sr-depleted titanite crystallizing from such a melt. Thus if
the oxidation state did not drastically change, the increasing Mo
contents with decreasing Sr contents in titanite crystals from the
TCG pluton (with porphyry Mo mineralization) could reflect the
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FIGURE 14. Plots of TiO, vs. Mo (a) and Sr vs. Mo (b) for titanite
crystals from the selected plutons.

Mo enrichment in this residual melt. However, such a trend is not
present in titanite crystals from the CXWC pluton (with Qz-vein
type Mo mineralization) (Fig. 14b), implying that Mo enrichment
in the residual melt by feldspar fractionation is not a prerequisite
for Mo mineralization, at least not for the Qz-vein type mineral-
ization. In addition, although the control mechanism has not been
identified, a drastic variation of Mo contents (101-154 ppm) within
a limited range of Sr contents (9.62—12.63 ppm) that is observed
in some CXWC titanite crystals from the biotite granite zone (Fig.
14b) may imply the possible heterogeneity of Mo distribution in
this F-rich magma or one kind of non-equilibrium incorporation
of Mo into the titanite occurring in such a magma system.

Our results are generally consistent with the previous findings
from Lerchbaumer and Audétat (2013). These authors studied melt
inclusions from three sub-economically Mo-mineralized granites
in the U.S.A. and Norway that all record a clear trend of increasing
Mo concentrations with increasing degree of melt differentiation.
Moreover, by comparing Mo/Cs ratios of melt inclusion from the
intrusions related to the porphyry Mo and Cu deposits and barren
intrusions, they found that most subduction-related magmas have
lower Mo/Cs ratios than within-plate magmas, but that within
these two groups, there are no systematic differences between
barren and productive intrusions. Based on these findings, they
suggested that the mineralization potential of Mo is not primarily
controlled by the contents of Mo in the melts, but instead by other
factors such as size of the magma chamber and the efficiency of
residual melt and fluid extraction from the magma chamber and
their focusing into a small apophysis at its top. They also suggested
that the formation of crystal-poor melts at the top of the magma
chamber and the development of convection cells are essential for
Mo granite-related mineralization. However, due to high viscos-
ity of felsic magma with high SiO, contents, these two processes
may be hindered. Therefore, the volatile components (F, Cl, H,0)
that lead to the decrease in magmatic viscosity and facilitate the
melt extraction from the crystal mush are very important for Mo
mineralization (e.g., Mercer et al. 2015). Among these volatile
components, F could be more efficient because previous studies
have shown that, compared to Cl and H,O, F tends to be a residue
in magma (Candela 1986; Warner et al. 1998). In addition, F con-
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FIGURE 15. Variations of Fe,03/Al,0; and Mo-F in titanite from
Mo-mineralized and non-mineralized granitic plutons.

centrations in the residual melt could be effective for enhancing the
solubility of H,O and Cl in the melt, which causes further decrease
of magmatic viscosity (Webster and Holloway 1990; Holtz et al.
1993). As aresult, it follows that F-rich felsic magmas may create
the relatively high potential for Mo mineralization (e.g., Gunow et
al. 1980; Webb et al. 1992), especially in the within-plated mag-
mas that generally lack H,0O and Cl compared to the arc magmas.

The significance of high F concentrations in felsic magmas
to facilitate Mo mineralization is also evident from this study,
although the detailed mechanisms are still unclear. We have found
that titanite crystals from the two Mo-mineralized granite plutons
(CXWC and TCG) are all F rich. Overall, those from the CXWC
pluton tend to have higher F contents than those from the TCG
pluton. Considering the loss of F during late-stage magmatic de-
gassing (Wallace et al. 2015), the whole-rock samples cannot fully
record the F characteristics of the magma. Thus in the absence of
melt inclusion data, the variation of F in titanite may be used to
assist in the exploration of Mo ore deposits. In light of the fact that
high Mo abundances in melts are not the only requirements to form
granite-related Mo deposits, relying solely on Mo concentration in
titanite is far from enough to be a predictor of economic Mo min-
eralization. Other factors such as magmatic volatile components
especially F and oxidation state also revealed by titanite chemistry
are indispensable. For example, our data show that titanite crystals
from the Mo-mineralized and non-mineralized rocks we have
studied are different in the index system consisting of titanite F
and Mo contents, and Fe,05/AL,0; ratios (Fig. 15). We show that
the granites containing titanite crystals with the average contents
of Mo (>50 ppm), F contents (>0.30 wt%), and Fe,05/Al,O; ratios
(<1.5) have a high potential for economic Mo mineralization.
However, more data are still needed to evaluate the effectiveness
of such an exploration tool in future work.
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CONCLUDING REMARKS AND IMPLICATIONS

The results from this study confirm that titanite is a good
petrogenetic and metallogenic indicator. The Ga abundance and
some element ratios such as 0Eu, dCe, and Fe,04/Al,0; in titanite
are good indicators for the oxidation state of the parental magma.
The concentrations of Mo, Sr, REE, and F in titanite mainly reflect
magma compositions and crystallization history. Specifically,
titanite crystals from several plutons with different extents of Mo
mineralization have similar Mo contents and do not always exhibit
anegative correlation between Mo and Sr abundances (indicating
continuous enrichment of Mo in residual melt due to fractional
crystallization). The results from this study are consistent with
the previous findings that high initial Mo contents in the parental
magma and its residual enrichment by fractional crystallization
are not the only requirements to form a granite-related Mo ore
deposit (Lerchbaumer and Audétat 2013). As suggested by these
authors, other processes such as efficient separation of residual
melt and associated fluid extraction, possibly facilitated by high
F content in the magma, are also important. The significance
of high F concentration in magma to facilitate Mo mineraliza-
tion is indicated by the presence of F-rich titanite crystals in the
two Mo-mineralized granite plutons (CXWC and TCG) that are
included in this study. In view of above findings, we believe that
a future attempt to use titanite Mo concentrations as a predictor
for economic Mo deposits is inadequate to rely on but combined
with other crucial factors such as magmatic volatile components
and oxidation state revealed by titanite F contents and Fe,03/AL, 04
ratios. Such an approach to evaluating the metallogenic potential
of granites is reasonable.

Our study provides a successful example illustrating the advan-
tages of using titanite compositions to track some magma physical
and chemical properties such as magmatic crystallizing history,
oxidation state, and ore potential that the whole-rock composition
cannot effectively reveal. Clearly, titanite chemistry has many
advantages over whole-rock chemistry in the study of the genetic
relationship between magma evolution and metallogeny. There is
no doubt that titanite in situ composition as a better petrogenetic
and metallogenic indicator than whole-rock composition has great
application potential in petrology and petrogeochemistry.
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