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Magmatic volatiles (H,0, F, Cl), especially water, are critical in the formation of porphyry copper deposit,
for its significance as a carrier for metals. However, accurately quantifying the water contents of deep
ore-forming magma remain a challenge. Here, we used apatite and forward modelling methods to recon-
struct magmatic water evolution histories, with special concern on the control of initial magmatic H,O
contents and water saturation threshold to porphyry mineralization. Samples investigated include gran-
itoid rocks and apatite from highly copper-mineralized and barren localities. Generally, our research sug-
gested that both ore-related and ore-barren magma systems are hydrous, the modeled magmatic water
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contents vary significantly among systems whether mineralized or not, and the major difference lies in
the threshold of water saturation (6.0 wt.% for barren, and up to 10.0 wt.% for highly mineralized).
Combined with whole rock geochemistry data (high K,O and Sr/Y contents) and modeling result (high
modeled water thresholds), we think the ore-related magmas are stored at deeper depth with higher
water solubility. In conclusion, we propose that the level of magmatic water saturation plays a crucial
role in the formation of porphyry copper systems. Fertile magma has higher water solubility to which
deeper storage depth is a critical contributing factor, and can get significantly water enriched upon

saturation.

© 2024 China University of Geosciences (Beijing) and Peking University. Published by Elsevier B.V. on
behalf of China University of Geosciences (Beijing). This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Water plays an essential role in porphyry copper mineralization
(Richards, 2011a; Wang et al., 2014b; Chiaradia, 2020). It acts as a
carrier of critical ore-forming components such as copper (Cu), sul-
fur (S), and chlorine (Cl) (Williams-Jones and Migdisov, 2014). The
content of water available in ore-forming magma can be decisive
to the eventual metal endowment of porphyry deposits
(Richards, 2011b; Chiaradia and Caricchi, 2017). While a “water-
rich” condition has been suggested to favor the formation of por-
phyry copper deposits (Richards, 2011a; Wang et al., 2014a;
Chiaradia, 2020), the specific water content required for economic
metal endowment remains poorly understood.
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Previous researchers have provided qualitative constraints on the
water content, based on abundant early amphibole fractionation
during differentiation in the mid to deep crust (up to 40 km;
Ridolfi et al., 2010) and late-stage plagioclase crystallization at or
near volatile saturation in the upper crust, which will resultin an ele-
vated Sr/Y ratio (Loucks, 2014). Their studies indicated that the
hydrous porphyry ore-forming magmas have a water content above
3.5-4.0 wt.% (Miintener et al., 2001; Richards et al., 2012; Wang
et al., 2014a). Lu et al. (2015) proposed that ore-forming magmas
have the minimum water content of 10-12 wt.% in southern Tibet.
Chiaradia (2020) using systematic modeling proposed that that a
water content range of 2 wt.% to 6 wt.% in arc magmas is most con-
ducive to mineralization. Excessively high or low magma water con-
tents are unfavorable for the formation of ore deposits (Chiaradia,
2020). Recent studies indicated that the wetness of ore-forming
magma is correlated with its mineralization potential (Huang
etal.,2023a,b). However, these studies do not provide a quantitative
way to constrain the initial and saturated water thresholds.
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Quantifying the water content of ore-forming magma, whether
in its initial or saturation stages, is a challenging task due to the
complexity of ore-forming systems. One of the challenges lies in
determining the depth at which the ore-forming magma reaches
water saturation. Some studies propose the existence of a large
magma chamber at depths of 5-15 km, which branches into smal-
ler plutons at shallow depths of 3-5 km where water saturation
occurs (Sillitoe, 2010). On the other hand, other studies suggest
that the magma chamber becomes water-saturated at depths
greater than 5 km and is emplaced through tectonic uplifting and
subaerial erosion (Wang et al., 2024). Therefore, questions remain
about the timing of water saturation and how much water is
needed to improve the chances of forming a mineralizing system.

To address this issue, we have focused our investigation on a
series of porphyry deposits and associated barren granitoids in
the Gangdese belt, located in southern Tibet. According to prior
studies, some large scale deposits are suggested to contain remark-
able amounts of water (>4.5 wt.%, up to 10 wt.% based on whole
rock geochemistry and granitic hygrometer; Wang et al., 2014a,
b; Lu et al, 2015) Amphibole-dominated fractionation and
shovel-like REE distribution patterns of Miocene high Sr/Y grani-
toids of in the Gangdese belt (Wang et al.,, 2014a; Yang et al,,
2015) all reinforced this viewpoint.

Instead of using whole rock geochemical and crystallization
characteristics for estimating water content information, we
choose apatite, an accessory mineral with wide stability and cap-
able of recording the volatile contents in magma (Piccoli and
Candela, 2002; Webster and Piccoli, 2015), as the tracer of the evo-
lution of magmatic water (Li and Costa, 2020; Humphreys et al.,
2021). We selected a set of apatite inclusions in zircons which
are less susceptible to alteration processes and have the potential
to record historical information of magma (Brenan, 1993;
Kendall-Langley et al., 2021). We then use forward simulation
based on the MATLAB of Humphreys et al. (2021) to match the nat-
ural apatite data and thus better deduce the evolution trajectories
of magmatic water and other volatiles. All efforts are aimed to
address the problem of how initial and saturated water content
plays the role in controlling copper endowment.

2. Geological settings

The Himalayan-Tibetan plateau, resulting from Indian-Asian
continental collision, is composed of four blocks from south to
north: the Himalayas, Lhasa, Qiangtang blocks, and the Songpan-
Ganze complex, separated by the Indus-Yarlung Zangbo,
Bangong-Nujiang and Jinshajiang sutures, respectively (Fig. 1; Yin
and Harrison, 2000; Zhu et al., 2013). Within the Lhasa block, there
are three subterranes: the northern, middle, and southern Lhasa
subterranes. These subterranes are delineated by two prominent
geological features, namely the Shiquanhe River-Nam Tso Mélange
zone and the Luobadui-Milashan fault (Fig. 1; Zhu et al., 2011,
2013).

The Gangdese magmatic belt is located in southern Tibet within
the Lhasa Block. The northward subduction of the Neo-Tethyan
oceanic lithosphere underneath the southern margin of the Lhasa
Block produced multi-stage Mesozoic-Cenozoic magmatism along
the whole Gangdese belt (Ji et al., 2009). The magmatism of the
Gangdese belt is episodic (Zhu et al., 2017), and can be subdivided
into five stages (Zhu et al., 2011, 2019). The magmatism of the
Indian-Asian post-collision stage is characterized by the emplace-
ment of Miocene high-Sr/Y granitoids (dominating in the east
Gangdese belt) and potassic-ultrapotassic (trachytic) volcanic
rocks (dominating in the west Gangdese belt)(Wang et al., 2018).

There are three main episodes of porphyry mineralization in the
Gangdese belt: Jurassic, Paleocene-Eocene, and Miocene. The most
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notable mineralization episode is Miocene, including two giant
porphyry deposits (Qulong, Jiama) and many intermediate-small
porphyry deposits (i.e., Zhunuo, Bangpu, Chongjiang, and Jiru;
Yang and Cooke, 2019). These Miocene porphyry deposits are all
associated with high-Sr/Y granitoid magmas, which are thought
to be oxidized (AFMQ = +0.8 to +2.9) and water-rich (>4 wt.%,
up to 10 wt.%; Wang et al., 2014a, b; Lu et al,, 2015). Miocene
ore-barren adakitic rocks crop out as small volume porphyritic
intrusions in the Gangdese belt, (e.g., Kangmagie, Bangba, Mayum
and Yare; Yang et al., 2016).

3. Sampling

Zircon grains were manually picked after gravity and magnetic
separation, and polished. Euhedral to subhedral magmatic zircon
grains without zoning and extensive resorption texture were
selected from fresh magmatic rocks. Our zircon-hosted apatite
inclusion samples were collected from Miocene Rongmucuola plu-
ton in the Qulong deposit, granodiorite, and granodiorite porphyry
in the Jiama deposit, granodiorite in the Jiru deposit, and granite
porphyry in Kangmagie area. Representative BSE images of apatite
inclusions in zircon are shown in Fig. 1.

Apatite inclusions in zircon grains are commonly range from 4
to 15 pm and up to 30 pm in length (Fig. 2). The inclusions are
euhedral-subhedral and randomly orientated with respect to the
crystal growth structure of their host zircon. Apatite inclusions
were selected for analysis if they were not associated with cracks
or areas of turbid zoning in the host zircon crystal, following the
criteria of Bell et al. (2015). Intact magma zircon crystals with apa-
tite inclusions are ubiquitous in most of the ore-related samples,
except for the ore-barren suites (several apatite inclusions of Kang-
magqie (n = 3) were chosen for EPMA). A total of 61 apatite inclu-
sions were carefully selected from giant deposit (Qulong, Jiama),
small deposit (Jiru) and Kangmagie area.

In addition to newly acquired apatite data (see below), we also
compiled published major element data of the Miocene apatite
micro-phenocrysts of ore-related magmatic rocks from giant por-
phyry deposits (Qulong, Jiama) and intermediate to small porphyry
deposits (Zhunuo, Chongjiang, Bangpu, Jiru). Details of classified
samples are presented in Supplementary Material. We classify
these samples into four groups based on their conditions of miner-
alization: Qulong, Jiama, intermediate-small deposits, and ore-
barren suites. By compiling reported data of these categories, we
aim to statistically visualize the difference in evolution path of
these magmatic systems and try to use forward modeling to rein-
terpret the natural data.

4. Methods

Major and volatile element compositional analyses of apatites
were performed at the Nanjing Hongchuang Geological Exploration
Technology Service Co. Ltd using a JEOL JXA-iSP100 Electron Probe
Microanalyzer, designed by Japan Electronics Corporation. The
operating conditions for large apatite inclusions were 15 kV accel-
erating voltage, 20 nA working current, and 5 pm beam spot diam-
eters. For small apatite inclusions, the operating conditions were
15 kV accelerating voltage, 10 nA working current and 3 pm beam
spot diameters. The peak counting time was 10 s for F, Cl and 20 s
for S. All EPMA data were then corrected using the ZAF correction
method for the matrix effect. The standards were as the follows:
Durango Apatite (F, Ca, P), Tugtupite (Cl), Anhydrite (S), Orthoclase
(K), Albite (Na), Magnesium (Mg), and Jadeite (Si). In addition, apa-
tite grains were measured on the location perpendicular to their c-
axis to further avoid element mobility due to the beam impact
(e.g., Goldoff et al., 2012). Detection limits for volatile elements
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Fig. 1. Topographic-geological map of the Gangdese magmatic belt within the Lhasa Block. (A) Map indicating the tectonic framework of the Himalayan-Tibetan orogen with
topography and the major block boundaries. Abbreviations: 1YS, Indus-Yarlung suture; BNS, Bangong-Nujiang suture; JSS, Jinsha suture; QB, Qiantang block; LB, Lhasa block;
HB, Tethyan Himalaya. (B) Simplified geological map of the Lhasa Block (modified after Yang et al., 2016). Abbreviations: YRR, Yari rift; LGR, Lunggar rift; LKR, LopuKangri Rift;
TYR, Tangra Yum Co rift; PXR, Pumqu-Xianza rift; YGR, Yadong-Gulu rift; CR, Comei rift; SNMZ, Shiquan River-Nam Tso Mélange.
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Fig. 2. Back-scatter electron (BSE) images of magmatic apatite inclusions in zircon from granodiorite in Qulong deposit (a), granodiorite porphyry in Jiama deposit (b),
granodiorite in Jiru deposit (c), and diorite in Kangmagie (d).
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in apatite were typically ~120 ppm for Cl and ~500 ppm for F. The
test analysis accuracy of apatite for F and Cl is better than 5%.

5. Results

The results of the major and volatile element compositions of
apatite are provided in Supplementary Data Table 1. Our analysis
reveals that the apatite inclusions exhibit consistently high con-
centrations of CaO and P,0s. The CaO content ranges from
51.09 wt.% to 57.66 wt.%, while the P,05 content ranges from
38.89 wt.% to 43.95 wt.%. These compositions are indicative of typ-
ical magmatic calcium phosphate apatite (Piccoli and Candela,
2002).

To further characterize the apatite compositions, mole fractions
of apatite F, Cl, and OH (Xg, Xc, and Xon) were calculated following
the method described by Li and Costa (2020). The composition of
most apatite samples falls between the fluorapatite and hydroxya-
patite endmembers. The F content shows significant variation,
ranging from 1.86 wt.% to 3.67 wt.% (average = 2.79 wt.%), while
the Cl content exhibits less variability, ranging from 0.05 wt.% to
0.52 wt.% (average = 0.27 wt.%) (Fig. 3). Notably, there is a strong
covariation between Xoy and Xg, which can be attributed to the
very low and weakly variable X¢Xc. The Xoy values were calcu-
lated by assuming perfect stoichiometry and using the difference
method.

Apatite inclusions in zircon and apatites in the matrix exhibit
distinct trends in volatile compositions (Fig. 3). Specifically, the
apatite inclusions in the Qulong deposits show higher Cl content
(average = 0.63 wt.%, n = 17) and lower F content (average = 2.02
wt.%, n = 17) compared to the matrix apatites (average Cl = 0.28
wt.%; average F = 2.72 wt.%; n = 63) (Fig. 3b). Similarly, the apatite
inclusions from the Jiama deposit also have higher Cl content and
lower F content (average Cl = 0.34 wt.%; average F = 2.58 wt.%;
n = 10) compared to the matrix apatites (average Cl = 0.17 wt.%;
average F = 2.95 wt.%; n = 72). Furthermore, the apatite inclusions
from the Jiama deposit are spatially arranged along a continuous
line (Fig. 3c), which may represent a continuous volatile evolution
trajectory of the Jiama deposit.

For the group of intermediate-small deposits, apatite inclusions
are collected from the Jiru deposit, while matrix apatites are com-
piled from the Zhunuo, Chongjiang, Bangpu, and Jiru deposits. In
this group, the apatite inclusions have lower Cl (average = 0.18 w
t.%, n=12)and F (average = 2.27 wt.%, n = 12) contents. In contrast,
the Cl and F contents of the apatites in the matrix are 0.25 wt.% and
2.80 wt.% on average, respectively. Apatites from the ore-barren
suites have high Cl contents (average = 0.42 wt.%, n = 61) and mod-
erate F contents (average = 2.64 wt.%, n = 61). The zircon-hosted
apatite inclusions in the ore-barren suites are rare (n = 5) and have
average Cl and F contents of 0.27 wt.% and 2.39 wt.%, respectively.

By comparing the volatile compositions of zircon-hosted apatite
inclusions and matrix apatites, it is evident that the apatite inclu-
sions in zircon exhibit different volatile trends. This suggests their
potential as indicators for tracing the multi-stage changes and
characteristics of magmatic volatiles. In this study, a comprehen-
sive dataset of 167 sets of whole rock geochemical data was col-

Table 1
Initial parameters used for ‘target curve’.
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lected, encompassing Miocene ore-related and ore-barren
magmatic rocks from the Gangdese belt (Supplementary Data
Table 4). The collected samples represent a range of lithologies,
from monzonite to granite, as classified on the TAS diagram
(Fig. 4). The SiO, content of these samples ranges from 58.72 wt.
% to 78.75 wt.%, the CaO content ranges from 0.05 wt.% to
5.63 wt.%, and the K,0 content ranges from 1.42 wt.% to 9.51 wt.
%. Fig. 4c, d illustrate the variation trend of the whole rock Sr con-
tent throughout magma evolution. The ore-related granitic rocks
exhibit relatively high Sr contents, reaching up to 1100 ppm, and
display a sharp decrease in Sr content (Fig. 4c, d). In contrast, the
Sr content of the ore-barren rocks is relatively consistent, with sig-
nificant overlap with the ore-related rocks in the range of approx-
imately 500-900 ppm.

6. Forward modeling based on MATLAB program

Partition coefficients (D) are inappropriate to describe the dis-
tribution of water and other volatiles between apatite and melt
(Stock et al., 2018; Li and Costa, 2020; Humphreys et al., 2021)
because multiple volatile ligands (F, Cl and OH) occupy the anion
site of apatite. Therefore, the incorporation of any ligand from melt
into apatite requires an exchange reaction between the two
phases, as defined by the equilibrium constants as a function of
pressure and temperature (Li and Costa, 2020; Humphreys et al.,
2021). The calculation of K4 needs reliable temperature, and there-
fore, we compiled Ti-zircon temperature of giant deposits (Qulong
and Jiama deposit), intermediate-small deposits and ore-barren
samples (e.g., Yang et al, 2015; Wang et al., 2018; Sun et al,
2023a, b), which could reflect the crystallisation condition of apa-
tite inclusions in zircon. Schiller and Finger (2019) suggested that
the application of the Ti-zircon temperature in granitic rocks
requires further consideration and a constant temperature correc-
tion of + 70 °C for almost all S-type and many I-type granites could
be more reasonable. The adjusted Ti-zircon temperatures are then
used for modelling the bulk crystal-melt partition coefficients are
estimated on the basis of mineral assemblage from previous study
(e.g., Li and Hermann, 2017; Sun et al., 2018; Wang et al., 2018; Li
and Costa, 2020). Volatile-bearing minerals (e.g., amphibole, bio-
tite and apatite) are abundant as phenocrysts, their assemblages
are used to calculate bulk rock crystal-melt partition coefficient.

The forward modeling in this study is based on a MATLAB pro-
gram modified from Humphreys et al. (2021) and described by
Lormand et al. (2024). It was designed to reconstruct the evolution
of magmatic volatiles by describing the initial and boundary condi-
tions of magma using a series of parameters (for example, initial
melt H,0, Cl, F concentration, Tables 1 and 2). The program models
the volatile evolution of magma as a function of melt fraction (F),
considering the separation of a free volatile phase after water sat-
uration (saturation level of water is a preset parameter, equivalent
to depth of magma storage). The model calculates the composition
of apatite in equilibrium with the evolving melt, which can be
matched to the observed natural apatite dataset (Figs. 5 and 6).
The range of magmatic conditions are calculated using MATLAB
multi-start algorithm and sensitivity analysis are performed to

Type Dfluid-melt KoH-H20 H,0 saturation level
a F (we.%)
Qulong deposit 13 1.1 0.338 10
Jiama deposit 11 1.1 0.355 10
Intermediate-small deposits 19 1.5 0.330 7
Ore-barren suites 16 2.0 0.300 6
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Fig. 3. Ternary diagrams showing apatite volatile compositions of collected samples. Solid circles represent apatite inclusions in zircon that are from this study and hollow
circles represent apatite in matrix that are collected from other studies. Majority of apatite data are distributed along Xg-Xop line and mostly enriched in Xg (a). The diagrams
in the right panel are apatite data in separate systems from (b) Qulong giant deposit, (c) Jiama giant deposit, (d) intermediate-small deposits and (e) ore-barren suites.

identify alternative sets of initial parameters that similarly match
the modelled trend (Supplementary Data Fig. 1-4; Humphreys
et al,, 2021; Lormand et al., 2024). More details to the description
of the model are displayed in Methods and in Humphreys et al.
(2021) and Lormand et al. (2024). The advantage of such forward
modeling is that it uses all relevant apatite data to find the best-
fit magmatic condition, which avoids the ambiguity in interpreting
single apatite volatile data points.

Since the apatite of similar affinity (Qulong, Jiama, other depos-
its, or barren) can be from diverse magma systems at diverse
stages of evolution, nearly all parameters used for the modeled
magmatic conditions come with a range to reproduce the natural
situation (Tables 1 and 2). Through modeling the apatite data in
Xe/Xou VS. Xai/Xon and Xg/Xc vs. Xa/Xou spaces (Figs. 5 and 6), the
volatile evolution path of magma is visualized: before the magma
reaches water saturation, variation in magma volatile contents is
dominantly controlled by fractional crystallization and described
by bulk crystal-melt partition coefficient (D). The DS of
F, Cl and H,0 is correlated with the incompatibility of each element,
and the incompatibilities of F, Cl and H,O follow the order of
Cl > OH > F (Chambefort et al., 2013; Van den Bleeken and Koga,
2015; Li and Hermann, 2017).

Therefore, as a hydrous, H,O-undersaturated magma evolves,
Xca/Xon in apatite increases, Xg/Xc and Xg/OH decrease. In this
model, as the magma reaches water saturation, the partition coef-
ficients between fluid and melt (DY) also start to affect volatile

concentrations. Since there is major difference between fluorine and
chlorine in DY%.e (DI™ = 8-25; DI™ = 0.5-1.5; Signorelli and
Carroll, 2000; Balcone-Boissard et al., 2009; Iveson et al., 2017), chlo-
rine is strongly extracted by exsolved fluid phase, while only a small
amount of fluorine fractionates into the fluid. This drives a sharp
decrease in Xc/Xon and slight decrease of Xg/Xoy of apatite. Similarly,
the Xg/Xc) ratio starts to increase after fluid saturation (Figs. 5 and 6).
Notably, the evolution paths of all systems show similar general
trend, which suggests that the magmas are hydrous and initially
H,0-undersaturated (Figs. 5 and 6), the differences lie in values of
parameters used in modeling each system (Table 1).

7. Discussion

7.1. ‘Target curve’ and possible range of magmatic volatile
compositions

We use forward MATLAB program modeling from Humphreys
etal. (2021) and Lormand et al. (2024) to reconstruct the magmatic
volatiles evolution of porphyry deposit magma system. As dis-
cussed in the modeling result, we build the ‘target curve’ to fit nat-
ural apatite inclusions in zircon (Figs. 5 and 6) and explore possible
volatile composition. The parameter used for ‘target curve’ are
listed in Table 1. As discussed above, before and after magma reach
water saturation, apatite X /Xoy and Xg/Xoy display different
trends (Stock et al., 2018; Humphreys et al., 2021; Popa et al.,
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Table 2
Range of volatile contents and water saturation level.

Type Initial melt volatile concentrations H,0 saturation level
H,0 (wt.%) Cl (wt.%) F (wt.%) H,0 (wt.%)
Qulong 5.5-8.5 0.06-0.12 0.03-0.13 ~9.5-11.5
Jiama 5.5-7.1 0.05-0.15 0.12-0.15 ~9-11
Intermediate-small deposits 5.5-6.7 0.05-0.15 0.12-0.15 ~6-8
Ore-barren suites 4.3-4.7 0.09-0.12 0.08-0.12 ~5-7

2021). Therefore, we can use Xuaiogen/Xon as an indicator of the
stage of volatile evolution. We can tell that porphyry deposit
magma system was initially water-undersaturated and became
water-saturated during fractionation (Figs. 5 and 6). However, we
must point out that although the numerical simulation considers
the complexity of magmatic processes, the collected apatite data
can rarely reflect the volatile unsaturated stage of porphyry
deposit magma system, so our constrain on volatile unsaturated
stage maybe not so robust. Considering the statistical errors, we
use multi-start regression analysis to help exploring possible range
of magma volatile composition. And our research mainly focuses
on the saturated water content of different ore-related/ore-
barren magma system.

7.2. Different magmatic water conditions between ore-related and
ore-barren magmas

Previous studies have demonstrated that ore-forming magmas
are hydrous (H,0 > 4 wt.%). Accumulated magmatic water changes
the crystallization sequence of igneous minerals and leads to early

and prolific production of amphibole and causes the early increase
of Sr content. We have systematically compiled 167 sets of whole
rock geochemical data for this study (Fig. 4), covering Miocene ore-
related and ore-barren magmatic rocks from the Gangdese belt.
The early stage increases of Sr contents (Fig. 4c,d) indicated the
lack of notable plagioclase crystalization and early formation of
amphibole which means qualitatively that both ore-related and
ore-barren magma are hydrous (Richards, 2011a; Wang et al,,
2014a; Yang et al., 2015), we can hardly tell their volatile differ-
ences using whole rock data. Then a question arose: how to quan-
titatively tell the differences between ore-barren and ore-related
magma. To solve this question, we use apatite and numerical
model to compare their hydrous features.

As Figs. 5 and 6 show, we have quantitatively modelled the
observed apatite volatile trends of giant deposit (Qulong and Jiama
deposit), intermediate-small deposits and ore-barren suites from
Gangdese belt. For each unit, we visually defined a target curve
to reproduce the compositions of the zircon-hosted apatite inclu-
sions. This target curve is generated by adjusting pre-defined initial
volatile contents (H,O, Cl, and F), bulk crystal-melt partition coef-



Y. Sun, Q. Zhou, R. Wang et al.

1.0

a
0.9 Qulong deposit

0.8
0.7

0.6

‘Target curve’
. 0.5

XofXon

0.4

0.3

i

N iy //‘%\

0.1

0 25 5.0 7.5 10 125 15 17.5 20

1.0 [ I I

Jiama deposit m

L Magma evolution |
0.6 4——

0.5

XC\/XOH

‘Target curve’

04 =
03 [ 7]
02 [ N
® cb.
01 [ oo °° .
o !
0 25 5.0 75 10 125 15

XX

Geoscience Frontiers 16 (2025) 101962

1.0
b
0.9 lg RMSE
-0.6
0.8 0.7
0.7 0.8
-0.9
0.6
T -1.0
><O
;a 0.5 1.2
04 -1.3
0.3
0.2
0.1
0
0 10 20 30 40 50 60 70 80
XX,
1.0 I I I [ [
d
09 lg RMSE —
-0.6
08 -0.7 ]
-0.8
0.7 [ ]
-0.9
CI) - —
x 0.6 -1.0
O o
N | 1.2 B
0.5
-1.3
04 —
03 [
(e}
02 [
01 [~
0

0O 10 20 30 40 50 60 70 80
XF/XCI

Fig. 5. Modeling of giant porphyry copper deposits (Qulong, a and b; Jiama, c and d). Apatite volatile compositions (small black circles) plotted as Xc¢i/Xon Vs Xg/Xon (left) and
Xci/Xon Vs Xg/Xc (right) and the target curve (black) and alternative successful runs (colored lines). The inset bar shows the scale of root mean square error (log(RMSE)) of
modelled lines relative to the target curve. The target curve is defined using the zircon-hosted apatite inclusions, and multistart result are defined for the whole dataset. The
solid color circles are our apatite inclusion data, the hollow circles are compiled matrix apatite data.

ficients (D*™), and apatite-melt-fluid partition coefficient (D™)
on the basis of previous experimental petrology work (lonov
et al, 1997; Li and Hermann, 2017; Stock et al.,, 2018; Li and
Costa, 2020).

Using the results of numerical modelling of the natural apatite
dataset, we constrain the water contents of ore-related and ore-
barren magma. Interestingly, the starting magmatic water contents
among these systems are different (Table 2). Ore-barren magmatic
systems have lowest initial water of 4.3-4.7 wt.%, lower than those
of ore-related magma (5.5-7.2 wt.%, Table 2). This is indeed within

the range of water contents of basaltic arc magma (2-6 wt.%;
Zimmer et al., 2010; Plank et al., 2013). Despite “lowest” water
content, the ore-barren magma is still hydrous with its water
content > 4 wt.%. However, their water saturation level varies dif-
ferently, 7-10 wt.% for ore-related magma and 6 wt.% for ore-
barren magma. The source of such high initial water content can
be worth discussing: primary arc magma is hydrous owing to the
contribution from dehydration of subducting oceanic plate and
sediments (Richards, 2011a), while studied rocks here occurred
in post-subduction period (Miocene) in the absence of a subduct-
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ing oceanic slab. In post-subduction setting, the injection and
assimilation of mantle-derived hydrous ultrapotassic melt are pro-
posed to be a main additional source of water (e.g., Yang et al,,
2015, 2016; Wang et al., 2018, 2022; Shen et al., 2021). Another
potential water source is through the dehydration reactions of con-
tinental subducted plate (e.g., Zheng et al., 2013). The modeled
results show that the Miocene granitoids are similarly hydrous
when initially generated. In addition to modeling, similarly high
initial contents of Sr between the ore-related and barren systems
are also compatible with their similarity in initial water contents
(Fig. 4).

Initial magmatic water contents influence the fertility of ore-
forming magma according to our model. Previous studies have sug-
gested that the ore-forming high-Sr/Y adakitic rocks in Gangdese
belt are linked to water-fluxed partial melting of hydrated lower
crust (Hou et al., 2004; Wang et al., 2014b; Lu et al., 2015; Hou
and Wang, 2019; Xu et al., 2023). The Gangdese Miocene granitoids
show hybrid isotopic compositions generated by mixing of adakitic
melt and mantle-derived ultrapotassic melts (Yang et al., 2015;
Wang et al., 2018). The ascent of ultrapotassic magma into the
lower crust was accompanied by high degrees of anhydrous min-
eral fractionation (Wang et al., 2018), such as olivine, and therefore
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the magmas were able to release water to stimulate lower crustal
water-fluxed melting. Higher degree of lower crust partial melting
can further promote fractionation of essential nutrients such as Cu,
S into the magma (Hou et al., 20153, b). However, even if these ada-
kitic magmas are initially hydrous, only some of these systems can
ultimately result in the economic endowment of Cu. Although
some adakitic rocks in the Gangdese belt are associated with min-
eralized systems (e.g., Qulong, Jiama), the rest of them ends up
with unmineralized systems (e.g., Linzhi, Mayum), suggesting the
initial water enrichment of magma system is not the critical factor
to the final metal endowments. Before primary magma emplaces
in the shallow crustal reservoir and contributes to the mineraliza-
tion of Cu, it may undergo multiple stages of fractionation, assim-
ilation, and mixing (Richards, 2022), all these processes can make
differences to magmatic water contents.

7.3. Porphyry Cu mineralization controlled by magma storage pressure

Although both ore-related and ore-barren magma systems are
hydrous, they show largest variations in the threshold of water sat-
uration contents. Barren systems have a saturation level of 6 wt.%,
7 wt.% for mineralized systems, and as high as 10 wt.% for giant
deposits of Qulong and Jiama, which is similar with the estimation
of Lu et al. (2015). The case of giant deposits can be noteworthy:
according to estimation, a saturation level of 10 wt.% H,O for albitic
melt is related to 0.4 GPa, 12 km intrusion depth, while ~0.4 GPa
and ~14 km for basaltic magma owing to different melt composi-
tion (Behrens et al., 2009; Plank et al., 2013; Chiaradia, 2020;
Fig. 7). The ore-forming magma is normally highly evolved (e.g.,
granitic, dacitic) in shallow reservoir, but it seems that a depth of
14 km is still overly deep for 5 km depth at which porphyry min-
eralization event is supposed to occur (Yang et al., 2009; Sillitoe,
2010; Huang et al., 2023b). Indeed, as suggested by a number of
studies (e.g., Yang et al., 2015; Richards, 2018, 2022), an underlying
giant, water-rich magma chamber exists (5-15 km) below the
shallow ore-forming intrusions (3-5 km) (Fig. 7). This indicates
that the deep magma reservoir has already started exsolving gas,
but in the style of closed system exsolution without losing vola-
tiles. Such deep stored magma may massively exsolve fluids once
being elevated to a shallower level, either through branching an
apophysis, or through tectonic uplifting.

Goltz et al. (2020) estimated the water content of primitive
melts crystallizing amphibole using amphibole inclusions in high
forsterite olivine and proposed that the primitive melt was super
hydrous (i.e., >8 wt.% H,0). They found that the hydrous primitive
melt had water contents of 10-14 wt.% H,0 at depths of 23.6-
28.8 km. According to our model, magmas from giant deposits gen-
erally have relatively enriched initial water contents of 5.5-7.2 wt.
% and can reach saturation simply through fractionation. Previous
studies have demonstrated the injection and assimilation of
hydrous ultrapotassic magma from deep reservoir beneath the
shallow mineralized system provide additional volatile and water
contents (e.g., Yang et al., 2015; Wang et al., 2018). During Neo-
Tethyan oceanic plate subduction, the lower crust has undergone
metasomatization by arc magmatism, becoming enriched in vola-
tiles, such as water. A series of arc-magma-like geochemical char-
acteristics of local adakitic rocks whether mineralized or not, such
as high LILE, low HFSE, and mantle-like Sr-Nd-Hf isotope composi-
tions, indicate the contribution of arc magmatism in their lower
crust source (Wang et al., 2021, 2022). Indeed, adakitic rocks have
been considered to be related to a hydrous magmatic system, in
which fractionation of Sr-rich plagioclase is suppressed and Y-
rich amphibole is promoted to make the high Sr/Y ratio of adakitic
rocks (e.g., Zimmer et al., 2010). In addition to the pre-enriched
lower crust hypothesis, some research also suggested injection of
ultrapotassic magma can be responsible in the primarily hydrous
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condition of these magmas, due to its remarkable capability of
accommodating water (Yang et al., 2015, 2016).

For barren systems and less mineralized systems, even though
their initial water contents (4.3-4.7 wt.% for barren ones and
5.5-7.2 wt.% for mineralized ones) can still be remarkable com-
pared to other igneous rocks without adakitic affinities (e.g.,
Richards, 2011a; Wang et al., 2014a), lower water saturation level
indicates these magma systems do not reach a water content
(44 wt.% and 5.6 wt.%) as enriched as that of giant deposits
(10 wt.%) before saturated. This can be attributed to higher extent
of assimilation with dry crust, mixing with damp magma, or shal-
lower emplacement cause dilution of magmatic water. In addition,
emplacement of these magma systems at shallow levels will less
likely lead to massive fluid exsolution, because of the limited
amount of fluid available to be released.

7.4. Implication to porphyry metallogenesis process: Dramatic
uplifting is the key

A key discovery of this study is that large-scale porphyry min-
eralization systems are associated with deeper water saturation
level, while there are some systematic differences of initial mag-
matic water contents [H,O(;)] and bulk crystal-melt partition coef-
ficient of water [D{{5] exists among barren systems, moderately
mineralized and strongly mineralized systems (Tables 1-3, Figs. 5-
6). However, economic enrichment of metals must occur at an
explorable shallow depth. The question therefore lies in how
increased storage depth can be related to larger scale porphyry
mineralization.

The role of a contractional setting in porphyry metallogenesis is
widely recognized as important. A crustal thickening or compress
environment is advantageous for the formation of a large magma
reservoir and prolong magma activity with hydrous evolving
magma, which is critical for the porphyry ore-forming process
(Sillitoe, 2010; Richards, 2011b; Park et al., 2021; Wu et al,,
2023). In convergent settings, the constant thickening of the crust
can promote rapid exhumation and surface uplifting. This process
leads to the unloading of lithostatic pressure around the large ore-
forming magma chamber. The uplifting of the chamber is indeed a
vital factor in the mineralization processes observed in a series of
porphyry systems along the Cordillera (Hill et al., 2002; Cooke
et al., 2005).

In the Gangdese porphyry metallogenic belt, southern Tibet, a
period of intensified exhumation is believed to have taken place
from 25-10 Ma (Dai et al., 2013; Cao et al., 2020; Shen et al,
2020; Li et al., 2022), corresponding well to the focused porphyry
mineralization event at ~16-14 Ma (Wang et al., 2018; Yang and
Cooke, 2019). Although the mechanism causing such accelerated
exhumation remains disputed (the majority believes that crustal
shortening related to the Gangdese thrust system is the key), such
an exhumation event can have played a critical role in the miner-
alization event. Based on estimation by Cao et al. (2020), this rapid
exhumation event has likely uplifted the crust by 5-6 km. If we
consider the estimated intrusion depth of 14 km for granitic
magma, which correlates with a water saturation level of 10 wt.
%, the uplift could bring the magma chamber to a depth suitable
for metallogenesis, around 8 km. Additionally, Li et al. (2022) pro-
posed the existence of an extra-high elevation in southern Tibet at
17.3 Ma, caused by rapid surface uplift by ca. 20 Ma followed initial
slab break-off.

We hypothesize that the ore-related magma chamber did not
undergo extensive crystallization but rapidly ascended to a shal-
low level. This rapid ascent led to a drastic drop in pressure, caus-
ing massive fluid exsolution within a short time period (Richards,
2018). In contrast, the barren granites, which did not produce giant
porphyry Cu deposits, may be attributed to two factors. Firstly, the


move_f0035
move_t0015

Y. Sun, Q. Zhou, R. Wang et al. Geoscience Frontiers 16 (2025) 101962

0.8
a

water saturation level

[ Giant PCD

| intermediate-small PCD

o
»
T

- Ore-barren suite

Pressure (GPa)
o
n

0.2

0 2 4 6 8 10 12 14
H,O (Wt.%)

0
b Giant PCD Intermediate-Small Ore-barren
PCD suite
[ fluid P (GPa)
k Rapid exhumation exsolution 0
02 : L 0.2—]
-10 Massive fluid .
/E\ exsolution
e‘./ 0.5
<
o
a
-20 1

[ Apatite < > Zircon <= Zircon with apatite inclusion

Fig. 7. (a) Solubility of water as a function of pressure and magma composition. Generally, the water solubility is positively correlated to pressure and silica contents (Behrens
et al.,, 2009; Baker and Alletti, 2012). Colored columns correspond to the modeled water saturation levels of three systems (10 wt.% for giant, 7 wt.% for intermediate-small,
and 6 wt.% for barren) and their corresponding pressure. (b) Conceptual cartoon illustrating the correlation between magmatic water evolution and PCD mineralization in the
case of the Gangdese belt. Primary magmas can be moderately hydrous whether for mineralized or barren systems (likely because of remelting of pre-enriched lower crust or
injection of ultrapotassic magma), but the giant PCDs can reach water saturation and pool at deeper levels (~14 km), while magmas of smaller PCD or barren system saturate
at shallow level. Shallow and slow saturation without prolific fluid results in low impact fluid exsolution, however, deeper stored hydrous magma reservoir can be
dramatically emplaced due to tectonic uplifting and exhumation which causing massive fluid exsolution favored by large-scaled mineralization. The scale of crustal pressure
gradient is provided by Philpotts and Ague (2009) and Sheng et al. (2020).

10



Y. Sun, Q. Zhou, R. Wang et al.

Geoscience Frontiers 16 (2025) 101962

Table 3
Range of volatile partition coefficients between crystal/fluid and melt.
Type Dcrys—melt Dﬂuid—melt
Cl F Cl F
Qulong 0.14-0.16 1.8-2.2 10-18 1.3-1.5
Jiama 0.24-0.26 1.4-1.7 10-20 0.8-1.6
Intermediate-Small deposits 0.24-0.26 1.4-1.7 10-20 0.5-1.6
Ore-barren suites 0.31-0.33 1.8-2.0 8-25 1.5-2.5

barren magmas may have been too water-poor to reach fluid satu-
ration. Alternatively, the barren intrusions may have been uplifted
to an inappropriate depth, hindering and delaying the explosive
degassing process. As a result, the metals would disperse instead
of being focused into mineralized apophyses.

8. Conclusion

In this study, we used apatite zircon inclusions and forward
Geo-modeling techniques to effectively constrain the thresholds
for magmatic initial and saturated water content. Our research
findings strongly indicate that both ore-related and ore-barren
magma systems exhibit a significant degree of hydration. Addition-
ally, the modeled magmatic water contents display considerable
variations across ore-related and ore-barren magma systems. Com-
bined with previous studies, we proposed that the primary dis-
crepancy lies in the initial and saturation threshold of water,
with a value of 6.0 wt% for ore-barren systems and up to
10.0 wt.% for highly mineralized systems.

In light of the comprehensive analysis conducted, which
includes the whole rock geochemistry data, apatite volatile compo-
sition, and modeling techniques, we proposed that the ore-related
magma is stored at greater depths, thereby exhibiting higher water
solubility. As a result, we propose that the level of magmatic water
saturation plays a pivotal role in the formation of porphyry copper
systems. It is noteworthy that magma with mineralization poten-
tial not only demonstrates elevated water solubility but also expe-
riences substantial water enrichment upon reaching saturation.
Moreover, the deeper storage depth and injection of hydrous mafic
magma are likely contributing factors to the augmented water sol-
ubility observed. What’s more, the significance of ultrapotassic
magma in the genesis of porphyry copper deposits necessitates
further investigation.
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