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Abstract

The prevailing view suggests that the formation of porphyry Cu deposits involves
differentiation of water-rich, metal-bearing juvenile magmas, with subduction of
oceanic slabs supplying the necessary volatiles. However, the occurrence of sig-
nificant porphyry Cu deposits in continental collision zones, where such volatile
sources are absent, challenges this paradigm. We analyze a global dataset of
whole-rock platinum-group elements and apatite compositions of ore-forming
magmas in both subduction and collision zones, combined with Monte Carlo sim-
ulations. The results reveal that ore-forming magmas in collision zones exhibit
significantly higher degassing efficiencies compared to those in subduction zones.
To explain this, we integrate whole-rock geochemistry, mineral thermobarometry,
and thermodynamic modeling, proposing that lower water contents of collision
zone ore-forming magmas lead to shallower magma storage depths, significantly
enhancing degassing efficiency. In contrast, higher water contents of subduc-
tion zone ore-forming magmas result in greater emplacements, limiting degassing
efficiency. Despite this limitation, larger magma volumes in subduction zones
compensate for lower degassing efficiencies. These findings highlight distinct
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frameworks of water content, storage depth, and magma volume between subduc-
tion and collision zone porphyry Cu deposits. The synergistic interplay of these
factors is fundamental to porphyry Cu formation.

1 Introduction

The characteristics and cycling of volatiles on Earth differ significantly from those on
other planets in our Solar System, playing a critical role in sustaining life, regulat-
ing Earth’s climate, and producing resources that are indispensable to society [1]. As
a key carrier of volatiles, magmas can transport volatiles from depth to the shallow
crust, where they undergo degassing processes, forming hot springs, triggering explo-
sive volcanism, or generating economically valuable porphyry Cu deposits (PCDs)
[2].

Traditionally, water-rich magmas, enriched in volatiles, are fundamental to the for-
mation of PCDs [2, 3]. In subduction zones, oceanic slabs release large amounts of
volatiles during subduction, which metasomatize the overlying mantle wedge, causing
partial melting and forming water-rich, metal-bearing juvenile magmas [4, 5]. As these
magmas ascend, differentiate, and degas, they ultimately provide the metal-rich mag-
matic fluids for the formation of PCDs [6]. Recent studies have shown that volatiles
released during the subduction of oceanic plates not only affect the overlying mantle
but can also directly cause partial melting of the lower crust during flat-slab sub-
duction, forming metal-bearing juvenile magmas [7]. Thus, the volatiles released from
subducting oceanic slabs are regarded as playing a crucial role in PCD mineralization.

Continental collision zones, another important component of convergent plate
boundaries, also host a significant number of PCDs, constituting important PCD
metallogenic belts [6, 8]. However, collision zones lack direct volatile supply from sub-
ducting oceanic slabs, resulting in relatively dry juvenile magmas compared to those
in subduction zones. The smaller volumes of volcanic rocks formed in collision zones,
relative to subduction zones, support the idea that juvenile magmas in collision zones
are relatively water-poor (Extended Data Fig. 1), as fluid-driven flux melting in sub-
duction zones tends to generate larger magma volumes [9]. The existence of PCDs
in collision zones challenges the traditional view that high water content magmas,
controlled by volatiles released from subducting slabs, are essential for PCD mineral-
ization. Instead, the formation of PCDs is governed by complex frameworks involving
magma water content, volume, emplacement depth, and degassing processes [5, 6, 10].
Therefore, a systematic comparison of subduction and collision zone PCDs is critical
to identifying the key mechanisms controlling PCD formation.

Here we compare the degassing efficiencies and the frameworks controlling PCD
mineralisation in subduction and collision zones, by taking advantage of increased
availability of whole-rock major-element, platinum-group elements (PGEs), apatite
composition data, combined with mineral thermobarometry, thermodynamic model-
ing, and Monte Carlo simulations. We posit that this comparison provides insight not
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only on the synergistic frameworks required for PCD formation, but also on the cycling
mechanisms of volatiles at convergent plate boundaries.

2 Dataset of Ore-Forming Magmatic Characteristics
in Subduction and Collision Zones

Convergent plate boundaries are broadly classified into subduction and collision zones.
Subduction zones are defined by the subduction of oceanic slabs, typically associated
with arc magmatism and the formation of accretionary orogens. In contrast, collision
zones primarily result from continental plate collisions, leading to lithospheric thick-
ening, the development of collisional orogens, and associated magmatism [11, 12]. This
collision-related magmatism often occurs after a significant temporal gap following
earlier arc magmatism [8, 13]. By the time collisional orogeny initiates, the subducted
oceanic slab has already undergone detachment or rollback, marking a fundamental
transition in tectonic processes. Consequently, the tectonic settings of PCDs in sub-
duction and collision zones differ markedly, primarily due to the presence or absence
of a subducting oceanic slab [8, 11].

Traditionally, the source region for ore-forming magmas in subduction zones has
been attributed to the mantle wedge above the subducting slab [4, 5]. However, recent
research suggests that in regions with flat-slab subduction, the source region may also
reside in the lower crust [7]. In either case, the subduction of oceanic slabs release
substantial volatile components, promoting fluid-driven flux melting in the source
region and generating the water-rich, juvenile magmas necessary for PCD formation
[5, 14, 15]. By contrast, the source regions of ore-forming magmas in collision zones are
generally located within the lithosphere (lower crust or lithospheric mantle) [8, 16, 17],
and the mechanisms of partial melting remain debated, with proposed models includ-
ing asthenospheric upwelling and lithospheric delamination [18, 19]. The absence of
subducting oceanic slabs in collision zones results in magma genesis mechanisms dis-
tinct from fluid-driven flux melting, leading to notable geochemical differences between
ore-forming magmas in these two tectonic settings. Subduction-related magmas are
typically intermediate calc-alkaline series, whereas collision-related magmas are more
felsic and alkali-rich [20, 21].

To systematically compare the magmatic-mineralization features of PCDs in sub-
duction and collision zones, we compiled a global dataset comprising whole-rock
geochemical data for major elements, PGEs, and mineral compositions (apatite,
amphibole, and zircon) from 44 PCDs (Supplementary Table S1–4). Of these, 24
deposits are from subduction zones and 20 from collision zones, encompassing major
convergent plate boundaries worldwide to ensure the data’s broad applicability
(Fig. 1). While not all PCDs provide complete geochemical and mineralogical datasets,
we maximized the information gathered and ensured a balance between subduction
and collision zones to minimize bias arising from unequal sample sizes. Recognizing
that multiple magmatic events often occur within a single PCD, we excluded sam-
ples unrelated to PCD mineralization, ensuring that the selected data reflect the
geochemical and mineralogical characteristics of ore-forming magmas.
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This study classifies PCDs based on their tectonic settings (subduction vs. colli-
sion zones), a classification scheme that complements traditional categorizations into
syn-subduction and post-subduction PCDs. The post-subduction stage may encom-
pass multiple phases, including pre-collision, syn-collision, and post-collision processes.
However, our focus is to examine the potential influence of oceanic slab subduction
on metallogenesis. Although post-subduction PCDs are commonly associated with the
cessation of oceanic slab subduction, the possibility of continued slab-derived material
supply remains [22]. To ensure a clear distinction between subduction and collision
zone PCDs, we excluded deposits with debated tectonic environments (e.g., Grasberg)
to maintain a robust comparative framework for evaluating metallogenic mechanisms.

3 Identifying the Degassing Processes of
Ore-Forming Magmas

Compared to collision zones, ore-forming magmas in subduction zones generally have
lower SiO2 and higher MgO contents (Extended Data Fig. 2). This difference may
arise from variations in both parental magma composition and subsequent magmatic
evolution. Specifically, the source region in subduction zones is likely a more mafic
mantle wedge, where fluid-driven flux melting generates high-MgO parental magmas.
The samples with the highest MgO content in subduction zone ore-forming magmas
have PGE concentrations comparable to those of primitive arc magma (Pd ≈ 1 to
7 ppb and Pt ≈ 1.5 to 5 ppb) [23]. In contrast, ore-forming magmas in collision
zones, derived from a thickened lithosphere, typically exhibit lower Mgo content and
correspondingly lower initial PGE concentrations (Fig. 2a, b). Moreover, magmatic
differentiation influences the final magma compositions in both settings, but the dis-
tinct source processes dictate the initial magma characteristics and influence their
subsequent evolution.

PGEs are typically incompatible with silicate and oxide minerals, but strongly
compatible with sulfide melts [24, 25]. The rapid decrease in Pd abundance observed in
both subduction and collision zone ore-forming magmas with < 3 wt% MgO suggests
that sulfide segregation occurs during the late stages of magma evolution for ore-
forming magmas in both tectonic settings (Fig. 2a). Late sulfide segregation prevents
metal to be sequestered by early magmatic sulfides, allowing them to be extracted by
fluids and precipitated in the PCD mineralization [24, 25]. Additionally, some samples
from the Escondida deposit in the subduction zone and the Qulong and Dalli deposits
in the collision zone show lower Pd concentrations at > 3 wt% MgO (Fig. 2a, b;
Extended Data Fig. 3a, c), suggesting that sulfide segregation occurred at an earlier
stage of magma evolution. Some models advocate the need of Cu-rich magmas for PCD
formation, arguing that early sulfide segregation depletes metals, thereby reducing
magma fertility [24–26]. However, other models propose that PCDs can also form
from magmas with normal metal contents, with factors such as magmatic evolution,
sulfide recycling, and the concentration of ore-forming components through magma
degassing playing key roles [27–29]. Both the Escondida and Qulong deposits are giant
PCDs, indicating that their early-stage sulfide saturation did not prevent significant
mineralization. The interplay between melt evolution, sulfide segregation, and magma
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degassing, along with their combined effects on metal distribution, plays a more critical
role.

There are differences in the compatibility of PGEs in sulfides, with Pd being more
compatible than Pt. This suggests that if only sulfide segregation occurs in the magma
system, more Pd would be consumed, resulting in a decrease in the Pd/Pt ratios
[25, 30]. However, both subduction and collision zone ore-forming magmas show an
increasing trend in Pd/Pt ratios as MgO contents decrease below 3 wt% (Fig. 2c, d).
Moreover, in the Escondida, Qulong, and Dalli deposits, samples with > 3 wt% MgO
exhibit lower Pd concentrations but Pd/Pt ratios greater than ∼ 1 (Extended Data
Fig. 3). This is inconsistent with the characteristic behavior of sulfide segregation alone
and suggests the presence of other Pt consumption processes. One possible explanation
is the segregation of Pt-rich alloys, which could consume Pt, causing the Pd/Pt ratios
to rise [31]. However, as magmas evolve, the decreasing trend in Pd abundance suggests
that sulfide segregation occurs below 3 wt% MgO. This process strongly consumes Pt,
preventing the saturation of Pt-rich alloys [31], thereby dismissing the hypothesis that
the segregation of Pt-rich alloys leads to an increase in Pd/Pt ratios.

Although the compatibility of PGEs in fluids is much lower than that in sulfides,
the volume of fluid generated during the degassing of shallow magma significantly
exceeds the amount of segregated sulfides, necessitating a reassessment of the impact of
fluids on PGE concentrations. Furthermore, the compatibility of PGEs in fluids differ
markedly, with Pt being more compatible than Pd [30], indicating that the degassing
processes may lead to an increase in Pd/Pt ratios. To explore this, we employed a
Monte Carlo method to simulate the evolution of PGE compositions during magma
differentiation and degassing, and compared the results with the PGE characteristics
of ore-forming magmas in subduction and collision zones (Fig. 2; Methods). The results
show that the rapid decrease in Pd contents, which occurs as MgO contents fall below
3 wt%, indeed indicates sulfide segregation (Fig. 2a). However, the amount of metals
removed by sulfide segregation may be limited, with a considerable proportion of
metals potentially partitioned into the exsolved fluid phase (Fig. 2b).

The model results for the Pd/Pt ratio suggest that, owing to variations in initial
water contents and magma evolution processes, the timing of fluid saturation can differ
significantly. When MgO content is < 3 wt%, the Pd/Pt ratios in both subduction
and collision zone ore-forming magmas increases markedly, closely aligning with the
regions in the models where fluid saturation occurs and carries significant amounts
of metals (Fig. 2d). This suggests that the degassing processes in both subduction
and collision zone ore-forming magmas play a significant role in redistributing large
amounts of metals. Additionally, the presence of more samples in the subduction zones
with higher MgO content, or lower MgO content but with low Pd/Pt ratios (<∼ 1;
Extended Data Fig. 3a, b), indicates a relatively lower proportion of metals carried
by the fluid (Fig. 2d). The PGE characteristics suggest that ore-forming magmas in
both subduction and collision zones have undergone degassing, which is essential for
PCD mineralization [5, 6, 10, 20]. The differences in the proportion of metals carried
by fluids further imply that the degassing efficiency of ore-forming magmas varies
between subduction and collision zones.
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4 Distinct Degassing Efficiency between Subduction
and Collision Zone PCDs

Apatite, a volatile-rich mineral, is an ideal proxy for constraining the evolution of
magma volatiles [32–34]. As shown in Extended Data Fig. 4 and 5, there are signifi-
cant compositional differences between apatites from subduction and collision zones.
Apatites from subduction zone ore-forming magmas are more enriched in Cl, whereas
those from collision zone ore-forming magmas are more enriched in F. Using the com-
positions of apatite and the temperatures of apatite saturation (AST) calculated from
whole-rock major elements, we can determine the absolute concentrations of Cl, F, and
OH in the melt, as well as the volatile ratios (F/Cl; F/OH; Cl/OH; Methods) [35]. The
melt volatile ratios in subduction zone ore-forming magmas differ markedly from those
in collision zones, with subduction zone melts exhibiting notably lower Melt XF/XCl

ratios but higher MeltXCl/XOH ratios compared to collision zone melts (Fig. 3). These
differences clearly separate subduction and collision zone ore-forming melts into two
distinct groups. However, whether these characteristics reflect initial volatile compo-
sition differences or variations in magma evolution and degassing processes remains
uncertain.

Monte Carlo simulations were performed to show melt volatile evolution and a
comparison with melt compositions inferred from individual apatite compositions.
Parameters are randomly selected from pre-defined, realistic ranges, which allows the
models to account for the large uncertainty in starting conditions (Methods) [36]. The
results show that the volatile compositions of most subduction zone ore-forming mag-
mas and nearly all collision zone ore-forming magmas align with the fluid-saturated
model results (Fig. 3a, b). However, a subset of subduction zone ore-forming magmas
exhibits melt characteristics indicative of fluid-undersaturated conditions (Fig. 3c, d).
Even under broad starting volatile compositions, the simulated initial volatile ratios
remain relatively concentrated, failing to account for the substantial differences in
volatile ratios between subduction and collision zone ore-forming magmas (Fig. 3).

We further constrained the degassing efficiencies at different stages of volatile evo-
lution and found that subduction zone ore-forming magmas generally exhibit low
degrees of fluid exsolution (<∼ 40%), while collision zone ore-forming magmas typi-
cally show fluid exsolution exceeding 40%, and even reaching up to ∼ 80% (Fig. 3a,
b). This indicates that the degassing efficiencies of collision zone ore-forming mag-
mas are significantly higher than those of subduction zone. For some subduction zone
ore-forming magmas, melt volatile characteristics indicate the absence of fluid exso-
lution (Fig. 3c, d). This could be attributed to the apatites recording these melts
failing to capture the fluid saturation processes, potentially suggesting that fluid sat-
uration occurs at relatively late stages in subduction zones. This observation aligns
with whole-rock major element and PGE compositional characteristics, which show
that the juvenile ore-forming magmas in subduction zone typically have lower SiO2

and higher MgO, requiring long evolutionary processes to achieve fluid saturation at
MgO < 3 wt% (Fig. 2b, d).
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5 Magma Storage Depth Controls Degassing
Efficiency

Determining the initial water content of magmas is challenging, especially for ore-
forming magmas that have undergone significant differentiation, which obscures
primary volatile signatures. Initial water content is controlled by multiple factors,
including crustal thickness, source temperature, water content, and the degree of par-
tial melting, resulting in considerable variability [37]. While both subduction and
collision zones involve lithospheric thickening and may share similar melting condi-
tions, subduction zone ore-forming magmas likely have higher initial water contents
than those of collision zones, owing to the direct supply of volatiles from subducting
oceanic slabs. If magmatic processes were similar, magmas with higher initial water
contents would be expected to reach fluid saturation earlier, achieving higher degassing
efficiencies. However, subduction zone ore-forming magmas exhibit lower degassing
efficiencies compared to collision zone magmas, reflecting distinct magmatic processes
in these two tectonic settings.

The process of fluid saturation is controlled not only by magma water contents but
also by magma storage depths. As pressure decreases, the water solubility in magma
progressively declines [38]. This implies that magmas stored in shallower magma cham-
bers have lower water solubility, making them more prone to fluid saturation and
facilitating higher degassing efficiencies during magma evolution. Both subduction and
collision zone ore-forming magmas commonly contain amphibole phenocrysts, which
can record information about processes occurring in shallow magma chambers [6, 39].

Amphibole barometry results indicate that the storage depths of ore-forming mag-
mas in subduction zones are obviously greater than those in collision zones (Extended
Data Fig. 6). Despite the uncertainties associated with amphibole barometry, par-
ticularly in the analysis of individual magmatic systems, the systematic differences
observed between subduction and collision zone ore-forming magmas are unlikely to
arise from methodological limitations. The results from both amphibole and zircon
thermometry consistently show that subduction zone ore-forming magmas are gener-
ally hotter than those in collision zones (Extended Data Fig. 6). These temperature
differences cannot be attributed to disparities in magma water content, as subduction
zone magmas, which are likely more water-rich, should exhibit lower temperatures [40].
Therefore, the greater storage depths of subduction zone ore-forming magmas com-
pared to those in collision zones provide a compelling explanation for the differences
in their degassing efficiencies.

6 Synergistic Frameworks of Magmatic Properties,
Structure, and Volume

Increasing evidences suggest that magma storage depth may correlate with water con-
tent of magmas [41–43]. During magma ascent, melt viscosity increases continuously as
the water solubility progressively decreases, ultimately leading to fluid saturation and
degassing [40, 43–45]. Degassing processes increase melt viscosity, inhibiting magma
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ascent, while also promoting cooling and crystallization that further amplify melt vis-
cosity. When the increase in melt viscosity reaches its maximum convexity (viscosity
knee) during ascent, the magma halts its upward movement and forms a reservoir in
the crust [43]. We conducted thermodynamic modeling using rhyolite-MELTS to sim-
ulate magma viscosity changes under both open- and closed-system during ascent, in
order to examine the effects of different initial water contents (Methods).

The modeling results reveal that higher initial water contents shift the viscosity
knee to greater depths, indicating deeper magma storage (Fig. 4), which is consistent
with our findings [46]. The juvenile magmas of subduction zone PCDs, character-
ized by higher water contents, experience viscosity stalling at greater depths, forming
magma reservoirs. These greater magma storage depths restrict fluid saturation, lead-
ing to lower degassing efficiencies. In contrast, the lower initial water contents of
collision zone ore-forming magmas lead to the formation of shallower magma reservoirs,
facilitating fluid saturation and higher degassing efficiencies. However, it is the total
volume of ore-forming fluid released from the magma system that governs PCD min-
eralization. This total output is controlled by two key factors: degassing efficiency and
magma volume [27, 47]. Therefore, two contrasting but equally viable mineralization
processes must be considered: large magma volumes but lower degassing efficiencies
versus smaller magma volumes but higher degassing efficiencies. Both processes can
generate sufficient ore-forming fluids to form PCDs.

Subduction zone magmas form most of the world’s significant PCD metallogenic
belts [48], which can be attributed to the larger magma volumes of ore-forming mag-
mas in subduction zones. Although degassing efficiencies are lower, the large magma
volumes compensate by generating sufficient ore-forming fluids to support PCD miner-
alization. Magma volume can be inferred from the probability of eruption, and global
data show that subduction zones have significantly larger eruption volumes than col-
lision zones (Extended Data Fig. 1). This indicates the larger volumes of ore-forming
magmas in subduction zones. Such differences are consistent with contrasting pro-
cesses that generate juvenile magmas, where fluid-driven flux melting in subduction
zones is more efficient and produces larger magma volumes (Fig. 5) [15, 49], exhibiting
long-lived, sustained magma supply [50]. These larger magma volume compensates for
lower degassing efficiencies, ultimately enabling the formation of PCDs. In contrast,
although magma volumes are limited in collision zones due to the transient, episodic
melting windows [50], higher degassing efficiencies ensure the availability of sufficient
ore-forming fluids to generate PCD mineralization.

Although both subduction and collision zones generate significant PCDs and world-
class PCD metallogenic belts, the ore-forming magmas exhibit substantial differences
in magma volume, water content, storage depth, and degassing efficiency. These
differences define distinct synergistic frameworks those ultimately control PCD min-
eralization. Our results also suggest significant differences in the cycling of volatiles
between different convergent plate boundaries. In subduction zones, a considerable
portion of the volatiles supplied by subducting oceanic slabs may be stored in the
deeper lithosphere. However, larger magma volumes can still transport large volumes
of volatiles to shallower depths and even release them directly to the Earth’s surface.
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In contrast, lower magma volumes play a crucial role in volatile cycling through more
efficient degassing processes in collision zones.

7 Methods

7.1 Data Acquisition for Ore-Forming Magmas in Subduction
and Collision Zones

To uncover the differences between ore-forming magmas in subduction and collision
zones, this study compiled and analyzed whole-rock major element compositions, PGE
characteristics, and mineral compositional data (apatite, amphibole, and zircon) from
44 PCDs worldwide (Supplementary Table S1–4). Given the focus on contrasting ore-
forming processes under different tectonic settings, we retained only data directly
related to PCD mineralization. Data classification was rigorously validated by cross-
referencing age, geological context, spatial distribution, and tectonic environment to
ensure accurate assignment of PCDs to either subduction or collision zones. The
dataset includes 24 PCDs from subduction zones and 20 from collision zones (Fig. 1).
We aimed to compile the most complete datasets available while ensuring a balanced
representation between the two tectonic settings.

Apatite, amphibole, and zircon data were obtained from ore-forming magmas
contemporaneous with mineralization. To ensure representativeness, we selected
amphibole phenocrysts, as as they record critical information about the evolution of
magmas in crustal reservoirs. Non-primary amphibole data, such as those exhibit-
ing deformation features or identified as xenocrysts, were excluded. For apatite, we
focused on magmatic apatite, primarily derived from crystals enclosed within fresh
or minimally altered magmatic minerals, such as amphibole, biotite, and zircon. This
approach minimizes the influence of hydrothermal alteration on the dataset [34, 51].
Additionally, selected apatite crystals exhibited euhedral morphologies and showed no
signs of alteration in cathodoluminescence or backscattered electron images.

7.2 Whole-Rock Geochemical Modeling

We employed the Monte Carlo method to simulate petrological processes, constrain-
ing the behavior of PGEs and metal components (e.g., Cu) in ore-forming magmas
during magma evolution driven by sulfide and fluid saturation. Using mass balance
and petrological modeling approaches, we randomly determined pressure and temporal
parameters of the magmatic system, generating corresponding residual melt charac-
teristics [47]. The modeled pressure range was set between 0.5 and 5 kbar, representing
crustal magmatic evolution conditions and consistent with pressure estimates from
amphibole barometry (Extended Data Fig. 6). The time range was set from 0 to 7
Ma to enable residual melt parameterization [41]. Based on experimental petrology
results [52–54], polynomial fitting was performed to establish the relationships between
MgO, FeOt, and temperature (T) versus the degree of crystallization, enabling the
determination of residual melt compositional characteristics:
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CSM
MgO = 0.00087702×

(
XTotal

)2 − 0.18263×XTotal + 9.4607 (R2 = 0.97) (1)

CSM
FeOt = 0.017063×

(
CSM

MgO

)3 − 0.37395×
(
CSM

MgO

)2
+ 2.8962× CSM

MgO − 0.16721

(R2 = 0.94) (2)

T = 871.09× CSM
MgO

1.1289 (R2 = 0.96) (3)

CSM
MgO and CSM

FeOt represent the MgO and FeOt content of the residual magma (in

wt%). XTotal is the total magma crystallinity. There remain multiple perspectives on
the source regions and mechanisms responsible for generating the ore-forming juvenile
magmas in subduction and collision zones [5, 7, 8, 16, 17]. To simplify the models
and enable a clearer comparison of differences in actual datasets, we adopted uniform
parameter settings in our simulations.

Under sulfide-undersaturated conditions, sulfur is enriched in the residual silicate
melt during magmatic differentiation. However, as magma evolves and its temperature
decreases, the solubility of sulfur in the melt progressively declines, eventually leading
to sulfide saturation. The original sulfur content is strongly dependent on oxygen
fugacity (fO2). Using data from primary melt inclusions [55], we derived a quantitative
relationship between original sulfur content and fO2 through polynomial fitting. The
fO2 range was constrained between ∆FMQ 0 and +3.5, allowing us to determine
the corresponding original sulfur content characteristics. The relevant equation is as
follows:

∆FMQ = 0.51071× ln(CO
Sulfur) + 1.8171 (R2 = 0.73) (4)

CO
Sulfur is sulfur concentration in the original melt. The solubility of sulfur is con-

trolled by melt temperature, pressure, fO2, and MgO content [56–58]. We assumed
that sulfur precipitates exclusively as sulfide upon saturation, with the sulfur content
in sulfides set to 36.5 wt%. Based on the discussions presented earlier in this study
and relevant literature, the distribution of Cu, Pd, and Pt into minerals other than
sulfides was neglected [59, 60]. The partition coefficient of Cu between sulfides and
silicate melt, which is significantly influenced by fO2, temperature, and MgO content,
was calculated using the model of parameters mentioned above [61]. The partition
coefficient of Pd is slightly higher than that of Pt, with values set in the ranges of 480
to 35000 [62, 63] and 20 to 8700 [64], respectively.

As magma evolves, the solubility of water in the melt progressively decreases until
fluid saturation is reached. As discussed in the text, the exsolved fluid phase signif-
icantly enriches Cu and Pt. We set the initial water content between 2 and 8 wt%.
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Based on the experimental calibration by Tattitch and Blundy [65], the fluid–melt
partition coefficient for Cu can be determined as a function of NaCl, water, and H2S
concentrations in the fluid. For simplicity, the fluid H2S content is assumed to be zero.
The NaCl content of the fluid is constrained by the Cl partitioning behavior between
the fluid and melt, which is governed by the Cl concentration in the melt, the melt
SiO2 content, and the system pressure [66]. Melt Cl concentrations are set between
0.2 and 0.6 wt%, and the fluid–melt Cl partition coefficient is calculated accordingly.
These parameters are then used to derive the Cu partition coefficient between fluid
and melt. The partition coefficients of Pt and Pd between fluid and silicate melt are
set in the range of 100–10,000 for Pt and 0.1–1,000 for Pd, with Pt generally exhibit-
ing higher fluid–melt compatibility than Pd [67–70]. The initial concentrations of Cu,
Pd, and Pt were set at 40–90 ppm [71], 1–10 ppb [24, 72] and 1.5–5 ppb [23], respec-
tively. Considering that this study simulates the evolution of magma in crustal magma
chambers, we adopted an ideal equilibrium crystallization model [73].

7.3 Evolution of Melt Volatiles Under Fluid-Saturated and
Undersaturated Conditions

We calculated the apatite-melt volatile partition coefficients based on temperature
and regression experimental data, using Gibbs free energy and exchange parameters
to determine melt volatile ratios from apatite compositions [35]. This approach elimi-
nates reliance on empirical partition coefficients, instead calculating volatile partition
coefficients individually for each apatite sample. The AST, derived from whole-rock
compositions, was used to represent the crystallization temperature of apatite. To
simulate the volatile ratios of ore-forming melts in subduction and collision zones,
we employed Monte Carlo modeling [36] to compare degassing efficiencies between
the two tectonic settings. Given that apatite crystallizes relatively late in magmatic
systems [36, 74], the model focuses solely on “second boiling” processes associated
with crystallization [36]. To account for uncertainties in initial conditions, parameters
were randomly selected from predefined reasonable ranges. The pressure range was
set between 1.6 and 3.0 kbar, corresponding to the pressures relevant to shallow mag-
matic evolution processes in magma chambers. Water solubility was constrained as a
function of pressure using a linear regression model [36, 46].

In the fluid-saturated model, the Cl content of the melt was set between 0.2 and
0.6 wt%, while the F content ranged from 0.04 to 0.18 wt%, both considered rea-
sonable and broad ranges [75, 76]. The model assumes an initial melt volume of
100%, which gradually cools and crystallizes in 1% increments along the liquid line
of descent. Due to the sensitivity of this process to temperature variations associated
with fluid exsolution, we fitted magmatic evolution experimental data focused on fluid
degassing [54] using a second-order polynomial regression, establishing the relation-
ship between temperature, melt SiO2 content, and crystallization degree [36]. In the
fluid-undersaturated model, SiO2 content and temperature of the melt were not input
parameters [36].

The fluid-melt partition coefficient of Cl is controlled by melt Cl content, SiO2

content, and pressure, and was determined using experimentally calibrated equations
[36, 66]. Since the fluid-melt partition behavior of F remains incompletely understood,
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existing experiments suggest that F preferentially remains in the melt under shallow
crustal pressure conditions [77, 78]. To accommodate potential variability, the partition
coefficient of F was set between 0.01 and 1.

7.4 Modeling the Correlation Between Initial Water Content
and Magma Emplacement Depth

We performed systematic simulations of melt properties, including density and viscos-
ity, during magma ascent and degassing using rhyolite-MELTS 1.2.0 [46]. The model
used the starting compositions from magmatic evolution experiments related to fluid
exsolution [54]. The initial CO2 content was set to 5000 ppm [79], while the initial
water content ranged from 2 to 8 wt%.

Magma ascent was modeled as an adiabatic process, starting at an initial pres-
sure of 10 kbar and proceeding in decompression steps of 0.1 kbar. Both open- and
closed-system crystallization and volatile saturation behaviors were considered [43].
The simulated results and pressures estimated from amphibole barometry were con-
verted into storage depths using density models of convergent plate boundaries [43].
The viscosity knee on the viscosity-pressure curve was calculated using the algorithm
from the Kneed Python package [80]. To avoid errors caused by minor ”turning points”
along the curve, the sensitivity parameter (S) was set to a relatively high value (10),
ensuring the reliability of the fitting results [43].
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Fig. 1 Locations of Porphyry Cu Deposits Discussed in This Study. The base map is
modified after GeoMapApp (http://geomapapp.org). These PCDs are grouped according to their
tectonic settings (subduction and collision zones).
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Fig. 2 Comparison and Models of Pd Composition and Pd/Pt Ratios in Subduction
and Collision Zone Ore-Forming Magmas. a, b, Pd content vs MgO content. c, d, with a
total of 100000 simulations conducted to evaluate the effects of magma processes on Pd and Pd/Pt
distributions. The color bars indicate the proportion of metals in sulfide or exsolved fluids during the
simulations, highlighting the effects of sulfide saturation and degassing processes. Refer to Methods
for details of the modelling.
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Fig. 3 Comparison and Models of Volatile Ratios in Subduction and Collision Zone Ore-
Forming Magmas. a, b, XCl/XOH vs. XF/XOH and XCl/XOH vs. XF/XCl for fluid-saturated
magma evolving as a function of melt crystallisation. c, d, model results for fluid-undersaturated
magma evolving. Symbols represent melt compositions for subduction and collision zone ore-forming
magmas calculated from apatite. The color bars denote the degree of fluid exsolution (a, b) or degree
of crystallisation (c, d).
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Fig. 4 Relationship Between Magma Water Content, Viscosity, and Emplacement
Depth. a, Viscosity evolution of juvenile magmas with varying water contents (shading transitions
from light to dark blue, representing 2, 4, 6, and 8 wt% water contents) during adiabatic ascent, mod-
eled using rhyolite-MELTS [46]. The model considers crystallization and volatile exsolution processes
under both open- and closed-system conditions. Different markers indicate the viscosity knee points
corresponding to varying water contents. Additional modeling details are provided in the Methods. b,
Depths corresponding to the viscosity knees of juvenile magmas with different water contents under
open- and closed-system conditions. On the right, melt storage pressures derived from amphibole
compositions are shown. The teal box represents pressures for collision zone ore-forming magmas,
indicating relatively shallower storage depths. In contrast, the pink box corresponds to subduction
zone ore-forming magmas, reflecting deeper magma emplacement depths. The boxes represent the
interquartile range (IQR, 25th to 75th percentiles), with the central white circles showing the median
values. The whiskers extend to the maximum and minimum values within 1.5 times the IQR.
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Fig. 5 The Distinct Synergistic Frameworks of Magmatic Properties, Structure, and
Volume for Porphyry Cu Deposits in Subduction and Collision Zones. a, In subduction
zones, volatiles directly supplied by the subduction of oceanic slabs result in higher initial water
contents of ore-forming magmas. This promotes the formation of deeper magma reservoirs, thereby
reducing degassing efficiency. However, large magma volumes in subduction zones compensate for the
low degassing efficiencies, enabling sufficient fluids to exsolve. These fluids transport large amounts of
ore-forming materials, which migrate and accumulate in the upper crust, ultimately forming PCDs.
b, In collision zones, ore-forming magmas are characterized by significantly lower magma volumes.
Due to the absence of oceanic slab subduction as a volatile source, the initial water contents of ore-
forming magmas in collision zones are relatively low. This lower water content leads to the formation
of shallower magma reservoirs, enhancing degassing efficiency. Efficient degassing processes allow even
magmas with low volumes to exsolve large-scale magmatic fluids capable of transporting substantial
ore-forming materials, resulting in PCD mineralization. The conceptual model is referenced from
Marshak 2004 [49]. The box-and-whisker plot follows the same definition as in Fig. 4.
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Extended Data
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Extended Data Fig. 1 Global Distribution of Igneous Rocks. The map illustrates the global
distribution of igneous rocks derived from the Macrostrat database (https://macrostrat.org), based
on a 1:20,000,000-scale dataset. Additionally, the figure highlights the distribution of orogenic belts
associated with subduction and collisional processes. The locations of porphyry Cu deposits investi-
gated in this study within relevant subduction and collision zones are also marked.

Extended Data Fig. 2 Whole-Rock Major Element Characteristics of Ore-Forming Mag-
mas in Subduction and Collision Zones. a, b, MgO vs. SiO2 contents (a) and FeOt vs. SiO2

contents (b) diagrams for ore-forming magmas in subduction and collision zones.
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Extended Data Fig. 3 PGE features of Ore-Forming Magmas in Subduction and Colli-
sion Zones. a, b, Pd contents and Pd/Pt ratios vs. MgO contents of subduction zone ore-forming
magmas. c, d, Pd contents and Pd/Pt ratios vs. MgO contents of collision zone ore-forming mag-
mas. Symbols correspond to individual PCDs as indicated in the legend, emphasizing the contrasting
trends between the two tectonic settings.

Extended Data Fig. 4 Ternary Space of Volatile Compositions of Apatites from Ore-
Forming Magmas in Subduction and Collision Zones. Stark contrasts in volatile compositions
are observed between apatites from subduction zone and collision zone ore-forming magmas. Apatites
in subduction zones exhibit higher Cl and lower F contents, while those in collision zones are enriched
in F and relatively depleted in Cl.
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Extended Data Fig. 5 Volatile ratios of Apatites from Ore-Forming Magmas in Sub-
duction and Collision Zones. a, b, Apatite XF/XCl vs. XOH/XCl and XF/XCl vs. XOH/XF for
subduction zone ore-forming magmas. c, d, Apatite XF/XCl vs. XOH/XCl and XF/XCl vs. XOH/XF

for collision zone ore-forming magmas. The data illustrate the contrasting volatile ratios in apatites
between subduction and collision zones, reflecting systematic variations in apatite volatile composi-
tions across these two tectonic settings. Different symbols correspond to various PCDs as shown in
the legend.

28



Extended Data Fig. 6 Pressure and Temperature Conditions Calculated by Amphiboles
and Zircons from Ore-forming Magmas in Collision and Subduction Zones. The box-and-
whisker plot follows the same definition as in Fig. 4. The teal and pink lines represent the density of
P and T
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