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Porphyry-type Cu (Mo, Au) deposits are among the economically most
important ore resources. The depth and mode of ore-forming fluid exsolution
from their source magmas has remained poorly constrained. Here, we studied

36 magmatic rocks from six mineralized systems in the Sanjiang region of
southwestern China. Melt inclusions trapped in the phenocrysts of miner-

alizing, felsic magmas are strongly depleted in Cl, S, and metals. Petrographic
evidence, apatite volatile contents, and mass balance calculations suggest that
this depletion was caused by the exsolution of aqueous fluids, which extracted
63-97% of the Cl, S, and metals originally present in the magmas. Three
independent geobarometers reveal that all the major phenocrysts in the felsic
magmas crystallized within the pressure range of 0.3-0.5 GPa. These results
show that the ore-forming fluids exsolved from magmas that crystallized at

mid- to upper crustal depths of ~10-20 km, rather than from magmas crys-
tallizing entirely within the upper crust or from magmas directly ascending
from the lower crust. The fluids thus had to transport their metal and S
endowments over a vertical distance of ~10 km to the site of ore precipitation,
likely first via bubbles suspended in ascending porphyry magmas, and then
through an interconnected fluid network.

Porphyry-type Cu (Mo, Au) deposits provide ~75% of the world’s Cu,
and considerable amounts of Mo and Au (ref. 1). Ore formation at
crustal depths of a few kilometers is the product of multiple processes,
which involve (1) partial melting of hydrated upper mantle, (2) crustal
differentiation of mafic arc magmas, (3) exsolution of metal- and
S-bearing, saline aqueous fluids from intermediate to felsic magmas,
(4) emplacement of porphyry stocks or dikes that subsequently serve
as fluid pathways, and (5) hydrothermal evolution and ore
precipitation®™.

Based on the high Sr/Y signature of Cu-mineralized porphyries,
high-pressure differentiation of mafic arc magmas in the lower crust is
recognized as a critical prerequisite for the formation of intermediate
to felsic, fertile magmas*®. However, the site and mode of ore-forming
fluid exsolution from the fertile magmas are still a matter of debate
(e.g., see discussions in refs. 4,7). In the traditional model, fertile

magmas accumulate in the upper crust to form large magma reser-
voirs, which, upon further fractionation, contribute porphyry magmas
and fluids for the overlying porphyry Cu systems'>%7°, The large
magma reservoirs have been postulated to be located at depths of 5-
15 km (ref. 1), but only very few quantitative data exist, and these rather
suggest depths of only 4-10 km (refs. 8,11-14; Supplementary Table 1).
On the other hand, some recent models propose that the ore-forming
fluids start to exsolve already at lower- to mid-crustal depths in
response to the ascent of fertile magma from the lower crust and that
no large, upper crustal magma reservoirs exist at the time of
mineralization®®. Irrespective of these different models, the mechan-
ism of fluid transfer from the source magma to the site of ore forma-
tion is not well understood*®.

Melt inclusions, which are tiny droplets of silicate melt trapped in
growing minerals, provide a unique approach to quantify magmatic
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volatile and metal contents before and after fluid exsolution, and,
together with mineral compositions, preserve information about
magmatic pressure and temperature. However, melt inclusion studies
combined with thermobarometry on mineralized magmatic systems
are scarce, mostly due to the difficulty of finding suitable natural
samples.

Here we report on results from the Sanjiang porphyry-skarn Cu
(Au, Mo) metallogenic belt in southwestern China (Fig. 1a). The study
area was chosen for the following reasons: (1) the variably evolved
magmatic rocks in certain magmatic systems are clearly cogenetic, and

they contain well-preserved melt inclusions'®”’; (2) evolutionary

systematics of H,O, S, and Cl concentrations in the residual melt
during magma differentiation at high pressure have been explored
experimentally”; (3) melt inclusions coexist with CO,- or H,O-rich fluid
inclusions in various phenocrysts; and (4) the presence of hornblende
and quartz phenocrysts in mineralized felsic porphyries allows the
application of two well-calibrated, independent barometers.

Results and discussion

Volatile and metal concentrations in variably evolved melts

We analyzed Cl, S, and metal concentrations in a total number of
207 melt inclusions that were hosted in olivine and clinopyroxene
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Fig. 1| Simplified maps showing the distribution of Eocene to Oligocene
potassic magmatic rocks in the Sanjiang region and the location of the
investigated samples. a, b The distribution of strongly mineralized felsic por-
phyries and weakly to non-mineralized variably evolved rocks in the Sanjiang
region. The maps in (a) are modified after https://commons.wikimedia.org/wiki/
File:Simplified World_Map.svg and ref. 26, and the one in (b) after ref. 80. ¢ The

distribution of intermediate to felsic rocks in the Jianchuan area. The map is
modified after refs. 81,82. d, e The distribution of strongly mineralized and weakly
to non-mineralized felsic porphyries in the Beiya and Yulong areas. The maps are
modified after refs. 29,30, respectively. The age ranges shown in (c) to (e) are based
on in-situ zircon U-Pb dates of the intermediate to felsic rocks (see age summaries
in refs. 16,29).
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phenocrysts of mafic rocks (trachybasaltic andesite and trachybasalt),
in clinopyroxene phenocrysts of intermediate rocks (syenite porphyry
and trachyte), and in quartz, plagioclase, and K-feldspar phenocrysts
of felsic rocks (rhyolite tuff, monzogranite porphyry, and quartz-
monzonite porphyry) (Fig. 1; Supplementary Data 1 and 2). Most of the
melt inclusions were crystallized, and thus only unexposed ones were
analyzed as a whole using laser-ablation inductively-coupled-plasma
mass-spectrometry (LA-ICP-MS; Methods).

The Cl and S concentrations in melt inclusions analyzed from the
mafic to intermediate rocks match well with the Cl and S trends
observed in residual melts of the magma differentiation experiments
conducted at 1.0 GPa (ref. 17), and the W, Pb, Mo, and Ag concentra-
tions in these melt inclusions are close to theoretical trends predicted

Fig. 2 | Volatile and metal contents versus SiO, content of melt inclusions in
variably evolved magmatic rocks from the Sanjiang region. The stars at the top
indicate bulk-rock SiO, contents of the studied rocks, whereas the solid lines below
show the ranges of SiO, contents of melt inclusions that are color-coded to their
respective host rock. Large, fully filled symbols denote LA-ICP-MS analyses. Volatile
contents determined by EPMA, metal contents reconstructed from the composi-
tion of sulfide inclusions, and part of the LA-ICP-MS analyses were reported in
ref. 18. Water, Cl, and S contents of the experimental melts were taken from
equilibrium crystallization experiments performed at 1.0 GPa (ref. 17), which uti-
lized a Sanjiang basaltic trachyandesite sample as starting material. The theoretical
trends for 100% incompatibility were calculated based on magma crystallinities
observed in the 1.0 GPa experiments, assuming that the components stay solely in
the residual melt, except for H,O which was allowed to partition slightly into
biotite”. Error bars show one standard deviation of multiple analyses. MI's melt
inclusions, SI's sulfide inclusions, ol olivine, cpx clinopyroxene, qtz quartz, pl pla-
gioclase, kfs K-feldspar, EPMA electron probe micro-analyzer.

for the case of 100% incompatibility in the crystallizing minerals
(Fig. 2). The S, Cu, and Au concentrations are variably depleted com-
pared to the theoretical trends. This is likely because S, Cu, and Au are
strongly compatible in magmatic sulfides that were present in inter-
mediate melts in both the experimental and natural samples”*. The Cl
concentrations are slightly lower than the theoretical trends, which
may be explained by the exsolution of early, CO,-rich fluids that could
contain small amounts of CI (ref. 19; the small amount of CI that is
incorporated into magmatic biotite has already been subtracted from
the theoretical CI trend shown in Fig. 2). This interpretation is sup-
ported by the presence of CO,-rich fluid inclusions in clinopyroxene
and K-feldspar phenocrysts of the intermediate rocks (Supplementary
Fig. 1), and also by the exsolution of CO,-rich fluids in magma differ-
entiation experiments performed at 1.0 GPa (ref. 17). The presence
of lower crustal, garnet-amphibolite and eclogite xenoliths in the
intermediate rocks and clinopyroxene-liquid barometric results
(Supplementary Data 3; Methods) suggest that the intermediate
magmas formed through magma differentiation at pressures of
~0.5-1.3 GPa.

Since the concentrations of Cl and most metals (except for Cu and
Au) in the trachydacitic melt inclusions (67-70 wt% SiO,) analyzed
from the intermediate rocks are still close to the theoretical trends of
100% incompatibility (Fig. 2), we conclude that the onset of aqueous
fluid exsolution was not yet reached. By contrast, the Cl, S, and metal
concentrations in the rhyolitic melt inclusions (75-78 wt% SiO,) ana-
lyzed from the felsic rocks are much lower than those in the trachy-
dacitic melt inclusions, despite higher degree of fractionation of the
former melts (Fig. 2). We interpret these trends to reflect the exsolu-
tion of CI-, S-, and metal-rich aqueous fluids, in agreement with the
presence of H,O-dominated fluid inclusions coexisting with rhyolitic
melt inclusions along growth zones in plagioclase phenocrysts (Fig. 3).

The F, ClI, and OH contents of clinopyroxene-hosted apatite
inclusions in the intermediate rocks and of plagioclase- and potassic
feldspar-hosted apatite inclusions in the felsic rocks are consistent
with the interpretation that the trachydacitic melts were not saturated
in aqueous fluids, whereas the rhyolitic melts were saturated (Fig. 4;
see Methods for a discussion about the validity of using apatite volatile
contents to constrain the timing of aqueous fluid saturation). Com-
positions of zircon-hosted apatite inclusions from mineralized felsic
porphyries® also suggest that these magmas were saturated in aqu-
eous fluids (Fig. 4).

Depth and mode of fluid exsolution

The solubility of H,0 in rhyolitic melts within the pressure range of
0.05-0.50 GPa can be approximated by the equation:

Croo™™ (wWih)= — 12.87 x P> +22.76 x P+1.989, I
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Fig. 3 | Petrographic evidence for the exsolution of aqueous fluids in a felsic
magma from the Beiya area. a, b Coexisting H,O-rich fluid inclusions and melt
inclusions along a growth zone within a plagioclase phenocryst. ¢, d Close-up view
of plagioclase-hosted melt inclusions in the same sample. They consist mainly of
glass and contain an exsolved aqueous fluid phase that is composed of about equal
volumes of liquid H,O and a vapor bubble. MI melt inclusion, FI fluid inclusion.

in which P is given in GPa. The high H,O contents of glassy melt
inclusions in quartz phenocrysts of the Jianchuan rhyolite tuff
samples'® (Fig. 2; up to 7.0-9.3 wt% H,0) suggest that they were trap-
ped at pressures of at least 0.26-0.42 GPa. These are minimum values
because the activity of H,O in silicate melts was suppressed by the
presence of CO, (ref. 22), which was detected by laser Raman spec-
troscopy in the vapor bubble of the melt inclusions. For the same
rhyolite tuff samples, slightly higher pressures (i.e., 0.3-0.5 GPa) are
obtained via Al-in-hornblende barometry® (using the composition of
hornblende inclusions in quartz and K-feldspar phenocrysts; Methods;
Supplementary Data 4) and Ti-in-quartz barometry®** (using the Ti
contents of quartz phenocrysts in conjunction with reconstructed
temperatures and TiO, activities; Methods; Supplementary Data 5)
(Fig. 5). For all porphyry intrusions, similar pressures of phenocryst
crystallization were obtained (typically at 0.3-0.5 GPa), independent
of whether they are mineralized or not'®* (Fig. 5). Notably, the good
agreement between the results obtained from the three barometers
within uncertainties reinforces their validity. This comparison relies
only on hornblende inclusions hosted within other phenocrysts
because the composition of unshielded hornblende phenocrysts is
often variably reset (see Methods). Overall, the results summarized in
Fig. 5 clearly demonstrate that all major phenocrysts in the felsic
magmas (i.e., quartz, hornblende, plagioclase, and K-feldspar) crystal-
lized within the pressure range of -0.3-0.5 GPa, some potentially even
up to 0.6 GPa. The evidence from fluid inclusion petrography (Fig. 2)
and apatite volatile contents (Fig. 3) explicitly suggests that the felsic
magmas were saturated in aqueous fluids at such high pressures.
The mineralization potential of the aqueous fluids was evaluated
by mass balance calculations (Supplementary Data 6), based on (1) the
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Fig. 4 | Apatite volatile content evidence for aqueous fluid saturation in felsic
magmas from the Sanjiang region. Lines show modeled evolutionary trajectories
of apatite volatile ratios during H,O-undersaturated (dashed line) and
H,O-saturated (solid line) crystallization®®. The molar X¢/X ratio in apatite
increases only during the exsolution of aqueous fluids, because the fluid-melt
partition coefficient of Cl is about an order of magnitude higher than that of F (ref.
83), whereas the mineral-melt partition coefficients of Cl are slightly lower than
those of F (ref. 84). The grey area represents the range of published data of zircon-
hosted apatite inclusions (n =41) from strongly mineralized felsic porphyries at
Yulong, Duoxiasongduo, and Zhanaga in the Sanjiang region®. apa apatite, cpx
clinopyroxene, kfs K-feldspar, pl plagioclase.

volatile and metal concentrations in the trachydacitic vs. the rhyolitic
melt inclusions (Fig. 2) and (2) the increase in magma crystallinity
between these two melt compositions. To simplify the calculations, we
assumed that minimal amounts of these elements were incorporated
into the crystallizing minerals (i.e., plagioclase, K-feldspar, quartz, and
minor amounts of biotite, amphibole, clinopyroxene, apatite, titanite,
and magnetite). This is justified by the good match between most
element concentrations measured in the trachydacitic melt inclusions
and the theoretical trends for 100% incompatibility (Fig. 2), except for
S, Cu, and Au. The latter elements could be affected by the presence of
sulfides (S also by anhydrite), but the abundance of sulfides and
anhydrite in the natural intermediate to felsic magmas is extremely low
(typically, only 1-2 sulfide inclusions per 150-pum-thick section; anhy-
drite has been observed only sporadically). Since the mass of fluids
exsolved from the felsic magma significantly outweighs the mass of
potentially precipitated sulfides (-5-10 wt% fluid vs. <<0.2 wt% pyr-
rhotite; Supplementary Data 6), and because sulfides that are not fully
enclosed within other minerals decompose during fluid exsolution”,
we argue that the effect of sulfides on the composition of the exsolved
fluids was likely insignificant. The magma crystallinity was varied in the
range of 40-60 wt% based on the typical modal abundance of phe-
nocrysts in the felsic porphyries (Supplementary Data 1) and the fact
that their whole-rock SiO, content matches that of the trachydacitic
melt inclusions (Fig. 2).

The results shown in Fig. 6 suggest that (1) the composition of the
computed fluid compares well with the composition of high-
temperature fluid inclusions analyzed from the Beiya, Taohua, and
Yulong deposits in the Sanjiang region and the Bingham Canyon por-
phyry Cu-Au(-Mo) deposit in Utah (USA; associated with potassic
magmas, too) and that (2) the computed fluid extracted 63-97% of the
Cl, S, and metal inventories that were present in the trachydacitic
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independent constraints

R

H,O0 contents of quartz-hosted glassy melt inclusions. The final emplacement depth
of the Yuzhaokuai stock is constrained by its proximity to the Jianchuan rhyolite
tuff and the Laojunshan syenite (Fig. 1), whereas the final emplacement depths of
the mineralized stocks at Yulong, Beiya, and Machangqing are based on fluid
inclusion types and quartz vein textures in the ore deposits***. The error bars
denote the estimated uncertainty of individual barometric results.

strongly mineralized porphyries

melts. Since all this extraction occurred at depths of -10-20 km as
monitored by Al-in-hornblende barometry, Ti-in-quartz barometry,
and the H,O content of glassy melt inclusions (Fig. 5), most of the Cl, S,
and metals in the felsic magmas were already partitioned into aqueous
fluids before some of these magmas finally ascended to shallow depth
to form the porphyry stocks (Fig. 7a). Hence, the amounts of fluids that
exsolved from the shallow porphyry stocks themselves seem to have
played an insignificant role in the formation of the ore deposits.

The same conclusion is reached if one compares the total amount
of metals present in the ore deposits with the metal content of the ore-
forming magmas. The volume of the mineralized porphyry stocks at
Yulong and Beiya in the Sanjiang region is likely less than 10 km?, based
on a typical diameter of <1 km (Fig. 1d, e) and a vertical extension of
~10 km (Fig. 7a). In contrast, to provide the 6.5 Mt Cu and 0.4 Mt Mo
contained in the Yulong deposit® and the 300 t Au contained at
Beiya®, at least 24 +13 km?, 17 +4 km?, and 54 + 10 km® of magma are
required, respectively, if one assumes a magma density of 2.7 g/cm®,
the metal concentrations present in the trachydacitic melt inclusions
(99 £ 52 pg/g Cu; 8.8 +2.0 ug/g Mo; 2.0 + 0.4 ng/g Au), and the geolo-
gically unrealistic case of 100% metal extraction efficiency from the
magma and 100% metal precipitation efficiency at the ore deposit
level. The actually required magma volumes should be far higher, also
because the metal contents of the deposits represent only the mine-
able reserves, which do not include mineralized rock masses below
economic cutoff ore grades (0.2 wt% Cu, 0.03 wt% Mo, and 1g/t Au),
nor the -1/3 eroded Cu-Mo orebody at Yulong®. Hence, most of the
ore-forming fluid must have originated from deeper levels, i.e., from
the magma reservoirs located at 10-20 km depth (Fig. 7a).

Distance and mechanism of fluid transport

The following lines of evidence suggest that the final emplacement of
felsic porphyries and the formation of orebodies occurred at much
shallower depths than the exsolution of ore-forming fluids
(Figs. 5 and 7a): (1) Some felsic porphyry stocks occur within only ~2 km
distance to similarly-aged volcanic tuffs, with no major faults in

between (Fig. 1c); (2) Quartz vein textures and fluid inclusion types® >

suggest that the emplacement depths of the orebodies at Yulong,
Beiya, and Machangqing are of the order of 34 km (refs. 34,35); (3)
Small hornblende crystals in the matrix, the rim of some hornblende
phenocrysts, and hornblende phenocrysts that recrystallized in-situ
give Al-in-hornblende pressures of only ~0.1-0.2 GPa, in contrast to the
typically ~0.3-0.5 GPa recorded in hornblende inclusions within other
phenocrysts and in non-recrystallized core zones of hornblende phe-
nocrysts. Consequently, the porphyry magmas and the ore-forming
fluids must have migrated up over a vertical distance of at least 10 km
on average from the underlying magma reservoirs to the site of ore
precipitation (Fig. 7).

Initial fluid transfer was likely in the form of bubbles suspended in
rising porphyry magmas (e.g., ref. 36), where depressurization pro-
moted additional fluid exsolution. Otherwise, it is difficult to explain
the fact that the phenocryst content of some felsic porphyries is higher
than the rheological lock-up crystal content in magmas® (-50 vol.%),
such as at Beiya where the entire mineralized porphyry stock including
its preserved apex contains ~60 vol.% phenocrysts***° (Supplementary
Data 1). The presence of abundant fluid bubbles likely aided the
transport of the very crystal-rich magmas*’.

However, the large volume of the fluids required to produce the
Beiya and Yulong deposits (at least 8 +3 to 37 +22 km’, calculated
based on the Cu, Mo, and Au contents of the orebodies, the compo-
sition of the computed fluid, a fluid density of 0.5g/cm? and 100%
metal precipitation efficiency) relative to the volume of the miner-
alized porphyry stocks (<10 km®) renders it very unlikely that all the
fluids were transferred together with the porphyry magmas to the site
of mineralization (see also refs. 4,41), but rather suggests that most of
the fluids ascended after the emplacement of the magmas as stocks.
The low degrees of veining and alteration in deeper parts of the
mineralized porphyry stocks?>*° imply that most of the fluids perco-
lated through an interconnected fluid network at near-solidus condi-
tions (Fig. 7b, c¢). The overall high crystal fractions in the porphyry
magmas likely facilitated the development of the fluid network*-*
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Fig. 6 | Measured versus computed Cl, S, and metal concentrations in ore-
forming fluids, and computed extraction efficiencies at ~10-20 km paleo-
depths. a Composition of high-temperature fluid inclusions from several miner-
alized systems, compared to theoretical fluid compositions computed from the
volatile- and metal content of trachydacitic and rhyolitic melt inclusions in the
Sanjiang region. For valid comparison, all the fluid compositions were normalized
to a salinity of 10 wt% NaCl equivalent, similar to the salinity of early, intermediate-
density fluid inclusions present in the Yulong and Beiya deposits®*%. Note the
generally good match in element concentrations between the computed and nat-
ural fluids. The few discrepancies can be explained by the effect of additional
factors on the composition of the fluid inclusions, such as (1) the depletion of S in
the brine phase during vapor-brine immiscibility®; (2) the possibility of partial S,
Cu, W, and Mo precipitation prior to fluid inclusion entrapment®; and (3) post-
entrapment gain of Cu in quartz-hosted fluid inclusions®. The fluid inclusion data
are provided in Supplementary Data 7. b Element extraction efficiencies calculated
based on the compositional differences between trachydacitic and rhyolitic melt
inclusions. The error bars denote propagated errors from the input values.

(Fig. 7b). Continuous input of fluids from the magma reservoir could
ensure the fluid network to have remained open, thereby efficiently
directing the fluids toward the top of the porphyry stock.

The proposed fluid transport mechanisms may be generally
applicable to porphyry-type Cu deposits worldwide, considering
common reports of (1) very high phenocryst contents of syn-ore por-
phyry intrusions*>*** (based on the least-altered samples), which are
above the rheological lock-up value of -50 vol.%*, (2) large tonnages of
ore metals and S versus small volumes of mineralized porphyry stocks
or dikes"***, (3) the general occurrence of orebodies at the top of
porphyry stocks"*, and (4) the little-veined and little-altered nature of
roots of mineralized porphyry stocks".
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Fig. 7 | Cartoons illustrating the preferred model of magma evolution, fluid
exsolution, and fluid transport processes involved in the formation of
porphyry-type Cu (Au, Mo) deposits in the Sanjiang region (not to scale).

a Accumulation of lower-crustal, fertile magmas at the mid- to upper crustal depths
of 10-20 km, and exsolution of the ore-forming fluids at these depths during
considerable crystallization of the magmas. b, ¢ Percolation of the fluids through a
transient, interconnected fluid network in the porphyry magma. Notice that the
residual melt at the top of the porphyry stock has already transformed into a finely-

crystallized matrix due to decompression-induced H,0 loss®*5,

In summary, this study provides support for the classical model of
porphyry Cu formation because our data clearly demonstrate that mid
to upper crustal magma reservoirs existed beneath the porphyry Cu
(Au, Mo) deposits in the Sanjiang region and that most of the ore-
forming fluids originated from these reservoirs (Fig. 7a). However, in
contrast to the few depth constraints available so far, which range up
to 10 km, the magma reservoirs in the Sanjiang region were situated at
depths of 10-20 km (average 15km), whereas the orebodies them-
selves were situated at depths of ca. 5 km. This means that the fluids
had to ascend over a distance of ~10 km from the source region to the
site of ore precipitation. Initial fluid transfer was likely in the form of
bubbles suspended in the rising porphyry magma, but most of the ore-
forming fluids seem to have subsequently percolated through an
interconnected fluid network (Fig. 7b, c). Whereas the ore metal ton-
nages of the investigated systems vary by more than three orders of
magnitude, the metal content (e.g., Cu, Au content) of analyzed high-
temperature fluid inclusions are similar everywhere (Fig. 8). Hence, the
extent of mineralization was not controlled by the metal content of the
fluid, but rather by the mass of fluid exsolved from the underlying
magma reservoirs, and, therefore, probably by the size of these
reservoirs. Furthermore, the formation of deposits with vastly differ-
ent Cu/Au ratios despite the presence of similar Cu/Au ratios in the
input fluids suggests that selective metal precipitation mechanisms at
the hydrothermal stage played an important role (e.g., ref. 48). A major
erosion level control on the extent of mineralization in the Sanjiang
porphyries can be discarded because many weakly to non-mineralized
porphyry stocks occur very close to strongly mineralized ones (Fig. 1),
and because the original orebodies at Beiya (Au-only) and Yulong (Cu-
Mo) are largely preserved®°.
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Fig. 8 | Tonnages of Cu and Au in four mineralized systems versus the metal
concentrations in high-temperature fluid inclusions (normalized to a fluid
salinity of 10 wt% NaCl equivalent). a Cu tonnage vs. fluid Cu concentrations. b Au
tonnage vs. fluid Au concentrations. The error bars denote one standard deviation.
See Supplementary Data 7 for the source of the fluid inclusion data. The Cu and Au
tonnages are taken from the literature (Taohua: ref. 82; Yulong: ref. 29; Beiya:

ref. 30; Bingham: ref. 89).

Methods

Geologic background of the studied samples

The collision of India with the Eurasian continent triggered widespread
Eocene-Oligocene potassic magmatism in the Sanjiang region along
the eastern margin of the Tibetan Plateau® (Fig. 1). Previous studies
suggest that the entire range of mafic to felsic potassic magmas can be
explained by differentiation of mantle-derived, potassic melts'®".
Many of the felsic, potassic porphyries (>65wt% bulk-rock SiO,) are
genetically associated with porphyry- or skarn-type Cu (Au, Mo)
deposit or prospect.

We collected variably evolved potassic rocks in the Sanjiang
region for petrography and in-situ geochemical microanalysis,
including mafic samples from basaltic trachyandesite to trachybasalt
lavas at Wozhong (n = 8), intermediate samples from syenite porphyry
intrusions at Jianchuan (n = 4) and trachyte lavas at Madeng (n =2), and

felsic samples from rhyolite tuffs at Jianchuan (n=2), and many
monzogranite to quartz-monzonite porphyry intrusions at various
locations (n=20) (Fig. 1; Supplementary Data 1). At the giant Yulong
porphyry(-skarn) Cu-Mo deposit, the giant Beiya skarn(-porphyry) Au-
Cu deposit, the small Machangging and Xiaolongtan porphyry(-skarn)
Cu(-Mo-Au) deposits, and the Taohua and Xiejiaochong porphyry Cu-
Au-Mo prospects, most samples were taken within or close to sites of
mineralization. In-situ zircon U-Pb dates of variably evolved potassic
rocks within a specific area are indistinguishable within the analytical
uncertainty of ~1-2 million years (refs. 16,29 and references therein;
Fig. 1c-e). Based on Nd-Sr-Pb isotopic and major to trace element
compositions, the mafic to felsic rocks collected in and around the
Jianchuan and Beiya areas appear to have evolved from a common,
mantle-derived, potassic parental melt.

LA-ICP-MS analysis of melt inclusions and fluid inclusions

As previously described in ref. 18, we utilized two LA-ICP-MS systems to
analyze melt inclusions: (1) a GeoLas-Pro 193 nm ArF Excimer laser
coupled with an Elan DRC-e quadrupole ICP-MS hosted at the Bavarian
Geoinstitute (BGI), University of Bayreuth, Germany; (2) the same type
of laser coupled with an Agilent 7900 quadrupole ICP-MS hosted at the
Institute of Geological Sciences, University of Bern, Switzerland. The
latter system has a much stronger detection capacity and was thus
particularly used to analyze Au and Ag concentrations in relatively
large melt inclusions, and Cl concentrations in rhyolitic melt inclu-
sions. Unexposed, individual melt inclusions were drilled out as a
whole, together with part of the adjacent host mineral*’. The laser
systems were operated at an ablation frequency of 6-10 Hz with an
energy density of 3-10]J/cm? on the sample surface. The laser beam
size was adjusted in the range of 16-90 pm, depending on the inclusion
size, such that it ultimately covered the entire inclusion volume but
included as little host mineral as possible. The ICP-MS systems were
tuned to a ThO rate of 0.10 + 0.05 % and a rate of doubly-charged **Ca
ions of 0.25 + 0.05 % based on measurements of NIST SRM610 and 612
glasses. GSE-1G, GSD-1G, NIST SRM610, or Armenia rhyolite glass was
used as external standard for most elements, whereas either an
afghanite or a scapolite standard was used for quantifying S and CI. The
NIST SRM612 glass was used for quantifying Au concentrations. Iso-
topes analyzed at BGI include 2Na, Mg, Al, *°Si, 3P, 3§, 33Cl, *K, **Ca,
49Ti, Slv’ 53Cr’ SSMn, 57Fe, 60Ni, 6SCU, 6ézn’ SSRb, 885!‘, 89Y' 9OZr, 93Nb, 98MO,
1383Cs, ¥Ba, *La, *Dy, Yb, ®*W, 2Th, and #®U, whereas those ana-
lyzed at the Institute of Geological Sciences include #Na, *Mg, “Al,
ngi, 31P, 345’ 35cl' 39K, 43Ca, 49Ti, SIV' 53Cr, SSMn, 57Fe, GSCU, 7SAS, SSRb, SSSr'
9OZr, 93Nb, 98MO, 109Ag, 137Ba, 181Ta, 197Au, and ZOSPb.

Melt inclusion analyses were quantified by subtracting the con-
tribution of host mineral to the mixed inclusion-host signals, using
either a fixed Al,O; content or a bulk-rock trend of Al,O3 vs. SiO, or
FeOt vs. SiO, as internal standard*® (Supplementary Data 2). The sum
of all major element oxides was normalized to 100 wt%. To optimize
the host subtraction, the MgO, FeOt, CaO, P,0s, or Na,O content of
some melt inclusions was fixed at a value based on the composition of
bulk rocks or of well-quantified, similarly-evolved melt inclusions
(please see the footnote of Supplementary Data 2 for details about how
the replacement values were chosen). Sulfur and CI concentrations in
melt inclusions that were analyzed at BGI were quantified using an in-
house afghanite standard that contains 4.4wt% S and 4.4 wt% ClI,
though sophisticated corrections were required”. Sulfur and CI con-
centrations in melt inclusions analyzed at the Institute of Geological
Sciences were quantified without any correction, using the scapolite
standard Scal7 that contains 2500 pg/g S and 2.9 wt% Cl. The validity
of the latter results was confirmed on glassy melt inclusions through
comparison with EPMA data'®. Titanium concentrations in quartz hosts
were quantified by normalizing the SiO, content to 100 wt%.

Seventeen high-salinity brine inclusions were analyzed using the
Agilent 7900 ICP-MS at the Institute of Geological Sciences in Bern
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(Supplementary Data 7). The fluid inclusions were drilled out indivi-
dually, together with part of the adjacent quartz. The contribution of
quartz host was numerically subtracted from the mixed signal until no
Si was left in the fluid inclusion. The GSD-1G glass was used as external
standard for most elements, whereas the Scal7 standard was used for
quantifying S and Cl, and the NIST SRM612 glass was used for quan-
tifying Au. Analyzed isotopes include 2Na, ZAl, ?°Si, S, *°Cl, *°K, **Ca,
SSMn, 57Fe, 65CU, 79Br, SSRb, SSSr' 98M0, 109Ag' 133(:5, ISZW’ 197AU, and ZOSPb.
While the brine inclusions had salinities of ~35-50 wt% NaClequiv, the
absolute element concentrations were normalized to a constant sali-
nity of 10 wt% NaClequiv to allow for direct comparison of all fluid
inclusion data. For each analysis, that nominal salinity of 10 wt%
NaClequiv Was corrected for the presence of other major cations (their
abundance relative to Na being known from the LA-ICP-MS analysis) to
estimate the “net” Na concentration® (all concentrations in wt%):

net NaCl =NaCley,, — 0.5% (KCI+FeCl, + MnCl, + CaCly).  (2)

EPMA analysis of clinopyroxene and amphibole

AJEOL JXA-8200 EPMA hosted at BGI was used to analyze amphiboles
in felsic samples (n=17) and clinopyroxene phenocrysts in mafic to
felsic samples (n=11) for the application of thermobarometry (see
below). Since most felsic porphyries experienced variable degrees of
alteration following phenocryst crystallization, we focused on
amphibole and clinopyroxene inclusions shielded by other pheno-
crysts to constrain the crystallization pressure of phenocrysts. For
the analysis, fully-enclosed inclusions were exposed onto the sample
surface by means of polishing. As a comparison and also to constrain
the pressure of final magma emplacement, we additionally analyzed
large, euhedral amphibole phenocrysts from their core to rim, and
small, anhedral amphibole crystals in the matrix. The fact that even
the core zones of some amphibole phenocrysts returned much lower
pressures than amphibole inclusions hosted in other phenocrysts of
the same samples (Supplementary Data 4) suggests that these
amphibole phenocrysts sometimes re-equilibrated completely. This
means that pressure constraints based on the composition of
amphibole phenocrysts from mineralized porphyries should be
treated with much caution®"*.

All the samples were coated with a~12 nm thick carbon film. The
utilized conditions were 15 kV and 10 nA, with a beam defocused to 5-
10 pm. Counting times of Na and K on peak and background before
and after the peak were 10 and 5 s, respectively; for Fe, Mn, Al, Si, Ca,
Ti, Cr, and Mn they were 20 and 10 s, respectively; and for Cl and F
they were 60 and 30 s, respectively. The elements were standardized
on albite (Na, Si), orthoclase (K), metallic Fe and Cr, enstatite (Mg),
spinel (Al), wollastonite (Ca), MnTiO3 (Ti, Mn), fluorite (F), and
vanadinite (CI).

EPMA analysis of apatite

The same EPMA hosted at BGI was used for the analysis of apatite
from the Jianchuan syenite porphyry and rhyolite tuff (Fig. 1c) to
constrain the fluid saturation history during magma evolution. Pre-
vious studies have shown that the F-CI-OH content of apatite can
easily get modified by means of diffusion on geologically very short
timescales™™ (e.g., in days to years, depending on the grain size and
temperature;), such that even in fresh lava rocks the F-CI-OH content
of apatite microphenocrysts can have diffusively re-equilibrated
during cooling and thus have become different from that of small
apatite inclusions fully enclosed in robust minerals®. Therefore, in
mineralized porphyry stocks that experienced relatively slow cool-
ing, prolonged magmatic fluid fluxing, and hydrothermal alteration,
it is unavoidable that the F-CI-OH content of apatite micro-
phenocrysts re-equilibrated at the site of magma emplacement™~,
Rapid re-equilibration is further confirmed by our test on apatites

from the very fresh Jianchuan trachyte porphyry (Supplementary
Fig. 2). Since our aim is to understand the timing of fluid exsolution,
we thus focused solely on apatite inclusions fully enclosed in fresh,
robust phenocrysts such as zircon, clinopyroxene, plagioclase, and
K-feldspar (e.g., refs. 20,45,59-61), rather than on apatite inclusions
enclosed in non-robust phenocrysts such as biotite and amphibole,
which have well-developed cleavages (e.g., refs. 62,63), or apatite
microphenocrysts (e.g., refs. 54,64,65).

It has been demonstrated that apatite F and Cl X-ray count rates
vary with exposure to the electron beam due to F and CI
migration®® %, The use of a relatively low beam energy or a relatively
large beam size can reduce this effect (e.g., 10 kV accelerating vol-
tage, 4 nA beam current, and a beam diameter defocused to 10 um;
ref. 67). To further minimize halogen migration issues, the analyzed
surface of apatite crystals should be optimally parallel to their
c-axis®*®’. However, a beam diameter of 10 um is often too large for
the analysis of apatite inclusions, and the chance to get apatite
inclusions with the c-axis exactly parallel to the sample surface is
rather small. As acompromise, we thus used the analytical conditions
of 15kV, 10 nA, and 5 pm. To assess and correct the effect of halogen
migration, we analyzed six gem-quality apatites from Durango, Ipira,
Pakistan, Tirol, Switzerland, and Arusaha and three synthetic apatites
H25, H26, and H27 as secondary standards. The F and CI contents of
the Durango apatite and the synthetic apatites have previously been
determined by wet chemistry®“%, The Durango and Ipira crystals
were analyzed in five different orientations (Supplementary Fig. 3). In
the case of F the measured concentrations vary substantially as a
function of the angle between the sample surface and the crystal-
lographic c-axis, whereas in the case of Cl the measured concentra-
tions remained almost constant (Supplementary Fig. 3a, b). The fitted
equation in the plot in Supplementary Fig. 3¢ was thus employed to
correct for F concentrations in the measured apatite unknowns, with
the orientation of apatite inclusions estimated using polarized
transmitted light microscopy. Using this approach, the uncertainties
of the measured F and CI concentrations are estimated at 5-10%
and 10-15%, respectively (Supplementary Fig. 3; Supplemen-
tary Data 8).

All the apatite unknowns and secondary standards were coated
with a - 12 nm thick carbon film. Fluorine and Cl were analyzed first to
minimize the effect of diffusive loss during the analysis. Counting
times of F, Cl, S, and Mg on peak and background before and after the
peak were 60 and 30 s, respectively; P, Ca, Na, K, Si, Al, Fe, and Ti were
20 and 10 s. The elements were standardized on fluorite (F), tugtupite
(CI), apatite (Ca, P), albite (Na, Si), orthoclase (K), spinel (Al), enstatite
(Mg), barite (S), MnTiO5 (Mn, Ti), and hematite (Fe).

Thermobarometry

Thermobarometry based on the composition of clinopyroxene
crystals with or without coexisting silicate liquid has been widely
used in magmatic systems, but different calibrations return vastly
different results®®. To identify the most accurate and precise
expressions for application to the Sanjiang potassic magmas, we
tested the various calibrations on 39 hydrous experiments con-
ducted at 0.1-1.5 GPa and 850-1300 °C on starting materials that are
compositionally similar to the Sanjiang potassic magmas"'7°. These
experimental data are best captured by the following two equations
(Supplementary Fig. 4):

P(GPa)=145.8+0.0197 x T (K) — 24.1x InT (K) + 0.0453 x H,0'" (wt%)

+5.55x XY +0.805x XX — 27.7 x XX +1.8x XP¥ + 441 x XY

+0.22x1In (xfg*) Z 177 % (XD +9.73 x (XPX

2 2
A Femz) *3.07 X (X))

Mg(M2)
— 276X (XX,
)
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where X denotes mole fraction. Equation (3) is modified after equation
(32b) of ref. 71, whereas Eq. (4) is modified after model (B) of ref. 72.
Wieser et al.”® suggested that the clinopyroxene (+ liquid)-based
thermobarometers generally exhibit relatively large uncertainties
(+0.3 GPa and +40 °C). To find the best-matching liquid compositions
for the natural clinopyroxenes from Sanjiang, we numerically related
the liquid SiO, to all the other major elements based on fitting
equations in bulk-rock Harker diagrams and then varied the content of
liquid SiO, until an equilibrium Fe-Mg exchange coefficient between
clinopyroxene and the liquid was found (i.e., Kp(Fe-Mg) = 0.27 + 0.03,
refs. 71,72; Supplementary Data 3). The trachybasaltic andesitic melts
and trachydacitic to rhyolitic melts were assumed to have contained
4 wt% H,0 and 8 wt% H,O0, respectively. Varying the melt H,O content
by 1wt% results in a small change of the calculated pressures (i.e.,
<0.05 GPa). Mole fractions of clinopyroxene and liquid components in
Egs. (3) and (4) were calculated using the template provided in ref. 74.

The amphibole crystals in the felsic rocks at Sanjiang are part of
the low-variance mineral assemblage amphibole + plagioclase + alkali
feldspar + biotite + quartz + titanite + magnetite + apatite (Supple-
mentary Data 1) and thus can be used to calculate pressures using the
formulation of ref. 23 (Supplementary Data 4). Their AI** value (in
atoms per formula unit) was calculated using the template provided in
ref. 75, and the corresponding pressure was calculated according to
the following equation®:

P(GPa)=0.05+0.0331 x Al + 0.0995 x (Al“")z. 5)

Mutch et al.” state that the relative pressure uncertainty is about
+16% and that the minimum absolute uncertainty is not better than
0.06 GPa. Since this barometer was calibrated also on a large dataset
from natural granitic samples with independent pressure constraints,
the uncertainties of our pressure estimates are unlikely to be sig-
nificantly higher than the recommended values.

The crystallization pressure of quartz phenocrysts in the Sanjiang
felsic rocks was calculated using the composition of quartz-hosted
melt inclusions and Ti concentrations in the quartz host determined by
LA-ICP-MS (Supplementary Data 5), based on the Ti-in-quartz ther-
mobarometer of ref. 24 and the approach described in ref. 25. The
solubility of Ti in quartz is described by the equation®*:

1 [10 x P(GPa)]*¥

_ 6
oS 660.53 T +5.6459. (6)

log Ti(ugg™) = — 2794.3 x

To determine the pressure, the temperature and the activity of
TiO, need to be independently constrained. Since the crystallization of
the quartz phenocrysts occurred at zircon-saturated conditions, the
temperature can be estimated based on zircon saturation
thermometry’® applied to melt inclusions:

lig 4 yi i
DA = _ 38 0.85x% (w
Xa <X

1
TK) )

— 1) +12900 x

For the calculation of D%/, the zircon is assumed to have con-
tained a typical ZrO, content of 62.5 wt%. The TiO, activity in magmas
is calculated based on the following solubility model” applied to the

melt inclusion compositions:

1 1
i -1 = —_ —_—
log Ti(ugg™)=7.95 — 5305 x T® +0.124 x XE?
A A A ) - 8
ooty
Xliq .
Al

The uncertainty of calculated pressures using this approach is
likely better than 0.1 GPa, based on comparison with independent
pressure constraints in natural magma systems>”’57%,

Data availability
The authors declare that all data that were generated in this study are
provided in the files Supplementary Data 1-8. The raw data underlying
the figures are available in the Source Data file. Source data are pro-
vided with this paper.
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