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GEOCHEMISTRY

Crustal thickening and endogenic oxidation

of magmatic sulfur

Ming Tang"%*, Cin-Ty A. Lee?*, Wei-Qiang Ji3, Rui Wang®, Gelu Costin?

Porphyry ore deposits, Earth’s most important resources of copper, molybdenum, and rhenium, are strongly as-
sociated with felsic magmas showing signs of high-pressure differentiation and are usually found in places with
thickened crust (>45 kilometers). This pattern is well-known, but unexplained, and remains an outstanding prob-
lem in our understanding of porphyry ore deposit formation. We approach this problem by investigating the
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oxidation state of magmatic sulfur, which controls the behavior of ore-forming metals during magma differentia-
tion and magmatic-hydrothermal transition. We use sulfur in apatite to reconstruct the sulfur oxidation state in
the Gangdese batholith, southern Tibet. We find that magma sulfate content increased abruptly after India-Eurasia
collision. Apatite sulfur content and the calculated magma S®*/2S ratio correlate with whole-rock dysprosium/
ytterbium ratio, suggesting that residual garnet, favored in thickened crust, exerts a first-order control on sulfur
oxidation in magmatic orogens. Our findings link sulfur oxidation to internal petrogenic processes and imply an
intrinsic relationship of magma oxidation with synmagmatic crustal thickening.

INTRODUCTION
The oxidation state of sulfur (S) strongly influences its cycling in
subduction zones and the transport and enrichment of ore-forming
chalcophile elements in the crust. Porphyry ore deposits are closely
related to sulfate-rich magmatic plutons in convergent margins (1, 2),
but where the oxidized S is sourced from remains elusive. One pos-
sibility is that the sulfate comes from subducted slab, which, in turn,
is derived from oxidized sediments or seawater (3, 4). However, sed-
imentary and seawater sulfate has distinctively heavy sulfur isotopes
(5), which are not seen in most porphyry ore deposits. The bulk sulfur
of porphyry systems generally has near-mantle isotopic ratios (6, 7),
suggesting that the sulfur budget derives from mantle sulfides instead
of subducted sulfate. The recent work by Li et al. (8) further demon-
strates that the sulfate released from subducted slab is negligible.
Clues to the mysterious sulfate may come from the observation
that porphyry ore deposits are preferentially found in places with thick-
ened crust. For example, porphyry copper deposits are commonly
seen in continental arcs and continental collision zones but rare in
immature island arcs (1). This empirical relationship hints at a link
between crustal thickening and high magmatic sulfate contents/S oxi-
dation state. Below, we use a case study of southern Tibet to evaluate
this hypothesis and explore the underlying petrologic mechanism.

Geologic background and samples

Southern Tibet has the thickest continental crust (60 to 80 km) in
the world. This phenomenal crustal thickness was achieved about
30 million years (Ma) ago after the Indian continent collided with
the Eurasian continent (9). Before the collision, southern Tibet had
been a convergent margin associated with northward subduction of the
Neo-Tethyan oceanic lithosphere since the Mesozoic (10). Magmatic
activity in southern Tibet dates back to the Triassic and continued
through the Miocene (11, 12). The >200-Ma interval of magmatism,
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consisting of subduction and postcollision phases, produced the mas-
sive Gangdese batholith, spanning more than 1500 km along the
India-Eurasia suture zone (Fig. 1A).

The Gangdese batholith hosts multiple giant porphyry Cu-Mo
deposits, but almost all of the Gangdese porphyry deposits are asso-
ciated with young magmatism within the past 30 Ma (13, 14) (Fig. 1B).
It is intriguing that the Gangdese porphyry ore deposits primarily
formed after the India-Eurasia collision but were scarce in the subduc-
tion stage (14, 15). However, from another perspective, mineralization
in the Gangdese was contemporaneous with intense crustal thicken-
ing, a pattern that corroborates the global observations (1, 16-19).

We sampled 22 plutons covering the entire 1500-km-long Gangdese
belt (Fig. 1A). Our samples are I-type unmineralized granitic rocks
with whole-rock SiO; content between 61 and 71 weight % (see the
Supplementary Materials). They are likely produced by partial remelt-
ing of the juvenile Gangdese lower crust (20). The ages of our sam-
ples range from 90 to 16 Ma and thus cover the magmatisms from
subduction to postcollision phases in the Gangdese belt.

Sulfur in apatite as an indicator of magmatic sulfate content

Because S partitioning into apatite is highly dependent on the oxi-
dation state of S in the silicate melt but mostly independent of tem-
perature and pressure (21, 22), apatite S content may be used as a
proxy for S oxidation state in the melt. Under reduced conditions, S
in the melt is dominated by $*~, which is incompatible in apatite, so
S does not exceed a few hundred parts per million (ppm) in apatite;
under oxidized conditions, S is present predominantly as sulfate (SO,>7)
in the melt, which is compatible in apatite and leads to high apatite
S contents (>1000 ppm) (21, 23). Sulfur of intermediate oxidation
states (S'* and $**) may also exist in the melt, but they are far less
abundant compared with $°*, and their incorporation in apatite is
trivial (23, 24). In the apatite lattice, SO,%" may substitute for PO~
by charge coupling with SiO,*” (25), which may complicate the use
of S content in apatite as an indicator of sulfate content in melts with
a wide range of compositions. We suggest that in felsic magmatic sys-
tems where the melt is quartz-saturated or close to quartz saturation,
Si0; activity is relatively fixed, and charge coupling with SiO4*~ would
have a constant effect on S content in apatite. In this case, the variation
of S content in apatite is chiefly governed by sulfate content in the melt.
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Fig. 1. Map, mineralization history, and geochemical evolution of the Gangdese
batholith, southern Tibet. (A) Map of southern Tibet and sample locations. The
map was made using GeoMapApp (http://geomapapp.org). (B) Occurrence of Cu
porphyry deposits from (73, 15, 53-57). (C) Whole-rock [Dy/Yb]n. The subscript N
denotes C1 chondrite normalized (58). The uncertainties of U-Pb ages in (C) are
95% confidence-weighted errors. For some samples, the error bars are smaller than
the symbols; the uncertainties of whole-rock [Dy/Yb]y in (C) are 5%. (D) Apatite S
contents. The error bars of S measurements are similar to or smaller than the symbols.

RESULTS AND DISCUSSION

The Gangdese plutons document correlated evolution of magma Dy/
Yb ratio, apatite S content, and the mineralization history (Fig. 1).
The fractionation between rare earth elements (REEs) is sensitive to
magmatic differentiation pressure, which, in turn, increases sys-
tematically with increasing thickness of the overlying crust (26-28).
Atlow pressure, the residual/fractionating assemblage is dominated
by plagioclase, amphibole, and pyroxene, all of which have near-flat
REE partition coefficient patterns (29). At high pressure, garnet is
stable and strongly fractionates heavy REEs from middle REEs be-
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cause of garnet’s strong preference for heavy REEs (30), resulting in
an increase in middle-to-heavy REE ratios, such as Dy/Yb. Rapid
crustal thickening in the Neogene is reflected by a rapid increase in
the Dy/YDb of postcollision plutons younger than 30 Ma (Fig. 1C).
An earlier crustal thickening event at 80 to 70 Ma in the Lhasa ter-
rane has also been suggested by some researchers (31), but it is not
seen here due to lack of samples within that time window.

Apatite S contents are highly variable within each sample, par-
ticularly in the postcollision plutons. We do not know what causes
the within-sample S variability. One possibility is that S (both $*~ and
SO4*") was being extracted from the melt by exsolving fluids (32, 33)
during apatite crystallization. Alternatively, the highly variable S con-
tent in apatite may be due to small fluctuations in oxygen fugacity
near the narrow sulfate-sulfide transition, which can markedly change
the bulk S partitioning coefficient between apatite and melt. Both of
these processes lead to lower apatite S contents. Nevertheless, we
see that Neogene crustal thickening is attended by a systematic in-
crease in apatite S contents from the Gangdese batholith (Fig. 1D).
In the precollision plutons (>50 Ma), apatite S contents are generally
lower than 1000 ppm, whereas in the postcollision plutons (<30 Ma),
apatite S contents reach up to 4500 ppm.

Because S only becomes compatible in apatite when it is oxidized
to sulfate (24), we interpret the high apatite S contents of the post-
collision plutons in the Gangdese batholith as reflecting high mag-
matic sulfate contents. The rise in apatite S content at ~30 Ma suggests
that magma S oxidation became pervasive only after extensive crustal
thickening. The correlation between S oxidation and crustal thick-
ness is reinforced by the observation that apatite S contents show no
correlation with differentiation or source compositions but instead
correlate with whole-rock Dy/Yb ratio (Fig. 2). The lack of correlation
between apatite S content and whole-rock SiO; content (Fig. 2A)
reaffirms that charge coupling with S$iO4*" has little influence on $
content in apatite in felsic systems.

The correlation between apatite S content and whole-rock Dy/Yb
ratio links S oxidation to garnet, a residual/fractionating phase that
only occurs at high pressure. The connection to garnet is of interest
because garnet fractionation strongly depletes ferrous Fe but not
ferric Fe from the melt, causing melt Fe**/YFe ratio to rise (34). Be-
cause Fe is a major source of electron transfer in magmatic systems,
elevated Fe’*/SFe in the melt should increase oxygen fugacity, which
may in turn lead to the oxidation of other multivalence elements at
lower abundance, such as S.

We now explore how S oxidation state and Dy/Yb ratio in the
melt in equilibrium with residual garnet evolves during lower crust
melting. We first estimate melt $°*/3S using S contents in apatite and
the empirical sulfate partitioning relationship between apatite and
silicate melt (22). Because we do not know the precise S*~ contents
in the melt, we use sulfur concentration at sulfide saturation under
reduced conditions as the maximum S*~ content in the felsic melt
(~200 ppmy; see fig. S3 in the Supplementary Materials). Thereby,
our estimated $°*/¥S are minimum bounds.

To calculate the redox effect of residual garnet during crustal remelt-
ing, we assume that the lower crust is basaltic with 8.5 wt % FeOr
and Fe’*/SFe of 0.16 before melting. These values are typical of slightly
oxidized arc basalts (35). The melting residue is arclogitic, with clin-
opyroxene and garnet as the major Fe-bearing minerals. Clinopyroxene
is in equilibrium with garnet such that (Fe3+/ZFe)Chnopyroxene =2%
(Fe3+/ZFe)gamet (36). Sulfur oxidation state (S°*/%S) can be calculated
via $*/$* —Fe*/Fe** equilibrium (37) and electron conservation in
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Fig. 2. Differentiation, source composition and residual garnet effects on apatite sulfur content. The data are presented as box and whisker plots of apatite S content
versus pluton whole-rock SiO, content (A), aluminum saturation index (ASI) (B), and [Dy/Yb]y (C). The ends of the boxes show the upper and lower quartiles, and the ends
of the whiskers show the 2.5 and 97.5 percentiles. Outliers are plotted as individual points. We also measured apatite in a mafic diorite sample (SiO, = 53 wt %) from the
Gangdese batholith, whose S contents (160 to 320 ppm) are marked by the gray bar. This shows a baseline for apatite S contents in less differentiated samples.

the melt. Residual garnet leads to high S°*/£S and high Dy/Yb in the
melt. For a reasonable range of garnet Fe**/$Fe ratio (0.01 to 0.07)
(34, 38), our model can produce the melt $°*/3S ratios inferred from
sulfate partitioning between apatite and silicate melt (22) and their
correlations with magma Dy/Yb ratios (Fig. 3; see the Supplementary
Materials). We acknowledge that some of the assumptions used
above are loosely constrained, but as a proof of concept, our modeling
exercise demonstrates that garnet fractionation alone can generate
enough oxidizing power to convert sulfide to sulfate in the melt.

Implications

The increase in S oxidation state with crustal thickening has import-
ant implications for the geochemical behavior of chalcophile elements,
such as Cu, which strongly partition into sulfides (18). Any sulfide
segregation rapidly depletes Cu and other chalcophile metals from
the melt. By contrast, high S**/£S in the melt favors sulfate over sul-
fide, preventing extensive sulfide segregation and hence chalcophile
element depletion during crystallization of the plutonic reservoir that
feeds mineralization systems in the shallow crust. Hence, chalcophile
metals remain in the melt, becoming more concentrated with pro-
gressive crystallization until the point of fluid saturation, after which
pulsed fluid exsolution scavenges metals from the residual melts and
concentrates them in mineralization traps (39, 40).
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Fig. 3. Residual garnet effect on sulfur oxidation. We calculate the 5°* content

in the melt using apatite S content and the empirical sulfate partitioning equation
from (22). Calculated S®*/3S ratios are shown by box and whisker plots similar to
Fig. 2. Superimposed are model curves for residual garnet effect on $¢*/2S in the
melt after 30% melting (see the Supplementary Materials). We consider a range of
Fe*t/YFe (0.01 t0 0.07) (34, 38) in the residual garnet, which determines the amount of
Fe3" in the melt available for S oxidation.
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Endogenic sulfur oxidation points to the key role of orogenesis
in the formation of porphyry ore deposits whether they are associ-
ated with collisional orogens such as Tibet or subduction orogens
such as the Andean arc and North American Cordillera. This gen-
erality of endogenic oxidation during synmagmatic crustal thicken-
ing is supported by the prominent relationship between porphyry
ore deposits and magmas with high-pressure differentiation signa-
tures (e.g., high Sr/Y and La/Yb) around the world (16-19). Porphyry
ore deposits may be a natural outcome in the evolution of magmatic
orogens, and their formation may not require oxidized sources in
the slab and mantle or the addition of oxidized supracrustal materials
as often suggested (4, 41).

Our findings highlight the importance of petrologic processes in
the formation of porphyry ore deposits (16). Metal-enriched sources/
magmas may contribute to the potential of ore deposit formation
but are not a decisive factor. Most porphyry Cu deposits are found
in continental arcs and collision zones where magmas are generally
depleted in Cu (16, 18, 42).

A final implication of our findings relates to the S cycling on
Earth’s surface before the rise of atmospheric oxygen. In the Archean,
sulfate supply was limited, and the seawater sulfate concentration
was four orders of magnitude lower than today (43) due to the lack
of atmospheric oxygen and thus large-scale oxidative weathering on
land (44-47). There may have been times in the Archean that were
characterized by widespread orogenesis, such as during craton for-
mation (48-50). Sulfur oxidation in these magmatic orogens may
have provided an important mechanism for generating and trans-
porting sulfate to the Archean surface environment in the absence
of oxidative weathering. Sulfate fuels a number of metabolic pro-
cesses and drives oxidation in the marine environment when buried
as sulfide (51, 52). We thus suggest that the rise and fall of magmatic
orogens may have played an important role in modulating the redox
state of the Archean marine environment.

MATERIALS AND METHODS

Details about the samples, analytical techniques, and modeling
are provided in the Supplementary Materials. Data are provided in
data file S1.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/31/eaba6342/DC1
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