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ABSTRACT

Quantifying the rhythms and rates of magmatic-hydrothermal systems is critical for a better
understanding of their controls on ore formation and the dynamics of magmatic reservoirs that
feed them. We reconstructed the evolution of ore-forming fluids using hydrothermal quartz
from the 17.4 Ma Zhibula skarn, Tibet. Ion probe analysis reveals sharp and dramatic changes
in quartz §'°0 values between 5%o and —9.3%o, with fluid 80 values varying between 2.8%0 and
—18.2%0, which are best explained by transient meteoric water incursion into a hydrothermal
system dominated by magmatic fluids. Two pulses of magmatic fluids and a meteoric water in-
cursion event are inferred, which operated at the millennium scale (760-1510 yr) as constrained
by the aluminum diffusion chronometer. Our results indicate that magmatic reservoirs are
likely water unsaturated for most of their lifetime (>10°-10¢ yr), with transient and episodic
fluid exsolutions (~10° yr) being driven by magma replenishment or crystallization-induced
water saturation. With focused and efficient metal deposition, multiple pulses of metallifer-
ous fluids favor the formation of giant deposits with high grade. Meteoric water 8'*0 values
(—25.4 £ 2.3%0) derived from Zhibula quartz further suggest a paleo-elevation of 5.9 * 0.3 km;
this transient early Miocene surface uplift plausibly was due to break-off of the oceanic slab
attached to the Indian Plate. Our research highlights that ubiquitous hydrothermal quartz in
orogenic belts can probe the dynamics of magmatic-hydrothermal systems and also quantify
paleo-elevations, which has significant tectonic implications.

INTRODUCTION

The rhythms and rates of magmatic-
hydrothermal and volcanic systems are the
primary parameters required for a quantita-
tive understanding of how volcanic igneous

hydrothermal systems has a sensitive response
to the dynamics of deeply seated magmatic res-
ervoirs and determines the rates of heat loss and
fluid exsolution. Upon ascent, magmatic fluids
will cool and interact with meteoric water and

plumbing systems control ore formation and
volcanism, but currently they are not well-con-
strained. Magmatic reservoirs at upper crustal
levels (~10 km) feeding these systems are long-
lived (>10°-10% yr) and involve many repeated
magma recharging events (Karakas et al., 2017).
Therefore, hydrothermal systems are expected
to be long-lived. However, recent advances in
high-precision dating, numerical simulation, and
diffusion modeling mostly argue for short-lived
(<107 yr) timescales for hydrothermal systems
(Weis et al., 2012; Buret et al., 2016; Cernuschi
et al., 2018; Li et al., 2018). Evolution of the
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wall rocks, then generate hydrothermal alteration
assemblages and mineralization. Porphyry and
skarn deposits, as an archive of ancient magmat-
ic-hydrothermal systems, thus have the potential
to tackle fluid evolution at shallow levels and
probe dynamics of magmatic reservoirs at depth.

The ubiquitous interplay between magmatic
fluids and meteoric water controls, and is re-
corded by, elemental and isotopic compositions
of robust hydrothermal minerals such as quartz.
Using high spatial resolution techniques such as
secondary ion mass spectrometry (SIMS), which
essentially translate texture-controlled informa-
tion to temporal patterns, enables us to recon-
struct the evolution of ore-forming fluids with

unprecedented detail (Fekete et al., 2016; Rottier
etal., 2021). Meteoric water oxygen isotope com-
positions (6'%0,,) are negatively correlated with
paleo-elevations (Rowley and Garzione, 2007);
this opens the possibility of using hydrothermal
quartz to predict paleo-elevations. Additionally,
robust paleo-elevations of ancient plateaus also
can help understand underlying tectonics, which
control surface uplift and subsidence.

We studied hydrothermal quartz from the
17.4 Ma Zhibula skarn in southern Tibet, which
recorded meteoric water incursion into a mag-
matic fluid-dominated hydrothermal system to
quantify the pulses and timescales of ore for-
mation and then predict paleo-elevations and
discuss tectonic implications.

SAMPLES AND RESULTS

We collected three samples from Zhibu-
la drill cores (current elevation of ~5260 m;
Fig. 1A), which are from the retrograde stage
of skarn formation and have a close associa-
tion with Cu-Mo mineralization (Figs. 1B and
1C). Molybdenite enclosed by quartz gave a Re-
Os age of 17.4 £ 0.1 Ma (see Table S1 in the
Supplemental Material'). Representative quartz
grains (4.2—12.7 mm, n = 4) were cut into two
halves along their C-axis, with petrographic
(Figs. 2A and 2B) and geochemical analysis
(Figs. 2G, 3A, and 3B) conducted on the first
halves to mirror fluid inclusion data (Figs. 2D—
2F) from the second halves.

All quartz grains are euhedral (Fig. 2A;
Fig. S1) and show a four-stage growth history
(Fig. 2C). Stages 1 and 2 quartz have flat and
sharp terminations, respectively; stage 3 quartz
is characterized by dissolution (Fig. 2A); stage
4 quartz terminates sharply.

Primary fluid inclusion assemblages (FIAs)
from stage 1 mainly are rich in liquid with the
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Figure 1. (A) Topographic map showing the Tibetan Plateau and adjacent regions based on the
ETOPO1 Global Relief Model (https://www.ngdc.noaa.gov/mgg/global/). Stars correspond to
the sampling sites of existing paleo-elevation studies (Liu et al., 2016, and references therein;
Ingalls et al., 2017; Su et al., 2019). (B) Simplified geological map of the Miocene Qulong-Zhibula
porphyry system, southern Tibet. Yellow star shows the location of samples from Zhibula. (C)
A representative quartz-bearing sample. WR—West Rongmucuola pluton; ER—East Rong-

mucuola pluton; P—porphyry.

presence of halite-bearing FIAs (Fig. 2F). FIAs
of stages 2—4 are rich in liquid (Figs. 2D and
2E). Homogenization temperatures (7}, Table
S2) of FIAs from stages 1, 2, and 3 are 498 + 23
°C (2 standard deviations [SD] if not specified),
317 £ 51 °C, and 238 £ 10 °C, respectively.
The T, of stage 4 FIAs shows a rimward de-
crease, and FIAs from the inner zone have a T,
0of 493 £ 14 °C. Brine- and halite-bearing FIAs
(Fig. 2F) from stage 1 are likely to represent
boiling assemblages with a trapping pressure of
~500 bars, corresponding to ~1.9 km lithostatic
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pressure. Trapping temperatures (7,) for FIAs
from all stages are 4—11 °C higher than those
of T, (Table S2).

All quartz grains show pronounced fluctua-
tions in quartz §'%0 values. As represented by
grain ZBL10 (Fig. 2G), 60 values of stage
1 quartz are stable (2.8 —5.0%0), drop sharply
to —3.1%o (stage 2) before reaching a nadir of
—9.3%0 (stage 3), and then rebound to a peak
of 5.6%o before finally dropping to —2.3%o
(stage 4). Corresponding fluid 880 values
(Fig. 2H) calculated at T, also show dramat-

ic changes from 0.7%o (stage 1), to —8.7%o
(stage 2), to —17.5%0 (stage 3), and to 2.8%o
and —5.0%o (stage 4).

Aluminum diffusion in quartz is extreme-
ly slow (Tailby et al., 2018) and can only be
resolved at ultra-high spatial resolution (i.e.,
0.1 pm was used here). We selected isolated
bands (Figs. 3A and 3B) to avoid potential
interferences from neighboring bands. We
modeled Al profiles as an initial step function
modified by diffusion (Figs. 3C and 3D). As-
suming a linear cooling history at 0.001 °C/yr
(Li et al., 2017a), timescales at T, (~500 °C)
are 760 yr and 1510 yr for profiles a and b, re-
spectively; using an isothermal cooling scenar-
io, identical timescales are yielded (Figs. 3E
and 3F).

The binary mixing model (Li et al., 2021,
their figure 4F) allows us to calculate §'30,, val-
ues, and we obtained a maximum §'%0,, value of
—25.4 £ 2.3%0 at Zhibula, which corresponds
to a minimum paleo-elevation of 5.9 & 0.3 km
following Rowley and Garzione (2007).

DISCUSSION
Episodic Ore-Formation Inferred from
Quartz Oxygen Isotope Fluctuations

With primary magmatic fluids having a $'*0
value of 7.6 & 0.5%o (Li et al., 2018), and wall
rocks (igneous rocks and carbonates) having
higher %0 values, low fluid 6O values (§'%0,
between 2.8%0 and —17.5%0; Fig. 2H) require
incursion of meteoric water. The high tempera-
tures (~500 °C) and salinities (Fig. 2F) of stage
1 fluids reflect magmatic affinity. The dramatic
drop in temperatures (~350 °C and ~250 °C)
and 8'*0; values (—8.7%o and —18.2%o) in stages
2 and 3 indicates a sudden meteoric water incur-
sion into a magmatic-hydrothermal system orig-
inally dominated by magmatic fluids. Cooling
induced by fluid mixing is an important and ef-
ficient deposition mechanism (Shu et al., 2020);
it also causes quartz undersaturation (Rusk and
Reed, 2002) and provides space for metal depo-
sition, as supported by the dissolution texture in
stage 3 quartz (Fig. 2A). The sharp rebound of
temperature (>494 °C) and 8'%0; values (2.8%o)
at the beginning of stage 4 is best explained
by further pulses of magmatic fluids, which are
likely accompanied by the emplacement of syn-
ore intrusions.

As such, at least two pulses of magmatic
fluid replenishment and one meteoric water in-
cursion event occurred during skarn formation
at Zhibula. This does not exclude the plausible
presence of more pulses. This cyclical process is
very common for many magmatic-hydrothermal
systems (D’Errico et al., 2012; Li et al., 2018).
Release of metalliferous fluids will bring appre-
ciable amounts of metals to the shallow levels;
with efficient and focused deposition, the pres-
ence of multiple pulses will favor the formation
of giant deposits with high grade.
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Figure 2. (A) False color cathodoluminescence (CL) image of a representative quartz crystal
from the Zhibula skarn, Tibet. Arrows highlight the dissolution textures from stage 3 of quartz
growth history. (B) Transects (white, green, and orange squares) on a CL image showing
secondary ion mass spectrometry (SIMS) spots for quartz §'*0 analysis. Also shown are two
areas imaged by nanoscale secondary ion mass spectrometry (NanoSIMS) for Al diffusion
chronometry. (C) The four-stage growth history inferred from petrographic observations. Stages
1 and 2 quartz bear flat and sharp terminates, respectively; stage 3 quartz is characterized
by a dissolution-reprecipitation texture, and stage 4 quartz terminates sharply. (D) Primary
fluid inclusions (FIAs) along growth zones from stage 4 are rich in liquid. (E) Liquid-rich FIAs
from stage 2. (F) Liquid-rich and halite-bearing FIAs from stage 1 form boiling assemblages.
(G) SIMS §'®0 values of Zhibula quartz. Trapping temperatures (T;) of FIAs also are shown. (H)
Calculated §'®0 values of ore-forming fluids at T,. Gray, green, and orange dots indicate fluid
§'®0 values calculated from quartz §'®0 values. Dashed, pink line represents §'*0 values of
primary magmatic fluids (7.6 + 0.5%.; Li et al., 2018). Stage 1 quartz was precipitated from high-
temperature fluids with a magmatic affinity. Significantly meteoric water incursion in stages
2 and 3 led to dramatic drops in temperature and §'¢O, (f—fluid) values, and cooling-induced
quartz unsaturation also caused dissolution. Rebound of temperature and 'O values at the
beginning of stage 4 recorded recharge of magmatic fluids; further cooling and potential
meteoric water incursion were inferred as well. Very depleted §'*0 values of meteoric water
recorded by stages 2 and 3 quartz permit the application of paleo-altimetry.

Millennial Hydrothermal Pulses
Constrained by Aluminum Diffusion in
Quartz

Our Al diffusion in quartz suggests that epi-
sodic hydrothermal pulses likely operated on
the millennium scale (760—1510 yr; Figs. 3E
and 3F) at ~500 °C. The diffusion clock may

have been reset with the presence of multiple
magmatic-hydrothermal pulses; if more pulses
were present, then our timescales represent cu-
mulative averages and are overestimated. Mag-
matic reservoirs feeding the volcanic igneous
plumbing systems are stored in a high-crystallin-
ity state near-solidus (>50% crystals) for most
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of their lifetime (>10°—10° yr) (Karakas et al.,
2017; Rubin et al., 2017; Jackson et al., 2018),
with rapid thermal rejuvenation (< 10° yr) being
generated by multiple small intrusions (Buret
et al., 2016; Tapster et al., 2016; Szymanowski
etal., 2017). For example, during the 4.4 x 10°
yr of magma evolution at Fish Canyon (Colora-
do, USA), the recharge of andesitic magma into
a reservoir with high crystallinity was respon-
sible for generating ~5000 km® of erupted dacite
(Wotzlaw et al., 2013). To reconcile the contrast-
ing timescales of hydrothermal systems and the
magmatic reservoirs feeding them, we hypoth-
esize that magmatic reservoirs spend most of
their time in water-unsaturated conditions, and
only become water-saturated transiently when
the reservoir transforms from a “cold” to “hot”
state upon magma replenishment (Cooper and
Kent, 2014). Indeed, temporal evolution of mag-
matic volatiles at Campi Flegrei, Italy, suggests
that the underlying magma reservoir remained
persistently water-undersaturated throughout
most of its lifetime and only reached saturation
just before eruption (Stock et al., 2016).

To summarize, we argue that fluid exsolution
likely operates transiently during the prolonged
lifetime (>10°—10° yr) of magma reservoirs,
with episodic magma replenishment on millen-
nium timescales being the most important driv-
ing force to punctuate the stabilities of magma
reservoirs. Second boiling [volatile-saturated
melts — crystals + volatiles (H,0, Cl, S)], fol-
lowing extensive magma crystallization, is also a
way to bridge the gap between long magma evo-
lution and rapid ore formation. In this process,
volatile accommodation generates overpressure
in the deep-seated magmatic reservoir, and the
release of hot fluids is accompanied by decom-
pression, with mechanical energy being released
efficiently (Burnham, 1985). Cyclical pressure
changes and energy releases in turn fracture wall
rocks, facilitate accelerated magma crystalliza-
tion, and promote more efficient and episodic
metalliferous fluid expulsion (Norton, 1984).
Currently, we are unable to decipher the exact
trigger (e.g., recharge vs. crystallization) that
controls this rapid and cyclical pattern of fluid
evolution, and further petrological and modeling
work is needed.

An Extra-High Tibetan Plateau and
Tectonic Implications

Using our binary mixing model (Li et al.,
2021), the §'*0,, values recorded by Zhibula
quartz are —25.4 + 2.3%o, corresponding to a
paleo-elevation of 5.9 £ 0.3 km (Fig. 4D; Table
S6). The sensitivity of calculated paleo-eleva-
tion on input parameters is insignificant, and
changes in paleo-elevations are <400 m even
in extreme scenarios (Fig. S3). Oxygen iso-
tope—based altimetry requires the application
of Rayleigh distillation in deep time (Botsyun
et al., 2019), and our study site is located in a
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inclusion studies.

region appropriate for such a purpose (Shen and
Poulsen, 2019). These paleo-elevation values
at 17.4 Ma are slightly higher (0.9 & 0.3 km)
than the current average elevation of the Ti-
betan Plateau at ~5 km (Figs. 4A-4D). Ad-
ditionally, our fluid inclusion data indicate a
paleo-depth of 1.9 km for the samples studied
(current depth <260 m), and this would require
an erosion of 1.6 km at the Zhibula area, similar
to our previous fluid inclusion study (Li et al.,
2017b), which also argues for a higher-than-
present paleo-elevation.

The existence of an extra-high elevation in
southern Tibet before extension is consistent
with break-off of the oceanic slab at the leading
edge of the Indian Plate by the early Miocene
(Magni et al., 2017). Scenarios for active tec-
tonics, where extension occurs during insertion
or underthrusting of the Indian Plate without
net subsidence (Kapp and Guynn, 2004; Sty-
ron et al., 2015), did not apply at the onset of
rifting. We propose that rapid surface uplift by
ca. 20 Ma followed initial slab break-off and
produced the peak elevations recorded in south-
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ern Tibet by the Zhibula hydrothermal system
(Fig. 4E). This timing is similar to early activ-
ity of the South Tibetan Detachment System
within the Himalaya (Kellett et al., 2010) and
supports models for early Miocene slab break-
off, which is among the plethora of suggested
ages for this tectonic event (Garzanti et al.,
2018). Subsequent rotation and underplating
of the Indian Plate reduced the amount of rock
uplift (Magni et al., 2017) and was followed by
northward underthrusting that has continued to
present (Fig. 4F).

Figure 4. (A-D) Paleo-
elevations of the Tibetan
Plateau by region. Data
from Zhibula skarn
hydrothermal quartz are
comparable to but slightly
higher than data from the
literature (Liu et al., 2016,
and references therein;
Ingalls et al., 2017; Su
et al., 2019). See Figure 1
for locations. (E) Initial
slab break-off causes
peak rock uplift in south-
ern Tibet and extra-high
plateau elevation by ca.
20 Ma. (F) Underthrust-
ing of the Indian Plate
beneath southern Tibet
accompanies rifting and
subsidence of the south-
ern Tibetan Plateau from
ca. 15 Ma to the present.
Uncertainties are plotted
at the 2¢ level.
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The existence of an extra-high Tibetan Pla-
teau in the early Miocene also has implica-
tions for climatic evolution because the plateau
drives the South and East Asian monsoon sys-
tems through a combination of thermal and me-
chanical forcing, with high topography forming
a barrier to southward and northward air flow
(Molnar et al., 2010).
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