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The eastern margin of the Tibetan Plateau has given rise to much debate about
mechanisms of plateau uplift and evolution and, in particular, the role of the lower
crust in crustal thickening. Knowledge of the middle to lower crust conditions is
critical for evaluating various models of crustal deformation, but data on crustal
evolution through time are lacking. Here, we turn to the Gongga Shan granite, an
intrusion along the Xianshuihe fault in easternmost Tibet that directly records local
Cenozoic crustal conditions. We present 124 U-Pb samples from the Gongga Shan
granite (GSG) that prove that the crust has been stepwise producing partial melt
from 56 Ma to 4 Ma. According to the age distribution, the GSG can be separated
into four major groups with ages of 4-10Ma, 12-20 Ma, 25-40 Ma, and
43-56 Ma. Combining the timing information with geophysics and low-
temperature thermochronology data, we suggest that events younger than
10 Ma may indicate the onset of recent crustal channel flow in the middle to
lower crust. In contrast, the youngest 4 Ma ages indicate the ongoing partial
melting of the middle crust. The 12-20 Ma events could be related to an earlier
stage of crustal channel flow, consistent with the regional large-scale crustal
channel flow in central Tibet.
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1 Introduction

The Tibetan plateau results from the collision between the India Plate and Eurasia Plate
since ca. 55 Ma (de Sigoyer et al., 2000; Garzanti, 2008) and associated crustal thickening,
surface uplift, and magmatism. Cenozoic magmatism on the Tibetan plateau shows
systematic variations in space and time that are related to Tibetan tectonic evolution
(Zhang H. F. et al.,, 2004; Zhang P. et al,, 2004; Zhang Y. et al., 2004; Chung et al., 2005; King
etal, 2011; Wang et al., 2012). The magmatism resulting from deeper crustal partial melting
is one of the key pieces of evidence for differentiating tectonic processes from central to
eastern Tibet (Figure 1). A controversial issue in eastern Tibet is the extent to which uplift has
been driven by shortening along surface-breaking faults (Replumaz and Tapponnier, 2003)
or by influx of ductile lower crustal material (Royden et al., 1997), which has significant
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FIGURE 1

Distribution of Cenozoic magmatic events in eastern Tibet. The numbers indicate ages in Ma (data are from Chung et al,, 2005; Guo et al., 2005;
Spurlin et al.,, 2005). The solid yellow circles show the 40—-24 Ma potassic lamprophyres in southeastern Tibet (Guo et al., 2005). The green dashed line
indicates the location of a lithosphere discontinuity (Wang et al., 2010). The inset maps show two different tectonic models. In inert A, the yellow arrows
showing the crustal flow directions suggested by geophysical data (Bai et al., 2010; Liu et al., 2014). Rapid exhumation and river incision started from

ca. 10 Ma on the hanging wall of the LMS and eastern Tibet (Clark et al., 2005). Inset B shows the deformation (shortening, extrusion, and extensions) are
consumed at the boundary of different tectonic blocks. The arrows show the calculated displacement field during 10-5 Ma (Replumaz and Tapponnier,
2003). LMS: Longmenshan fault; SCB: Sichuan Basin, GSG: Gongga Shan granite; QT: Qiangtang block; CDB: Chuan-Dian diamond block; SGFB:
Songpan-Garzé fold belt; XSHF: Xianshuihe fault system (white and green dot line); JSS: Jinsha Suture (yellow dot line). Green dash line shows the
lithospheric discontinuity from the GSG to ca. latitude 270-28° (Lei and Zhao, 2016).

implications for our understanding of how continents deform. In the
Himalaya and southern Tibet, the channel flow mechanism has been
widely accepted as an influence on the uplift of the Tibetan Plateau
between the late Oligocene to the Miocene time (Beaumont et al.,
2001; Godin et al., 2006). In eastern Tibet, a similar mechanism has
been used to model the topography of the eastern margin of the
Tibetan Plateau since 10-13 Ma (Clark et al., 2005). The crustal flow
requires that the middle to lower crust contain material with reduced
viscosity, enabling it to flow laterally in response to pressure/
topographic gradients. Even small amounts of partial melt can
significantly reduce the strength of continental crust (Rosenberg
and Handy, 2005), so the occurrence of crustal melting helps to
determine the viability of crustal flow. While geophysical techniques
can be used to probe the nature of the crust, such data are indirect
and are rarely unequivocal, engendering debate about their
addition, geophysical
techniques only observe the current state of the crust, providing

interpretation and implications. In
no information about the temporal evolution of the middle/lower
crust. In the products of such melting—leucocratic granite
intrusions can provide direct evidence of crustal melting
through time.

On the eastern margin of the Tibetan Plateau, the Gongga Shan
granite (GSG) provides such an archive of information on Cenozoic
crustal melting, opening a time window into the possible tectonic
process from the subduction of the Tethyan slab to recent crustal
deformation in the eastern Tibet (Figure 1).
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The magmatism of the GSG has been previously dated from
12 to 32 Ma (Roger et al., 1995; Liu et al., 2006; Li and Zhang, 2013),
and recently Searle et al. (2016) reported a 5 Ma U-Pb age from the
GSG. However, these studies primarily focused on a single transect
in the central section of the GSG and had relatively few samples over
a limited area. Field observations throughout the GSG point to
multiple phases of intrusion, including localities where a series of
different intrusive episodes can be identified from cross-cutting
relationships. To better constrain the entire emplacement history
and the spatial distribution of granitoid ages, we conducted a
detailed sampling campaign throughout the GSG (Figure 2). In
addition to bedrock samples, we collected river sand and granite
clasts from several catchments where upstream areas are hard to
reach to increase the spatial coverage of our sampling. Our data both
confirm the presence of previously recognized phases and identify
additional granite ages, significantly extending the temporal range of
crustal melting and granite emplacement.

2 Geological background

The GSG is located in the Songpan-Garzé fold belt (SGEB),
which is separated from the Qiangtang (QT) block in the southwest
by the Jinshajiang Suture (JS) (Burchfiel et al., 1995) (Figure 1). The
dominant lithology of the SGFB is the Triassic Songpan-Garzé
flysch. Still, the region also contains numerous Mesozoic
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FIGURE 2

Sampling sites and zircon U-Pb ages in the GSG, with ages shown in Ma. The color of the ages indicates different groups of magmatic events.
Geological map is modified from Roger et al. (2010). The color of the ages shows four groups of magmatic events (see the text).

intrusions (ranging in age from 105 to 225 Ma) and Neoproterozoic
magmatic basement rocks (759-877 Ma) (Roger et al., 2010).
Most of the Cenozoic magmatism in eastern Tibet occurs
west of the XSHF. The volcanic and plutonic rocks indicate
magmatism at 51-49 and 38-37 Ma and have been attributed to
continental subduction with either south-dipping subduction
along the Jinsha suture (Roger et al., 2000) or north-dipping
subduction along the Banggong-Nujiang suture (Yin and
Harrison, 2000; Kapp et al, 2005; Spurlin, et al., 2005).
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Potassic volcanism, mainly phlogopite-, clinopyroxene- and
olivinephyric calc-alkaline (shoshonitic) lamprophyres, was
widely developed in SE Tibet (western Sichuan) during the
Paleogene (40-24 Ma), and has been attributed to the
presence of the palaco-subducted slab beneath the SE Tibet
and the left-lateral strike-slip motions of the Red River fault and
reactivation of pre-existing, trans-lithospheric fault systems,
which may have triggered melting and provided conduits for
magma ascent (Guo et al., 2005).
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The GSG is an elongate granitic body oriented along the left-
lateral XSHEF (Figure 1) (Wang et al., 1998). The southern end of the
granite has extremely high topography, including Gongga Shan, a
7,556 m high peak located at the margin of the granite. The timing of
GSG formation has long been considered to be 12-15 Ma and 18 Ma
(Roger et al., 1995; Liu et al,, 2006), but a recent study (Li and Zhang,
2013) identified an earlier phase of zircon growth at 32-27 Ma and
Searle et al. (2016) used SIMS to identify an unusually young granite
ca. 5Ma (Figure 2). According to the geochemistry data the
12-18 Ma magma was mainly of crust origin (Roger et al., 1995;
Liu et al., 2006).

3 Methods
3.1 LA-ICPMS

We used an Agilent 7500s quadrupole ICP-MS equipped with a
New Wave UP213 laser ablation system (LA-ICPMS) at the
Department of Earth and Environmental Sciences of the Chung
Cheng University, Taiwan, for zircon U-Pb dating. The analysis
process for the LA-ICPMS followed Chiu et al. (2009). A secondary
zircon standard GJ-1 was used to check the accuracy of the
unknowns. (Jackson et al., 2004). Data deduction and common
Pb correction were conducted with GLITTER 4.4.2 (GEMOC)
software and ComPbCorr, as proposed by Andersen (2002),
U-Pb  ages,
probability density curves, as well as the plotting of concordia
plots were carried out using Isoplot v. 3.0 (Ludwig, 2008). The
detailed analytical method of the LA-ICPMS lab at Chung-Cheng
University can be found in Knittel et al. (2014).

respectively.  Calculation of weighted mean

3.2 Secondary ion mass spectrometry (SIMS)

Zircon separates, together with zircon standards Plesovice,
Penglai and Qinghu, were mounted in epoxy and polished to
expose half of the crystals. All zircons were documented with
cathodoluminescence (CL) images to reveal their internal
textures. Measurements of U, Th and Pb were conducted using
the Cameca IMS-1280 SIMS at the Institute of Geology and
Geophysics, Chinese Academy of Sciences (IGG-CAS) in Beijing.
The O,  primary ion beam was accelerated at —13 kV, with an
intensity of ca. 10 nA. The aperture illumination mode (Kohler
illumination) was used to produce an elliptical spot of about 20 x
30 m in size. Mass resolution was set at ~5,400 (at 10% peak height).
A single electron multiplier (EM) was used to measure secondary ion
beam intensities by peak jumping sequence. Pb/U calibration was
performed relative to the Plesovice standard zircon (Sldma et al.,
2008), based on an observed linear relationship between In (***Pb/
#81) and In (***U"°0,/***U) with a slope of 1.3 (Li et al., 2009). U and
Th concentration determination of unknowns is calculated against
the 91500 (Wiedenbeck et al, 1995).
compositions were corrected for common Pb using the **’Pb-

standard Measured

correction method (Li et al., 2012) with an average present-day

crustal composition used for the common Pb (Stacey and Kramers,
1975). Because some samples are quite young, the **Pb was
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corrected according to the initial excess or loss of **°Th based on
the following equation given by Schirer (1984):

238Th
—Zospb A238 1 . 3By zircon
23877 = rao (f - 1) X ot — 1 x 100%, therein f = T

238y magma

where, A\y35 and A,3 are the decay constant of ***U and *°Th,
respectively. Th/U of zircon is the value for the measured zircon area
during SIMS analysis, Th/U of magma is the ratio for the host
magma estimated by the host rock analyses. Uncertainties on
individual analyses in data tables are reported at a 1o level; mean
ages for pooled U/Pb analyses are quoted with 95% confidence
interval. Statistical reduction and plotting of the data (including
calculate ages, uncertainties, weighted means, and the generation of
U-Pb concordia plots) were carried out using the Isoplot/Ex v. 2.49
(Ludwig, 2001).

4 Results
4.1 Zircon U-Pb geochronology

We obtained U-Pb ages (LA-ICPMS and SIMS) for 124 separate
samples. (Figures 2, 3, and Supplementary Table S2). The detailed
analytical results are listed in the Supplementary Material. Most of
the zircon grains are euhedral crystals more than 100 um in length.
Some of the zircons show xenocrystic cores. If a zircon had
significantly different core and rim structures, we analyzed both
the core and rim to identify the youngest event. The CL images show
that most zircon grains have oscillatory zoning, suggesting a
magmatic origin (Shore and Fowler, 1996) (Figure 4). The GSG
granitoids have varying compositions, including syenogranite, alkali
feldspar granite, muscovite granite, monzogranite granodiorite. Part
of the mineral compositions of the dated samples are shown in
Supplementary Table S2.

Cenozoic zircon U-Pb ages range from ca. 56 Ma to 4 Ma
inherited Mesozoic to Proterozoic ages in many samples (Figures
2, 3). To gain an overview of magmatic events in the GSG, we plot
the U-Pb ages, including inherited and river sand ages. The inherited
ages are defined as zircon ages significantly older than other ages
from the same sample. The river sand ages indicate that we obtained
consistent ages from detrital zircon sampled from different
catchments. In the following, we will describe typical outcrop
conditions and each section’s zircon U-Pb ages and zircon Th/U
ratio.

4.2 Outcrop scale U-Pb results

Figures 5A,B shows the youngest leucogranite outcrops, in
which the granodiorite (GO-15) is cut by later-stage granodiorite
dike (GO-16) and contains foliated monzogranite Mesozoic
xenoliths (GO-18) (Figures 5C, 41I). (location shown in Figure 3)
The xenolith (GO-18) is a foliated monzogranite with a concordant
age of 235 Ma and many Proterozoic inherited zircons (Figure 5I).
We obtained only three Cenozoic zircon grains from GO-16, and
two of these grains yielded ages of ca. 3.8 Ma (Figure 5D). Although
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FIGURE 3
Detailed sample locations and zircon U-Pb ages (Ma) for section Ill. The

GO-15 and GO-16 have a cross-cutting relationship, both samples
contain ca. 4 Ma zircons (Figures 5G,H). The grain ages of the GO-
15 are more complex, showing from Proterozoic to Cenozoic ages
(Figures 5E,F). The youngest grain ages are between 4 and 9 Ma, line
up concordantly on the concordia map, and can be separated into
two mean ages, 4.3 Ma and 7.5 Ma (Figures 5G,H).

Figure 6A shows another 4 Ma (BO-55) outcrop in which the
youngest pegmatite dike (BO-55) cuts older deformed granitoids
(location shown in Figure 3). In addition to 4 Ma grain ages, BO-55
also contains Cenozoic to Mesozoic inherited zircon (Figures 6B,C).
Sample BO-52 is a migmatitic leucosome with an age of 29 Ma and
many Mesozoic inherited zircons (Figures 6D,E). Sample BO-56 has
an age of ca. 51 Ma and is from a foliated biotite monzogranite that
cuts a Mesozoic foliated biotite (14GO-5)
(Figures 6F,G).

Samples 14GO-9 and -10 are from two adjacent undeformed

monzogranite

granodiorites (location shown in Figure 3). Both samples
contain 4 Ma zircons, in addition to inherited zircons of
Miocene and Mesozoic to Proterozoic ages (Figure 7). The
Cenozoic grain ages can be separated into three groups, ca.
19 Ma, 7.3 Ma, and 4 Ma (Figures 7B-D). The large group of
consistent 19 Ma grain ages can be easily distinguished from
older and younger groups, indicating an isolated magmatic
event (Figure 7C). To confirm the 4 Ma ages, both LA-
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E Proterozoic

BO-52(28.8;151)
BO-55+14G0-4(4.0)
BO-56(47.9:51.5)
14G0-8(3.8)
13CH-14(166)
13CH-13(52.5)
13CH-11(43;48.7)
14G0-5(204)
14G0-6(26.1)
14G0-14(5;589)
14G0-15(6.3;149)

underlined emplacement ages show the youngest zircon U-Pb age.

ICPMS and SIMS analyses were conducted, with consistent
results (Figures 7E-G). Although we separate the youngest
grain ages into ages, 4Ma and 7.3Ma
(Figure 7E,G,H), the concordia map shows that all the grain

two mean

ages from 9-4 Ma line concordantly, indicating the possibility
of continuous coherent melting (Figure 7B).

Figure 8A shows the outcrop of alkali feldspar granite where
samples BO-64 and -65 were taken. Both samples contain Cenozoic
zircons and inherited Mesozoic zircon grains (Figure 8B). The
Cenozoic grain ages range from ca. 30-40 Ma (Figures 8C-E)
and line up concordantly in the concordia map, indicating a
coherent magmatic event (Figure 8C,D).

4.3 Spatial patterns of U-Pb ages

We now describe the patterns of magmatic ages and intrusions
in different sections across the GSG. In Section I, magmatic and
zircon grain ages range from 14 to 20 Ma (Figures 2, 9A). In this
section, we observe dikes of granite cutting the Triassic slate with no
apparent contact metamorphism, indicating a shallow granite
emplacement. Some granitoids develop foliated or mylonitic
structures and the youngest foliated granite is ca. 14 Ma, which
gives an upper limit on the timing of deformation. BO-32 and BO-26
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(A-D). CL images from samples 14-GO-10, CX-30, BO-51, and 13CH-13. All of these samples show oscillatory zoning, suggesting a magmatic origin

Some grains exhibit a core of inherited zircon but with a Cenozoic rim age.

have average ages of 18 Ma and 14 Ma, typical magmatic ages in
section I (Figures 9A,B).

In Section II, we analyzed nine samples and the magmatism ages
are much more complex. The youngest age is 5 Ma and there is a
small group of ages between 7 and 10 Ma (Figures 2, 9B). Gong-73 is
a river sand sample yielding a 7.5 Ma average age, also seen in
samples 14GO-10 and GO-15, located 30 km south (Figures 2, 4, 6,
10C). The 10 Ma (Gong 71 and -72) magmatism event is only
observed in section II (Figures 2, 8B, 10D). This section also contains
a small group of 14-18 Ma ages. Samples BO-64 and -65 indicate
magmatism lasting from 30-40 Ma, as described above. According
to the grain age spectrum, three main groups can be identified:
<10 Ma, 14-18 Ma, 30-40 Ma, and a small group at 47-56 Ma
(Figure 2B).

We collected a very dense set of samples along Section III
(Figures 3, 9C,D). The Cenozoic spectrum of zircon grain ages
suggests the presence of 4 groups: 4-8 Ma, 12-20 Ma, 25-40 Ma,
and 43-56 Ma (Figures 2, 9C). A lot of the inherited Mesozoic to
Proterozoic
(Figure 9D).

Sample CX-30, located at the eastern end of Section III, is

zircons are also observed in this section

dominated by grains with ages ca. 50-60 Ma, yielding a 56 Ma
average age, the oldest Cenozoic magmatic event found in the
GSG (Fig-. 2, 3, 9¢, and 10c). Most of the grain ages of sample
GO-2 are concentrated around ca. 43 Ma, suggesting an isolate

Frontiers in Earth Science

magmatism event (Figure 10D). BO-50 yielded a wide grain age

distribution mainly from Cenozoic to Mesozoic ages
(Figure 10G). The Cenozoic zircon age spectrum can be
separated into two groups, ca. 22-40 Ma and 43-52 Ma
(Figure 10G). We can further divide the younger Cenozoic
group and calculate three average ages (26 Ma, 30M, and
34 Ma);
concordantly on the concordia map, the magmatism could be
The

(43-52 Ma) and the small Mesozoic age group may represent

however, considering all grain ages line wup

ongoing during 22-40 Ma. older Cenozoic group
inherited zircons (Figures 10G,H). The outcrop condition is
terrible in Section IV, so we collected many granite clasts and
river sand to get an overview of possible magmatism ages
(Figure 2). The measured ages can be separated into three
major groups: 5-10 Ma, 15-20 Ma, and 26-44 Ma, plus a
and 52Ma. The

magmatism age of ca. 5.5Ma is located in the central and

minor group between 47 youngest
western parts of the GSG (Figure 2).

Section V contains samples from the eastern and western
margins of the GSG. In contrast to the other sections, most of
the granitoids are Mesozoic rather than Cenozoic in age, and the
Cenozoic magmatic events are concentrated around 14 Ma and
44 Ma (Figure 9F).

Overall, from both in situ samples and the detrital zircon grain
ages, the Cenozoic zircon ages range from 56 Ma to 4 Ma but can be
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(A) Outcrop of the 4 Ma granitoids, with a horizontal mafic dike cutting the leucogranite. (B) close-up of the dike. (C) Mesozoic xenolith with foliation
development (blue color). (D) Only three zircon grains have been dated in GO-16; the younger age is ca.3.8 Ma. (E) Concordia map for GO-15
leucogranodiorite, which shows Cenozoic to Proterozoic grain ages. The data-point error ellipses are 20 in the concordia map. (F) The Cenozoic grain
ages of GO-15, from 4-30 Ma, line concordantly in the condcordia map. (G, H) The younger ages of GO-15 can be separated into 4.3 Maand 7.5 Ma
average ages. (I) GO-18 is a Mesozoic xenolith that yields a ca.235 Ma average age.
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FIGURE 6

(A) Outcrop from Section lll, showing a pegmatite dike (yellow) cutting the older granite. The numbers below the sample names indicate the
magmatism age. The blue lines are deformed foliation. (B) The age spectrum of sample BO-50. In addition to the 4 Ma zircon it also contains many
inherited zircons. (C) The youngest dike age is ca. 4 Ma (BO-55). The data-point error ellipses are 20 in the concordia maps. (D, E) BO-52 is a 29 Ma
migmatitic leucosome with many inherited Mesozoic zircons. (F) BO-56 is foliated biotite monzogranite with an age of 51 Ma. (G) 14GO-5 is a
Mesozoic granitoid with an age of 204 Ma.
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(A) Cenozoic age spectrum of sample 14GO-10. (B—E) Concordia map and grain age spectrum of the Cenozoic grain ages in 14GO-10, which can be
separated into three main groups. The data-point error ellipses are 20 in the concordia map. (F, G) Cenozoic concordia map and younger age of the
14GO-9. (H) The two youngest average age is ca. 4 Ma, both in 14GO-10 and 14GO-9, using SIMS analysis.
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(A) Outcrop of the samples BO-64 and BO-65 (alkali feldspar granite). (B) Concordia map for BO-65 which shows Cenozoic and Mesozoic C. The
data-point error ellipses are 2o in the concordia maps. (C, D) Concordia map for the Cenozoic grain ages of BO-64 and -65; their similar age distributions
from 32-40 Ma indicate they are the same event. (E) The youngest magmatism in this location is ca. 34 Ma.

separated into four major groups at 4-10 Ma, 12-20 Ma, 25-40 Ma,
and 43-56 Ma (Figure 11). Some GSG granitoids are of Mesozoic
rather than Cenozoic age, especially in the southern part of the GSG.
Most of the older stage Cenozoic granitoids (43-56 Ma) are located
on the margin of the GSG (Figure 2). Based on the age distributions,
the 12-20 Ma is the dominant magmatic phase in the GSG, and the
youngest phase at 10-4 Ma is found scattered throughout the GSG.

Compared to the other groups, the 25-40 Ma granitoids abound
with detrital Mesozoic zircon grains (100-170 Ma) (Supplementary

Frontiers in Earth Science

Table SI). These Mesozoic ages are consistent with Mesozoic
magmatism in the SGFB, with the 235 Ma ages representing the
oldest observed Mesozoic magmatism in the region. Paleozoic and
Proterozoic ages are also observed in the inherited zircons, ages from
440 to 800 Ma. The numerous inherited Mesozoic to Proterozoic
zircons and the presence of zircons that have cores with Mesozoic to
Proterozoic ages and rims with Cenozoic age suggest that the source
of partial melt included both Mesozoic granite and the Proterozoic
basement.
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4.4 Zircon Th/U ratios of the GSG

The Th/U ratio of zircon can provide significant clues to the
physicochemical environment of zircon growth, which suggests that
if we combined the geochronologic ages with Th/U ratios, an
understanding of the zircon growth or inheritance mechanism could
be derived (Rubatto, 2002; Kirkland et al, 2015). To clarify the
characteristics of magmatism events in each stage, we determined
Th/U ratios along with U-Pb dates. The results show that the Th/U
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ratios have varied through time since the Proterozoic (Figure 12). In the
Mesozoic (from 235 to 170 Ma), most of the Th/U ratios were greater
than 0.1, but there was a significant group of 200-100 Ma ages where
the Th/U ratios were lower than 0.1. (Figure 12). From ca. 56 to 40 Ma,
the Th/U ratios could be separated into two groups, with one falling
above, and one below, ca. 0.1. From ca. 40-25 Ma, most of the Th/U
ratios were lower than 0.1. From 20 to 10 Ma, the main group is high
than ca. 0.1 and the minor group is below ca. 0.1. From 10 to 4 Ma, most
of the ratios were higher than 0.1.
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Histogram showing the distribution of magmatism ages of the GSG, including river sand, inherited age, and magmatism age.

The Th/U ratio of the Cenozoic zircon grains also shows it can
be divided into four groups from 56 Ma to 4 Ma, consistent with
four stage magmatism events based on U-Pb zircon ages.

Considering the Th/U ratio also shows two groups higher and
lower 0.1 in Mesozoic zircons and lots of the inherited zircon in the
Cenozoic granite we infer that the different Th/U ratio in Cenozoic
zircon grains could be related to partial melting of the different
Mesozoic zircon grains through time but it still needs further studies.

5 Discussions

5.1 Ongoing crustal magmatism events and
crustal channel flow in eastern Tibet

Our 4 Ma zircon U-Pb ages provide direct evidence of recent crustal
melting under the GSG. Although our data do not constrain the lateral
extent of crustal melting in the region, they are consistent with seismic and
magnetotelluric data that point to the existence of fluids and/or partial
melting in the crust beneath parts of southeastern Tibet (Bai et al., 2010;
Wang et al,, 2010; Liu et al,, 2014) (Figure 13). Figure 13 shows the S-wave
velocity structure and VP/VS. ratio of a profile along 30°N which passes
through the GSG (Wang et al., 2010). The low S wave velocity zone
(2.60-3.40 km/s) in the lower crust suggests that crustal flow might occur
locally in the lower crust. The high VP/VS. ratio along the XSHF could be
related to partial melting, and the 4 Ma granite provides new evidence that
the middle crust has been melting, supporting the crustal channel flow
model. In addition, in section III, most of the apatite fission track ages are
less than 2 Ma (Xu and Kamp, 2000), indicating rapid exhumation that
may be related to ongoing partial melting magma intrusion.

The final stage of magmatism started from ca. 10 Ma that
coincides with the rapid exhumation, faulting activity, and river
incision starting from ca. 10 Ma in eastern Tibet (Clark et al., 2005;
Wang etal., 2012; Tan et al., 2014), which was proposed to be related
with crustal channel flow in eastern Tibet (Royden et al., 1997). We,
therefore, suggest that the younger (<10 Ma) magmatism might
indicate the initial timing of the recent crustal channel flow.
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5.2 Stepwise magmatism in eastern Tibet
since the India-Asia collision

Eastern Tibet experienced a significant quiescence of
magmatism between ~100 and 60 Ma, ended by the onset of
stepwise magmatism in the early Cenozoic (Figures 1, 2). The
stepwise nature of the magmatism is illustrated by the age
distribution, suggesting that the magmatism had different
sources and can be separated into four age groups: 4-10 Ma,
12-20 Ma, 25-40 Ma, and 43-56 Ma. Previous studies have
suggested that the oldest phase of GSG emplacement was
32-27 Ma (Li and Zhang, 2013). Our new data showing events
as old as 56 Ma extend the initiation of granite emplacement by
about 20 My. We also suggest this magmatism event lasted from
43-56 Ma (Figure 2). The previously proposed 32-27 Ma
magmatic event is the same as our 25-40 Ma event, but our
data provide additional evidence to show that the event lasted
from ca. 25-40 Ma.

Magmatism of a similar age as our older two magmatic events
has been found elsewhere in eastern Tibet, such as potassic
magmatism in the Qiangtang block in northeastern Tibet at
50-37 Ma and 40-24 Ma potassic magmatism and lamprophyre
dikes west of the Xianshuihe fault in southeastern Tibet (Roger et al.,
2000; Guo et al., 2005; Spurlin et al., 2005) (Figure 1). The 50-37 Ma
magmatic events in NE Tibet have been interpreted as either
northward or southward continental subduction (Roger et al,
2000; Spurlin et al, 2005); Spurlin et al. (2005) argued that
northward subduction and rolling back of the India plate resulted
in the Eocene magmatism in NE Tibet. Guo et al. (2005) suggested
that the 40-24 Ma potassic magmatic events resulted from the
subduction and rolling back of the Paleo-Tethyan oceanic crust
in SE Tibet. P-wave tomography data show the subducted slab
beneath northeastern and southeastern Tibet (Figure 10B) (Li et al.,
2008; Lei and Zhao, 2016). Considering that the older stage of
magmatism is relatively widespread, and the tomography images
show that the slab has been subducted beneath eastern Tibet, we
postulate that the older magmatism of the GSG could also be related
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Zircon Th/U ratios of the GSG. (A) Th/U ratios since the Proterozoic. (B) Th/U ratios of Mesozoic zircon grains. (C) Th/U ratios of Cenozoic zircon

grains.

to slab subduction and rollback processes, but further geochemical
studies are needed to confirm the origin of the magma.

Are the 12-20 Ma magmatic events possibly related to crustal
channel flow? In central Tibet, 26-13 Ma is proposed to be the
timing of large-scale crustal channel flow (e.g., Beaumont et al,
2001; Searle and Godin, 2003). Cook and Royden (2008) used a
three-dimensional numerical model of deformation in a viscous
crust to show that crustal channel flow could migrate from central
Tibet to eastern Tibet with time. The crustal thickness reaches 68 km
east of Tibet (Hu et al., 2011), similar to central Tibet, indicating a
suitable environment for the development of crustal channel flow.
Geochemistry data show that the 12-20Ma granitoids are
peraluminous with a metaluminous tendency, consistent with a
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crustal melting origin (Roger et al, 1995; Liu et al., 2006). In
addition, initial Sr ratios of 0.7084-0.732 and &(t) of —5.6 to —8.8,
combined with REE and rare element data, suggest that the
12-20 Ma granitoids probably derived from partial melting of
Proterozoic upper continental greywacke, possibly with a small
contribution from a low degree of partial melting of calc-alkaline
basaltic volcanic rocks (Roger et al, 1995; Liu et al, 2006). A
derivation from the partial melting of continental crust suggests
that this magmatism could be linked to crustal channel flow. In
addition, the timing of this stage of magmatism (12-20 Ma) is
younger than in Central Tibet (26-13 Ma), consistent with the
model suggesting that the crustal channel flow will migrate from
central to eastern Tibet (Cook and Royden, 2008). Thus, we
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Schematic model for the Gongga Shan granite. S-wave velocity structure and VP/VS. ratio of the profile along 30°N, adapted from Wang et al. (2010).
The high VP/VS. ratio along the XSHF could be related to partial melting and the Gongga Shan granite extrude to shallow crust along the XSHF.

postulate that the 12-20 Ma magmatism is related to crustal channel
flow processes.

6 Conclusion

While the GSG has long been recognized as a Cenozoic feature, our
set of zircon U-Pb ages significantly extends the timing of granite
formation, pushing the onset of crustal melt in the region back 20 My
earlier than previously recognized and strongly suggesting that melting
and magmatic zircon formation continues to the present. While the
GSG granite occupies only a tiny part of the eastern margin region, it
provides a detailed archive of local magmatic processes; the regional
extent of this melting requires further study.

The presence of crustal melt during and prior to the period when
regional uplift and deformation are thought to have taken place
provides new information about the condition of the middle/lower
crust that should be considered when considering models of uplift
and deformation in the region.
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