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Abstract Crustal-scale shear zones are believed to have played an important role in the tectonic and landscape evolution of
orogens. However, the variation of long-term rock exhumation between the interior of shear zones and adjacent regions has not
been documented in detail. In this study, we obtained new zircon U-Pb, biotite “Ar/*Ar, zircon and apatite (U-Th)/He data, and
conducted inverse thermal history modeling from two age-elevation profiles (the Pianma and Tu’er profiles) in the southeastern
Tibetan Plateau. Our goal is to constrain the exhumation history of the Gaoligong and Chongshan shear zones and adjacent
regions, so as to explore the effect of the shear zones on exhumation and their thermal effect on cooling that should not be
ignored. Our results suggest that during the interval of 18—11 Ma the exhumation rates of rocks within the Gaoligong shear zone
are anomalously high compared with those outside of. The rapid cooling during 18—11 Ma appears to be restricted to the shear
zone, likely due to localized thermal effects of shearing and exhumation. After 11 Ma, both the areas within and outside of the
shear zones experienced a similar two-stage exhumation history: slower cooling until the early Pliocene, and then a rapid
increase in cooling rate since the early Pliocene. Our results indicate a synchronized exhumation but with spatially varied
exhumation rates. Our study also highlights the important role of large-scale shear zones in exposing rocks, and thus the
importance of the structural context when interpreting thermochronological data in the southeastern margin of the Tibetan
Plateau.
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1. Introduction betan Plateau is characterized by relatively low relief upland
which is being deeply incised by large rivers (the Yangtze,
The geomorphology of the southeastern margin of the Ti- Langcang-Mekong, and Nu Jiang-Salween rivers, from east
to west) (Fielding et al., 1994; Brookfield, 1998; Hallet and
* Corresponding author (email: earofwood@yahoo.com) Molnar, 2001, Clark et al., 2005, 2006, Liu-Zeng et al., 2008,

© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2020 earth.scichina.com link.springer.com


https://doi.org/10.1007/s11430-019-9567-y
https://doi.org/10.1007/s11430-019-9567-y
https://doi.org/10.1007/s11430-019-9567-y
http://earth.scichina.com
http://springerlink.bibliotecabuap.elogim.com
http://crossmark.crossref.org/dialog/?doi=10.1007/s11430-019-9567-y&amp;domain=pdf&amp;date_stamp=2020-01-08

GeY, et al.

Royden et al., 2008; Zhang et al., 2018). Tectonically, the
region is dominated by large-scale strike-slip fault and shear
zone systems (Figures 1 and 2; e.g., Schirer et al., 1990;
Leloup et al., 1993, 1995; Wang and Burchfiel, 1997; Zhang
et al., 2011; Burchfiel and Chen, 2013; Wang et al., 2018).
The Ailao Shan-Red River shear zone (ALS-RRSZ), the
Chongshan shear zone (CSSZ), and the Gaoligong shear
zone (GLSZ) are all hundred-kilometer-long continental-
scale shear zones, which are also geomorphically prominent
in the region (Tapponnier et al., 1990; Leloup et al., 1993;
Molnar et al., 1993; Jolivet et al., 2001; Zhang et al., 2009;
Burchfiel and Chen, 2013; Xu et al., 2015). The southeastern
Tibetan Plateau is thus a natural laboratory for examining the
role of tectonics in shaping the landscape.

Exhumation is increasingly recognized as a key process
recording the long-term evolution of orogenic belts (e.g.,
Dahlen and Suppe, 1988; Arne et al., 1997; Leloup et al.,
2001). Low-temperature thermochronological data provide
important constraints on the timing and rate of exhumation,
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potentially enabling the resolution of controversies con-
cerning the timing of regional surface uplift, exhumation,
incision and deformation (Wolf et al., 1996; Moore and
England, 2001; Reiners and Brandon, 2006; Blackburn et al.,
2018). The southeastern Tibetan Plateau is especially im-
portant for examining the interaction between exhumation
rate and crustal deformation or tectonically-driven rock up-
lift. Several low-temperature thermochronometric studies
have been carried out in the region, in order to constrain the
timing of bedrock cooling and exhumation rates (Tapponnier
et al., 1990; Clark et al., 2005, 2006; Liu-Zeng et al., 2008,
2018; Wang et al., 2012; Shen et al., 2016; Yang et al., 2016;
Wang et al., 2017; Tian et al., 2018; Wang et al., 2018).

In structurally active areas, the relationship between ex-
humation and crustal deformation is of key importance for
understanding the evolution of the topography. The variation
of long-term rock exhumation between shear zones and the
adjacent regions has not been documented in detail, but it is
important for evaluating whether the low-temperature ther-
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Figure 1 Simplified geological map of the Southeastern Tibetan Plateau, superimposed on shaded relief. Inset (a) is a DEM map of Tibet and southeastern
Tibetan Plateau. Black frame on map in inset shows location of Figure 1 (b). Sample locations of this study are shown by circles. Lines p-p’ and t-t’ indicate

cross-section locations presented in Figures 3 and 4, respectively.



514 GeY, et al. Sci China Earth Sci

98.75°E

V27

- ":-:‘-@( w38

PMAPIOH IE

TV

April (2020) Vol.63 No.4

99.00°E

[=== Shear zone| Devonian
Granitoids ® ZHe
Cretaceous @& AHe

: { Data from Wang|

] Jurass_lc etal. (2008)

Triassic
i 0 5Km
Carboniferous i i

Figure 2 Geological map of the study area (modified after Bureau of Geology and Mineral Resources of Yunnan Province, 1990). Circles with red filling
are the ZHe samples; circles with green filling are the AHe samples; diamond with yellow filling are the samples from Wang et al. (2018).

mochronological data reflect the actual cooling due to ex-
humation or the thermal effect of localized shearing. If there
is a significant difference in exhumation rate between inside
and outside the shear zone, an extrapolation of the data from
samples within the shear zones to a region may lead to a
misinterpretation of the evolution of regional exhumation.
However, assessment of the relative influence of these fac-
tors requires the collection more data from a variety of dif-
ferent structural and geomorphic settings.

In order to learn more about the evolution of shearing and
its effect on exhumation, we conduct low-temperature ther-
mochronological investigation and adjacent to shear zones in
the southeastern Tibetan Plateau. We collected 18 samples
from two nearly vertical profiles along the Nu Jiang-Salween
River, near Pianma (the Pianma profile) and the Langcang-
Mekong River near Tu’er (the Tu’er profile) (Figures 3 and
4). The Pianma profile (PM profile) crosscuts the Gaoligong
shear zone and focuses on structures both within and outside
the shear zone, while the Tu’er profile (TE profile) is located
to the east of the Chongshan shear zone. We present new
zircon U-Pb data, biotite At/ Ar data, and zircon and

apatite (U-Th)/He data, which provide constraints on the
tectonic and erosional evolution of the shear zone and ad-
jacent regions in the southeastern Tibetan Plateau. Our study
reveals a spatio-temporal correlation between strike-slip
faulting and exhumation.

2. Geological setting

The southeastern Tibetan Plateau is characterized by pro-
minent, Cenozoic shear zones and faults (Zhong et al., 1990;
Leloup et al., 1995; Morley, 2007; Zhang et al., 2010;
Burchfiel and Chen, 2013; Xu et al., 2015). The near N-S-
striking Gaoligong and Chongshan shear zones are two
major large-scale shear zones which play an important role in
the accommodation of intracontinental deformation (Akciz,
2004; Akciz et al., 2008; Zhang et al., 2011; Eroglu et al.,
2013). From west to the east, they divide the southeastern
Tibetan Plateau into the Tengchong Block (TCB), the
Baoshan Block (BSB) and the Lanping-Simao Block (LPSB)
(Zhong et al., 1990; Akciz et al., 2008; Xu et al., 2015).
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Figure 3 (a) Sample location on topographic swath profile. The swath profile p-p’ shows the max, min and average topography, deep incision of major
rivers, and the projected position of our samples. Circles are our new samples; diamond with yellow filling are the samples from Wang et al. (2018). (b) The

GLSZ location and sample locations are shown on the Google Earth image.
exhumation rates according the age-elevation relationship for PM profile.

Geological mapping has demonstrated that the Gaoligong
shear zone and Chongshan shear zone are not belts of Pre-
cambrian-age metamorphic basement rocks (Bureau of
Geology and Mineral Resources of Yunnan Province, 1990),
but rather they are Cenozoic amphibolite grade gneisses with
mylonitic structures and right- and left-lateral shear sense
indicators (Akciz, 2004; Zhang et al., 2011, 2012a).

(c) Plots of zircon and apatite (U-Th)/He ages against elevation and the

The Gaoligong shear zone is a narrow N-S-trending belt,
10-km wide and 600-km long, which is completely exposed
along the Gaoligong Mountains west of the Nu Jiang-
Salween River valley (Wang et al., 2008; Zhang et al.,
2012a). It extends eastward and southward from the eastern
Himalayan syntaxis, forming the boundary between the
Tengchong and Baoshan blocks (Zhong et al., 1990; Wang
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Figure 4 (a) Sample location on topographic swath profile. The swath profile t-t* shows the max, min and average topography, deep incision of major
rivers, and the projected position of our samples. Circles are our new samples of TE profile. (b) The CSSZ location and sample locations are shown on the
Google Earth image. (c) Plots of zircon and apatite (U-Th)/He ages against elevation and the exhumation rates according the age-elevation relationship for

PM profile.

and Burchfiel, 1997; Ji et al., 2000; Xu et al., 2015) (Figures
1 and 2). This shear zone serves as form the western
boundary of an extruded Indochina continental fragment (Ji
et al., 2000; Wang et al., 2006; Akciz et al., 2008; Lin et al.,
2009). The Gaoligong shear zone consists of two distinct
units: an orthogneiss unit to the west and a metasedimentary
unit to the east (Zhang et al., 2012a). The core of the Gaol-

igong shear zone consists of a narrow belt of mylonitic rocks
with right-lateral strike-slip fabrics. Syn- to post-tectonic
pegmatite dikes and tourmaline-bearing micaceous leuco-
granites are concentrated in the metasedimentary part of the
Gaoligong shear zone. They have been affected by the same
ductile deformation as their host mylonitic metamorphic
rocks. However, the exact timing of the shearing remains
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controversial (Akciz et al., 2008; Lin et al., 2009; Zhang et
al., 2012b). The age of the activity and kinematics along the
Gaoligong shear zone have been constrained by YAt/ Ar
dating of synkinematic minerals and structural studies of
ductile deformation. These studies indicate that the Gaol-
igong shear zone has been active since at least ~32 Ma (Ji et
al., 2000; Wang et al., 2006; Lin et al., 2009; Zhang et al.,
2012a). Strike-slip shearing continued until at least ~18 Ma,
and perhaps to as late as ~14 Ma, and terminated at ~11 Ma
(Jiet al., 2000; Akciz, 2004; Wang et al., 2006; Akciz et al.,
2008; Lin et al., 2009; Zhang et al., 2012a). Huang et al.
(2015) and Zhang et al. (2012a) identified four stages of
deformation, which record the progressive transition from
early ductile deformation associated with peak metamorph-
ism, through ductile to ductile-brittle strike-slip shear de-
formation associated with exhumation.

The Chongshan shear zone is a 250-km long and 10-km
wide metamorphic belt, which developed during early Cen-
ozoic extrusion of the Indochina crustal fragment (Akciz et
al., 2008; Zhang et al., 2010). The CSSZ consists mainly of
mylonitic gneisses with amphibolite enclaves, leucogranites,
migmatites, pegmatites, marbles and garnet-bearing schists
with well-defined foliation parallel to the trend of the zone
(Zhang et al., 2009, 2010, 2011). Based on available zircon
U-Pb, monazite U-Th/Pb, and muscovite YAt Ar ages,
Zhang et al. (2012b) reported that transpressional deforma-
tion was initiated during the interval of 57-46 Ma, and that
strike-slip shearing may have begun at 34-32 Ma (Wang et
al., 2006; Akciz et al., 2008; Zhang et al., 2010, 2012b).
Geochronological studies by Akciz et al. (2008) indicated
that the Chongshan shear zone terminated by ~17 Ma. Pet-
rological and thermobarometric studies of the Chongshan
shear zone reveal two metamorphic stages during the interval
of ~36—14 Ma: an early upper-amphibolite facies event and a
later greenschist facies overprint (Wang et al., 2006; Akciz et
al., 2008; Zhang et al., 2012a). Zhang et al. (2010) proposed
that the contrasting shear sense of the two segments was
caused by regional-scale strain partitioning of sinistral
transpression (Zhang et al., 2010; Huang et al., 2015).

Previous studies about the exhumation of shear zones are
increasingly recognized as providing important information
about their evolution (see references in Oriolo et al., 2018).
Existing low-temperature thermochronometric data have
elucidated the detailed pattern of erosion in the Three Rivers
Region. The data from upland areas indicate Cretaceous
cooling (Wilson and Fowler, 2011; Tian et al., 2014; Liu-
Zeng et al., 2018). Significant Cenozoic exhumation came
from river valley or major strike-slip faults from the Miocene
to the Holocene (Ouimet et al., 2010; Shen et al., 2016; Yang
et al., 2016; Nie et al., 2018; Wang et al., 2018). Sparse data
suggest that some locations may have experienced the effect
of structurally enhanced rock denudation and shearing or
fault-related hydrothermal reheating (Wang et al., 2016,
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3. Sampling and methods

3.1 Sample selection

In order to constrain the crystallization age and subsequent
exhumation history of the granitoid rocks in the Langcang-
Mekong River and Nu Jiang-Salween River region and their
relationship with the shear zones, we used zircon U/Pb,
biotite *’Ar/*’Ar, and ZHe and AHe dating.

Eighteen granitic or granite gneiss samples were collected
from two near vertical profiles (the PM profile and the TE
profile) on the western banks of the Nu Jiang-Salween River
near Pianma and the Langcang-Mekong River near Tu’er
(Figures 1 and 2). The PM profile yielded nine samples be-
tween 1600 and 3500 m. The PM profile crosses the Gaol-
igong shear zone and consists of a lower part (the PM;
profile), with five samples within the Gaoligong shear zone,
and an upper part (the PM, profile), with four samples to the
west of the shear zone. The highest sample (PM11-03) was
collected from a ridge with the elevation of 3490 m. The
lowermost sample is from 1673 m, 850 m above the Nu
Jiang-Salween River. The TE profile, located to the east of
the Chongshan shear zone, comprises 9 samples from be-
tween 2300 and 3900 m. The average vertical separation
between samples is 150-300 m, and the lowermost sample is
900 m above the Langcang-Mekong River. Detailed in-
formation about the samples is given in Table 1.

3.2 Zircon U-Pb and biotite *’Ar/’Ar geochronology

We sampled granitic rocks in the PM and TE profiles for U-
Pb dating, in order to verify whether a late magmatic event
could have affected the geothermal field. Two samples
(PM11-05 and PM11-26) from the PM profile, and sample
TE11-02 from the TE profile, were collected for zircon U-Pb
dating. The three samples yielded data interpreted to be the
crystallization ages of the rocks. Zircon U-Pb dating was
performed by laser-ablation ICP-Q-MS at the Key Labora-
tory of Metallogeny and Mineral Assessment, Institute of
Mineral RESOURCES, CAGS. Laser sampling was con-
ducted using a GeoLas 2005 System with a spot size of
32 um. An Agilent 7500a ICP-MS instrument was used to
acquire ion-signal intensities. Instrumental conditions and
data acquisition are comprehensively described by Wu et al.
(2006) and Hou et al. (2009).

Higher temperature (>300°C) thermochronological in-
formation was obtained from biotite Ar isotopic data. We
determined two “’Ar/”Ar ages of biotite from granitic rocks
from the tops of the PM profile and the TE profile. “Ar/Ar
dating of biotite was performed at the Institute of Tibetan
Plateau Research, Chinese Academy of Sciences. Biotite
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Table 1 Geological information of samples from PM and TE profiles and a summary of U-Pb, “Ar/*Ar, AHe and ZHe ages”

Sample ID" Longitude Latitude Ele(\;i;ion Lithology U_(i;t{’ai)la 40Ar(/;jf2)rila Mear} h/};{)eila Mear; D%SeiZa
Pianma (PM)

PM11-01 98.74936°N 25.95028°E 2241 Granodiorite 9.9+1.3 12.8£1.3
PM11-03 98.69059°N 25.99679°E 3490 Granite 14.1£1.4 20.7+3.1
PM11-05 98.69405°N 25.9921°E 3260 Granite 120.7+£2.7 47.47+0.68 13.4£0.6 19.24£2.7
PM11-07 98.69727°N 25.98777°E 3060 Granite 12.6+0.4 16.2£1.5
PMI11-21 98.74694°N 25.95722°E 2677 Granite gneiss 12.1+0.9
PM11-23 98.74697°N 25.95203°E 2399 Granite gneiss 9.5+4.5"

PM09-25 98.74772°N 25.94639°E 1951 Granite gneiss 6.0£0.9

PM11-26 98.74689°N 25.9443°E 1777 Granodiorite 117+1.1

PM11-28 98.75628°N 25.93947°E 1673 Granite gneiss 11.9+1.5
Tu’er (TE)

TE11-01 99.02539°N 26.37009°E 3909 Monzonitic granite 15.3£3.7 87.2496.7"
TE11-02 99.02685°N 26.3694°E 3810 Granite 209.8+6.1 82.75+1.28

TE11-03 99.0279°N 26.3693°E 3730 Granite 14.7£1.1 13.8£1.5
TE11-05 99.03315°N 26.36925°E 3452 Granite 14.2+1.6

TE11-07 99.03855°N 26.36748°E 3170 Granite 13.1£0.6 15.3+0.7
TE11-08 99.0428°N 26.36499°E 2962 Granite 11.2+0.9 15.3+1.5
TE11-10 99.0459°N 26.36228°E 2740 Granite 11.0+0.4 13.4+1.3
TE11-12 99.06253°N 26.36103°E 2493 Granite 7.1£0.5

TE11-13 99.07003°N 26.36028°E 2365 Granite 14.0+£0.8 15.7£1.3

a) For PM11-01 and TE11-01 samples, AHe are multi-grain measurements, with two replicates. For other samples, the measurements were conducted for
both apatite and zircon, with three replicates. Listed are the weighted mean ages, which were calculated using Isoplot/Ex_ver3 (Ludwig, 2003). The weighted

mean ages with “*” were calculated with their scattered ages.

separates were obtained using conventional methods and
were purified by hand-picking under a binocular microscope.
Samples were heated stepwise from 750 to 1450°C to pro-
duce well-defined plateau ages. The procedures followed for
these isotope analyses were the same as those described by
Sang et al. (1996).

3.3 (U-Th)/He analysis

Eight samples from the PM profile and 8 samples from the
TE profile, spanning the elevation range of 2500-5000 m,
were analyzed for ZHe and AHe ages (Tables 2 and 3). All of
the (U-Th)/He analyses were conducted at the University of
Arizona. All granitic samples targeted for ZHe or AHe were
crushed and sieved following standard procedures, and zir-
con and apatite grains within the 100-300 um fraction were
isolated using heavy liquids. For AHe and ZHe dating, eu-
hedral crystals were selected under a high-power polarized
light stereo-zoom binocular microscope to detect the possi-
ble presence of small inclusions. For each sample, at least
three euhedral apatite crystals containing minimal inclusions
were selected for single crystal (U-Th)/He measurements.
First, a camera was used to take high-resolution digital
photographs for alpha-ejection corrections (Farley et al.,

1996). The apatite and zircon crystals were then loaded in Pt
(apatite) and Nb (zircon) microtubes and outgassed under
ultra-high vacuum using a diode laser by heating at 960 and
1250°C, respectively. Degassed aliquots were dissolved and
U and Th concentrations were measured by isotope dilution
using a sector inductively coupled plasma mass spectro-
meter.

3.4 Calculation of exhumation rates

Four methods were used to calculate the cooling and ex-
humation rates: the age-clevation relationship (AER) method
(Fitzgerald et al., 1999; Braun, 2002; Gallagher et al., 2005);
the analytical method proposed by Willett and Brandon’s
(2013); QTQt modeling (Gallagher, 2012); and the three-
dimensional finite-element thermal-kinematic method (Pe-
cube) (Braun et al., 2012). Each method has its strength and
limitations, but by combining them, we hoped to determine
the exhumation history of our samples.

Age-elevation data are commonly used to determine ex-
humation rates assuming temporally and spatially invariant
horizontal isotherms (Wagner and Reimer, 1972). In this
case, the slope of the regression line in age-elevation plots
can be interpreted as the exhumation rate. A one-dimensional
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Table 2 Results of single-grain zircon (U-Th)/He dating of samples from PM and TE proﬁlea)

519

Sample number (pgm) (pgr;) Th/U (pf;}fn) (nn:olegf') (:}I;) ?11\%: (l\l/laa) Ft Corr(eﬁ:;i age (l\lfa) mga%ie?za
Pianma (PM)

PM11-01_Zrl 472.08 261.82 0.57 533.61 26.47 64.72 9.2 0.6 0.81 11.4 0.2
PM11-01_Zr2 455.23 143.56 0.32 488.97 29.80 67.54 113 0.7 0.82 13.9 0.2 12.8+1.3
PM11-01_Zr3 600.99 354.82 0.61 684.38 40.61 73.18 11.0 0.7 0.83 133 0.2
PM11-03_Zrl 460.47 224.50 0.50 513.23 38.58 61.43 139 0.8 0.80 17.5 0.3
PM11-03_Zr2 445.85 182.72 0.42 488.79 45.06 69.57 17.1 1.0 0.82 20.8 0.3 20.7£3.1
PM11-03_Zr3 511.47 302.69 0.61 582.60 57.27 53.29 18.2 1.1 0.77 23.7 0.4
PM11-05_Zrl 608.10 136.47 0.23 640.17 56.69 63.77 164 1.0 0.81 204 0.3
PM11-05_Zr2 870.24 279.66 0.33 935.96 63.83 57.03 126 0.8 0.78 16.1 0.2 19.242.7
PM11-05_Zr3 1638.27 631.10 0.40 1786.58 160.81 58.29 16.7 1.0 0.79 21.2 0.3
PM11-07_Zrl 870.72 331.80 0.39 948.70 73.52 81.21 144 09 0.84 17.0 0.3
PM11-07_Zr2 823.08 433.57 0.54 924.97 72.97 88.84 146 09 0.86 17.1 0.3 16.2+1.5
PM11-07_Zr3 802.87 174.45 0.22 843.87 56.23 88.13 124 0.7 0.86 14.4 0.2

PM11-21 Zrl 1015.28 347.67 0.35 1096.98 59.01 65.19 10.0 0.6 0.81 12.3 0.2

PM11-21 Zr2 992.48 554.40 0.57 1122.77 60.27 55.32 9.9 0.6 0.78 12.8 0.2 12.1+£0.9
PMI11-21 Zr3 1130.05 410.29 0.37 1226.47 55.41 48.29 8.4 0.5 0.75 11.2 0.2

PM11-28 Zrl 442.42 190.61 0.44 487.21 26.11 54.19 9.9 0.6 0.77 12.9 0.2

PM11-28 Zr2 298.95 153.55 0.53 335.03 14.22 55.49 7.9 0.5 0.78 10.1 0.1 11.9£1.5
PM11-28 Zr3 1169.71 251.75 0.22 1228.88 61.72 45.27 9.3 0.6 0.73 12.7 0.2

Tu’er (TE)

TE11-01_Zrl 349.90 119.85 0.35 378.07 68.99 43.05 338 20 0.72 46.9 0.7
TE11-01_Zr2 1256.95 127.48 0.10 1286.91 81.72 37.98 11.8 0.7 0.69 17.1 0.3 17.1£0.3
TE11-01_Zr3 1079.45 320.25 0.30 1154.71 864.39 38.71 1372 8.2 0.69 197.5 2.8
TE11-03_Zrl 452.32 98.32 0.22 475.42 28.66 69.10 112 0.7 0.82 13.6 0.2
TE11-03_Zr2 453.21 43.52 0.10 463.44 26.49 84.15 10.6 0.6 0.85 12.5 0.2 13.8+1.5
TE11-03_Zr3 618.17 97.73 0.16 641.13 43.18 64.29 125 07 0.81 15.5 0.2
TE11-07_Zr1 716.19 127.75 0.18 746.21 54.06 114.90 134 0.8 0.89 15.1 0.2
TE11-07_Zr2 1151.77 145.07 0.13 1185.87 88.12 88.46 13.8 0.8 0.86 16.1 0.2 15.3+£0.7
TE11-07_Zr3 676.91 134.38 0.20 708.49 48.15 85.97 126 0.8 0.85 14.8 0.2
TE11-08_Zrl 518.10 128.42 0.25 548.28 38.72 64.17 13.1 0.8 0.81 16.2 0.2
TE11-08_Zr2 1021.67 107.71 0.11 1046.98 70.41 55.74 125 07 0.78 16.0 0.2 15.3%1.5
TE11-08_Zr3 337.58 109.35 0.33 363.28 20.37 51.99 104 0.6 0.76 13.6 0.2
TE11-10_Zr1 585.54 182.29 0.32 628.38 39.42 59.58 1.6 0.7 0.79 14.7 0.2
TE11-10_Zr2 774.13 264.22 0.35 836.22 42.74 55.52 9.5 0.6 0.78 12.2 0.2 13.4£1.3
TE11-10_Zr3 283.50 56.81 0.21 296.85 17.38 64.87 109 0.7 0.81 13.4 0.2
TE11-13_Zr1 258.18 61.67 0.25 272.68 19.59 59.06 133 0.8 0.79 16.8 0.3
TE11-13_Zr2 572.64 32.25 0.06 580.22 35.83 60.42 1.5 0.7 0.80 14.4 0.2 15.7£1.3
TE11-13_Zr3 701.13 134.67 0.20 732.77 52.17 76.07 132 0.8 0.84 15.8 0.2

a) All samples run three replicates. The weighted mean calculations were made using soplot/Ex_ver3 (Ludwig, 2003), weighted by age uncertainties of

individual grains.

steady-state model presented by Willett and Brandon (2013)
is based on the assumption of a constant rate of exhumation,
where the observed ages represent the time taken for a
sample to travel from its closure depth to its modern eleva-
tion. Importantly, this method relaxes the assumption in-
herent in the AER approach and allows for transient
geothermal gradients that evolve due to changing exhuma-

tion rates. The 1D method transforms each age into a re-
lationship in the geothermal gradient and exhumation rate
space illustrated by graphical curves.

We modeled time-temperature histories of the PM and TE
profiles using QTQt software (v5.4.0; Gallagher, 2012),
based on the Bayesian transdimensional Markov chain
Monte Carlo inversion approach. Unlike the two approaches
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Table 3 Results of single-grain apatite (U-Th)/He dating of samples from PM and TE proﬁlesa>

4 Weighted

e e m U oy e Gmole) w0 ol P G (e me a2
Pianma (PM)
PM11-01_Apl 17.25 26.10 1.55 134.31 23.39 0.81 45.79 6.5 0.7 0.68 9.5 1.0 09413
PMI11-01_Ap3  23.65 49.02 2.13 257.70 35.17 1.44 58.19 7.6 0.7 0.74 10.3 0.5
PM11-03_Apl  23.46 66.03 2.89 312.94 38.98 2.10 43.11 10.0 0.6 0.66 15.1 0.3
PM11-03_Ap2  33.60 47.36 1.45 306.23 44.73 1.80 34.00 7.5 0.5 0.59 12.8 0.9 14.1£1.4
PMI11-03_Ap3  28.48 32.49 1.17 730.60 36.11 1.73 36.18 8.8 0.5 0.61 14.4 0.3
PM11-05_Apl 14.94 41.72 2.87 307.66 24.74 1.24 45.06 9.2 0.6 0.67 13.7 0.5
PMI11-05_Ap2  10.85 28.74 2.72 285.60 17.6 0.80 41.44 8.3 0.5 0.65 12.9 0.3 13.4+0.6
PM11-05_Ap3  24.04 51.88 2.21 339.53 36.23 1.62 37.05 8.3 0.5 0.61 13.5 0.2
PM11-07_Apl 14.32 37.99 2.72 300.96 23.24 1.16 55.12 9.2 0.6 0.73 12.7 0.2
PM11-07_Ap2  24.82 60.77 2.51 431.29 39.11 1.82 4432 8.6 0.5 0.67 12.9 0.2 12.6+0.4
PM11-07_Ap3  16.42 42.73 2.67 333.18 26.46 1.28 54.91 8.9 0.5 0.73 12.3 0.2
PM11-23_Apl 6.75 8.55 1.30 19.69 8.76 0.50 58.47 10.6 0.6 0.75 14.3 0.3
PM11-23_Ap2 5.57 5.86 1.08 24.04 6.94 0.15 57.02 4.0 0.2 0.74 5.4 0.2 9.5+4.5
PM11-23_Ap3 7.02 6.57 0.96 29.53 8.57 0.30 59.97 6.6 0.4 0.75 8.7 0.2
PM11-25_Apl 5.83 15.45 2.72 47.28 9.46 0.26 60.78 5.1 0.3 0.75 6.8 0.2
PM11-25_Ap2 6.62 15.65 243 23.71 10.3 0.22 45.12 39 0.2 0.67 5.8 0.5 6+0.9
PM11-25_Ap3 6.79 21.03 3.18 46.38 11.73 0.23 48.30 3.7 0.2 0.69 53 0.5

Tu’er (TE)
TE11-01_Ap2 1.79 2.24 1.28 38.97 2.32 0.13 35.77 10.4 0.6 0.61 17.1 2.2 15.343.7
TE11-01_Ap3 1.38 0.71 0.53 40.91 1.54 0.08 44.56 9.2 0.5 0.68 13.4 1.5
TE11-03_Apl  137.27 6.78 0.05 251.64 138.86 8.71 58.42 11.9 0.7 0.75 15.8 0.2
TE11-03_Ap2  175.70 14.47 0.08 284.36 179.1 9.79 49.39 10.3 0.6 0.71 14.5 0.2 14.7+1.1
TE11-03_Ap3  149.57 9.09 0.06 257.41 151.7 7.94 51.45 9.9 0.6 0.72 13.7 0.2
TEI1-05_Apl  236.17 18.73 0.08 302.94  240.57 12.98 72.68 10.2 0.6 0.80 12.8 0.2
TE11-05_Ap2 112.14 6.50 0.06 294.66 113.67 7.47 67.15 12.4 0.7 0.78 15.9 0.2 14.2+1.6
TE11-05_Ap3  94.83 4.86 0.05 203.21 95.97 5.57 68.52 11.0 0.7 0.79 13.9 0.2
TE11-07_Apl 71.69 5.66 0.08 221.08 73.03 442 110.06 11.4 0.7 0.87 13.2 0.4
TEI1-07_Ap2 114.18 20.80 0.19 235.73 119.07 6.42 62.34 10.2 0.6 0.77 133 0.5 13.1+£0.6
TE11-07_Ap3  162.34 22.02 0.14 281.28 167.51 9.15 75.49 10.3 0.6 0.81 12.8 0.4
TE11-08_Apl 62.53 7.16 0.12 204.96 64.22 2.82 54.00 8.3 0.5 0.74 11.3 0.5
TE11-08_Ap2  59.82 6.43 0.11 221.28 61.33 2.62 46.49 8.1 0.5 0.70 11.6 0.6 11.2+0.9
TE11-08_Ap3  32.37 3.33 0.11 122.42 33.15 1.38 55.72 7.8 0.5 0.74 10.5 0.6
TE11-10_Apl  128.56 4.79 0.04 177.52 129.68 5.98 81.95 8.7 0.5 0.82 10.6 0.2
TE11-10_Ap2 171.81 19.55 0.12 213.73 176.4 8.58 79.99 9.2 0.6 0.82 11.3 0.2 11+0.4
TE11-10_Ap3  153.40 1.61 0.01 211.16 153.78 6.75 57.17 8.3 0.5 0.75 11.1 0.2
TEI11-12_Apl 33.37 62.45 1.92 416.58 48.05 1.36 50.54 53 0.3 0.71 7.4 0.1
TE11-12_Ap2 11.90 17.27 1.49 190.41 15.96 0.40 46.05 4.7 0.3 0.69 6.8 0.1 7.1+0.5
TEI1-12_Ap3  28.86 159.64 5.68 166.67 66.37 14.36 59.35 40.1 2.4 0.74 543 0.6
TE11-13_Apl  130.70 14.41 0.11 288.86 134.08 7.36 56.37 10.4 0.6 0.75 13.9 0.6
TEI1-13_Ap2  150.46 18.12 0.12 333.77 154.71 8.29 58.90 10.1 0.6 0.76 13.4 0.3 14+0.8
TEI1-13_Ap3  121.48 4.67 0.04 199.71 122.58 7.28 63.82 11.3 0.7 0.77 14.5 0.3

a) The mean age was calculated using Isoplot/Ex_ver3 (Ludwig, 2003), weighted by age uncertainties of individual grains.

described above, this approach allows us to identify complex
cooling histories; however, a thermal model is needed to
convert the cooling histories to the exhumation rate history.
The ZHe and AHe data from each transect are modeled
jointly. ZHe and AHe data were jointly inverted taking into

account radiation damage accumulation and the annealing
models of Guenthner et al. (2013) and Flowers et al. (2009),
respectively. The initial temperature constraint was set to 310
+50°C at 18 Ma for the PM; profile, 47.4 Ma for the PM,
profile, and 82.7 Ma for the TE profile, according to the
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corresponding biotite YAr/PAr data for granitoids. All
model results represent 200000 iterations: 100000 iterations
were used during the burn-in phase of the inversion process,
and the second 100000 iterations were used to approximate
the posterior probability density functions (Gallagher, 2012).

We used the three-dimensional finite-element thermal-ki-
nematic code (Pecube) to quantify the exhumation history.
The TE, PM; and PM, profiles were treated as independent
profiles. Pecube solves the heat equation and tracks material
points that reach the surface of the model through the evol-
ving thermal conditions. This produces time-temperature
paths that are used to calculate apparent thermochronometric
ages. In our model, we used the value of 50 km for the lower
boundary, which is similar to the present thickness of the
crust in the southeastern Tibetan Plateau, and corresponds to
the crustal thickness in the study area. We used a basal
temperature of 500-1000°C, a radiogenic heat production
rate of 10°C Myr ', thermal diffusivity of 25 km” Myr ', and
an atmospheric lapse rate of 4°C km' (Bermudez et al.,
2011). In order to better constrain the recent exhumation
history, the Pecube program was run for two crustal blocks of
roughly 10 kmx10 km around the PM;, PM,, and TE profiles.
Details of the parameters used in the models are listed in
Appendix Table S1 (https:/link.springer.com).

4. Analytical results

4.1 Zircon U-Pb and biotite “’Ar/*’Ar geochronology

Three samples (PM11-05, PM11-26 and TE11-02) were
dated using zircon U-Pb ICP -MS. Zircon U-Pb dating of
sample PM11-26 yielded a concordant intercept age of 117
+1.1 Ma (MSWD=1.5; Figure 5), which is interpreted as the
crystallization age, while sample PM11-05 yielded a low-
quality concordant intercept age of 120.7+2.7 Ma. The zir-
con U-Pb age of sample TE11-02 is 209.8+6.1 Ma. We
analyzed two samples for biotite YAt/ Ar ages: PM11-05
from the PM profile and TE11-02 from the TE profile. The
biotite *’Ar/”Ar ages of samples PM11-05 and TE11-02 are
47.47+0.68 and 82.75+1.28 Ma, respectively (Figure 6). The
microstructures of samples PM11-05 and TE11-02 indicate
that they did not experience noticeable deformation
(Figure 6). The detailed U-Pb and OAr Ar dating results are
listed in Appendix Table S2.

4.2 (U-Th)/He thermochronological results

The weighted mean zircon and apatite (U-Th)/He ages were
calculated from 2-3 single grain ages per sample (Tables 2
and 3). Five apatite samples yielded AHe ages of 6.0-14.1
Ma from the PM profile, except for sample PM11-23, which
yielded three scattered ages (with the range of 5.4—-14.3 Ma).
One two-grain apatite AHe age of the sample PM11-01 is 9.9
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Figure 5 Zircon U-Pb concordia and weighted mean ages diagrams for
the samples PM11-05, PM11-26, and TE11-02. Inserts are weighted mean
diagrams. MSWD is the mean standard weighted deviation.

Ma and six three-grain zircon samples yielded ZHe ages with
the range of 11.9-20.7 Ma.

The TE profile consists of nine samples spanning the
elevation range of 2300-3900 m (Table 1). The mean AHe
ages of seven three-grain samples and one two-grain sample
range from 7.1-15.3 Ma. The mean ZHe ages for six three-


https://springerlink.bibliotecabuap.elogim.com

522 GeY, et al.

Sci China Earth Sci

April (2020) Vol.63 No.4

PM11-05 (Biotite)
60
5 50
=3
@ . H
< 40 WMPA=47 47+0 68 Ma L
30
20
0 10 20 30 40 50 60 70 &80 90 100
Cumulative *Ar Released (%)
PM11-05 (Biotite) inverse isochron
0.0035
39 _
200025 _ AI/°Ar=44 67+2.28
g ' MSWD=3 80
& 0.0015 ‘
oo0s| T ——— " .

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
FArAr

0
TE11-02 (Biotite)

T
= WMPA=82.75£1.28 Ma
2

0 10 20 30 40 50 60 70 80 90 100
Cumulative **Ar Released (%)

TE11-02 (Biotite) inverse isochron
0.0035

FAr Ar=82.87+1.66

00025 MSWD=13 60

0.0015

0.0005
0.000 0010 0020 0030 0040 0.050

Figure 6 Photomicrographs, apparent ages spectra, and inverse isochron age from samples TE11-02 and PM11-05. WMPA-weighted mean plateau age.

MSWD-mean standard weighted deviation.

grain samples are within the range of 13.8—15.7 Ma, except
for one outlier (TE11-01) with three scattered ages (with the
range of 17.1-197.5 Ma). For both profiles, the single-grain
AHe and ZHe ages versus eU (effective uranium content)
plots do not show clear relationships (Figure 7).

For the PM and TE profiles, most of the AHe and ZHe ages
increase as the elevation increased. In general, the AHe and
ZHe ages of the TE profile yield a better age-elevation cor-
relation than the PM profile. However, the ZHe ages of
sample PM11-21 (from the PM profile) and sample TE11-03
(from the TE profile) lack a clear age-elevation correlation
(Figure 4). We interpret the ZHe ranges of samples PM11-21
and TE11-03 to reflect much greater effects on He diffusivity
and thermal sensitivity of the zircon (U-Th)/He system than
crystallographic anisotropy because of radiation damage
(Guenthner et al., 2013).

5. Interpretation of the exhumation rate and
exhumation history

In order to improve the interpretation of the cooling ages
described above, we calculated the exhumation and cooling

rates for the PM;, PM, and TE profiles based on the four
methods described in Section 3.4.

5.1 Lower part of the PM profile (PM,)

Our new data exhibit positive correlations between age and
elevation, with the exception of the ZHe age of sample
PM11-21 from the PM profile. In the PM; profile, the age-
elevation relationship of our ZHe data suggests an ex-
humation rate of 0.09 km Myrfl during the interval of 20.7—
16.2 Ma, and that of the AHe ages yields an exhumation rate
of 0.28 km MyrfI during the interval of 14.1-12.6 Ma
(Figure 3).

The QTQt model of PM; suggests two periods of cooling.
A major cooling phase began during the interval of 18—6 Ma,
with a cooling rate of >20°C Myr ' or >0.5 km Myr ' (Fig-
ure 8), followed by a slow cooling rate (<10°C Myrfl);
however, this is not consistent with the exhumation rate
based on the age-elevation relationship.

We used four samples and six published data from Wang et
al. (2018) to run the 3D inversion model and to run Pecube to
assess the exhumation rates of the PM; profile. All samples
are located in the shear zone in the PM; profile. We used two
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published biotite “Ar/ P Ar ages of 17.6 and 17.9 Ma (Lin et
al., 2009) to constrain the high temperature cooling. Because
the thermochronometric ages in our dataset are all younger
than 18 Ma, the starting time of the model was set as 18 Ma.
Initially, the exhumation rate history was calculated with
uniform time steps of 2 Myr. This initial inversion was used
to identify the number of possible time transition nodes so
that a second Pecube inversion could be carried out. The aim
of this second inversion was to determine the precise timing
of changes in exhumation rate. We assumed a three-stage
cooling history with two transition times based on the results
of the age-elevation relationship and the exhumation rate of
the model for the 2-Myr-interval.

The Pecube inversion results show that a three-stage his-
tory fits the data quite well. The exhumation rate of the first
stage (E,) is between 1.2 and 1.7 km Myrf1 (Figure 9). The
best-fit solutions have an onset time (T,) of the second ex-
humation stage with the range of 10-11 Ma, with a max-
imum probability at 10.2 Ma (Figure 9). The onset time of
the third exhumation stage (T5) has the ranges of 0—4 Ma and
the optimal solution of T; between 3 and 4 Ma. The ex-
humation rate of E; is between 0.0 and 0.4 km Myr_l, which
is slightly higher than that of E, (0.0-0.2 km Myr_l). De-
tailed information about Pecube is given in Appendix Table
S1.

5.2 Upper part of the PM profile (PM,)

In profile PM,, the exhumation rate was 0.47 km Myf1
during the interval of 12.8-11.9 Ma, as indicated by the ZHe
age-elevation relationship method, and 0.09 km Myrf1 dur-
ing the interval of 9.9-6 Ma estimated from the AHe ages
and their elevation (Figure 3). The QTQt model for profile
PM, suggests a three-stage thermal history (Figure 8): a first
stage of cooling during the interval of 47.4-16 Ma with a
cooling rate of <5°C Myrfl; a second cooling stage during
the interval of 19—-12.5 Ma at a cooling rate of >30°C Myrfl;
and a third stage after 12.5 Ma, during which the cooling rate
decreased substantially to <0.5°C Myrfl.

The Pecube model for the PM, profile is constrained by
ZHe and AHe ages from four samples (one sample, NJ0OS, is
from Wang et al. (2018)). Modeling of a three-phase scenario
was conducted with a search for the best solutions of the
timing of onset and the exhumation rate, guided by the ex-
humation rate of the model for the 3-Myr-interval (Table S1)
and the age-elevation profile of the thermochronological
data. The onset time of this model is 21 Ma according to the
oldest ZHe age. The best-fit solutions have T, with the range
of 8-21 Ma with a maximum probability at 16 Ma (Figure 9).
The corresponding exhumation rate E; has the range of 0.39—
0.63 km Myr_l. The exhumation rate E, decreased to be-
tween 0.05 and 0.19 km Myr_1 since ~16 Ma. The timing of
the end of the second stage (T;) is between 4.8 and 6.3 Ma
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Figure 7 Corrected ZHe or AHe ages versus effective uranium content
[eU].

and the exhumation increased after 4.8-6.3 Ma. The ex-
humation rate of the third stage has the range of 0.38-0.6 km
Myr .

In this model, there are two important exhumation transi-
tion nodes: at 15-17 and 5-6 Ma. The exhumation rate of the
second stage is lower than that of the other stages. In order to
provide an independent estimate of the exhumation rate, we
used the analytical method of Willett and Brandon (2013), as
described in Section 3.4. The ages of the lowest and oldest
sample are used as the start and end times of each time
interval, respectively, as illustrated by Willett and Brandon
(2013). For the ZHe data, an exhumation rate of 0.32—0.72
km Myrfl is predicted for the time interval between 21 and
16 Ma in the PM, profile. For the AHe data, the predicted
exhumation rate is 0.15-0.25 km Myrfl during the interval of
~14-12 Ma in the PM, profile (Figure 10).

5.3 TE profile

The new data for the TE profile show positive correlations
between age and elevation, with the exception of two ages
(the ZHe age of sample TE11-03 and the AHe and ZHe ages
of sample TE11-13). The exhumation rate was 0.24-0.32
km Myr_1 during the interval of 18—11 Ma, followed by a
decrease to 0.06 km Myr_1 during the interval of 11-6 Ma,
based on AHe and ZHe age-elevation relationship.
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Figure 8 Thermal history QTQt modeling result for PM and TE pseudo-vertical profiles. QTQt inverse modeling was based on ZHe and AHe data. The
black solid boxes are initial constraints based on the biotite *’Ar/’Ar data. Blue line corresponds to the uppermost sample with the 95% confidence interval in
cyan. The thermal history of the lowermost sample is shown in red, with the 95% confidence interval in magenta. Gray lines represent the middle samples.

A summary of the exhumation history based on the Pecube
model results is presented in Figure 11, and it assumes a
three-stage scenario for this profile. The starting time (T,) of
the Pecube model was set to 18 Ma based on the oldest ZHe
age (17.2 Ma). This inversion set comprises 10800 forward
models that converged towards a lowest misfit value of 3.6.
T, is the starting time. 7, and 75 were solved with best fits of
11 Ma and 3-5 Ma, respectively. The corresponding ex-
humation rates are <0.22 km Myr_] for the first stage (E));
<0.06 km Myr_1 for the second stage (E,); and 0.8-1.2 km
Myr71 for the third stage (E;). However, E; is poorly con-

strained (Figure 11). The inverse modeling results suggest
that the TE profile experienced a three-stage exhumation like
as PM,; profile, consisting of slight rapid exhumation (<0.2
kmMyrfl) during the interval of 18-11 Ma, followed by
slow exhumation, and an order of magnitude increase in
exhumation since 3.5 Ma. For the TE profile, an exhumation
rate of 0.11-0.25 km Ma ' is predicted for the time interval
of ~15-11 Ma (Figure 10) according to the analytical method
of Willett and Brandon (2013).

The modeling results for the ZHe and AHe data using
QTQt are presented in Figure 8. The predicted best-fit
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Figure 10 (a) and (b) show the erosion rate modeling for the AHe and
ZHe data from PM, profile. An erosional rate of 0.32—0.72 km Myrfl using
ZHe data is predicted for the time interval from ca. 21 to ca. 16 Ma. The
predicted erosion rate using AHe data is 0.15-0.25 km Myr’] between ca.
14 to ca.12 Ma. Model TE profile (c), an erosional rate of 0.11-0.25 km
Ma ' is predicted for the time interval from ca. 15 to ca. 11 Ma. The age of

the lowest sample is used as the starting time of each time interval, as
illustrated by Willett and Brandon (2013).

cooling curves for the TE profile show a three-stage cooling
history (Figure 8). The first stage of cooling before 18 Ma
was slow, but the rocks experienced extremely rapid cooling
of <30°C Myf1 during the interval of 18—13 Ma, followed
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by slowing cooling at a rate of <5°C Myr7l (Figure 8). The
QTQt model results for the TE profile show a similar cooling
history to profile PM; after 18 Ma. However, this late-stage
(<13 Ma) slow cooling is not consistent with the He data for
the same area. Previous workers reported the AHe and ZHe
ages of <5 Ma from the riverbed (Wang et al., 2008; Yang et
al., 2016; Wang et al., 2018) suggesting that rapid exhuma-
tion (>3 km) after ~5 Ma. Our QTQt model probably over-
predicted the cooling rate during the interval of 18—-13 Ma
and did not provide information about the phase of rapid
exhumation after ~5 Ma. Therefore, the QTQt modeling
results are not consistent with the evidence of the low-tem-
perature thermochronological data in this study and do not
provide reliable information about thecooling history.

The results also show that the exhumation histories of the
shear zone (PM,; profile) are substantially different from that
of the area outside the shear zone (PM, and TE profile,
Figure 12). During the interval of 18—11 Ma, the shear zone
experienced higher exhumation than that of the area outside,
but after 11 Ma the entire area experienced a consistent two-
stage exhumation history.

6. Discussion

6.1 Tectonic cooling and exhumation associated with
shearing

Our results suggest a large difference in exhumation rate
between the interior of the shear zone and the area outside
before ~11 Ma. The cooling rate inside the shear zone was
much greater than that outside during the interval of 18-11
Ma. According to the new zircon U-Pb ages, biotite “Ar/’Ar
ages, and field observations, the PM, and TE profiles are
located outside the Gaoligong and Chongshan shear zones,
respectively, whereas the PM,; profile is within the Gaoligong
shear zone. The Pecube modeling results of the PM, and TE
profiles (outside the shear zone) indicate a similar relatively
slow cooling history before ~11 Ma. On the other hand, the
exhumation history of the PM; profile (inside the Gaoligong
shear zone) indicates an episode of very rapid exhumation
(~1.2 km Myrfl) before 11 Ma (Figure 12). However, after
~11 Ma, the exhumation rates are similar for areas inside and
outside the Gaoligong shear zone, with slow and quiescent
exhumation during the interval of 11-5 Ma, and accelerated
exhumation after ~5 Ma.

There may be several reasons for the variation in ex-
humation rate between samples within and outside the shear
zone before 11 Ma. First, the most important reason is the
differences in thermodynamic processes. Deformation-re-
lated processes in the shear zone, such as dynamic re-
crystallization, neocrystallization and fluid circulation, have
been shown to be crucial for the interpretation of low-tem-
perature thermochronological data (Lacassin et al., 1996;
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Oriolo et al., 2018). The zircon U-Pb ages and biotite
YA/’ Ar ages from inside the shear zone are much younger
than those from outside. Within the PM profile, both the
zircon U-Pb ages and biotite OAr/Ar ages from outside the
shear zone are older than 48 Ma, while the biotite AP Ar
ages are ~18 Ma (Lin et al., 2009, Figure 3). Petrographic
observations and P-T paths reveal that the Gaoligong shear
zone experienced an early stage of amphibolite facies me-
tamorphism, followed by green schist facies and retrograde
metamorphism during the late stage (Song et al., 2010;
Zhang et al., 2012b, 2012a). The non-mylonitic leucogranite
intrusions within the shear zone are interpreted to be pro-
duced by partial crustal melting during shearing before 18
Ma (Akciz et al., 2003; Song et al., 2010). Akciz et al. (2004)
suggested that strike-slip shearing along the Gaoligong shear
zone terminated before ~18 Ma, based on U-Pb ages of
monazite grains from deformed and foliation cross-cutting
leucogranites. This suggests that the shear zones have ex-
perienced rapid cooling from peak metamorphism before or
around ~18 Ma.

The Gaoligong shear zone is a long and narrow meta-
morphic belt with strongly developed mylonitic textures. The
geometry and deformation intensity of the shear zone sug-
gest that the intensity of deformation decreases from the
center to both sides, especially to the western side (Huang et
al., 2015). Song et al. (2010) proposed a late-stage meta-
morphism of the greenschist facies after the early Miocene,
which suggests that deformation before the early Miocene
was mostly localized within shear zones. For this reason,
geochronological data from the shear zones may record not
only the exhumation, but also the influence by neo- or re-
crystallization, fluid-assisted deformation and inheritance of
the protolith age. After 18 Ma, the shear zone cooled to

below 350°C, based on the biotite **Ar/’Ar ages. This phase
of rapid cooling was probably caused by a decrease of the
shearing. The ZHe and AHe ages show a positive age-cle-
vation correlation after 18 Ma in the shear zone (Figure 3),
suggesting a cooling phase probably generated by regional
relaxation of thermal gradients, or by the advection of rock
towards the surface (e.g. Ring et al.,, 1999; Reiners and
Brandon, 2006). Thus, the early Miocene rapid cooling
pattern of the PM; profile that we have determined may be
restricted to the shear zones as a result of thermal perturba-
tions caused by the activity of the shear zones, rather than
being caused by rapid exhumation or uplift.

Although our results indicate that the activity of the shear
zone may have begun to weaken at 18 Ma, the exact termi-
nation of the shearing is not well constrained. Wang et al.
(2018) suggested that the main phase of shearing occurred
during the interval of 19—11 Ma, based on the interpretation
of low-temperature thermochronological data; whereas Ak-
ciz et al. (2008) suggested that the shear zone was terminated
by ~17 Ma, based on the 40Ar/39Arge0chronological studies.
We suggest that the termination or a slowing-down of the
shearing along the Gaoligong shear zone probably occurred
at ~11 Ma, based on a comparison of the exhumation history
outside and inside the shear zone. When the shearing ceased
or slowed down, the exhumation history would tend to be
similar inside and outside the shear zone. Indeed, the apatite
and zircon (U-Th)/He data and Pecube model results of the
Pianma profiles reveal a similarly two-stage exhumation
history for both inside and outside the Gaoligong shear zone:
lower magnitude cooling during ~11-5 Ma, followed by a
rapid and prominent cooling event after the early Pliocene
(Figure 12). In addition, the “Ar/’Ar ages of muscovite and
biotite are within the range of 19—11 Ma (Akciz, 2004; Wang
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et al., 2006; Lin et al., 2009; Zhang et al., 2012b, 2012a),
which can be interpreted as the result of mica growth during
shearing, and thus may represent the minimum age of the
shearing event (Akciz et al., 2008).

6.2 Regional pattern and control of exhumation

Despite the fact that prior to ~11 Ma the cooling rate of the
internal shear zone was different to that outside the shear
zone, the temporal change in cooling appears to be syn-
chronous, which defines four stages: before 18 Ma, 18—11
Ma, 10-5 Ma, and after ~5 Ma.

The internal temperature of the Gaoligong shear zone
shear zone remained high until ~18 Ma in the PM; profile;
subsequently, the rocks within the shear zone cooled to be-
low ~350°C, as recorded by “Ar/Ar ages (Lin et al., 2009).
The Pecube result for the profile PM, shows that the ex-
humation rate was 0.4-0.6 km Myr_1 during the interval of
21-17 Ma outside the shear zone, which is greater than that
during the interval of 17-5 Ma (0.05-0.19 km Myr_l). Al-
though the thermal cooling rate in the shear zone was faster
after ~18 Ma, based on the low-temperature thermo-
chronological data, it is impossible to confirm whether the
cooling rate suddenly accelerated at ~18 Ma. Therefore, low-
temperature thermochronological data cannot provide robust
constraints on the cooling history before 18 Ma.

Comparison of the exhumation rates inside and outside the
shear zones shows that the tectonic-induced exhumation or
cooling during the interval of 18-11 Ma was mainly loca-
lized in the shear zones. Barring the possibility of a tectonic
origin, Nie et al. (2018) interpreted the mid-Miocene fast
exhumation at ~300 km south of our TE profile and down-
stream along the Mekong River as being caused by high
monsoon precipitation during the period. However, our de-
tailed thermochronology data indicate that the mid-Miocene
phase of enhanced fast cooling occurred mainly in the in-
terior of the shear zones, indicating that tectonic forces
should not be ignored along the rivers. During the same
period, the area outside the shear zone (PM, and TE profile,
Figure 12) in the river valleys experienced slow exhumation,
which cannot be explained by intensified monsoon pre-
cipitation. The rapid cooling within shear zones may be as-
sociated with the exhumation and localized relaxation of
thermal gradients at this time, rather than resulting solely
from climate driven exhumation and cooling. Moreover, both
our results and those of Wang et al. (2018) suggest that the
episode of rapid exhumation was during 18—11 Ma, which
includes but continued beyond the period of 17-14 Ma with
intensified monsoon precipitation proposed by Nie et al.
(2018). Low-temperature thermochronological data are very
sensitive to tectonic activity and fluvial incision, and either
factor can substantially increase the exhumation rate. The
low-temperature thermochronological ages in the shear zone
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or valleys are substantially younger than those in the exterior
area (Safran et al., 2006; Zhang et al., 2016; Schildgen et al.,
2018). However, there is no large gap in ZHe or AHe data
between inside and outside of the shear zone (Figure 3). This
likely indicates that the shearing did not have much influence
on exhumation, and the rapid cooling implies the weakness
of shearing, rather than the reinforcement of shearing, during
18-11 Ma.

The internal and external areas of the shear zone under-
went consistent exhumation after 11 Ma. The termination or
weakening of the shearing effect was likely the main reason
for the abrupt slowing of the exhumation rate after 11 Ma,
especially within the interior of the shear zone (Figure 12).
The youngest group of OAr/ Ar ages of weakly-deformed
leucogranite and protomylonite are ~11 Ma, suggesting that
the shearing probably ceased at that time (Akciz, 2004; Lin et
al., 2009; Zhang et al., 2009). The Gaoligong shear zone was
reported as dextral shearing under amphibolite facies to
greenschist facies metamorphism by ~11 Ma (Xu et al.,
2015). The “Ar/PAr ages from these greenschist facies or-
thogneiss samples may correspond to the time of mica
growth during shearing, and thus they may represent the
minimum age of the shearing event (Akciz et al., 2008). In
addition, there was no large difference in the rate of ex-
humation inside and outside the shear zone after 11 Ma
(Figure 12), indicating that the shearing subsequently had
little influence on exhumation.

Our data suggest that the exhumation rate suddenly in-
creased since 3—5 Ma, following a period of slow cooling
which lasted for ~6 Myrs, along the Langcang-Mekong
River and Nu Jiang-Salween River at latitude ~26°N. We
suggest that a combination of regional extension and cli-
mate change since the late Miocene-Pliocene contributed to
the observed rapid cooling in the southeastern Tibetan
Plateau. In many locations along the Mekong and Salween
rivers, the youngest AHe or ZHe ages are less than 5 Ma
along the riverbeds (Wang et al., 2008; Yang et al., 2016;
Liu-Zeng et al., 2018; Wang et al., 2018). This means that
the region should have experienced an exhumation of more
than 2—4 km after ~5 Ma. Based on longitudinal profiles of
tributaries and low-temperature thermorchoronological
data, previous studies attributed this phase of fast ex-
humation to increased fluvial incision (Yang et al., 2016;
Wang et al., 2018). It is tempting to attribute to Pliocene-
Pleistocene climate cooling for elevated incision (Herman et
al., 2013). However, it is difficult to rule out the possibility
that regional EW extension was contributed to the rapid
exhumation in the southern borderland of Tibet. Regional
extension would cause an increase in relative relief either
regionally or locally, driving river incision. NE-NNE-
trending rift basins and NS-striking normal faults are ubi-
quitous, which are characterized by transtensional dextral
strike-slip (Socquet and Pubellier, 2005; Wang et al., 2007).
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Petrological and geochemical evidence and thermal-me-
chanical modeling results suggest that the upwelling of the
asthenosphere may provide the heat flow environment and
the uplift to drive regionally widespread enhanced river
incision in the southeastern Tibetan Plateau. More data are
needed in a variety of different tectonic setting and geo-
graphic locations to distinguish the relative contribution of
climate and tectonics.

7. Conclusion

New zircon U-Pb, biotite 40Ar/39Ar, and apatite and zircon
(U-Th)/He thermochronometry analyses in the Pianma and
Tu’er areas indicate that the lower Pianma profile, located
inside the Gaoligong shear zone, experienced an episode of
very rapid exhumation (~1.2 km Myr_l) during the interval
of 18—11 Ma, a sharp decrease to <0.1 km Myr_1 during the
interval of 11-3 Ma, and then a slight increase to <0.4 km
Myr_1 after ~3 Ma. However, the upper Pianma profile, to the
west of and outside the Gaoligong shear zone, exhibits a
distinct three-stage exhumation history: an episode of rapid
exhumation (<0.8 km Myr_l) during the interval of 21-17
Ma, slow exhumation during the interval of 17-5 Ma, and an
episode of rapid exhumation after ~5 Ma. Similar to the
upper Pianma profile after 18 Ma, the Tu’er profile, to the
east of the Chongshan shear zone, indicates a two-stage
exhumation history: relatively slow exhumation during the
interval of 18—4 Ma (<0.2 km Myrfl), and rapid exhumation
after ~4 Ma (>0.75 km Myr '). The exhumation history of
inside the shear zone differs from that of outside the shear
zone prior to ~11 Ma. Rapid exhumation during the interval
of 18-11 Ma appears to have been restricted to the shear
zone, which we attribute to exhumation and localized
shearing-related cooling. After 11 Ma, both the areas within
and outside the shear zone experienced a consistent two-
stage exhumation history: slower cooling until the early
Pliocene, and then a rapid increase in cooling since the early
Pliocene, which probably means that the shearing weakened
by ~11 Ma. The most recent pulse of rapid cooling since the
early Pliocene was related to climate change or possibly to a
transformation of the tectonic setting, leading to a transient
acceleration of fluvial incision and the exhumation rate.
There was substantial spatial variability of the degree of
exhumation, but exhumation occurred simultaneously across
the region, and this highlights the importance of the struc-
tural context in interpreting thermochronological data.
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