Earth and Planetary Science Letters 544 (2020) 116383

Earth and Planetary Science Letters

Contents lists available at ScienceDirect

www.elsevier.com/locate/epsl

Late Pliocene onset of the Cona rift, eastern Himalaya, confirms
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Several competing hypotheses have been proposed to explain east-west extension observed across the
Himalayan orogen, based primarily on observations from the western and central Himalaya. They make
predictions for the temporal and spatial patterns of deformation in the eastern Himalaya. These tectonic
models include radial spreading or oroclinal bending of the Himalayan arc, oblique convergence of the
Indian continent, tearing or lateral detachment of the Indian slab and eastward flow of lithosphere.
Here, for the first time we constrain the activity history of the Cona rift, the only north-trending rift
currently recognized in the eastern Himalaya, based on biotite and K-feldspar “°Ar/>*°Ar and zircon and
apatite (U-Th)/He thermochronology, to evaluate these proposed rifting mechanisms. Low-temperature
thermochronological results suggest that the Cona rift is the youngest rift system in the Himalayas:
after a slow phase of exhumation since ~14 Ma (~0.2-0.13 mm/yr), normal faulting initiated here at
~3.0-2.3 Ma with a fault slip rate of ~3.8-1.6 mm/yr and a horizontal extension magnitude of ~2-5 km.
Analysis of rifting across the Himalayas shows that rift initiation ages young eastward, which is matched
by eastward decreasing rift-extension magnitudes. Monotonically eastward younging rift development is
consistent with the tectonic model involving eastward lithospheric flow driven by Indian slab dynamics
and coupled asynchronous gravitational potential energy gradients.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

namic driving mechanism, and over the past several decades, nu-
merous tectonic models have been proposed to explain east-west

The Himalayan orogen is the largest and youngest continent-
continent collisional fold-thrust belt on Earth (Yin and Harrison,
2000) and is an archetypical example of an orogenic system un-
dergoing active syncontractional extension accommodated by nu-
merous parallel north-trending rifts (Fig. 1; e.g., Armijo et al,
1986). The even spacing between rifts implies a related geody-
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(E-W) extension in the Himalayas. Proposed hypotheses predict
distinct patterns for the timing of rift initiation across the Hi-
malayas (Supplementary Material Table S1). Convective thinning
of lithospheric mantle (England and Houseman, 1989), a change
in boundary conditions along Asia’s eastern margin (Yin, 2010)
and radial spreading (Seeber and Armbruster, 1984) models sug-
gest nearly coeval initiation of these rifts. Dissimilarly, oroclinal
bending of the Himalayan arc (Klootwijk et al., 1985), oblique con-
vergence of the Indian plate (McCaffrey and Nabelek, 1998) and
lateral slab detachment (Webb et al., 2017) models presume ear-
lier initiation of the rifts close to the two ends of the Himalayan
arc than those in the center (or center-east). Alternatively, grav-


https://doi.org/10.1016/j.epsl.2020.116383
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/epsl
http://crossmark.crossref.org/dialog/?doi=10.1016/j.epsl.2020.116383&domain=pdf
mailto:jfgong@zju.edu.cn
https://doi.org/10.1016/j.epsl.2020.116383

S. Bian et al. / Earth and Planetary Science Letters 544 (2020) 116383

i < BS;ﬁ;“;‘ldTg’fgagnPéaf{‘e v (a) Shua}rllg Hu @) LeolPargil ) f—/_ )( syncline \ normal fault @ adakitic rocks m
35 AT (b) North Lunggar () Gurla Mandhata )( anticline \stnke slip fault Q ultrapotassic rocks
@ -: — (¢) South Lunggar (k) Thakkhola [ e _~ thrust fault suture zone <] revious research location
T é{ (d) Lopukangri (1) Kung Co ST P
3 (e) Tangra Yum Co (m) Dinggye J.L ]
(f) Xainza (n) Yadong
() Gulu (0) Cona (133) — @
a
(h) Nyamqentanghla p -{

33°

3
15 Ma-—-i A/ “@éj

15 20km \ *f-../

/
‘:{J/Z Qiangtang

%/

=

31 R o) V. 8
i Hlmalaya . N (h) /\f e 1) ¥
k) {lsmé\m&;\ 3 % o 14Maé£ 7-
v N @ <17 km X,
15 Mak o T1921 km N O R 7 e
26-30 km%ﬁ Ei,;?** N 15-14Me Sf© 7 @ -
\4\ S km — ~ .13 Ma i
29° = ‘ é km
13 12 Ma 4.
y'{<5 km" »
g_q 25 Magle R 2> >
Age (color) 25kin ¢
B \)/ /
27° 2420 16 12 8 4 <4Ma \kym\‘/ M /1
Z
78° 82° 86° 90° 94°
o . . . Ages of ultrapotassic magmatism
Ages of adakitic magmatism Ages of ultrapotassic magmatism X Legend
along the Tangra Yum Co rift
32 o} 32 24
I¢] g 1d] e Zircon U-Pb o
28 1 Early phase ° é 28 1 ° Biotite Ar/Ar (e}
] 20
24 8 24 2@ ] ° Whole rock At/Ar O
= ° ° o = 1 g ° = Whole rock K/Ar O
< 20 4 < 20 216 4
Eﬁ 9 @ %OB 3,, ] 0. o Eo ] . oo Plagioclase Ar/Ar O
® o
164° Q 0 16 °B e i %o Sanidine Ar/Ar
O, e 12 fee)
Latephase  ° B o 1 g & o
12 4 0® 12 4 [ % i Phlogopite Ar/Ar
8 ) .
° 1 o~ 8 Hornblende Ar/Ar O
8 T T T T T T T T "I L B L B L L HA B R R — T T " T T
78 82 86 90 94 78 82 86 90 94 29.5 30 30.5 31 31.5
Longitude (°E) Longitude (°E) Latitude (°N)

Fig. 1. (a) Sketch of the Himalayan-Tibetan system and surrounding areas. (b) Tectonic map of the Himalayas and the southern Tibet with major structures. Triangles denote

the locations of previous research for normal faults, the orientation and color of which

represent the dip of the normal faults bounding the rifts and the initiation time,

respectively. The black and white circles denote the locations for adakitic and ultrapotassic rocks in the Lhasa terrane, respectively. Detailed descriptions can be found in the
Supplementary Material and Tables S2, S3, S4. Key to symbols: BNS: Bangong Nujiang suture; IYS: Indus-Yarlung suture; JS: Jinsha suture. (c) Longitudinal variations in ages

of adakitic magmatism without uncertainties. They show two phases of activities with th
<20 Ma representing an eastward younging trend. (d) Longitudinal variations in ages of
trend. (e) Ages of ultrapotassic magmatism along the Tangra Yum Co rift without uncertal
the figure(s), the reader is referred to the web version of this article.)

itational collapse-driven eastward flow of lithosphere (Yin and
Taylor, 2011; Bischoff and Flesch, 2018) model predicts extension
to follow the development of excess gravitational potential energy
(GPE). If GPE developed asynchronously and was greater in the
west than the east, due in part to a narrower Himalayan-Tibetan
orogen in the west (e.g., Yang and Liu, 2013) and/or Greater Indian
collisional geometry (e.g., Meng et al., 2020), these models predict
a broad eastward younging Himalayan rifting. Therefore, constrain-
ing the spatiotemporal pattern of rifting is a critical test of these
proposed hypotheses.

e early phase of >24 Ma not displaying any clear trend, whereas the later phase of
ultrapotassic magmatism without uncertainties. They display an eastward younging
inties. They display a southward younging trend. (For interpretation of the colors in

Modern geochronological studies of the initiation ages of rift-
ing are mainly concentrated in the western and central Himalaya,
which shows an eastward younging trend (Fig. 1b; Table. S2). That
is, extension youngs from the ~23 Ma Leo Pargil rift at the west
(Langille et al., 2012) to the ~12-10 Ma Yadong rift at the center-
east (Edwards and Harrison, 1997; Xu et al.,, 2013). To evaluate
the complete pattern of Himalayan rifting and compare with the
above model predictions, the timing of extensional deformation
in the eastern Himalaya is required. The initiation history of the
Cona rift, the only rift system currently recognized in the east-



S. Bian et al. / Earth and Planetary Science Letters 544 (2020) 116383 3

% \)‘?’ GHC Legend
B Oﬂ' Rougiecun-b unit
g Ptl Rougiecun-a unit
[[@]Samples
5 km
PIEERTE
Z 3 . & ol
:?’ C(}/ P t3_ €
5 91°48'E 92°00'E 928 12'E ‘@/92024’E 92°36'E 92°481E
1 1 1 1 1 1

Legend

El Quaternary
Early Cretaceous
Jurassic

Late Triassic

l:l Snowfield IZThrust Fault
Moeldepar e Normal Fault
M&(;g‘e)gﬁi:téogrggalgne Detachment Fault
%@_ﬁ?&gg{ﬂgi"e Ductile Fault

_¢| Late Proterozoic- Late Cretaceous ’d i
Cambrian diabase Speculative Fault
Early Proterozoic giaorl!l){eCretaceous
:I Lake - Ordovician granite N
30km
|

Fig. 2. (a) Regional geologic map of the Cona area modified after Bureau of Yunnan Geological Survey (2004). (b) Sampling sites from this study of the Cona rift. Green circles
show samples collected for thermochronological analysis. Key to symbols: STD: South Tibet Detachment; MCT: Main Central Thrust; LHS: Lesser Himalayan Sequence; GHC:

Greater Himalayan Crystalline Complex; THS: Tethyan Himalayan Sequence.

ern Himalaya (Fig. 1b), remains entirely unconstrained. Without
thermochronological data from the Cona rift, two Himalayan rift-
initiation patterns are possible based on published data from the
other rifts (Fig. 1b). One is a bidirectional younging trend toward
the central-east Himalaya when the Cona rift initiated earlier than
the Yadong rift at the west, and the other one is a monotonic east-
ward younging trend if the Cona rift initiated more recently. In
this regard, the Cona rift offers an excellent opportunity to bet-
ter constrain the Himalayan rifting process and to evaluate current
tectonic models.

In this study, we report new biotite and K-feldspar 4°Ar/3°Ar
and zircon and apatite (U-Th)/He thermochronological data for
samples collected along the southern segment of the Cona rift
(Fig. 2). By constraining the initiation age of the Cona fault, we
provide new insights on the mechanism of E-W extension in the
Himalayan-Tibetan orogen.

2. Geologic setting
2.1. E-W extension in the eastern Himalaya and Cona region geology

The interior of the Himalayan-Tibetan system comprises five
units, which from south to north are the Himalaya, and the Lhasa,
Qiangtang, Songpan-Ganzi, and Qaidam-Qilian terranes separated
by the Indus-Yarlung, Bangong-Nujiang, Jinsha, and Anyimagen-
Kunlun-Muztagh suture zones, respectively (Fig. 1a; Yin and Har-
rison, 2000; Zuza et al, 2018). Both the Himalayan orogen and
southern Tibet (i.e., regions south of the Jinsha suture zone) are
characterized by widespread E-W extension accommodated by a
series of north-trending rifts and conjugate strike-slip faults along
the Bangong-Nujiang suture (BNS) (Fig. 1b; Armijo et al., 1986;
Taylor et al.,, 2003; Yin and Taylor, 2011). Herein, we refer to the
eastern Himalaya as the region east of the Yadong rift, where there
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Fig. 3. True-scale cross section of the Cona fault (A-A’ on Fig. 2b) with sampling locations.

are changes in GPS velocity field, from NNE-directed rotating clock-
wise to NE-directed (Zheng et al., 2017), and in Himalayan arc
curvature (Bendick and Bilham, 2001; Webb et al., 2017). To the
west of the Yadong rift, the region is the western and central Hi-
malaya separated by the Gurla Mandhata rift.

In the eastern Himalaya, E-W extension is accommodated by
the ~150-km-long north-trending Cona rift, a half graben bounded
by the east-dipping Cona normal fault at the west. It is the south-
ern part of the Woka-Cona rift zone and is connected to the
west-dipping Woka normal fault to the north of the Indus-Yarlung
suture (1YS) (Fig. 1b; Yin et al., 2010). The whole rift zone stretches
from the Lhasa terrane in the north southward into the Lesser Hi-
malayan Sequence (LHS) (Figs. 1b, 2a), offsetting major structures
such as the IYS, Great Counter Thrust, North Himalayan Antiform,
Tethyan Himalayan fold-thrust belt, and South Tibet Detachment
(STD) (Yin et al., 2010; Webb et al., 2013). The southern segment
of the Cona fault, on which this study focuses, strikes ~190° and
dips 60° east. It offsets the west-dipping rocks of the hanging wall
against the north-dipping rocks of the footwall (Fig. 3), producing
a topographic depression near the fault scarp. The hanging wall
is mainly composed of various schist units including quartz schist,
interbedded quartz schist and mica schist, chlorite-amphibole-mica
schist and chlorite-amphibole-biotite-quartz schist, while the foot-
wall mainly consists of foliated granite and garnet-bearing two-
mica granitic gneiss.

Lithologies in the Cona region include the LHS, Greater Hi-
malayan Crystalline Complex (GHC) and Tethyan Himalayan Se-
quence (THS) (Fig. 2a; Yin et al., 2010; Webb et al., 2013). The LHS
consists of the Neoproterozoic-Cambrian strata that comprise clas-
tic rocks, carbonate rocks, volcanic rocks, schist and phyllite. The
GHC, overlying on the LHS bounded by the Main Central Thrust
(MCT), consists of Paleoproterozoic metamorphic rocks that com-
prise various schists and gneisses and Neoproterozoic-Cambrian
metamorphic rocks that comprise amphibolite, schist and phyl-
lite. These rocks have undergone amphibolite and granulite facies
metamorphism. The THS is unconformably seated on top of the
GHC bounded by the STD. It consists of Mesozoic strata includ-
ing Upper Triassic, Jurassic, Lower Cretaceous sedimentary rocks,
all of which are faulted against its overlying strata. The strata in

the Cona region were intruded by various episodes of plutons or
dikes, such as Ordovician and Miocene granites, Cretaceous dia-
bases (sillites) and diorites (Fig. 2; Bureau of Yunnan Geological
Survey, 2004).

2.2. Post-collisional magmatism in southern Tibet

Post-collisional adakitic and ultrapotassic rocks are extensively
exposed in the Lhasa terrane (Zhang et al., 2014; Guo and Wilson,
2019) and have widely been accepted to reflect post-collisional
tectonic processes. Ultrapotassic rocks are thought to be derived
from the partial melting of enriched lithospheric mantle (Xu et al.,
2017; Wang et al., 2018), whereas the source of adakitic rocks can
be ambiguous, resulting from melts of overthickened crust, up-
per mantle or oceanic/lithospheric crust (Zhang et al., 2014, and
references therein). Tectonic models for the generation of both ul-
trapotassic and adakitic rocks include convective thinning of Asian
lithospheric mantle (Turner et al., 1996), breakoff or detachment
of Neo-Tethyan oceanic or Indian continental slab (Lu et al., 2019),
intracontinental subduction (Tapponnier et al., 2001), and tearing
of Indian continental slab (Hou et al., 2006). Despite debate about
their exact generation mechanism, their existence is caused by a
broadly similar tectonic process that involved asthenospheric up-
welling due to slab deformation. This implies the important role
played by the subducted Neo-Tethyan oceanic or Indian continen-
tal slabs, such as their subduction, rollback, detachment or tearing.

In southern Tibet, adakitic rocks are distributed within a nar-
row belt subparallel to the IYS (Fig. 1b) and show two phases of
activities (Fig. 1c; Table S3; Lu et al.,, 2019) with the early phase
of >24 Ma not displaying any clear trend, whereas the later phase
of <20 Ma representing an eastward younging trend (Fig. 1c). The
two phases of adakitic rocks are characterized by different frac-
tionation evolutions of light and medium rare earth elements and
proposed to be related to breakoff of the Neo-Tethyan oceanic and
Indian continental slabs, respectively (Lu et al., 2019).

Exposures of ultrapotassic rocks follow two spatial trends, with
most of them generally distributed along an east-trending belt
across the Lhasa terrane that young eastward (Figs. 1b, d; Table
S4). A lesser amount is exposed along the north-trending rifts, such
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as the Tangra Yum Co rift, and the ages young southward (Fig. 1e;
Table S4; Guo and Wilson, 2019). These two distinct spatiotempo-
ral patterns for the ultrapotassic rocks imply a compound process,
rather than a single process (e.g., slab detachment or tearing), for
their generation.

3. Sampling and analytical methods
3.1. Sampling

To constrain the exhumation history associated with the Cona
rift, we performed 4°Ar/>°Ar and (U-Th)/He thermochronology.
Nine samples (CN2 through CN10) were collected within a hori-
zontal distance of ~8 km across the southern segment of the Cona
rift (Fig. 2b). Samples CN2 through CN8 were from the footwall
and CN9 and CN10 were from the hanging wall with sample ele-
vations ranging >1.5 km from 2970 m (CN2) to 4526 m (CN10).
Samples CN3 and CN10 were collected from granite, CN4 and CN5
from foliated granite, CN9 from mica-bearing schist, and CN2, CN6,
CN7 and CN8 from granitic gneiss. All the nine samples provided
adequate biotite grains for “°Ar/3%Ar dating and only sample CN10
also provided suitable K-feldspar for 4°Ar/3>?Ar dating. Seven sam-
ples (CN2, CN3, CN6, CN7, CN8, CN9 and CN10) provided enough
apatite grains and two samples (CN2 and CN8) provided enough
zircon grains for (U-Th)/He dating, respectively.

3.2. 49Ar/39Ar thermochronology

The “°Ar/3°Ar measurements on both biotite and K-feldspar
were conducted at the Key Laboratory of Orogenic Belt and Crustal
Evolution, Peking University. Biotite and K-feldspar grains were
separated by crushing, sieving, heavy liquid and magnetic sepa-
ration. Separates were ultrasonically cleaned in deionized water
and dried at ~100°C. Subsequently, samples, standards and the
crystals of K504, CaF,, KCl were weighed and packaged into alu-
minum foils. The packages were then sealed in a vacuum quartz
bottle and irradiated at China Institute of Atomic Energy in Beijing.
The samples were dated by the step-heating method to determine
the age of the released argon gas at each temperature step. Finally,
plateau ages and corresponding isochron ages were calculated us-
ing Isoplot 3.0 (Ludwig, 2003). Errors in the age calculations are
presented as 20 uncertainties. Age spectra and corresponding in-
verse isochron ages as well as analytical results are listed in the
Supplementary Material (Fig. S1; Table S5).

3.3. (U-Th)/He thermochronology

The (U-Th)/He dating on both apatite and zircon was per-
formed at the University of Melbourne and University College Lon-
don, following standard procedures. Apatite and zircon grains were
separated by heavy liquid and magnetic separation. At least three
grains with euhedral morphology and no visible inclusions were
then handpicked for each sample except sample CN9 where only
two apatite grains were selected. To minimize alpha-ejection as-
sociated with “He diffusion, only grains with both length and
width greater than 60 nm were selected. Samples were heated
by a diode laser to release the stored “He and then were put
into a quadrupole mass spectrometer for “He measurement. For
degassing helium from zircons, a re-heating at a higher tempera-
ture was performed. After degassing, those grains were dissolved
for measurement of U-Th concentrations by an inductively cou-
pled plasma mass spectrometer (ICP-MS). The (U-Th)/He ages were
calculated and corrected following the approach of Farley et al.
(1996). In this study, we used the mean age of each sample with
an uncertainty of 5-6% (10) due to the analytical uncertainty in
U, Th and He measurement and grain size. The analytical results
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of apatite and zircon (U-Th)/He dating are reported in Tables S6
and S7.

4. Results

Nine biotite samples yielded “°Ar/3?Ar plateau ages ranging
from 7.05 £ 0.22 to 13.97 + 0.20 Ma. These ages are consis-
tent with the inverse isochron ages of the same samples (Fig. S1),
indicating no Ar excess or loss after the closure of minerals. Sam-
ple CN4 has a large uncertainty in its inverse isochron age. This
is because the second to fifth heating steps have relatively large
uncertainties, which is probably due to the heterogeneous distri-
bution of Ar isotopes. However, we prefer that its plateau age is
still reasonable as it is within the error range of inverse isochron
containing reasonable age error (3%) and fits the general tendency
of all the samples. Sample CN10 yielded a K-feldspar “°Ar/3°Ar age
of 11.52 £ 0.16 Ma and this age is younger than that of the biotite
40Ar/39Ar age (13.97 & 0.20 Ma), which is consistent with the fact
that the closure temperature of biotite (~350°C) is higher than
that of K-feldspar (~150-250°C) (McDougall and Harrison, 1999).

The seven mean apatite (U-Th)/He ages vary from 1.0 £+ 0.4 to
6.8 + 0.8 Ma (Fig. 4; Table S6). The mean zircon (U-Th)/He ages of
the three samples vary in a small range between 2.4 + 0.1 and 2.7
+ 0.3 Ma (Fig. 4; Table S7). Each sample yielded replicable single-
grain ages.

5. Discussion
5.1. Initiation time and extension magnitude of the Cona rift

To constrain the initiation time of Cona rift, we constructed
age-elevation profiles from the 4%Ar/3°Ar and (U-Th)/He ages
(Fig. 4). The biotite “°Ar/3>?Ar ages are positively correlated with
the current elevations of the samples, demonstrating a moder-
ately slow exhumation rate of ~0.2 mm/yr between ~14-7 Ma
(Fig. 4). Although samples CN9 and CN10 were collected from
the hanging wall, their ages do not deviate from the linear age-
elevation relationship between all samples (Fig. 4). Thus, we argue
that those biotite “OAr/3?Ar ages record regional erosion and ex-
humation rather than fault-associated exhumation. Such a slow
exhumation rate of ~0.2 mm/yr matches data from Tremblay et
al. (2015) near Lhasa, southern Tibet, suggesting a slow regional
exhumation rate from ~12-11 Ma to the present in the southern
Tibetan Plateau margin.



6 S. Bian et al. / Earth and Planetary Science Letters 544 (2020) 116383

Conversely, the apatite (U-Th)/He ages suggest two distinct age
trends for the hanging wall and footwall rocks (Fig. 4). Above the
elevation of ~4100 m, the two hanging wall samples (CN9 and
CN10) define a gentle slope and thus a much lower exhumation
rate of ~0.13 mm/yr between ~7-5 Ma, which is comparable with
that derived from the biotite “°Ar/39Ar ages. Below ~4100 m, all
the ages from the footwall of the fault show a steep slope, indi-
cating an exhumation rate of ~1.6 mm/yr between ~2-1 Ma. We
suggest that the much faster exhumation rate in the footwall (~1.6
mm/yr) compared with the hanging wall (~0.13 mm/yr) is related
to initiation of the Cona normal fault system at, or just prior to, ~2
Ma. Furthermore, this high exhumation rate in the footwall is ad-
ditionally constrained by zircon (U-Th)/He results where ages are
very close (2.7-2.4 Ma) with an elevation range of >1 km (4103 to
2970 m), suggesting a rapid exhumation rate of up to ~3.8 mm/yr.

In summary, we infer that both sides of the Cona fault have
experienced regional exhumation at a rate of ~0.2 mm/yr since
~14 Ma until ~2.7 Ma when exhumation accelerated locally in
the footwall at a rate of ~3.8 mm/yr due to the initiation of the
Cona normal fault (Fig. 4). Subsequently, fault activity slowed down
to ~1.6 mm/yr since ~2.4 Ma. Using these exhumation rates, we
integrate the total magnitude of exhumation at ~7 km in the foot-
wall of the Cona fault. Although the exhumation history is clearly
constrained by our low-temperature thermochronological data, we
still prefer to provide a conservative estimate for the timing of
fault initiation into a range at 3.0-2.3 Ma, considering rapid ex-
humation along the whole profile of the footwall revealed by zir-
con (U-Th)/He data and uncertainties (Table S7).

Our interpreted fault-related exhumation accounts for ~5 km
in the footwall based on the estimated exhumation rates derived
from (U-Th)/He data integrated over the timing of fault activity
(Fig. 4), which overlaps the results deduced from cooling history
of zircon (U-Th)/He system. Assuming a zircon (U-Th)/He clo-
sure temperature of 170-190°C (Reiners et al., 2004), ~4-8 km
of vertical exhumation is implied using a geothermal gradient of
~23-40°C/km (Francheteau et al., 1984). The result corresponds
to a horizontal extension magnitude of ~2-5 km based on the
60° dip of the fault, implying a mean extension rate of ~0.7-2.2
mm/yr. Relatively low offset magnitudes inferred from our ther-
mochronological data are consistent with the small fault offsets
along the Cona normal fault on the geologic map (Fig. 2). Addition-
ally, the estimate is close to the ~1.3-2.6 mm/yr extension rate in
the Cona region by geodetic observation, which is calculated from
the GPS velocity field based upon the difference in arc-parallel ve-
locity component between the Cona and Yadong rifts (dataset from
Zheng et al., 2017).

5.2. Spatiotemporal pattern of north-trending rifts in the Himalayas

The initiation ages for the north-trending rifts in the western
and central Himalaya young eastward. In the Leo Pargil detach-
ment zone (i in Fig. 1b), ductile shearing started at 23 Ma (Langille
et al, 2012), which is interpreted as the initiation of rifting. To
the east, extension in the Gurla Mandhata detachment fault zone
(j in Fig. 1b) may have started as early as ~15 Ma based on Pb-Th
monazite dating of deformed and undeformed leucogranites (Mur-
phy and Copeland, 2005). In the Thakkhola graben (k in Fig. 1b),
extension began at ~17 or 14 Ma as constrained by muscovite
40Ar/39Ar geochronology from north-trending hydrothermal veins
(Coleman and Hodges, 1995) or from syn-extensional fabrics (Lar-
son et al., 2020), respectively. Further east, in the Kung Co rift (I in
Fig. 1b), the onset of normal faulting was constrained at 13-12
Ma by inverse modeling of zircon and apatite (U-Th)/He data (Lee
et al, 2011), although this age was debated. The Dinggye rift (m
in Fig. 1b) initiated at ~13-10 Ma based on mica “°Ar/3?Ar ther-
mochronology (Kali et al., 2010), and the Yadong rift to the east

(n in Fig. 1b) was proposed to be initiated after the cessation of
motion along the STD (<10 Ma or ~12 Ma; Edwards and Harrison,
1997; Xu et al., 2013). In summary, the above studies indicate that
extension of the rifts propagated monotonically from the western
Himalaya to the central Himalaya.

Our results demonstrate that the Cona normal fault initiated in
the late Pliocene, which is significantly younger than all the other
Himalayan rifts to the west (Fig. 1b; Table S2). This study extends
the previously observed temporal pattern of rifting into the eastern
Himalaya, suggesting a monotonic younging trend of rift initiation
from the western Himalaya to the east. Similar to the trend of the
initiation time of rifting, the horizontal extension component de-
termined by both the slip magnitude along the rift and the dip
angle of the fault (Table S8) also decreases eastward (Fig. 1b).

5.3. Working hypothesis for E-W extension in the Himalayas

The newly revealed monotonic eastward younging trend of rift-
ing across the entire Himalaya provides crucial constraints to eval-
uate the mechanisms for E-W extension. This spatiotemporal pat-
tern argues against several proposed hypotheses, such as those
predicting regional coeval onset as in the convective thinning of
lithospheric mantle, radial spreading, and gravitational collapse
(assuming uniform topographic rise) models, or those implying a
bidirectional center-ward younging trend as in the oroclinal bend-
ing, lateral slab detachment and oblique convergence models. A
full description of all models can be found in the Supplementary
Material. Here, we propose an integrated working hypothesis for
E-W extension based on the spatiotemporal pattern of the north-
treading rifts, two-phase adakitic magmatism (>24 Ma and 20-10
Ma), and the complex pattern of ultrapotassic magmatism (Fig. 1).

The Neo-Tethyan oceanic lithosphere broke off between ~50
Ma and ~40 Ma, which induced the asthenospheric upwelling
and anatexis of the Lhasa terrane, generating the early phase of
adakitic rocks (Fig. 5a; Lu et al., 2019). Subsequently, the Indian
continental lithosphere continued to subduct, and started to detach
laterally from the west since ~25 Ma. This induced the progres-
sive eastward emplacement of both the later phase of adakitic
rocks (~20-10 Ma) and the ultrapotassic rocks distributed along
the east-trending belt at ~25-8 Ma (Fig. 5b). When the Indian
continental slab started detaching laterally, the remainder was re-
leased from the slab pull force, giving rise to its vertical motion.
This caused topographic rise that built up local GPE in western
Tibet above the slab segment released by detachment (Fig. 5b;
Wortel and Spakman, 2000). As the slab detachment propagated
eastward, the topographic rise migrated to follow slab detachment,
leading to an asynchronous GPE gradient. This west-to-east mi-
gration of GPE was enhanced by the potentially narrower western
Himalayan-Tibetan orogen that led to a higher strain rate and thus
more rapid uplift in the west than in the east (Yang and Liu, 2013).
Recent paleomagnetic observations suggest the geometry of the
pre-collisional Greater India (Meng et al., 2020) may have resulted
in earlier collision and more continental convergence in the west,
thus leading to faster GPE buildup in the west than east. Later
on, the GPE gradients drove eastward flow of lithosphere, inducing
the development of north-trending rifts and associated v-shaped
conjugate strike-slip faults along the BNS (Fig. 5b; Yin and Taylor,
2011; Zhang et al., 2013; Bischoff and Flesch, 2018).

Lithospheric flow may be accommodated by the whole litho-
sphere (Yin and Taylor, 2011) or only the lower crust (Bischoff
and Flesch, 2018). Large scale low-velocity zone and anisotropy
observed beneath Tibet (Yang et al., 2012; Zhang et al., 2013;
Agius and Lebedev, 2017) and numerical modeling (Bischoff and
Flesch, 2018) support eastward lower crustal flow, which may have
been coupled with entire eastward lithospheric flow (Bendick and
Flesch, 2007).
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Fig. 5. Schematic diagrams of geodynamic processes for E-W extension in the Himalayan-Tibetan orogen. (a) ~40-25 Ma: the northward subducting of Neo-Tethyan oceanic
lithosphere experienced slab breakoff, generating the early phase of adakitic magmatism. (b) ~25-17 Ma: as subduction continued, Indian lithospheric slab started to detach
laterally from the west, generating the later phase of adakitic rocks and ultrapotassic rocks distributed in the east-trending belt; consequent local topographic rise driven by
lateral slab detachment at western Tibet induced eastward flow of lithosphere, causing the v-shaped conjugate strike-slip faults and associated normal faults at its northern
and southern ends. (c) ~17-10 Ma: progressive development of lateral slab detachment caused eastward-propagated dynamic topographic rise and resulted sequential
north-trending rifting. Additionally, it also resulted in longitudinal slab tearing, giving rise to toroidal mantle flow around the slab edge and the southward generation
of ultrapotassic rocks along the north-trending rifts. (d) ~10 Ma-Present: continuous slab deformation, dynamic topographic rise, and eastward lithospheric flow caused

progressive development of a series of conjugate strike-slip faults and normal faults.

During the propagation of the lateral slab detachment, the
subducting Indian lithosphere would have progressed differently
along strike. In the west, the remainder of the lithosphere re-
leased by slab detachment would change its movement direction,
from downward subduction to upward uplift. In the center-east,
the slab remained coherent and would maintain its downward
subduction into the mantle pulled by the attached slab (Fig. 5b).
This kinematic difference between the detached and coherent seg-
ments could increase shear stress at their connection point. When
accumulated stress at the connection point was beyond the ulti-
mate strength of the Indian plate, the slab would break through to
generate southward tearing (Figs. 5¢, d). The resulting north-south
tearing would generate a clockwise toroidal mantle flow around
the broken slab edge (Figs. 5c, d; e.g., Zandt and Humphreys,
2008), which further enhanced eastward mantle flow parallel to

the lateral slab detachment, contributing to the eastward propaga-
tion of E-W extension. At the same time, asthenospheric upwelling
along the slab tearing triggered progressive southward production
of ultrapotassic magmatic rocks in the southern Lhasa terrane dis-
tributed along the north-trending rifts (Fig. 5¢; Guo et al., 2018;
Guo and Wilson, 2019). This process may correspond with the low-
velocity anomaly observed near the Tangra Yum Co rift (Liang et
al., 2016).

The lateral detachment and tearing processes generated east-
ward migrating slab rollback relative to the Himalayas (Figs. 5b,
¢, d), giving rise to two effects. First, the rollback adjusted the
dynamic topography near the plate boundary and caused rapid
rise of the surface topography from west to east (Husson et al.,
2014), which further promoted the eastward development of E-
W extension. Second, the rollback corresponded with the generally
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southward migration of the ultrapotassic rocks in the eastern Lhasa
terrane relative to the western (Fig. 1b). Subsequently, following
the final continental slab breakoff at ~10-8 Ma, continued east-
ward flow of lithosphere led to the progressive propagation of
kinematically linked conjugate strike-slip faults and north-trending
rifts (Fig. 5d).

The integrated working hypothesis proposed here reasonably
explains the following observations. First, rifting in the Himalayas
developed progressively from west to east. Second, it is compat-
ible between the development of north-trending rifts across the
Himalayan-Tibetan system and linked v-shaped conjugate strike-
slip faults along the BNS, implying a coupled mechanism between
them. Third, most adakitic and ultrapotassic rocks in the Lhasa
terrane predate the initiation time of rifting, suggesting that they
were not products of the extensional process but independent ef-
fects of the geodynamic setting. Fourth, both slab detachment and
tearing were manifested by eastward progressive emplacement of
post-collisional magmatism. Fifth, the spatiotemporal pattern of
post-collisional ultrapotassic magmatism corresponds with a roll-
back effect for those in the eastern Lhasa terrane relative to the
western.

Detailed testable predictions derived from the working hypoth-
esis can be found in the Supplementary Material, and further tests
required to validate the working hypothesis are provided here.
First, constraints on the activity history of the Woka rift to the
north of IYS will strengthen the eastward propagation trend of
rifting. The Woka rift is viewed as part of the Woka-Cona rift
zone, and thus should follow a similar trend in propagation trend
of rifting. Second, accurate geochronological constraints on conju-
gate strike-slip faults along the BNS are required. This will help
to reveal the spatiotemporal pattern of those faults. Third, there
should be still-active north-striking normal faults near the edge of
eastern or southeastern Tibet due to continued eastward flow of
lithosphere.

6. Conclusions

Based on the new thermochronological ages, we conclude that
the Cona rift initiated at ~3.0-2.3 Ma with a horizontal exten-
sion magnitude of ~2-5 km. Late Pliocene initiation of the Cona
rift, the sole north-trending rift currently recognized in the east-
ern Himalaya, highlights it as the youngest rift accommodating
E-W extension in the Himalayas. Results from this study and
previous research suggest a monotonic eastward development of
rifting. We propose an integrated working hypothesis to explain
rift propagation and related post-collisional magmatism observed
across the Lhasa terrane, which is compatible with key aspects
of previous models involving lateral slab detachment, tearing, roll-
back and lithospheric flow. Eastward lithospheric flow was driven
by asynchronous GPE gradients, ultimately modulated by Indian
slab dynamics. Eastward-propagating lateral slab detachment led
to an associated dynamic topographic rise that built greater GPE
in the western Himalaya than the east. This west-to-east progres-
sion was enhanced by clockwise toroidal mantle flow around the
longitudinally tearing slab. This working hypothesis makes testable
predictions for rift initiation and post-collisional magmatic rocks
that can be tested by future studies across the Himalayan oro-
gen.
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