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[1] Detrital zircon U-Pb geochronology was applied to Cenozoic fluvial sedimentary rocks from the
Jianchuan Basin, Yunnan Province, China to constrain the provenance and the nature of paleo-drainage.
Local geology testifies to a large river flowing through the Jianchuan Basin during the Paleogene and this
previously has been linked to a paleo drainage system that connected the Qiangtang and Lhasa blocks to the
South China Sea. The detrital zircon results from this study do not fit with this model and instead show
provenance consistent with a river draining a watershed within the Songpan-Garze Complex, most likely
from the northeast. From the late Oligocene and thereafter zircon provenance records greater contributions
from erosion of local sources that surround the basin including the South China Block and Yidun Arc rocks
that suggest loss of the northern sources. The timing for these changes overlap with regional deformation
related to strike-slip faulting or displacement by shear strain rather than the later uplift associated with an
expanding margin of the Tibetan Plateau.

Components: 5200 words, 6 figures.
Keywords: Jianchuan Basin; Red River; river capture; zircon U-Pb.
Index Terms: 8175 Tectonophysics: Tectonics and landscape evolution.

Received 19 July 2011; Revised 17 January 2012; Accepted 25 January 2012; Published 3 March 2012.

Yan, Y., A. Carter, C.-Y. Huang, L.-S. Chan, X.-Q. Hu, and Q. Lan (2012), Constraints on Cenozoic regional drainage
evolution of SW China from the provenance of the Jianchuan Basin, Geochem. Geophys. Geosyst., 13, Q03001,
doi:10.1029/2011GC003803.!10#

Copyright 2012 by the American Geophysical Union 1 of 12


http://dx.doi.org/10.1029/2011GC003803

- " Geochemistry 3
~  Geophysics |
| | Geosystems | I

YAN ET AL.. DRAINAGE EVOLUTION OF SW CHINA

10.1029/2011GC003803

1. Introduction

[2] The current pattern of the river systems that run
through SW China, northern Vietnam and Myanmar
are generally considered to be the result of Cenozoic
tectonics associated with the India-Asia collision
[e.g., Brookfield, 1998]. Some have argued that
topographic expansion of the eastern margin of
Tibet [Clark et al., 2004] set the pattern of regional
drainage, while others have suggested that defor-
mation through uplift on strike-slip faults [Lacassin
et al., 1998] or displacement by shear strain [Hallet
and Molnar, 2001] were the more important
tectonic mechanisms that re-organized regional
drainage. Central to resolving this debate is a better
understanding of the nature of the paleo-drainage
system that perhaps began as a single large paleo-
River system that connected drainage of Tibet
to the South China Sea [e.g., Clark et al., 2004].
In this model a succession of river diversions
and capture events driven by Cenozoic tectonics
progressively reduced the drainage area of a
single large (Mississippi scale) river system [e.g.,
Brookfield, 1998; Clark et al., 2004].

[3] Support for a large single drainage system
originated from interpretations of the regional
landscape geomorphology that point to ancient
reversal of the Middle Yangtze River and capture of
the Upper Yangtze River and possibly the Upper
Mekong, Upper Salween and Yarlung-Tsangpo
rivers from a larger paleo-river system that drained
into the South China Sea broadly along the current
course of the Red River (Figure 1) which is why
some refer to this system as the paleo Red River.
Whether such a large drainage existed has yet to be
proven and it can be argued that the Upper
Mekong, Upper Salween and Yarlung-Tsangpo
rivers were never part of such a large paleo-River
system [Clift et al., 2006; Seward and Burg, 2008].
To learn more about the regional paleo-drainage
and the magnitude and timing of any changes
we examined the provenance of detrital zircons
from fluvial sedimentary rocks collected from the
Jianchuan Basin, Yunnan Province, southwest
China (Figure 2). Detrital zircon U-Pb geochro-
nology has been widely used in provenance studies
across western China [e.g., Brugier et al., 1997,
Enkelmann et al., 2007; Kong et al., 2009; Weislogel
et al., 2006], and on paleo-Red River sedimentary
rocks from Vietnam [Hoang et al., 2009].

[4] In many respects the fluvial sedimentary rocks
within the Jianchuan Basin, located on the southern
edge of the Triassic Yidun Arc, Songpan-Garze

complex and Yangtze Craton, hold the key to
establishing the existence and form of any large
paleo drainage system. If the paleo river that once
flowed through the Jianchuan Basin were part of a
larger drainage system, that connected the Upper
Yangtze watershed with the South China Sea, as
proposed by Clark et al. [2004, 2006], then the
sediment provenance for a larger river system
should contain sources from the Songpan-Garze
Complex and Yidun Arc. As this is an active tec-
tonic region it is possible that there may have been
some modification to the source rocks due to depths
of erosion through the Cenozoic but apatite fission
track and K-feldspar studies of bedrock from across
the high elevation, low relief areas of the Yidun Arc
record <2 km of denudation since the early Paleo-
gene [Reid et al., 2005]. The only deep exhumation
is to be found on the eastern margins of Tibet where
there is significant relief but these are localized
features that have not led to widespread dissection
of an ancient pre-uplift relict landscape [Clark et al.,
2005] hence at the regional scale the present-day
outcrop distribution is not significantly different
from that which existed in the Paleogene. The
present-day Upper Yangtze catchment includes a
large segment that flows along the Jingshajing
Suture Zone (Figure 2), which has a band of
Palaeozoic and Triassic sedimentary sequences up
to 50-75 km wide as well as Triassic, Jurassic and a
few Cretaceous granites in the tributary regions.
Detection of these source ages in Jianchuan sedi-
mentary rocks, especially zircon ages younger than
200 Ma [Reid et al., 2007] would confirm a previous
connection to an Upper Yangtze watershed. By
contrast Middle Yangtze catchments (including
the Dadu and Yalong Rivers) mainly fall within
the Songpan-Garze Complex and to a lesser
extent the South China Craton as it flows to the
east. If the sedimentary rocks in the Jianchuan
Basin were never part of a large paleo drainage
system their provenance would unlikely change
throughout the Cenozoic and be confined to local
sources, mainly rocks of the Yangtze Craton, part
of the South China Block.

2. Jianchuan Basin and Geological
Setting

[s] Deformation associated with the India-Asia
collision affected SW China in different ways at
different times as collision progressed. Initially,
with the northward motion of India relative to
Eurasia stress was accommodated within the brittle
upper crust, by clockwise rotation of blocks
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Figure 1.

Summary of the river capture model showing how pre capture there was a connection between the rivers

flowing through the Jianchuan Basin and the Upper Yangtze River [from Clark et al., 2004].

bounded by left-lateral faults that form small circles
about the eastern Himalayan syntaxis. Southeast
extrusion of the Red River fault between 35 and 17
Ma [Gilley et al., 2003] reflected the considerable
regional stresses over that period. The nature of
deformation then appears to have changed with
onset of significant regional surface uplift in the
Middle Miocene. Uplift in northern Vietnam and
Yunnan Province in SW China has been recorded
by the geomorphology of local rivers that cut
deeply into a pre-uplift low relief landscape
[Schoenbohm et al., 2004]. It is possible that this
most recent period of deformation was responsible
for some drainage re-organization although chan-
ges associated with the strike-slip faulting could
also explain earlier river capture events.

[6] The Jianchuan Basin lies at the junction
between the Yangtze Craton (South China Block)
and the Qiangtang Terrane (Figure 2) with the main
basin depocenter currently located 40 km south of
the modern Yangtze River. The basin is structurally
and lithologically complex with limited age control.
Sediments range from Paleocene to the Quaternary
and are intruded by a series of sub-volcanic syenites
and trachytes, that are in some locations as old as
42-24 Ma [Wang et al., 2001] and younger where
in places they intrude sediments mapped as Pliocene
[Yunnan Bureau of Geology and Mineral Resources,
1990]. Paleogene sedimentation includes lacustrine
siltstones, mudstones and sandstones of the Yunlong
and Guolang Formations, (Figure 3) [ Yunnan Bureau

of Geology and Mineral Resources, 1990; Xiang
et al., 2007; Zhang et al, 2010], and massive
well-sorted fluvial sandstones of the Baoxiangsi
Formation which show cross sets and scours as well
as large channels and lag conglomerates [Yunnan
Bureau of Geology and Mineral Resources, 1990;
Xiang et al., 2009; Clark et al., 2004]. Based on
reconnaissance study of Jianchuan Basin sedimen-
tary rocks Clark et al. [2004] proposed that the paleo-
river system that drained the Upper Yangtze valley
was represented by only the Baoxiangshi Formation,
which contained a lithostratigraphy appropriate for
a large, fluvial system. Lithologic units above and
below this unit were considered incompatible with
a large, throughgoing fluvial system, although the
overlying Jinsichang Formation also has a thick
accumulation of conglomerates and sandstones inter-
calated with mudstone and marl, estimated at >3 km.
The Miocene Shuanghe Formation lies unconform-
ably on the Paleogene section and is dominated by
much finer grained lacustrine sediments with coals.
Pliocene sedimentation is confined to localized allu-
vial fans and volcanic tuffs (Figure 3b).

3. Methodology

[7] Overall, the stratigraphy of the Jianchuan Basin
indicates a transition from a throughgoing fluvial
system in the Paleogene to sedimentation associ-
ated with a more localized drainage system in the
Neogene. As correlation across the basin is difficult
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Figure 3. (a) Regional geology of the Jianchuan Basin showing location of samples used in this study. (b) Basin stra-
tigraphy [Yunnan Bureau of Geology and Mineral Resources, 1990; Xiang et al., 2009].

due to the widespread faulting samples were col-  are rare. Yunnan Bureau of Geology and Mineral
lected from sites described in geological survey — Resources [1990] assigns an Upper Eocene and
reports. Typical of continental sedimentary rocks  Oligocene age for the Baoxiangsi and Jinsichang
age control is rudimentary as distinctive index fossils ~ Formations respectively on the basis of Paleogene

Figure 2. (a) Regional geology showing the relationship between the modern Yangtze River and tectonic blocks that
form sediment sources in East Asia. (b) More detailed geological map showing the relationship of the studied basin to
local geology.
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Figure 3. (continued)

assemblages of Charophytes and Ostracoda. Field
evidence supports a Paleogene age as the fluvial
units were deposited unconformably on fossil-
bearing Paleocene calcareous mudstones and shales
and are capped by Miocene rocks, seen on Chinese
geological maps south of Jianchuan by a fossil-
bearing, interbedded siltstone and coal sequence.
Samples collected from the Miocene Shuanghe
Formation and Lower Pliocene Jianchuan Forma-
tion contains dated volcanic tuffs and lacustrine
deposits with coals.

[8] Determination of sediment provenance was
based on detrital zircon geochronology. U-Pb ages
were measured using a New Wave Nd:YAG 213

nm laser ablation system, coupled to an Agilent
7500a quadrupole ICP-MS based within the
London Geoochronology Research Group facilities
at University College London. Real time data were
processed using GLITTER laser ablation data
reduction software version 4 (Macquarie Univer-
sity). Repeated measurements of external zircon
standard Plesovice (TIMS reference age 337.13 £+
0.37 Ma) [Sldma et al., 2008] and NIST 612 silicate
glass [Pearce et al., 1997] were used to correct
for instrumental mass bias and depth-dependent
inter-element fractionation of Pb, Th and U. Ages
and probability density functions (Figure 4) were
calculated using Isoplot [Ludwig, 2003]. Data and
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Figure 4. Plots of detrital zircon ages for each of the studied samples from the Jianchuan Basin. Plots use ages <10%
discordant with °°Pb/>**U used for ages <1000 Ma and 2°7Pb/2°°Pb for older grains.

additional analytical details are provided in the
auxiliary material.’

4. Results and Interpretation

[o] The Upper Yangtze has its watershed in the
Qiangtang Block, passes through the western
Songpan-Garze Block and then runs south through
the Yidun Arc including the Jinshajiang Suture
Zone, while the Yalong and Dadu Rivers, which
run into the Middle Yangtze River, drain the
Songpan-Garze Complex (Figures 2a and 2b). Tri-
assic rocks are present across the region but the
geology of the Qiangtang-Yidun Arc contains
younger rocks than the Songpan-Garze Complex, at
least what has been described in the literature thus
far. Most of the Upper Yangtze runs broadly N-S
along the Jinshajiang Suture Zone, which contains
a Devonian to Triassic sequence of marine sedi-
mentary rocks that, like the main part of the arc,

]Auxiliary materials are available at ftp://ftp.agu.org/apend/gc/
2011gc003803.

were intruded by high-K calcalkaline igneous rocks
and adakites dated to between 245 and 211 Ma
[Weislogel et al., 2006; Xiao et al., 2007; Zhang
et al., 2006]. Younger granitoids are also present
with ages between ~200-188 Ma and ~105-95 Ma
[Roger et al., 2004; Reid et al., 2007]. Modern river
sands transported by the Upper Yangtze record
these different sources although are mainly domi-
nated by Mesozoic to Neoproterozoic aged zircons
sourced from Jinshajiang suture zone rocks
(Figure 5) that swamp the much younger ages.

[10] Figure 4 plots the age distributions of zircons
from each of the sampled rocks. The oldest sample
(JSJ15), from massive fluvial sandstones belonging
to the Baoxiangsi Formation, has a wide range of
zircon ages with major groups between 200 and
500 Ma and 1.8-2.1 Ga but lacks Mesoproterozoic
grain ages between 1.4 and 1.8 Ga that would be
expected if the paleo-river drained a region to the
northwest, i.e., a paleo Upper Yangtze. There is
also only a trace of Neoproterozic aged zircons.
These differences are shown in Figure 5, which
compares data from modern river sands of the
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Figure 5. Comparison between zircon U-Pb ages for Paleogene sample JSJ15 from the Baoxiangsi Formation with-
modern sands from the Upper Yangtze River [Hoang et al., 2009; Kong et al., 2009], and rocks belonging to the
Songpan-Garze Complex [Weislogel et al., 2006; Xiao et al., 2007; Zhang et al., 2006].

Upper Yangtze with the results of sample JSJ15.
The modern river sands contain Neoproterozic zir-
cons and a large group of Mesoproterozoic ages
that are absent from the Baoxiangsi Formation
sample. Comparison is also made in Figure 5
between sample JSJ 15 and the zircon age distri-
bution from rocks of the Songpan-Garze Complex
[Weislogel et al., 2006; Xiao et al., 2007; Zhang
et al., 2006]. Sedimentary rocks comprise most of
the Songpan-Garze Complex, and were deposited
in the Middle to Late Triassic by watersheds that
drained from the north and south. JSJ 15 lacks c.
800 Ma zircons and this fits with stratigraphically
older rocks of the Songpan-Garze Complex
[Weislogel et al., 2006; Xiao et al., 2007; Zhang
et al., 2006]. The zircon age distribution for
sample JSJ15 is near identical to the data from
Songpan-Garze rocks (Figure 5) sourced from
the North China Block [Weislogel et al., 2006,
Figure 3].

[11] The bulk of dated grains for the Oligocene to
Middle Miocene samples JSJ18 and JC13 fall
between 233 £+ 17 Ma and 312 £ 22 Ma. JC13
has a small peak of proterozoic ages around 1800—
1900 Ma consistent with North China block sources
as seen in the Songpan-Garze rocks. Precambrian
grains are rare in sample JSJ18, only 3 such grain
ages (two at c. 2500 Ma one at 1400 Ma) are found.
The single large age peak seen in sample JSJ18 can
be explained by more restricted erosion involving

Triassic igneous sources. A larger drainage would
have produced a wide range of older ages as seen in
the Late Miocene to Pliocene sample (JC18) which
includes many grains dated to between 750 and
850 Ma, diagnostic of Yangtze Craton (South China
Block) sources [Sun et al., 2009; Roger et al., 2010]
from watersheds to the east and northeast of the
basin. The absence of Mesoproterozoic and older
zircon ages is also consistent with a local drainage
reinforced by the presence of grains with ages of
34-35 Ma that match igneous bodies known in the
area of the Jinchuan Basin and emplaced during a
period of potassic igneous activity dated to between
c. 40-24 Ma [Wang et al., 2001; Guo et al., 2005;
Xiang et al., 2009].To summarize, since the Late
Oligocene sediment deposited by rivers that flowed
through and into the Jianchuan Basin have zircon
age populations consistent with erosion involving
local sources that include rocks belonging to the
Yidun Arc and the Yangtze Craton, part of the
South China Block.

5. Discussion

5.1. Paleogene Drainage

[12] Results show that Paleogene fluvial sedimen-
tary rocks deposited in the Jinchuan Basin have a
provenance consistent with erosion of Triassic
marine sedimentary rocks belonging to the Songpan-
Garze Complex. The zircon age distribution for
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Figure 6. Cartoon to a paleo-drainage configuration for the early Palacogene that would fit with the data described in
this study. The headwaters would have been located north to northeast of the Jianchuan Basin within the Songpan-
Garze Complex and lasted until the Oligocene when the drainage system changed.

sample JSJ15 closely matches Songpan-Garze rocks
sourced from the North China Block. The absence
of Neoproterozoic ages would fit with the erosion
confined to Ladinian and Carnian aged units
within the Songpan-Garze Complex [Weislogel
et al., 2006]. The data can be explained by rivers
flowing within the Songpan-Garze Complex either
from the northeast or northwest. A drainage system
that had its headwaters in the northeast and not the
northwest as at present would require a reverse
flowing section of the upper parts of the Middle
Yangtze River or its paleo equivalent. Existence
of a reversed Middle Yangtze River connected to
the Jianchuan Basin during the Paleogene is geo-
graphically hard to explain and does not fit with the
models of Clark et al. [2004] that show a southwest-
flowing Middle Yangtze River joining the Red
River far to the southeast of the Jianchuan Basin
prior to its capture by the Upper Yangtze (Figure 1).
But, it has also been argued that capture of the
Middle Yangtze and Sichuan Basin by the east-
flowing Lower Yangtze took place in the Eocene on
the basis of thermochronometry data from the Three
Gorges area that show significant rock uplift and
gorge incision started between 45 and 40 Ma
[Richardson et al., 2010] overlapping with the onset
of erosion across the Sichuan Basin at ~40 Ma
[Richardson et al., 2008]. A study by Kong et al.,
[2009] suggested that flow reversal of the Middle
Yangtze was a more recent development caused by
local fault movements in the Quarternary. Such
interpretations seem contrary but it is important

to keep in mind that river captures were progressive
and that the Yangtze River likely grew by amal-
gamation of rivers and segments of rivers. Our
results suggest that one stage in this process
involved a paleo Yalong River or extended Yangpai
River that extended further north into the Songpan-
Garze Complex (Figure 6). The data do not require
a connection to the Upper Yangtze at this time i.e.,
early Paleogene. Although the zircon data do not
prove if the main source came from either the
northeast or northwest, or both, we do note that
modern river sands transported by the Upper
Yangtze are dominated by Mesozoic to Neoproter-
ozoic aged zircons sourced from Jinshajiang suture
zone rocks and notably lack populations of zircons
between 1.85 and 1.95 Ga [Hoang et al., 2009]
(Figure 5). On this basis there is a better match to
sources within the northeastern part of the Songpan-
Garze Complex.

[13] The results (JSJ15) show that a drainage con-
nection to the distant Songpan-Garze Complex was
less important by the Late Paleogene and that sed-
imentation within the Jianchuan Basin thereafter
involved greater contributions from more local
sources. These changes began in the Oligocene.
Independent studies also favor this timing for
major rivers captures. Nd isotope studies of Eocene
sedimentary rocks deposited in the Hanoi Basin,
Vietnam showed strongly negative eNd values
considered to be associated with erosion of the
Yangtze Craton [Clift et al., 2006]. The strongly
negative ¢éNd values contrasted with less negative
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eNd values from Paleogene rocks in the Yinggehai
Basin, South China Sea [Yan et al., 2007] the final
repository for sediment supplied by the Red River
and any paleo-equivalent that overspilled from the
Hanoi Basin. The less negative ¢Nd values were
measured on core samples from close to Hainan
Island and reflect this local source. A later mass
balance study examined the volume of sedimentary
rock deposited in Yinggehai Basin since 30 Ma and
found that the sediment volumes could be
explained by a paleo catchment similar in area to
that of the modern Red River with the addition of
minor inputs from erosion of Hainan Island [Yan
et al, 2011], providing further confirmation that
any expanded paleo-Red River drainage (if any
ever existed) must have predated the Oligocene.

5.2. Mechanism of River Re-organization

[14] River capture or diversion events are often
associated with regional tectonics. Within SW
China changes in regional stress accommodation
saw a switch from strike-slip faulting in the Paleo-
gene to regional surface uplift in the Neogene (see
section 2 above). As stated earlier either or both of
these phases of deformation may have contributed
to changes in regional drainage therefore our sam-
pling strategy covered this time interval. Our results
show that a large river drained the Songpan-Garze
Complex and may have flowed to the southwest or
southeast passing through the area of the Jianchuan
Basin during the early Palacogene until the Oligo-
cene when this connection ended. Such timing favors
a connection between drainage re-organization and
the deformation associated with strike-slip fault-
ing. Left-lateral ductile shearing across the region
accommodated clockwise rotation and continental
extrusion of Indochina—SE Asia and was caused by
the collision and indentation of India into Asia
[Molnar and Tapponnier, 1975]. This resulted in a
series of NW-SE aligned metamorphic complexes
(Xuelong Shan, Diancang Shan, Ailao Shan) in
Yunnan Province that record ductile shear between
~32-22 Ma [Searle et al., 2010]. An unconformity,
seen in the Jianchuan Basin between the ‘Eocene’
series and Oligocene rocks [Xiang et al., 2007
Zhang et al., 2010] provides the link between this
regional deformation and changes in drainage.

6. Conclusions

[15] Detrital zircon data from sedimentary rocks
deposited in the Jianchuan Basin identified a
change in depositional systems from a large river in
the Eocene-Early Oligocene that extended into the

Songpan-Garze Complex, switching to more local
sources, which were dominant by the Neogene.
Results are consistent with independent studies that
found no evidence to support the existence of a
large river system, at least not since the Oligocene.
By contrast to the geomorphology models, the zir-
con results indicate a paleo-drainage with a large
southward flowing river with its headwaters located
in the northeast or northwest. Timing of loss of this
large river coincided with left-lateral ductile shear-
ing across the region recorded by an unconformity
within the basin stratigraphy suggesting uplift at
that time. The changes in regional drainage outlined
in this paper should be seen as one part of a long
series of river captures that continued throughout
the Cenozoic in response to local tectonics and
regional tilting.

Acknowledgments

[16] This work was financially co-supported by the National
Natural Science Foundation of China (grant 40972130) and
Major State Basic Research Program of the People’s Republic
of China (2009CB219401), the Knowledge Innovation Pro-
gram of the Chinese Academy of Sciences (grant KZCX2-
EW-101), and NSFC-UK Royal Society Joint Project award
(40811130248). This is contribution (GIGRC-10-01) IS-1444
from GIGCAS.

References

Brookfield, M. E. (1998), The evolution of the great river sys-
tems of southern Asia during the Cenozoic India-Asia colli-
sion: Rivers draining southwards, Geomorphology, 22,
285-312, doi:10.1016/S0169-555X(97)00082-2.

Bruguier, O., J. R. Lancelot, and J. Malavieille (1997), U-Pb
dating on single detrital zircon grains from the Triassic
Songpan-Ganze Flysch (central China): Provenance and tec-
tonic correlations, Earth Planet. Sci. Lett., 152, 217-231,
doi:10.1016/S0012-821X(97)00138-6.

Clark, M. K., L. M. Schoenbohm, L. H. Royden, K. X. Whipple,
B. C. Burchfiel, X. Zhang, W. Tang, E. Wang, and L. Chen
(2004), Surface uplift, tectonics, and erosion of eastern Tibet
from large-scale drainage patterns, Tectonics, 23, TC1006,
doi:10.1029/2002TC001402.

Clark, M. K., M. A. House, L. H. Royden, K. X. Whipple,
B. C. Burchfiel, X. Zhang, and W. Tang (2005), Late
Cenozoic uplift of eastern Tibet, Geology, 33, 525-528,
doi:10.1130/G21265.1.

Clark, M. K., L. H. Royden, K. X. Whipple, B. C. Burchfiel,
X. Zhang, and W. Tang (2006), Use of a regional, relict land-
scape to measure vertical deformation of the eastern Tibetan
Plateau, J. Geophys. Res., 111, F03002, doi:10.1029/
2005JF000294.

Clift, P. D., J. Blusztajn, and D. A. Nguyen (2006), Large-scale
drainage capture and surface uplift in eastern Tibet before
24 Ma, Geophys. Res. Lett., 33, L19403, doi:10.1029/
2006GL027772.

10 of 12



&k Geochemistry _ 7
*  Geophysics (|
: | Geosystems 0

YAN ET AL.. DRAINAGE EVOLUTION OF SW CHINA

10.1029/2011GC003803

Enkelmann, E., A. Weislogel, L. Ratschbacher, E. Eide,
A. Renno, and J. Wooden (2007), How was the Triassic
Songpan—Ganzi basin filled? A provenance study, Tectonics,
26, TC4007, doi:10.1029/2006TC002078.

Gilley, L. D., T. M. Harrison, P. H. Leloup, F. J. Ryerson,
O. M. Lovera, and J. H. Wang (2003), Direct dating of left
lateral deformation along the Red River shear zone, China
and Vietnam, J. Geophys. Res., 108(B2), 2127, doi:10.1029/
2001JB001726.

Guo, Z., J. Hertogen, L. Liu, P. Pasteels, A. Boven, L. Punzalen,
H. Hei, X. Luo, and W. Zhang (2005), Potassic magmatism in
western Sichuan and Yunnan provinces, SE Tibet, China:
Petrological and geochemical constraints on petrogenesis,
J. Petrol., 46, 33-78, doi:10.1093/petrology/egh061.

Hallet, B., and P. Molnar (2001), Distorted drainage basins as
markers of crustal strain east of the Himalaya, J. Geophys.
Res., 106(B7), 13,697-13,709, doi:10.1029/2000JB900335.

Hoang, L. V., F. Y. Wu, P. D. Clift, A. Wysocka, and
A. Swierczewska (2009), Evaluating the evolution of the
Red River System based on in-situ U-Pb dating and Hf iso-
tope analysis of zircons, Geochem. Geophys. Geosyst., 10,
Q11008, doi:10.1029/2009GC002819.

Kong, P., D. E. Granger, F. Y. Wu, M. C. Caffee, Y. J. Wang,
X. T. Zhao, and Y. Zheng (2009), Cosmogenic nuclide burial
ages and provenance of the Xigeda paleo-lake: Implications
for evolution of the Middle Yangtze River, Earth Planet.
Sci. Lett., 278, 131-141, doi:10.1016/j.epsl.2008.12.003.

Lacassin, R., A. Replumaz, and P. H. Leloup (1998), Hairpin
river loops and slip-sense inversion on southeast Asian
strike-slip faults, Geology, 26, 703—706, doi:10.1130/0091-
7613(1998)026<0703:HRLASS>2.3.CO;2.

Ludwig, K. R. (2003), Isoplot/Ex version 3.00: A geochrono-
logical toolkit for Microsoft Excel, Spec. Publ., 4, Berkeley
Geochronol. Cent., Berkeley, Calif.

Molnar, P., and P. Tapponnier (1975), Cenozoic tectonics
of Asia, effects of a continental collision, Science, 189,
419-426, doi:10.1126/science.189.4201.419.

Pearce, N. J. G., W. T. Perkins, J. A. Westgate, M. P. Gorton,
S. E. Jackson, C. R. Neal, and S. P. Chenery (1997), A com-
pilation of new and published major and trace element data
for NIST SRM 610 and NIST SRM 612 glass reference
materials, Geostand. Newsl., 21, 115-144, doi:10.1111/
j-1751-908X.1997.tb00538 x.

Reid, A. J., C. J. L. Wilson, and S. Liu (2005), Structural evi-
dence for the Permo-Triassic tectonic evolution of the Yidun
Arc, castern Tibetan Plateau, J. Struct. Geol., 27, 119-137,
doi:10.1016/j.jsg.2004.06.011.

Reid, A., C. J. L. Wilson, L. Shun, N. Pearson, and
E. Belousova (2007), Mesozoic plutons of the Yidun Arc,
SW China: U/Pb geochronology and Hf isotopic signature,
Ore Geol. Rev., 31, 88-106, doi:10.1016/j.oregeorev.2004.
11.003.

Richardson, N. J., A. L. Densmore, D. Seward, M. Wipf, Y. Li,
M. A. Ellis, and Y. Zhang (2008), Extraordinary denudation
in the Sichuan Basin: Insights from low-temperature thermo-
chronology adjacent to the eastern margin of the Tibetan
Plateau, J. Geophys. Res., 113, B04409, doi:10.1029/
2006JB004739.

Richardson, N. J., A. L. Densmore, D. Seward, M. Wipf, and
Y. Li (2010), Did incision of the Three Gorges begin in the
Eocene?, Geology, 38, 551-554, doi:10.1130/G30527.1.

Roger, F., J. Malavieille, P. H. Leloup, S. Calassou, and Z. Xu
(2004), Timing of granite emplacement and cooling in the
Songpan-Ganzé Fold Belt (eastern Tibetan Plateau) with

tectonic implications, J. Asian Earth Sci., 22, 465481,
doi:10.1016/S1367-9120(03)00089-0.

Roger, F., M. Jolivet, and J. Malavieille (2010), The tectonic
evolution of the Songpan-Garze (north Tibet) and adjacent
areas from Proterozoic to Present: A synthesis, J. Asian
Earth Sci., 39(4), 254-269.

Schoenbohm, L. M., K. X. Whipple, and L. Chen (2004),
Geomorphic constraints on surface uplift, exhumation, and
plateau growth in the Red River region, Yunnan Province,
China, Geol. Soc. Am. Bull., 116, 895-909, doi:10.1130/
B25364.1.

Searle, M. P., M. W. Yeh, T. H. Lin, and S. L. Chung (2010),
Structural constraints on the timing of left-lateral shear along
the Red River shear zone in the Ailao Shan and Diancang
Shan Ranges, Yunnan, SW China, Geosphere, 6, 316-338,
doi:10.1130/GES00580.1.

Seward, D., and J. P. Burg (2008), Growth of the Namche
Barwa Syntaxis and associated evolution of the Tsangpo
Gorge: Constraints from structural and thermochronological
data, Tectonophysics, 451, 282-289, doi:10.1016/j.tecto.
2007.11.057.

Slama, J., et al. (2008), Plezovice zircon A new natural refer-
ence material for U-Pb and Hf isotopic microanalysis, Chem.
Geol., 249, 1-35, doi:10.1016/j.chemgeo.2007.11.005.

Sun, W. H., M. F. Zhou, J. F. Gao, Y. H. Yang, X. F. Zhao, and
J. H. Zhao (2009), Detrital zircon U-Pb geochronological
and Lu-Hf isotopic constraints on the Precambrian magmatic
and crustal evolution of the western Yangtze Block, SW
China, Precambrian Res., 172, 99-126, doi:10.1016/j.
precamres.2009.03.010.

Wang, J. H., A. Yin, T. M. Harrison, M. Grove, Y. Q.
Zhang, and G. H. Xie (2001), A tectonic model for Cenozoic
igneous activities in the eastern Indo-Asian collision zone,
Earth Planet. Sci. Lett., 188, 123-133, doi:10.1016/S0012-
821X(01)00315-6.

Weislogel, A. L., S. A. Graham, E. Z. Chang, J. L. Wooden,
G. E. Gehrels, and H. Yang (2006), Detrital zircon prove-
nance of the Late Triassic Songpan-Ganzi complex: Sedimen-
tary record of collision of the North and South China blocks,
Geology, 34, 97-100, doi:10.1130/G21929.1.

Xiang, H. F., J. L. Wan, Z. J. Han, S. M. Guo, W. X. Zhang,
L. C. Chen, and X. Q. Dong (2007), Geological analysis
and FT dating of the large-scale right-lateral strike-slip
movement of the Red River fault zone, Sci. China, Ser. D,
50(3), 331-342.

Xiang, H. F., B. L. Zhang, W. X. Zhang, S. M. Guo, and J. L.
Wan (2009), Geological analysis and FT dating of crustal
deformation in the Jianchuan Basin since the Tertiary
[in Chinese with English abstract], Dizhi Xuebao, 83(2),
230-237.

Xiao, L., H. F. Zhang, J. D. Clemens, Q. W. Wang, Z. Z. Kan,
K. M. Wang, P. Z. Ni, and X. M. Liu (2007), Late Triassic
granitoids of the eastern margin of the Tibetan Plateau: Geo-
chronology, petrogenesis and implications for tectonic evolu-
tion, Lithos, 96, 436452, doi:10.1016/j.1ith0s.2006.11.011.

Yan, Y., B. Xia, G. Lin, A. Carter, X. Hu, B. Liu, X. Cui,
P. Yan, and Z. Song (2007), Geochemical and Nd isotope
compositions of detrital sediments on the north margin of
the South China Sea: Provenance and tectonic implications,
Sedimentology, 54, 1-17, doi:10.1111/j.1365-3091.2006.
00816.x.

Yan, Y., A. Carter, C. Palk, S. Brichau, and X. Q. Hu (2011),
Understanding sedimentation in the Song Hong-Yinggehai
Basin, South China Sea, Geochem. Geophys. Geosyst., 12,
Q06014, doi:10.1029/2011GC003533.

11 of 12



' Geochemistry 3

* Geophysics YAN ET AL.: DRAINAGE EVOLUTION OF SW CHINA 10.1029/2011GC003803
| Geosystems |
Yunnan Bureau of Geology and Mineral Resources (1990), nature of basement and tectonic evolution, Contrib. Mineral.
1:200000 regional map series and accompanying reports Petrol., 152, 7588, doi:10.1007/s00410-006-0095-2.
[in Chinese with English abstract], 728 pp., Geol. Publ. Zhang, K. X., et al. (2010), Paleogene-Neogene stratigraphic
House, Beijing. realm and sedimentary sequence of the Qinghai-Tibet Pla-
Zhang, H. F., L. Zhang, N. Harris, L. L. Jin, H. L. Yuan, teau and their response to uplift of the plateau, Sci. China,
and B. R. Zhang (2006), U-Pb zircon ages, geochemical Ser. D, 53(9), 1271-1294.

and isotopic compositions of granitoids in Songpan-Garzé
Fold Belt, eastern Tibet Plateau: Constraints on petrogenesis,

12 of 12




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


