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ABSTRACT

At the southeastern margin of the Tibetan Plateau, the Yarlung-Tsangpo River plunges
through the Himalaya to drop >2 km through the Tsangpo Gorge. Upstream, relict glacial
dams and impounded lake terraces suggest that Quaternary lakes as large as 800 km? cata-
strophically drained through the gorge as megafloods. We report on new megaflood deposits
downstream of the gorge and use detrital zircon U-Pb provenance data to demonstrate that
these high-magnitude events originated in Tibet, and more effectively focused erosion in the
gorge than both the extremely erosive modern peak flows and one of the largest landslide-dam
outburst floods ever documented. Our findings support the proposition that in this steep, nar-
row gorge, where hillslope angles are near the threshold angle of bedrock failure, megafloods
provide a mechanism to rapidly evacuate hillslope material and focus erosion on channel-
adjacent hillslopes. Although megaflood frequency remains unconstrained, we demonstrate
the capability of these events to contribute substantially to rapid exhumation in this region.

INTRODUCTION

Where the Yarlung-Tsangpo River (south-
eastern Tibetan Plateau) descends through the
easternmost Himalaya, it carves the Tsangpo
Gorge, a <200-m-wide, 200-km-long bed-
rock knickzone descending more than 2 km
between two peaks with elevations >7 km
(Fig. 1A). Within the gorge, high stream power
and high topographic relief (Finnegan et al.,
2008) drive contemporary erosion rates of
>5 mm/yr (Larsen and Montgomery, 2012)
and possibly as high as 10 mm/yr (Stewart et
al., 2008) (Fig. 1C). On a longer time scale,
focused erosion has exhumed the Namche
Barwa massif, an active crustal-scale antiform
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Figure 1. A: Location of Yarlung-Tsangpo
River (Tibetan Plateau). Where the river
turns southward and plunges from the Ti-
betan Plateau through the Tsangpo Gorge,
it begins to erode Himalayan source rocks
of the Namche Barwa massif (NB) (Booth
et al., 2009; Zhang et al., 2012). B: Relict
glacial dams upstream of Tsangpo Gorge
record impoundment of massive Quater-
nary lakes (Montgomery et al., 2004; Chen
et al., 2008; Korup and Montgomery, 2008),
which catastrophically drained through the
gorge. An A.D. 2000 landslide impounded
the Yigong River, a tributary to the gorge;
failure of the landslide dam released an
analogous smaller-magnitude flood through
the gorge. C: We sampled megaflood and
2000 flood slackwater deposits downstream
of the gorge (adapted from Montgomery et
al., 2004; Finnegan et al., 2008; Larsen and
Montgomery, 2012), and modern river sedi-
ment samples (locations 3, 5-8) throughout
the watershed where previously published
data (locations 1, 2, 4, 12 from Stewart et al.,
2008; Cina et al., 2009; Zhang et al., 2012) did
not exist. Sample 5 is from a small cirque
draining the western Namche Barwa massif;
a.s.|.—above sea level.
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(Burg and Podladchikov, 1999), at an average
rate of 3-5 km/m.y. since 5-10 Ma (Booth
et al., 2004, 2009), and at a rate as high as
10 km/m.y. since 3-5 Ma (Burg et al., 1998;
Seward and Burg, 2008; Enkelmann et al.,
2011). This co-occurrence of focused surface
erosion and active rock uplift led previous
researchers to hypothesize a self-sustaining
relationship between the two, localized to the
gorge region since at least 3—5 Ma (Zeitler et
al., 2001).

During the Quaternary (after 2.6 Ma), gla-
cial ice and debris from Tibetan tributaries
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impounded massive lakes on the Yarlung-
Tsangpo River in the immediate headwaters of
the Tsangpo Gorge, with volumes estimated to
be as much as ~800 km?® (Montgomery et al.,
2004; Korup and Montgomery, 2008). Glacial
ice and debris dams of main stem valleys by
tributary glaciers often fail by overtopping or
ice-marginal breaching, producing some of the
largest freshwater floods on Earth (O’Connor
et al., 2013). These megafloods may generate
extreme discharges of water (>10° m3 s™') capa-
ble of focused downstream erosion (O’Connor
et al., 2013) and sparse slackwater deposition in
hydraulically sheltered areas (Atwater, 1984).
Glacial moraines crosscut by the river at the
entrance to the Tsangpo Gorge, and immedi-
ately downstream of multiple lake terrace lev-
els extending throughout the upstream drainage
network (Montgomery et al., 2004; Chen et al.,
2008), provide evidence for lake impoundment
and the possibility that megaflooding recurred.
Here we present new evidence that megaflood-
ing through the Tsangpo Gorge preferentially
eroded the Namche Barwa massif where it is
exposed in the gorge.

SLACKWATER DEPOSITS

We identified slackwater deposits in hydrauli-
cally sheltered areas along the main stem of the
Yarlung Tsangpo (locally named Siang) River
and at local tributary mouths downstream of the
Tsangpo Gorge at elevations as much as 150 m
above the modern channel. These deposits drape
existing topography, in many cases unconform-
ably overlying bedrock or unreworked landslide
deposits. Four identified deposits, as much as
30 m above the modern channel, originated
from an A.D. 2000 flood (Evans and Delaney,
2011) resulting from the temporary impound-
ment of the Yigong River by a massive land-
slide 40 km upstream of the Tsangpo Gorge
(Fig. 1B). The 2000 flood deposits are generally
very fine to medium-grained sand with millime-
ter-scale coarse-grained laminations and occa-
sional scour features within fining-upward and
massive sequences, indicating deposition from
suspension. The deposits are tabular and later-
ally extensive, with vegetated surfaces occa-
sionally capped by landslide debris. Four addi-
tional deposits span higher elevations as much
as 120 m above the 2000 flood deposits; these
higher deposits are also very fine to medium
sands, with occasional scour features and iso-
lated pebbles. Unlike the 2000 flood deposits,
the higher deposits show moderate soil devel-
opment and destruction of primary depositional
features by bioturbation; they are commonly
overlain by poorly sorted, angular to subangu-
lar landslide deposits. Based on their similarity
to the 2000 flood deposits, we interpret these
older, higher deposits to have originated from
megaflood events. In contrast to the mega-
flood deposits, alluvial terraces in the valley are

characterized by discontinuous lenses of coarser
grained sand that exhibit fluvial bedforms (e.g.,
cross-bedding) and are overlain by subrounded,
imbricated gravel consistent with fluvial bed-
load transport.

Petrographic and detrital zircon U-Pb data
indicate that the 2000 flood and megaflood sedi-
ments reflect a mixed Tibetan and Himalayan
provenance (Fig. 2), indicating that these floods
originated in Tibet and entrained some amount
of Himalayan input prior to deposition. In this
region, detrital zircon U-Pb crystallization ages
younger than 1000 Ma are characteristic of two
primary sources: Tibetan zircons are younger
than 300 Ma (Cina et al., 2009; Zhang et al.,
2012), whereas Himalayan zircons are typically
older than 300 Ma with a peak probability den-
sity ca. 500 Ma (Stewart et al., 2008; Cina et al.,
2009; Amidon et al., 2005), except anatectic zir-
cons younger than 30 Ma observed only in the
Namche Barwa massif (Booth et al., 2009). These
anatectic zircons are further distinguishable
by high U/Th ratios of >10 (Booth et al., 2004;
Zhang et al., 2012; see Hoskin and Schaltegger,
2003, for discussion; Fig. 2). The U-Pb ages from
Yarlung-Tsangpo River sediment upstream from
the Tsangpo Gorge are dominantly Tibetan, and
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Figure 2. A: Detrital zircon U-Pb crystalliza-
tion age probability density functions (black
lines) and kernel density estimates (gray)
characterize two primary sources: Tibetan
zircons are younger than 250 Ma, shown in
the Tibetan tributaries flowing into Tsangpo
Gorge (compiled from this study and Zhang
et al., 2012); and gorge-derived Himalayan
zircons are typically ca. 500 Ma, with small
component of <30 Ma anatectic grains from
the western side of Namche Barwa massif
(Booth et al., 2004), shown in both a detri-
tal sample from a small west-draining cirque
and compiled bedrock ages from Namche
Barwa massif (gray histogram from Booth
et al., 2004; Zhang et al., 2012; n = 325). In-
set bar shows proportion of young (<30 Ma)
anatectic zircons sourced only from Namche
Barwa (black) with U/Th of >10, and young
igneous zircons (white) with U/Th of <10.
Himalayan-age zircons in modern sediment
downstream of Tsangpo Gorge (compiled
from this study; Stewart et al., 2008; Cina
et al.,, 2009) demonstrate the addition of
zircons eroded from the gorge, including a
few young anatectic grains. A.D. 2000 flood
deposits show a similar proportion of gorge-
derived zircons, with slightly fewer anatectic
grains. Megaflood deposits contain a much
higher proportion of Himalayan zircons and
anatectic grains sourced only from Namche
Barwa, indicating extreme focusing of ero-
sion in the gorge by megafloods. Sample
numbers refer to locations in Figure 1. B:
Petrographic analyses of flood sediments
rule out local sources for the deposits and
confirm a mixed provenance between Hima-
layan and Tibetan sources (Himalayan and
Tibetan source data from Zhang et al., 2012;
Garzanti et al., 2004). Q—quartz; F—feld-
spar; L—lithics.

because zircon is an effective sediment tracer
in this system (Stewart et al., 2008; Enkelmann
et al., 2011), the downstream change in detrital
Himalayan zircons is a proxy for the contribu-
tion of sediment flux originating within the gorge
(Stewart et al., 2008) (Fig. 2A).

TSANGPO GORGE EROSION
To constrain the contribution of sediment
flux originating within the Tsangpo Gorge

A Tibetan
.z#cons.

Himalayan
zircons

Yarlung Tsangpo in tibet % [1][2][3]4]

n = 384 (461) o4
(2]
young ignsous 12 £
zireons ~~_ 5
U 0 ¥

Namche Barwa *[5]

n=118 (129) 24
anatectic £

: 12 '©

zircons 5

*+

Modern sediment * [6][7][8][12]
n = 305 (448) 24

(Probability density)

# grains

2000 flood deposits O[6][7][10][11]

n =279 (360) 24
2
12°@
D o
0 £

A
Megaflood deposits B[6][7][9]10]
n = 272 (346) 24

12

grains

0 200 400 600 800 1000
U-Pb crystalization age (Ma)

2 q

Himalayan
® Himalayan rivers source
© Tibetan rivers rocks
Namche Barwa O/ S
Massif S
0 2000 Flood ‘Q 3
© ‘ S
H Megafloods < o ° \
/] AW
r % >O % % |
www.gsapubs.org | | GEOLOGY



Geology, published online on 22 July 2013 as doi:10.1130/G34693.1

from each of three different events (the 2000
flood event, megaflood events, and the modern
river discharge), we fit cumulative probability
density functions (CDFs) from observed U-Pb
ages to modeled CDFs representing variable
contributions from upstream source areas and
the Tsangpo Gorge (Fig. 3A; see the GSA Data
Repository' for more details of U-Pb data and
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Figure 3. A: Cumulative probability den-
sity functions (CDFs) for mixtures of four
source-area samples and fit of modeled CDF
to observed CDFs of modern river sediment
samples, an A.D. 2000 flood, and megaflood
deposits. Sample numbers refer to locations
in Figure 1. Models were fit using both the
two-sample Kolmogorov-Smirnov (KS) test
and the total difference (diff.) between the
modeled and observed CDF (for model de-
tails and results, see the Data Repository
[see footnote 1]). B: Best fit model results
are insensitive to fit calculation, demon-
strating a twofold increase in the contribu-
tion from the Tsangpo Gorge to megafiood
deposits, relative to modern sediment. Mod-
eling also demonstrates a significant contri-
bution to the A.D. 2000 flood deposits from
their source area in the Yigong River.

!GSA Data Repository item 2013280, methods
(sampling, U-Pb, and petrographic analyses, model-
ing), and U-Pb and petrographic data, is available on-
line at www.geosociety.org/pubs/ft2013.htm, or on re-
quest from editing@geosociety.org or Documents Sec-
retary, GSA, P.O. Box 9140, Boulder, CO 80301, USA.
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modeling). Our modeling confirms previous
work (Stewart et al., 2008; Singh and France-
Lanord, 2002; Garzanti et al., 2004) showing that
the Tsangpo Gorge is the source of ~40%—-50%
of zircons in modern river sediment downstream,
an impressive contribution from just ~2% of the
Yarlung-Tsangpo drainage area (Fig. 3B).

The best-fit models of the A.D. 2000 flood
deposits require a smaller contribution of sedi-
ment from the Tsangpo Gorge and a large con-
tribution specifically from the Yigong River,
where the 2000 flood was sourced. This differ-
ence in provenance suggests that preferential
erosion immediately downstream of the Yigong
landslide dam and along the path to the Tsangpo
Gorge diluted the gorge sediment contribution
typical of modern river discharge. This inter-
pretation is consistent with accounts of extreme
erosion downstream of the breached dam by
channel incision and landsliding (Evans and
Delaney, 2011).

‘While megafiood samples contain both Tibetan
and Himalayan age components, they are signifi-
cantly enriched in both ca. 500 Ma Himalayan
zircons and anatectic zircons younger than 30 Ma
relative to modern river samples. Our modeling
indicates that this enrichment is best explained
by a nearly twofold increase in the contribution
of zircons from the Namche Barwa massif rocks
exposed in the Tsangpo Gorge. We interpret this
increase to indicate preferential erosion of the
gorge during megafloods that originated in Tibet,
possibly by processes similar to those observed
after the 2000 flood.

ROLE OF MEGAFLOODS

Larsen and Montgomery (2012) observed
that the A.D. 2000 flood triggered landsliding
along the channel immediately downstream of
the failed dam, by eroding the base of channel-
adjacent hillslopes. Hillslope angles within the
Tsangpo Gorge region are high (mode angles of
37°-39°) and decoupled from long-term (>10° yr)
averaged erosion rates, suggesting that hillslopes
in this region are persistently near the threshold
of slope failure (Larsen and Montgomery, 2012).
In such a region characterized by threshold angle
hillslopes, we expect large floods to act as an effi-
cient mechanism to contemporaneously trigger
landsliding and transport fine-grained soil and
landslide debris downstream.

The combined influence of steep hillslopes
and narrow river valleys maximizes flood depth
and therefore bed shear stress. Calculations of
bed shear stress for valley widths and hillslope
angles similar to those observed in the Tsangpo
Gorge indicate that peak megaflood discharges
on the order of 10° m? s*! (Montgomery et al.,
2004) are capable of moving landslide debris up
to ~8—18 m in diameter (Fig. 4), and fully sus-
pending 1 m blocks (for calculation details, see
the Data Repository). Given long-term exhu-
mation rates of 5-10 km/m.y., a single event
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Figure 4. Calculation of bed shear stress and
maximum intermediate axis diameter (block
size) of mobilized blocks as a function of
peak discharge through a 200-m-wide gorge.
Narrow range of solutions (thickness of black
line) shows that this relationship is insensi-
tive to hillslope angle and valley width for val-
ues similar to those observed (see the Data
Repository [see footnote 1] for details).

capable of removing this much material would
be equivalent to ~1-4 k.y. worth of erosion.

Our results demonstrate the capability of Qua-
ternary megafloods to preferentially erode the
Tsangpo Gorge. While the number and recurrence
intervals of such events are currently unknown,
their impressive erosive potential raises the pos-
sibility that megafloods contributed substantially
to the long-term exhumation of the gorge.

ACKNOWLEDGMENTS

We acknowledge funding from the Quaternary
Research Center at the University of Washington, Na-
tional Science Foundation (NSF) grant EAR-0955309
to Huntington, and NSF grant EAR-1032156 to the
Arizona LaserChron Center. We thank 1. Larsen, N.
Finnegan, and A. Henck for sharing samples; K. Sum-
ner, K. Atakturk, N. Giesler, and M. Pecha for labo-
ratory assistance; M. Turzewski for field assistance;
and Oken Tayeng for logistical assistance in the field.
The manuscript benefited from careful reviews by M.
Lamb, E. Garzanti, and an anonymous reviewer.

REFERENCES CITED

Amidon, W., Burbank, D.W., and Gehrels, G.E., 2005,
U-Pb zircon ages as a sediment mixing tracer in
the Nepal Himalaya: Earth and Planetary Sci-
ence Letters, v. 235, p. 244-260, doi:10.1016
/j.epsl.2005.03.019.

Atwater, B.F., 1984, Periodic floods from glacial
Lake Missoula into the Sanpoil arm of glacial
Lake Columbia, northeastern Washington: Ge-
ology, v. 12, p. 464-467, doi:10.1130/0091
-7613(1984)12<464:PFFGLM>2.0.CO;2.

Booth, A.L., Zeitler, PK., Kidd, W.S.F., Wooden, J.,
Liu, Y., Idleman, B., Hren, M., and Chamberlain,
C.P, 2004, U-Pb zircon constraints on the tec-
tonic evolution of southeastern Tibet, Namche
Barwa Area: American Journal of Science,
v. 304, p. 889-929, doi:10.2475/ajs.304.10.889.

Booth, A.L., Chamberlain, C.P., Kidd, W.S.F., and
Zeitler, PK., 2009, Constraints on the meta-
morphic evolution of the eastern Himalayan
syntaxis from geochronologic and petrologic



Geology, published online on 22 July 2013 as doi:10.1130/G34693.1

studies of Namche Barwa: Geological Soci-
ety of America Bulletin, v. 121, p. 385-407,
doi:10.1130/B26041.1.

Burg, J.P., and Podladchikov, Y., 1999, Lithospheric
scale folding: Numerical modeling and appli-
cation to the Himalayan syntaxes: International
Journal of Earth Sciences, v. 88, p. 190-200,
doi:10.1007/s005310050259.

Burg, J.P,, Nievergelt, P., Oberli, F, Seward, D., Davy,
P., Maurin, J.-C., Diao, Z., and Meier, M., 1998,
The Namche Barwa syntaxis: Evidence for exhu-
mation related to compressional crustal folding:
Journal of Asian Earth Sciences, v. 16, p. 239-
252, doi:10.1016/S0743-9547(98)00002-6.

Chen, Y., Huang, S., Lin, Y., Liu, J., Chung, L., Lai,
K., Zhao, S., Yin, G., and Cao, Z., 2008, Holo-
cene megafloods? Stories of the lacustrine
strata along the Nyang River, Tibet: American
Geophysical Union Fall Meeting 2008, abs.
PP21A-1404.

Cina, S.E., Yin, A., Grove, M., Dubey, C.S., Shukla,
D.P, Lovera, O.M., Kelty, T.K., Gehrels, G.E.,
and Foster, D.A., 2009, Gangdese arc detritus
within the eastern Himalayan Neogene foreland
basin: Implications for the Neogene evolution of
the Yalu-Brahmaputra River system: Earth and
Planetary Science Letters, v. 285, p. 150-162,
doi:10.1016/j.epsl.2009.06.005.

Enkelmann, E., Ehlers, T.A., Zeitler, PX., and Hal-
let, B., 2011, Denudation of the Namche
Barwa antiform, eastern Himalaya: Earth and
Planetary Science Letters, v. 307, p. 323-333,
doi:10.1016/j.epsl.2011.05.004.

Evans, S., and Delaney, K., 2011, Characterization
of the 2000 Yigong Zangbo River (Tibet) land-
slide dam and impoundment by remote sens-
ing, in Evans, S.G., et al., eds., Natural and arti-

ficial rockslide dams: Berlin, Springer-Verlag,
p. 543-559.

Finnegan, N.J., Hallet, B., Montgomery, D.R., Zeitler,
PXK., Stone, J.O., Anders, A.M., and Liu, Y.,
2008, Coupling of rock uplift and river incision
in the Namche-Barwa-Gyala Peri massif, Tibet:
Geological Society of America Bulletin, v. 120,
p. 142155, doi:10.1130/B26224.1.

Garzanti, E., Vezzoli, G.,Ando, S., France-Lanord, C.,
Singh, S.K., and Foster, G., 2004, Sand petrol-
ogy and focused erosion in collision orogens:
The Brahmaputra case: Earth and Planetary Sci-
ence Letters, v. 220, p. 157-174, doi:10.1016
/S0012-821X(04)00035-4.

Hoskin, P., and Schaltegger, U., 2003, The composi-
tion of zircon and igneous and metamorphic
petrogenesis: Reviews of Mineralogy and Geo-
chemistry, v. 53, p. 27-62, doi:10.2113/0530027.

Korup, O., and Montgomery, D.R., 2008, Tibetan
plateau river incision inhibited by glacial sta-
bilization of the Tsangpo gorge: Nature, v. 455,
p- 786-789, doi:10.1038/nature07322.

Larsen, I.J., and Montgomery, D.R., 2012, Landslide
erosion coupled to tectonics and river incision:
Nature, v. 5, p. 468—473.

Montgomery, D.R., Hallet, B., Yuping, L., Finnegan,
N., Anders, A., Gillespie, A., and Greenberg,
H.M., 2004, Evidence for Holocene mega-
floods down the Tsangpo River gorge, south-
eastern Tibet: Quaternary Research, v. 62,
p. 201-207, doi:10.1016/j.yqres.2004.06.008.

O’Connor, J., Clague, J.J., Walder, J.S., Manville,
V., and Beebee, R.A., 2013, Outburst floods, in
Shroder, J., ed., Treatise on geomorphology: San
Diego, California, Academic Press, p. 475-510.

Seward, D., and Burg, J., 2008, Growth of the
Namche Barwa Syntaxis and associated evolu-

tion of the Tsangpo Gorge: Constraints from
structural and thermochronological data: Tec-
tonophysics, v. 451, p. 282-289, doi:10.1016/j
.tecto.2007.11.057.

Singh, S., and France-Lanord, C., 2002, Tracing
the distribution of erosion in the Brahmaputra
watershed from isotopic compositions of stream
sediments: Earth and Planetary Science Letters,
v. 202, p. 645-662, doi:10.1016/S0012-821X
(02)00822-1.

Stewart, R., Hallet, B., Zeitler, P.K., Malloy, M.A.,
Allen, C.M., and Trippett, D., 2008, Brahma-
putra sediment flux dominated by highly local-
ized rapid erosion from the easternmost Hima-
laya: Geology, v. 36, p. 711-714, doi:10.1130
/G24890A.1.

Zeitler, PK., Meltzer, A.S., Koons, P.O., Craw, C.,
Hallet, B., Chamberlain, C.P., Kidd, W.S.F.,
Park, S.K., Seeber, L., Bishop, M., and Shro-
der, J., 2001, Erosion, Himalayan geodynam-
ics, and the geomorphology of metamorphism:
GSA Today, v. 11, p. 4-9, doi:10.1130/1052-
5173(2001)011<0004:EHGATG>2.0.CO:;2.

Zhang, J.Y., Yin, A., Liu, W.C., Wu, EY,, Lin, D., and
Grove, M., 2012, Coupled U-Pb dating and Hf
isotopic analysis of detrital zircon of modern
river sand from the Yalu River (Yarlung Tsangpo)
drainage system in southern Tibet: Constraints on
the transport processes and evolution of Himala-
yan rivers: Geological Society of America Bulle-
tin, v. 124, p. 1449-1473, doi:10.1130/B30592.1.

Manuscript received 23 January 2013
Revised manuscript received 29 April 2013
Manuscript accepted 6 May 2013

Printed in USA

| GEOLOGY

www.gsapubs.org |



