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Abstract

Terrestrial cosmogenic nuclide (TCN) 10Be surface exposure ages for strath terraces along the Braldu River in the Central
Karakoram Mountains range from 0.8 to 11 ka. This indicates that strath terrace formation began to occur rapidly upon deglaciation
of the Braldu valley at ∼11 ka. Fluvial incision rates for the Braldu River based on the TCN ages for strath terraces range from 2 to
29 mm/a. The fluvial incision rates for the central gorged section of the Braldu River are an order of magnitude greater than those
for the upper and lower reaches. This difference is reflected in the modern stream gradient and valley morphology. The higher
incision rates in the gorged central reach of the Braldu River likely reflect differential uplift above the Main Karakoram Thrust that
has resulted in the presence of a knickpoint and more rapid fluvial incision. The postglacial fluvial incision rate (2–3 mm/a) for the
upper and lower reaches are of the same order of magnitude as the exhumation rates estimated from previously published
thermochronological data for the Baltoro granite in the upper catchment region and for the adjacent Himalayan regions.
© 2007 Published by Elsevier B.V.
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1. Introduction

Over the last decade, much debate has occurred about
the nature of the feedbacks between tectonics and
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surface processes in the landscape evolution of actively
deforming mountain belts (Burbank et al., 1996;
Brozovic et al., 1997; Zeitler et al., 2001). The upward
flux of bedrock from tectonics and isostasy and the
outgoing mass flux through surface processes generate
relief and dictate landscape morphology across tecton-
ically active regions. Thus the fluvial system, which
actively responds to uplift, can be used as a proxy to
identify actively uplifting regions (Seeber and Gornitz,
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Fig. 1. Geologic content of the study area. (A) Tectonic map of the western end of the Himalayan-Tibetan orogen (modified from Robinson et al., 2004; STDS—South Tibetan Detachment, MCT—
Main Central Thrust). (B) Geologic map of the central Karakoram (after Parrish and Tirrul, 1989; MBT—Main Boundary Thrust; CCx—Central Crystalline Complex of Higher Himalaya; ZSZ,
Zanskar Shear Zone; MMT—Main Mantle Thrust; MKT—Main Karakoram Thrust; SSZ—Shyok Suture Zone; AKB—Axial Karakoram Batholith, and BG—Baltoro Granite). (C) Cross section
from Mungo and Biafo (adapted from Searle, 1991). The location of the cross section is shown in part D. (D) Geologic map of the Central Karakoram (after Searle, 1991).
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1983; Zhang, 1998; Kirby and Whipple, 2001; Finlay-
son et al., 2002; Montgomery et al., 2002; Montgomery,
2004; Safran et al., 2005). Consequently, fluvial
characteristics, such as longitudinal stream profiles
and incision rates, can be used to help define the spatial
distribution and relative magnitude of surface uplift.

This paper focuses on defining rates of fluvial incision
along one of the most impressive mountain valley systems
in the world, the Braldu–Shigar River system of the
Central Karakoram Mountains in northern Pakistan. This
river systemdrains theBaltoroGlacier system and adjacent
glaciers that originate in the world's highest topography,
home of K2, the world's second highest mountain (Fig. 1).
The paper also explores the relationship between tectonic
and surface erosional processes along the Braldu–Shigar
Fig. 2. The Braldu–Shigar River study area showing (A) the drainage syst
Braldu–Shigar River from the snout of the Baltoro glacier to the Skardu basin
numbers of dated strath terraces are shown. Incision rates are highest in the
River system. Terrestrial cosmogenic nuclide (TCN) 10Be
exposure ages are used to determine fluvial incision rates
from abandoned river-cut terrace straths. In addition,
topographic analysis of digital elevationmodels (DEMs) is
used to characterize the landscape.

2. Study area

The Central Karakoram Mountains are situated at the
western end of the TranshimalayanMountains and are the
result of the Indian–Asian continental–continental colli-
sion (Searle, 1991; Fig. 1). The region contains some of
the world's highest peaks and longest glaciers, as well as a
portion of one of the world's largest rivers (the Indus
River; Fig. 2). Furthermore, the region is still rapidly
em and locations of sampling site and (B) the longitudinal profile of
. The locations, height above the present river, ages, incision rates, and
middle, incised, gorged reach around Chapok.
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uplifting and is being intensely denuded (Foster et al.,
1994). This dynamic tectonism results in the Central
KarakoramMountains being the highest mountain belt on
Earth with N70 peaks rising above 7000m above sea level
(asl) and four peaks exceeding 8000 m asl. The intense
denudation produces some of the greatest relative relief on
our planet, with valley floors averaging 2000 m asl and a
relative relief of N4000 m. The study region comprises
medium- and high-grade metamorphic rocks, which are
offset by the Main Karakoram Thrust (MKT) that trends
SE across the region (Fig. 1D). Foster et al. (1994) showed
that in theK2 region, just to the northeast of the study area,
exhumation during the last 3–5 Ma was extremely rapid
(3–6 mm/a), with≥6 km exhumation having occurred at
an altitude of 6000m asl. Although there is great potential
in this region for understating the interaction between
tectonic uplift and surface processes, few geomorphic
studies have been performed in this mountain range be-
cause of its logistical and political inaccessibility.

Most tributary channels of the Braldu River draining
the small glaciers and the snow fields are of first and
second Strahler stream order (derived from a 1:100,000
scale map). The Braldu River (third order stream) is
located in the northern part of the Central Karakoram
Mountains and it drains from the Baltoro Glacier and other
glaciers including the Biafo and Panmah. The Braldu
River joins with the Basha River to form the Shigar River
near Mungo at the head of the Shigar valley (Fig. 2A).
Ultimately, the Shigar River merges with the Indus River
(fifth order stream) at the town of Skardu.
Fig. 3. Portion of Landsat 7 Enhanced Thematic Mapper Plus (ETM+) image,
October 2000, showing the middle Braldu River gorge. The yellow arrows poi
a vegetation signature caused by irrigated agriculture, others of which are dry
the top of the image.
The channel pattern of the Braldu–Shigar River system
changes several times along its length, from braided to
gorged sections to meandering forms, some of which are
entrenched. The braided pattern of the channel dominates
the upper reaches flowing from the snout of the Baltoro
Glacier through an extensive outwash plain. The braided
channels comprise cobbly and pebbly bars and swales.
These are modified seasonally from the extremely variable
stream discharges, which differ by more than an order of
magnitude difference from one season to the next.

The central reach of the Braldu River is gorged, and
near the village of Chapok the Braldu River cuts a deep
bedrock channel and through a large landslide (Gomboro
rockslide of Hewitt, 1998) that has deflected the river out
of its original channel and across bedrock spurs. Here the
river has cut strath terraces, rapids, and small waterfalls.
The lower reaches are dominated by meanders that
sweep across a wide floodplain. The longitudinal profile
of the Braldu–Shigar River system can be subdivided
into three zones on the basis of stream gradient and
pattern and on channel form (Fig. 2B). The river's lon-
gitudinal profile is convex for its upper reach, transi-
tional for its central reach of the gorge section, and
concave for its lower reach. A major knickpoint occurs
near Chapok (Fig. 2B) at the western end of the central
reach of the Braldu River.

Seong et al. (in press) described the general geomor-
phology of the region and highlighted the importance of
glacial and paraglacial processes for its landscape
evolution. Furthermore, Seong et al. (submitted for
Worldwide Reference System 2 (WRS2) Path 149 Row 35, acquired 29
nt to entrenched colluvial–alluvial fans, some of which are marked with
. The Gomboro rockslide is outlined in yellow in the center. North is to
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publication) showed that the Braldu–Shigar valley was
occupied by a thick (N1 km) valley glacier at least three
times during the Pleistocene. The NW–SE trendingMKT
crosses the Braldu River at the western end of the central
gorged section (Fig. 2). The relative relief in the central
gorge section is ∼4000 m, rising to the top of Koser
Gunge at 6401m asl (Fig. 2A).Within the central reach of
the Braldu River, the stream gradient is∼13 m/km, while
in the lower and upper reaches the stream gradients are
4 m/km and 8 m/km, respectively.

Both the Shigar Valley and the Braldu River Valley
near the Baltoro Glacier are marked by large and small
Fig. 4. Strath terraces along the Braldu River showing the sampling locations
terrace (#1, TCN sample K2-21) near Dassu with undulated smoothed bedroc
and K2-43) around Chapok. This was recognized by Hewitt (1998) as an
deflected the river, and (C) its closer view. These strath terraces rise 20–30 m
sample K2-64) present around Pakora, illustrating a fluvially and smooth po
between Askole and Biafo, at 36 m above the present river. The thick (N5 m
terrace (#5, TCN samples K2-101 and K2-102) between the Biafo and Balto
colluvial–alluvial fans that are being actively aggraded by
rapid wet debris flows. Markedly, however, the central
gorged reach of the Braldu River is distinguished from the
other two areas by more than five colluvial–alluvial fans
that are entrenched by deep (∼5–15 m) erosional gorges
that show these fans are no longer actively aggrading
(Fig. 3). These entrenched fans occur both upstream and
downstream from the large Gomboro rockslide, which
shows that this landslide could not be responsible for the
entrenchment, as for example could be the case where a
largemass movement affected incision of the longitudinal
profile once the landslide dam was breached.
for TCN surface exposure dating. (A) View looking west at the strath
k knobs. (B) View of gorge and strath terrace (#2, TCN samples K2-42
epigenetic gorge formed when and where the Gomboro rock slide(s)
above the present river. (D) View of rock-cut terrace (strath # 3, TCN
lished strath surface. (E) The strath terrace (#4, TCN sample K2-71)
) gravel deposit against the terrace implies paleoriver level. (F) Strath
ro glacier.
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Strath terraces are present along the Braldu River, but
are rare in the Shigar valley (Fig. 4). Most of the strath
terraces are unpaired or paired with fill-terraces compris-
ing fluvial gravels. Strath surfaces are most common 20 to
40 m above the present river and are rare at higher
elevations. The strath terraces range in width from 5 to
10 m and stretch for lengths of between 10 to 20 m. The
surfaces of the strath terraces commonly have well-
developed fluvial polishing, resulting in smooth bedrock
knobs rising tens of centimeters to 2m in height, aswell as
flatter areas of uneven width. All the surfaces show well-
developed fluvial features (such as potholes, smooth
polish, and sculpted flutes) consistent with those present
within the contemporary river. The lower strath terraces
(e.g., strath 1 in Fig. 2) are generally broader and longer
than the higher strath terraces (e.g., strath 4 in Fig. 2).

3. Methods

3.1. Terrestrial cosmogenic nuclide (TCN) exposure
dating

Strath terraces are formed when a river cuts laterally
into bedrock to form a bench (Merritts et al., 1994).
Subsequent vertical entrenchment causes abandonment
of the strath. If the timing of the abandonment and the
height of the terrace above the present river are defined,
the mean incision rate of the river can be determined. The
heights of strath terraces along the Braldu River were
therefore measured using a hand held range finder, and
they were sampled for TCN surface exposure dating to
define their TCN surface exposure ages. Samples for
TCN 10Be surface exposure dating were collected from
seven different locations on five different strath terraces
(Figs. 2 and 4; Table 1). Locations where there was
Table 1
Sampling locations for strath terraces, topographic shielding factors, 10Be co

Strath
number

Sample
ID

Distance
downstream
(km)

Latitude
(±0.001N°)

Longitude
(±0.001E°)

Altitude
(m asl)

Hei
abo
(m)

1 K2-21 74.2 35.715 75.522 2433 19.8
2 K2-42 58.7 35.732 75.665 2671 28.6
2 K2-43 58.7 35.732 75.665 2671 28.6
3 K2-64 44.2 35.691 75.731 2855 27.7
4 K2-71 33.7 35.671 75.861 3010 36.0

5 K2-100 19.1 35.650 76.033 3215 19.2
5 K2-101 19.1 35.650 76.033 3215 24.0

Minimum 10Be ages were calculated using Stone (2000) scaling factors; sea le
year; zero erosion rate; and sample thickness of 5 cm; asl-above sea level. Sh
methods of Nishiizumi et al. (1989).
a Atoms of 10Be per gram of quartz before application of shielding correc
apparent evidence of landsliding, which would lead to a
possible underestimation of the exposure age and thus an
overestimation of the incision rate, were avoided as far as
possible in this study. This was not entirely possible,
however, in the area of the central gorge where the large
Gomboro rockslide occurred. The degree of weathering
and the site specific conditions for each sample location
were recorded. Topographic shielding was determined
by measuring the inclination from each sample site to the
top of surrounding mountain ridges and peaks. The TCN
10Be surface exposure dating samples were collected by
hammering off a 1–5 cm layer of quartz-rich rock on top
of the strath terrace at each sampling site.

All the samples were prepared in the geochronology
laboratories at the University of Cincinnati. First, the
samples were crushed and sieved. Quartz was then se-
parated from the 250–500 μm size fraction using the
methods of Kohl and Nishiizumi (1992). After the
addition of 9Be carrier, Be was separated and purified
by ion exchange chromatography and precipitated at pH N
7. The hydroxides were oxidized by ignition in quartz
crucibles. BeO was mixed with Nbmetal and loaded onto
targets for the determination of the 10Be/9Be ratio by
accelerator mass spectrometry at the Center for Acceler-
ator Mass Spectrometry in the Lawrence Livermore Na-
tional Laboratory. Isotope ratios were compared to ICN
Pharmaceutical, Incorporated 10Be standards prepared by
Nishiizumi et al. (2007) and using a 10Be half-life of
1.5×106 year. The measured isotope ratios were con-
verted to TCN concentrations in quartz using the total
10Be in the samples and the sample weights. TCN 10Be
concentrations were then converted to steady-state ero-
sion rate using sea level high latitude (SLHL) 10Be pro-
duction rate of 4.98 atoms per gram of quartz per year
(Lal, 1991; Stone, 2000; Balco et al., in press). Scaling
ncentrations, and 10Be surface exposure dates

ght
ve river

Shielding
factor

10Be (104
atoms/g)a

10Be
exposure
age (ka)

Incision rate
(mm/year)

Location

4 0.93 22.1±1.5 9.0±0.6 2.2 Dassu
9 0.98 3.8±0.6 1.2±0.1 22.9 Chapok
9 0.92 2.9±0.5 0.9±0.1 29.0
8 0.82 2.9±0.5 1.0±0.1 25.9 Pakora
9 0.76 31.1±1.0 10.8±0.3 3.3 Askole/

Biafo
4 0.99 37.7±2.7 9.0±0.4 2.0 Biafo/

Phanmah1 0.97 39.1±1.1 9.5±0.2 2.7

vel high latitude (SLHL) production rate = 4.98 10Be atoms/g quartz per
ielding factor as calculated to correct for topographic barriers using the

tion factor.
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factors were applied to compensate for the altitude-
dependent effect in calculating cosmic ray exposure ages
(Stone, 1999). Error range for the exposure age is shown
as one standard deviation (e.g., 20 ka±1 σ).

3.2. Geomorphometry

The morphology of the landscape can provide insights
into the interactions of surface processes and uplift
(Montgomery, 1994; Safran et al., 2005). In particular, the
ratio of valley width and valley height (Vf) is a useful
parameter that helps to differentiate between broad-flo-
ored canyons, with relatively high Vf values (»1), and
deep boxed-shaped valleys, with relatively low Vf values
(«1) (Bull and McFadden, 1977). High values of Vf
indicate the absence of the coupling of river incision and
uplift. Low values of Vf reflect the coupling of river
incision and uplift producing V-shaped deep valleys with
streams that are actively incising, which may be asso-
ciated with rapid uplift. The DEMs were used to compute
distribution of hillslope angles, Vf values, and altitude-
slope angle relationships for valley reaches. The DEMs
with a 30-m horizontal resolution were generated from
Advance Spaceborne Thermal Emission and Reflection
(ASTER) images (scene #: AST_L1A.003:20000911,
AST_L1A.003:20010518, AST_L1A.003:20010518,
and AST_L1A.003:20000812). Slope angles were de-
fined using a 3×3-point window of a best-fitting plane
that was calculated to the nearest 0.1° for either side of the
valley for the three reaches of the Braldu–Shigar Rivers
(Fig. 2). The ∼90-m size of the moving window may
underestimate the real angles of the hillslope, especially in
areas that have substantial curvature, such as across sharp
ridges or valley bottoms. In order to determine hillslope
angles for each area, ∼600,000 to ∼1,500,000 slope
determinationswere iterated and collected for the research
area. The resultant slope angle distributions were sorted
into 1° bins and then averaged for every 4°.

3.3. Stream power

The likely spatial changes in stream power along the
Braldu River were defined by applying the stream power
model of Finlayson et al. (2002). The stream power per
unit area is dependent on discharge of a river and local
channel slope, which were determined using the DEM that
was generated from the ASTER imagery.We assumed that
precipitation is uniformly supplied to the study area andwe
used this as for a proxy for stream discharge (Q). This
assumption is valid for small basins/watershed, such as our
study area, but could vary considerable over larger regions.
Stream power calculations are complicated when regions
are glaciated because of varying meltwater discharges
between glaciers. Since the meltwater discharges for gla-
ciers in this area are not known, we did not include a
correction for possible variations in glacier discharge
between glaciated catchments. However, we assumed that
glacier mass balance is in dynamic equilibrium and thus
the contribution of glacial discharge from each glaciated
sub-basin to a river system should be equal to total annual
precipitation supplied on to the sub-basins. We use these
assumptions in the calculations of stream power for our
study region.

4. Results

The heights and TCN surface exposure ages for the
sampled strath terraces and the calculated fluvial incision
rates are presented in Table 1. TCN surface exposure ages
are all younger than those for glacial landforms formed
during the last valley glaciation that occupied the Braldu
Valley duringmarine oxygen isotope stage 2 (Seong et al.,
submitted for publication). The ages of the strath terraces
range from 0.9 to 10.8 ka and are generally older with
increasing height above the river. The exceptions,
however, are the samples collected from the incised,
gorged central reach of the Braldu River near Chapok
(K2-42 and K2-43) and Pakora (K2-64). The calculated
fluvial incision rates range from 2.0 to 3.3 mm/a for the
lower and upper reaches, and from 22.9 to 29.0 mm/a for
the gorged central reach of the Braldu River between
Chapok and Pakora.

Hillslope angles for the six regions on both sides of
three reaches along the Braldu and Shigar Rivers are
shown in Fig. 5. The distributions of slope angles vary
between themain reaches of the Braldu and Shigar Rivers.
The lower reaches of the Shigar Valley (Fig. 5E and F)
have a bimodal distribution of slope angles, and lower
mean and mode of slope angles than the other regions. In
contrast, the central gorge (Fig. 5C and D) and upper
(Fig. 5A and B) reaches have unimodal distributions. The
secondary peak of slope angle in the lower reach may be
consistent with the distribution of alluvial fans and wide
floodplains. However, the spatial distribution of slope
angles shows a definitive V-shaped valley in the central
reach of the Braldu Valley with relatively steep slope
angles for all altitudes. (Fig. 5G). Conversely, lower and
upper reaches of the Braldu and Shigar valleys exhibit
lower slope angles at higher altitudes due to the influence
of glaciation on the landscape.

Vf values were calculated from 11 locations
(Fig. 2A) along the Braldu and Shigar Rivers. Five
valley profiles were measured at the TCN sampling
sites (d–d′, f–f′, g–g′, i–i′, j–j′). Vf values vary



Fig. 5. Slope distributions of the basins along the Braldu–Shigar River. (A) to (F) refers to areas outlined in Fig. 2, while (G) shows the slope angles
for the whole of the study area.
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between the different areas: highest values were
observed from the wide valley around Shigar, whereas
lowest values resulted from the incised, gorged reach
near Chapok (Fig. 6; Table 2). The highest values for
stream power are determined for the steep, central
reach of the Braldu River (Fig. 7B).

The variation of all the geomorphic metrics along the
Braldu and Shigar valleys is shown in Fig. 7. The central



Fig. 6. Cross profiles of Braldu valley used for calculating Vf values.

Table 2
Ratio of valley floor width to valley height (Vf)

ID Area Vfw (m) Eld (m) Erd (m) Esc (m) Vf

a–a′ Shigar 3703 5015 4982 2235 1.34
b–b′ Mungo 3269 5440 4184 2286 1.29
c–c′ Dassu 628 4826 3990 2377 0.31
d–d′ Dassu 338 4897 4304 2389 0.15
e–e′ Chapok 73 4694 4867 2504 0.03
f–f′ Chapok 66 5697 4683 2632 0.03
g–g′ Pakora 107 5925 5369 2779 0.04
h–h′ Askole 491 5288 4832 2911 0.23
i–i′ Biafo 748 5001 5073 2947 0.36
j–j′ Panmah 773 5610 5089 3175 0.36
k–k′ Baltoro 1299 5756 6084 3366 0.51

Vf =2⁎Vfw / [(Eld−Esc)+ (Erd−Esc)], and Vfw is the width of valley
floor, Eld is the elevation of the left drainage divide, Erd is the elevation
of the right drainage divide, and Esc is the elevation of the valley floor.
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reach has the highest incision rates, the lowest Vf values,
relatively high slope angles with altitude, and high
stream power per unit area.

5. Discussion

Valley form, river gradients, and fluvial incision rates
are dependent on climate, tectonics, and surface process
dynamics (Montgomery, 1994; Hartshorn et al., 2002;
Roe et al., 2002; Pratt-Sitaula et al., 2004). Valley
incision in this region is polygenetic and includes such
processes as fluvial incision, glaciation, landsliding and
debris-flow scouring. The migration of knickpoints are
controlled by gradients of tributaries at confluences, the
structural fabric of the bedrock, the differential rock
resistance, the changes in base level, the differential
bedrock uplift, and the local slope of the river bottom
(Merritts et al., 1994). Therefore, interpreting stream
and valley form, aggradational and entrenched alluvial
fans, and changes in incision rates along a stream system
is complex, but can provide a proxy for uplift when all
other factors remain constant within a region.

Valley morphological conditions expressed by the
DEM analysis show that the mean slope angle is∼33±2°
for the gorged central reach of the river system and 28±2°
for the lower and upper reaches. In addition, the modal
slope angle is 37±2° for the gorged central reach and 33±
2° for the lower and upper reaches of the river system.
Both sides of the Shigar River and the lowermost reach of
the Braldu River (Fig. 5E and F) contain large floodplains
and alluvial fans, which typically have low gradients. This



Fig. 7. (A) Slopes, ratio of valley floor width to valley height, and fluvial incision rates for the Braldu Valley plotted along longitudinal profiles.
(B) Stream power per unit area along the length of the Braldu River (arranged below the longitudinal profile shown in part A) (Q — discharge of a
river; S — local channel slope).
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explains the second peak (at ∼6°) in the frequency of
slope angles. The difference in the mean and mode of
slope angles between the central reach and the lower and
upper reaches along the Braldu River is not significant,
although the gradient of the Braldu River is significantly
higher along its central gorged reach (∼13 m/km
compared to 4–8 m/km). Rather, the slope angles in the
region are likely related to the glaciation, with the upper
glaciated region (i.e. the central and upper reaches) having
higher slope angles than the lower reach that is less
glaciated (Seong et al., submitted for publication).
Landsliding is an important hill slope process in these
highly glaciated regions (Shroder, 1998; Shroder et al., in
preparation), and consequently the mean slope angles are
high, particularly given that most of the bedrock is
extensively fractured and lacks cohesion at the hillslope
scale. The high slope angles and unstable slopes produced
by glacial erosion are therefore easily and rapidlymodified
by mass movements. In the study area, since the last
glacial (after 11 ka), an equilibriumbetween bedrock uplift
and river incision has been maintained, with hillslopes
controlled by a common threshold (Burbank et al., 1996).

The lowest Vf values occur along the central gorged
section of the Braldu River. Here the channel gradients
are steep and incision rates are an order of magnitude
higher than those for the lower and upper reaches. This
difference might be due to focused uplift on the gorge
central reach above the MKT and consequent rapid
fluvial incision. The lower Vf values are also due to
narrowing of the valley caused by valley filling owing to
enhanced landsliding and sedimentation.

The strath terraces in the upper and lower reaches of
the Braldu River have similar TCN surface exposure
ages and heights, and consequently the incision rates are
similar (2.0 to 3.3 mm/a). However, the strath terraces
along the central reach has markedly younger TCN ages
and the incision rates are consequently higher (22.9 to
29.0 mm/a).

The high incision rates for the gorged central reach of
the Braldu River around Chapok may be the conse-
quence of rapid incision resulting from focused tectonic
uplift. The gorged central reach between Chapok and
Pakora, and the main knickpoint along the Braldu River,
is on the hanging wall of the Main Karakoram Thrust
(MKT). This suggests that the MKT might be helping to
drive enhanced uplift along the central Braldu River,
with respect to the adjacent regions (Figs. 1C and 7).
Furthermore, the ridge to the south of this region is
experiencing active gravitational collapse resulting in the
development of an impressive sackung (Shroder et al., in
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preparation). This supports the view that this stretch of
valley is undergoing rapid exhumation. It is possible that
the knickpoint in the gorged central reach has been
produced by differential uplift responding to movement
of the MKT. The prominent knickpoint and the lower Vf

values in the central stretch of the Braldu River help
support the view of differential uplift along this stretch of
the Braldu River. In other locations, such as the structural
syntaxial bends at Nanga Parbat and Namche Barwa,
focused fluvial incision has been found to be spatially
coincident with rapid uplift by denudational unloading
and weakened crust resulting in the consequent upward
intrusion of mantle flow and enhanced uplift (Zeitler et
al., 2001). However, we note that the river systems in the
Himalayan syntaxial areas have higher discharges and
have the potential to remove much larger volumes of
rock over longer time periods. Furthermore, Seong et al.
(submitted for publication) showed that the Braldu
Valley was filled by a 1- to 2-km-thick valley glacier
during glacial times, whichwould have likely eroded and
removed significant volumes of rock, thus enhancing
this denudational unloading.

We do not believe the rapid incision rates determined
for the gorge section result from young TCN ages on old
strath terraces that were buried by landslide debris soon
after their formation and were relatively recently re-
exposed by catastrophic flooding and fluvial incision
and/or mass wasting. Burial by landslide debris would
have shielded the strath terraces from cosmic rays
reducing the production of TCNs. In the central reach,
mass movements are more abundant than in the lower and
upper reaches of the Braldu River, and shielding by
landslide debris might occur to provide young ages and
erroneously high incision rates. Furthermore, the Gom-
boro landslide stretches several kilometers along the
valley and also occurs immediately downstream of some
strath terrace sampling sites (Seong et al., in press;
Shroder et al., in preparation). This landslide could have
buried the strath terraces on many occasions throughout
the Holocene resulting in younger TCN ages. However,
the two strath terraces that were sampled in this gorge
section yield similar incision rates, yet one (strath terrace
#3) is outside of the landsliding zone. Furthermore, strath
terrace #2, which is within the landslide zone, is in a
stretch of the Braldu River that is very narrow (b50 m;
Fig. 4B) and would have been rapidly incised to produce
fresh bedrock surfaces as the river cut through any landslide
debris and/or dam when it drained through this section.

The range of fluvial incision rates calculated for the
lower and upper reaches of the study area are similar to
those for otherHimalayan areas,which vary fromabout 0.3
to 15.9 mm/a, with the majority of the rates between 2 and
6 mm/a (Burbank et al., 1996; Leland et al., 1998; Shroder
et al., 1999; Barnard et al., 2001, 2004a, b, 2006; Vance
et al., 2003). The fluvial incision rates for the central reach
of the Braldu River are therefore very high by comparison
with other studies in the Tibetan–Himalayan orogen.

The postglacial fluvial incision rate (2 to 3 mm/a)
calculated from the upper and lower reaches of the Braldu
River are comparable to the geologic (million year time-
scale) exhumation rates determined from thermochronol-
ogy data for the Baltoro granite (1.2 to 1.6 mm/a; Searle
et al., 1989) in the upper catchment and the Kohistan
batholith (0.7 to 1.0 mm/a; Zeitler, 1985) downvalley
from the study region. This shows that the fluvial incision
rates are the same order of magnitude as the rock uplift
rates for the uppermost reaches of the Braldu–Boltoro
drainage system. However, the evidence for the higher
uplift rates in the central reaches of the Braldu probably
reflects differential tectonic uplift.

In summary, it is reasonable to suggest that the rapid
incision along the gorged central reach of the Braldu
River likely reflects a combination of focused incision,
possibly resulting from tectonic forcing. The pattern of
entrenched fans and the fluvial incision rate of the strath
terraces along the Braldu River and its modern
longitudinal profile indicate that the central reach was
perhaps both tectonically uplifted and deflected by mass
movement so that the Braldu River has responded
through rapid downcutting.

6. Conclusion

The TCN dating along the Braldu River shows that the
strath terraces formed shortly after deglaciation at∼11 ka.
The rate of postglacial fluvial incision ranges from 2 to
29 mm/a. The fluvial incision rates are an order of magni-
tude greater in the gorged central reach of the Braldu
River than the upper and lower reaches. This difference in
incision rates is also reflected by the modern gradient of
the longitudinal profile of the Braldu River and the Vf
values, aswell as by the entrenched fans. The difference in
incision rates and valley morphology likely reflect the
differential bedrock uplift rate of the central reach of the
Braldu River above the MKT. The postglacial incision
rates for the lower and upper stretches of the Braldu River
are of the same order of magnitude as the exhumation
rates determined from published thermochronological
data for the Baltoro granite and adjacent regions.
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