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Global data suggest that erosion rates variously scale with steepness or climate forcing (precipitation or
glacial excavation), but the relative influence of these factors has proven difficult to assess without
comparisons from a single location. A new suite of detrital '°Be data from the Three Rivers Region, SE Tibet is
used to examine the relative importance of rainfall and relief in predicting patterns of erosion rates across a
region with a strong gradient in exhumation. The data reveal millennial erosion rates vary by two orders of
magnitude, from 0.01 to 8 mm/yr across a regional gradient in exhumation rates inferred from previous
thermochronology and cosmogenic nuclide data to the west and east of the study region. The new millennial
erosion rates mirror the pattern of decreasing exhumation rates from west to east across the region, with the
highest rates in the lower Salween River drainage and the lowest rates in the Yangtze River drainage. Erosion
basin wide erosion rates rates in the Mekong and Salween River drainages are correlated with mean local relief whereas in the Yangtze
tEC_tOHiC geomorphology River drainage they are correlated most strongly with mean annual rainfall. The tectonic setting of this region,
China with a strong west to east gradient in exhumation rates which we infer to mirror a gradient in rock uplift,

Editor: T.M. Harrison

Keywords:
Three Rivers Region

Eastern Tibet

seems to exert a stronger control on erosion rate patterns than rainfall or relief.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

According to conventional geomorphological views, erosion rates
generally increase with the steepness of hillslopes, as measured by
mean local relief (Ahnert, 1970) up to a limiting or threshold slope
(Montgomery and Brandon, 2002; Roering et al., 1999) at which point
increased frequency of landslides increases erosion rates without
further steepening hillslopes, or with the capacity of rivers to transport
sediment and incise bedrock, as often estimated using stream power
(Finlayson et al., 2002; Finnegan et al, 2005; Whipple and Tucker,
1999). Some workers have proposed that regional gradients in rainfall
control spatial variations in erosion rates more than hillslope steepness
or stream power (Anders et al., 2006; 2008; Montgomery et al., 2001;
Reiners et al., 2003), whereas others have stressed that in tectonically
active areas, the coupling of tectonic activity with erosion is strong
enough to dominate the spatial pattern of erosion rates (Burbank et al,
2003; Finnegan et al., 2008; Zeitler et al., 2001).

Recent advances in cosmogenic nuclide dating have enabled direct
measurement of erosion rates over millennial timescales (102 to 10° yrs
depending on erosion rate) in a variety of geologic settings around the
world (e.g., see compilation in von Blanckenburg, 2005). Taken broadly,
no coherent relationship emerges between relief or rainfall and erosion
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rate in these studies except that erosion tends to be faster where tectonic
uplift rates are higher (von Blanckenburg, 2005). Examining the
relationship between erosion rate and relief or rainfall patterns in light
of the relative long-term rate of rock uplift in each study region gives
some insight which is helpful in reconciling the diverse results reported
in previous studies. Many of the studies that suggest rainfall is a strong
predictor of basin-averaged erosion rates are based in regions with
relatively low rates of tectonically-driven rock uplift, such as Australia
(Bierman and Caffee, 2002; Tomkins et al., 2007), the Cascades (Reiners
et al., 2003), the Alps (Champagnac et al., 2009; Demoulin et al., 2009;
Wittmann et al., 2007), the Eastern Cordillera of Columbia (Mora et al.,
2008), and the Sierra Nevada (Dixon et al., 2009). In contrast, studies
which suggest that relief or hillslope steepness is the major predictor for
erosion rate patterns are primarily based in tectonically active areas such
as the San Bernardino Mountains (Binnie et al., 2007), the Himalaya
(Vance et al., 2003), northeastern Tibet (Harkins et al., 2007), and the
Andes (Aalto et al., 2006; Barnes and Pelletier, 2006; Safran et al., 2005).
Following Montgomery and Brandon (2002), other studies in tectonically
active areas such as the Flinders Range (Quigley et al, 2007), the
Apennines (Cyr and Granger, 2008), the Himalaya (Burbank et al., 2003;
Finnegan et al,, 2008), the Kun Lun Shan (Lal et al, 2004), Sichuan
(Ouimet et al., 2009), and northwestern Tibet (Kong et al., 2007) note a
limit to hillslope steepness and mean local relief and therefore
independence between relief and erosion rates above a critical value.
This independence is inferred to be a signature of strong tectonic control
on erosion rates. In general these studies suggest the hypothesis that in
areas with high rates of rock uplift, some measure of steepness (i.e., mean
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local relief or hillslope or river gradients) is the best predictor of erosion
rate patterns up to a critical value while in areas with relatively low rates
of uplift, rainfall is the best predictor of variance in erosion rates.

Taken at face value, the results of these studies may suggest the
rate of tectonically-driven rock uplift is an important factor in
determining the relative influence of climate-driven precipitation
patterns and the form of the landscape itself (i.e., steepness, relief) on
patterns of erosion. However, existing evidence in support of this
hypothesis is difficult to evaluate because the erosion rate data
discussed above were compiled from diverse landscapes all over the
globe. In this study, we examine the relative importance of rainfall and
relief in predicting millennial basin-wide erosion rates across a strong
gradient in rock uplift rate in a single locality, the Three Rivers Region
(TRR) in western China (Fig. 1a).

1.1. Tectonic setting and exhumation in the TRR

Located at the eastern limit of the India-Eurasia collision and
southeastern margin of the Tibetan plateau, the TRR is defined by the
elongate, roughly parallel drainages of the Salween (Nu Jiang),
Mekong (Lancang Jiang), and Yangtze (Jinsha Jiang) Rivers. Previous
studies of exhumation and millennial erosion rates suggest a gradient
in exhumation and erosion across the TRR, which we interpret as a
likely gradient in tectonically-driven rock uplift with respect to the
geoid. To distinguish between short-term and long-term rates, we use
‘erosion’ for <10°-year rates of denudation and ‘exhumation’ for
million-year rates. Below we review the TRR geology and evidence for
a gradient in rock uplift across the region.

The great orogenic bend that defines the TRR at the northeast
corner of the indenting Indian plate marks the abrupt transition
between the east-west trending thrusts of the Himalaya and right-
lateral strike-slip structures accommodating the northward motion of
India relative to China (Burg et al., 1997). Crustal strain and thickening
associated with ongoing India-Eurasia collision since the early
Cenozoic has resulted in bending of structural fabrics, topography,
and plate velocity vectors around the eastern Himalayan syntaxis (the
Namche Barwa Area) (Hallet and Molnar, 2001; Royden et al., 1997;
Sol et al., 2007; Tapponnier et al., 2001; Zhang et al., 2004). This
rotation, which can be seen clearly in modern GPS data for the region
(Zhang et al., 2004), has resulted in Indochina being extruded to the
south along the Saqgiang Fault, Chongshan shear zone, Gaoligong Shan
shear zone, and the Ailao Shan shear zone complex (Akciz et al., 2008;
Gilley et al., 2003; Harrison et al., 1992; Lacassin et al., 1996; Leloup
and Kienast, 1993; Leloup et al., 1995, 2001; Scharer et al., 1990).
Large parts of these shear zones are in the lower TRR.

At the largest scale, the TRR comprises the Lhasa Terrane in the
Salween watershed, the Qiangtang Terrane in the Mekong and
western Yangtze watershed, and the Songpan Ganzi Fold Belt in the
eastern Yangtze watershed (Fig. 1b) (USGS, 2001). The Lhasa Terrane
is primarily a shallow marine clastic sedimentary sequence of
Ordovician and Carboniferous to Triassic age (Yin and Harrison,
2000). The Qiangtang Terrane (in the north) and Lanping-Simao
Group (in the south; Fig. 1c) are divided from the Lhasa Terrane by the
Bangong Suture (mélange and ophiolites). The Qiangtang Terrane and
Lanping-Simao Group are made up of a thick layer of nonmarine
Jurassic to early Cenozoic redbeds (Akciz et al., 2008) interstratified
with low to high grade metamorphic rocks (Yin and Harrison, 2000).
The Songpan-Ganzi Fold Belt is separated from the Qiangtang Terrane
by the Jinsha Suture. The Fold Belt comprises a thick sequence of deep
marine Triassic strata, often called the Songpan-Ganzi Flysch, that
were intensely deformed during the late Triassic and early Jurassic by
folding and thrusting (Yin and Harrison, 2000) and includes the
Triassic Arc volcanics (Fig. 1c; Akciz et al., 2008).

While the TRR is dominated by sedimentary rocks in the upper
watersheds, a mixture of sedimentary rocks and deeply exhumed
metamorphic rocks are present in the lower watersheds. Much of the

lower TRR is characterized by intensely sheared metamorphic rocks in
the Ailao Shan shear zone complex (Akciz et al., 2008). The Ailao Shan
shear zone complex is marked by four metamorphic cores, two of which
are in the lower TRR (the Xuelong Shan and Diancang Shan massifs)
(Leloup etal,, 1995). These metamorphic cores are intensely sheared and
contain deeply exhumed metamorphic rocks including paragneisses,
augen gneisses, skarns, leucocratic melt layers, micaschists, hornblende
schists, marbles, and migmatitic gneisses (Leloup et al., 1995). To the
west of the Ailao Shan shear zone complex, the Gaoligong Shan shear
zone contains amphibole grade gneisses (Akciz et al., 2008). Farther to
the west, the Gaoligong Shan shear zone also contains deeply exhumed
metamorphic rocks including migmatite-rich sections with abundant
garnets, potassium feldspar, sillimanite, muscovite, biotite, quartz, and
plagioclase (Akciz et al., 2008).

The active structures in the TRR include the Ganzi Fault system (a
left-slip strike-slip system in the northern Yangtze watershed), a series
of normal faults in the upper Yangtze and Salween watersheds, and
some small normal and left-slip faults in the eastern lower-Yangtze
(Fig. 1a; Taylor and Yin, 2009). The most active fault in the TRR is the
north-striking Ganzi Fault system, which GPS data show to have
significant modern left-slip motion (Taylor and Yin, 2009). Thus there is
little active faulting identified in the region, with the exception of strike-
slip faults in the upper and eastern Yangtze watersheds, which would be
unlikely to dominate regional erosion patterns.

Spatial variations in the extent of a low-relief landscape in eastern
Tibet provide one line of evidence for a regional gradient in exhumation
rates. Eastern Tibet is characterized by a low-relief surface which has been
inferred to be either a relict erosional surface uplifted during formation of
the Tibetan Plateau (Clark and Royden, 2000; Clark et al., 2004, 2005a,b,
2006; Royden et al., 1997; Schoenbohm et al., 2004, 2006a,b) or deep
basin-fill formed between the time when the region was uplifted and
when the rivers had sufficiently eroded upstream and reconnected the
ocean base-level to the Plateau surface (Liu-Zeng et al., 2008). The degree
of incision into this low-relief surface provides a clue for the pattern of
exhumation rates across the region. In the TRR, the upper reaches are not
incised into the low-relief surface while the lower watersheds of the
Mekong and Salween have fully eroded away this surface. Remnants of
this low relief surface extend into the eastern part of the lower Yangtze
watershed (Clark et al., 2005b, 2006), suggesting less exhumation, due to
lower long-term exhumation rates or to a shorter duration of fluvial
incision, in the Yangtze than the Mekong and Salween River drainages.

Previous thermochronometry data provide a second line of evidence
for a gradient in exhumation rates across the region (Fig. 2). To the west,
in the Namche Barwa region, exhumation rates as high as 10 mm/yr
sustained for at least the last 1 to 10 Ma are indicated by numerous
studies using a variety of thermochronometric techniques (Booth et al.,
2004; Burg etal., 1997; Ding et al., 2001; Malloy, 2004; Seward and Burg,
2008). To the east of the TRR, exhumation rates inferred from biotite
4OAr/3Ar, apatite and zircon U-Th/He, and apatite fission track
thermochronometry from the incised portions of the landscape are
reported between 0.25 and 0.65 mm/yr since 9-13 Ma (Clark et al.,
2005b; Godard et al., 2009; Kirby et al., 2002; Ouimet et al., 2010). The
ten-fold decrease in exhumation rates averaged over million-year
timescales from west to east suggests a strong gradient in regional
exhumation across the TRR. For such a high gradient in exhumation
rates to have been sustained over the >10 Ma over which the rate
estimates are averaged, there most likely exists a corresponding
gradient in rock uplift across the TRR.

Erosion rates inferred from '°Be analyses of river sands parallel this
gradient in long-term exhumation rates (Fig. 2). Finnegan et al. (2008,
data repository) report 1-4 mmy/yr erosion in the Namche Barwa region
while Ouimet et al. (2009) report erosion rates to the east of the TRR
between 0.14 and 0.58 mm/yr in the incised parts of the landscape.
These erosion rates are of the same order of magnitude as exhumation
rates for the same regions, suggesting that millennial erosion rates in
eastern Tibet broadly reflect local longer-term exhumation rates.
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Fig. 1. Geologic and geomorphic setting of the TRR. (a) Context map of the study region showing major structures, topography, and major rivers. Fault data are from Taylor and Yin
(2009). (b) Tectonic terranes (USGS, 2001) and faults in the vicinity of the TRR (Taylor and Yin, 2009). (c) Bedrock geology (modified from Akciz et al., 2008) and location of samples
for the TRR. Main stem samples are noted by white circles with black outlines and grey text. Tributary samples are black circles with white outlines and black text. Sample numbers

correspond to those given in tables and data repository.

2. Methods
2.1. Erosion rates from '°Be

In order to quantify the spatial distribution of millennial erosion
rates in the TRR, we calculated basin-wide erosion rates from measured
cosmogenic '°Be in modern stream sediments. Beryllium-10 is
produced in situ when cosmic rays interact with the uppermost layer
of Earth's surface, and is carried by detrital sediment after detachment
and erosion. The concentration of '°Be can be used to quantify basin-
wide average erosion rates, as originally discussed by Brown et al.
(1995), Bierman and Steig (1996), and Granger et al. (1996).

We analyzed in-situ-produced '°Be in 45 samples of detrital quartz
from sand collected in catchments of varying size (~2km? to
>300,000 km?) throughout the TRR (Fig. 1c, Table 1). Instead of working

with samples only from small tributary basins as is commonly done (see
reviews by Bierman, 2004; von Blanckenburg, 2005), we collected
samples from a wide range of main stem and tributary locations in each
of the TRR basins. Twenty-seven samples were taken from main stem
reaches of the Salween, Mekong and Yangtze, or from the lower reaches
of major tributaries close to their junctions with these rivers. The
remaining nineteen samples are from headwater tributaries. All samples
were collected from active parts of the flood plain, or from sandbars
immediately adjacent to rivers.

Samples were sieved and prepared using standard laboratory
methods (Bierman, 2004; Kohl and Nishiizumi, 1992; Stone, 2004). To
obtain the most representative sampling of the large catchments
investigated, we extracted quartz from the 180-425 pm size fraction of
most samples. The lower limit of 180 um was selected because
insufficient amounts of the finer grain size fractions survive the HF
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Fig. 2. Summary of previous work on erosion rates (areas 1 and 4) and exhumation rates (all other labels). Data for the Namche Barwa area (area 1) are from Burg et al. (1997), Ding
etal. (2001), Booth et al. (2004), Malloy (2004 ), Seward and Burg (2008), Finnegan et al. (2008), and Stewart et al. (2008). Data for area 2 are from Reid et al. (2005), for area 3 from
Ouimet et al. (2010), for area 4 from Ouimet et al. (2009), for area 5 from Clark et al. (2005b), for area 6 from Xu and Kamp (2000), for area 7 from Arne et al. (1997), for area 8 from
Kirby et al. (2002), for area 9 from Godard et al. (2009), and for area 10 from Enkelmann et al. (2006). Across the TRR there is a clear decrease from west to east in exhumation rates

and modern erosion rates which we infer as a probable decrease in uplift.

etching procedure used to concentrate and purify quartz. The upper
limit of 425 pm was selected because many samples had only fine sand.
Two headwater catchment samples contained insufficient 180-425 um
quartz for analysis, and thus we analyzed the 425-850 um fraction. In
three additional samples, one from the main stems of each of the Three
Rivers, we measured in-situ-produced °Be in both the 180-425 um and
180-850 um fractions to evaluate potential effects of grain size on
erosion rate estimates.

Beryllium isotopic measurements were made at PRIME laboratory,
Purdue University, and erosion rates averaged over the contributing area
upstream of each sample were calculated from the data using the
CRONUS online calculator (Balco et al., 2008). Isotopic values reported in
Table 2 are referenced to revised values of the KNSTD Be isotope standards
(Nishiizumi et al., 2007), and erosion rates are calculated using the
corresponding value of '°Be half-life. The upstream basin information for
each sample was calculated for basins defined by the WWF Hydrosheds
data (USGS, 2008). The average '°Be production rate for each basin was
calculated using the standard procedure to account for latitude, longitude,
and effective elevation (the elevation which will result in the correct
basin-averaged production rate) for each basin (Balco, 2006).

First we calculated erosion rates for the entire upstream area of all
samples using the CRONUS Online Calculator. Erosion rates for
intermediate reaches between two samples on the same channel
were then determined from the differences in erosion rate and
contributing area of the successive samples (following Vance et al.,
2003). Errors reported for the intermediate reaches are the sum of
fully propagated internal (and independent) errors and the average
external (and dependent) errors of contributing samples.

2.2. Potential indicators of erosion

Previous workers have suggested that the efficacy of surface
processes responsible for erosion is enhanced as the modern rainfall

rate or hillslope or river steepness (i.e.,, as measured by hillslope
angles, river steepness corrected for a reference concavity, stream
power, or mean local relief) increases as discussed in Section 1. As
described in the following sections, we examine spatial patterns of
both rainfall and steepness across the TRR and compare them to the
observed pattern of millennial basin-averaged erosion rates.

2.2.1. Steepness — predicting erosion rate patterns using mean local relief

We use mean local relief as a measure of landscape steepness.
Unlike channel slope, hillslope angle, or stream power, mean local
relief does not require direct measurements of slope and is therefore
less dependent on quality and scale of DEMs, but still has been shown
to be well correlated with erosion rates worldwide (Montgomery and
Brandon, 2002).

Ahnert (1970) proposed a simple linear function between erosion
rates and local relief in mountainous areas:

E = 0.2R, (1)

where E is erosion in mm/yr and R is local relief in km, averaged over the
area for which E was measured. Montgomery and Brandon (2002)
observed that in tectonically active areas, the erosion rate increases
more rapidly for small increases in relief. They proposed that in such
areas (i.e., in active orogenic settings characterized by rapid rock uplift)
where hillslopes are steep, erosion rates increase primarily through
increased frequency of landslides (Montgomery and Brandon, 2002).
Their compilation of relief and erosion-rate data from tectonically active
and other regions is well described by a power law:

E=14x10°R"®, ()

where R is in meters (Montgomery and Brandon, 2002).
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Table 1

Details on location and sequence of samples used in analysis. The samples are named by year sample was collected (05 or 06), project (3R), watershed (SAL for Salween, MEK for
Mekong, YANG for Yangtze), and a sample number (1 to 52). The same number is what corresponds to the sample numbers in Fig. 2.

Sample name Details on collection location

Upstream area

2
Latitude Longitude River description Samples upstream (k)
06-3R-52-SAL 29.78 96.71 Trib to Salween trib. None 363
06-3R-50-SAL 30.04 97.15 Trib to Salween trib. None 869
06-3R-49-SAL 30.11 97.19 Trib to Salween 06-3R-52-SAL, 06-3R-50-SAL 3108
06-3R-48-SAL 30.10 97.21 Salween 06-3R-49-SAL 283749
06-3R-46-SAL 30.10 97.30 Trib to Salween trib. None 57
06-3R-30-SAL 30.60 97.07 Trib to Salween trib. None 2136
06-3R-32-SAL 30.20 97.32 Trib to Salween trib. 06-3R-30-SAL 3280
06-3R-33-SAL 29.85 97.69 Trib to Salween trib. None 251
06-3R-34-SAL 29.74 97.76 Trib to Salween trib. 06-3R-32-SAL, 06-3R-33-SAL 5787
06-3R-35-SAL 29.68 97.83 Trib to Salween trib. None 131
05-3R-9-SAL 28.02 98.63 Salween 06-3R-34-SAL, 06-3R-35, SAL, 06-3R-46-SAL, 06-3R-48-SAL 303138
05-3R-10-SAL 27.58 98.79 Salween 05-3R-9-SAL 305003
05-3R-11a-SAL 27.23 98.89 Trib to Salween None 2
05-3R-12-SAL 26.48 98.90 Salween 05-3R-10-SAL, 06-3R-11a-SAL 307894
05-3R-13b-SAL 25.85 98.86 Salween 06-3R-12-SAL 310028
06-3R-26-MEK 31.15 97.16 West branch of Mekong at Chamdo None 16875
06-3R-27-MEK 31.15 97.18 East branch of Mekong at Chamdo None 36710
06-3R-29-MEK 30.77 97.34 Trib to Mekong None 6733
06-3R-38-MEK 29.62 98.35 Mekong 06-3R-26-MEK, 06-3R-27-MEK, 06-3R-29-MEK 73147
06-3R-39-MEK 29.66 98.37 Trib to Mekong None 167
06-3R-43-MEK 29.55 98.21 Trib to Mekong None 328
05-3R-4-MEK 28.56 98.81 Trib to Mekong None 465
05-3R-6-MEK 28.10 98.92 Mekong 06-3R-38-MEK, 06-3R-39-MEK, 06-3R-43-MEK, 06-3R-4-MEK 77316
05-3R-7-MEK 27.57 99.04 Mekong 06-3R-6-MEK 80648
05-3R-14a-MEK 25.43 99.29 Mekong 06-3R-7-MEK 91031
06-3R-15-YANG 31.76 98.56 Trib to Yangtze None 1376
06-3R-16-YANG 31.64 98.59 Trib to Yangtze 06-3R-15-YANG 1642
06-3R-17-YANG 31.63 98.59 Yangtze 06-3R-16-YANG 245160
06-3R-21-YANG 31.40 98.16 Trib to Yangtze trib. None 1450
06-3R-20-YANG 31.59 98.37 Trib to Yangtze trib. 06-3R-21-YANG 1911
06-3R-19b-YANG 31.65 98.37 Trib to Yangtze trib. None 1552
06-3R-19a-YANG 31.65 98.37 Trib to Yangtze trib. 06-3R-19a-YANG 1596
06-3R-18-YANG 31.62 98.60 Trib to Yangtze trib. None 157
06-3R-22-YANG 31.30 98.00 Trib to Yangtze trib. None 368
06-3R-24-YANG 3140 97.88 Trib to Yangtze trib. None 131
06-3R-41-YANG 29.76 99.00 Yangtze 06-3R-17-YANG, 06-3R-20-YANG, 06-3R-19a-YANG, 277472
06-3R-18-YANG, 06-3R-22-YANG, 06-3R-24-YANG
06-3R-42-YANG 29.76 99.01 Trib to Yangtze None 617
05-3R-3-YANG 28.22 99.32 Yangtze 06-3R-41-YANG, 06-3R-42-YANG 300774
05-3R-1b-YANG 26.87 99.97 Yangtze 05-3R-3-YANG 310726

For our analysis, we calculated local relief for a 5km radius
window over 30” SRTM-derived DEMs (USGS, 2008). The resulting
local relief values were then used to calculate mean local relief for
each of the basins for which we measured erosion rates.

2.2.2. Climate — predicting erosion rates from mean annual rainfall

We use modern mean annual rainfall as a measure of climatic
variation across our study area. This parameter enables direct
comparison of results with previous studies and allows us to use
Tropical Rainfall Measuring Mission (TRMM) satellite data to calculate
rainfall. We calculated mean annual rainfall patterns throughout the
TRR using average annual precipitation for 1 kmx1 km pixels over
2000-2006 using the TRMM satellite data and the methods described
by Anders et al. (2006). TRMM data are acquired on a schedule such
that data are collected over all periods of a day but not all the time,
capturing daily variability in rainfall but not the total amount of
rainfall. As a result, the mean annual values we report likely
underestimate actual rainfall but portray the spatial distribution of
rainfall reasonably; errors are likely to range from 15 to 50% (Anders
et al.,, 2006).

3. Results
Our results show parallel increases in basin-wide '°Be erosion

rates, mean local relief, and mean annual rainfall from north to south
in the TRR. In contrast, in the lower basins where relief and rainfall are

relatively uniform, erosion rates decrease two-orders of magnitude
from west to east in concert with the inferred gradient in rock uplift.

3.1. Erosion rates from Be-10

Based on previous research in eastern Tibet (Fig. 2), we expect that
erosion rates in the TRR will follow the broad patterns observed in
erosion and exhumation rates in surrounding areas. Therefore, we
expect that erosion rates will be lowest in unincised, low-relief parts
of the Tibetan Plateau, such as the farthest upstream reaches of the
TRR. Erosion rates are expected to increase as the rivers enter the
incised gorges of the lower reaches. In addition to this general pattern
of higher erosion rates in the more incised parts of the study area, we
expect that erosion rates will decrease from west to east in parallel
with decreases in exhumation and erosion rates measured in
surrounding areas. Our data confirm both of these general trends —
one of increasing erosion rates from north to south and the other of
increasing erosion rates from east to west across the incised parts of
the landscape (Table 2; Fig. 3).

Basin-averaged erosion rates in the Salween River drainage
generally increase southward from 0.0244-0.005 mm/yr to a peak
rate of 8 &3 mmy/yr (Fig. 3b). The highest erosion rate estimate in this
drainage is for the narrowest portion of the TRR between ~25 and
27°N (i.e., between 05-3R-13b-SAL and 05-3R-12-SAL). Similarly,
although the peak erosion rates are lower, the Mekong River erosion
rates increase southward from 0.017 £ 0.002 to a peak rate of 0.5+
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Table 2

Concentrations of '°Be and derived erosion rates for entire upstream basins (a) and intermediate reaches between samples (b).
a)
Sample name N Error in N Erosion rate (mm/yr) Error (mm/yr) 95% confidence

(atoms/g) atoms/g

06-3R-52-SAL 277111 14909 0.22 0.03
06-3R-50-SAL 105850 5784 0.55 0.08
06-3R-49-SAL 231103 10285 0.24 0.03
06-3R-48-SAL 784949 20449 0.070 0.008
06-3R-46-SAL 367464 15764 0.12 0.016
06-3R-30-SAL 2078252 62058 0.026 0.003
06-3R-32-SAL 2120444 58616 0.025 0.003
06-3R-33-SAL 1553608 50391 0.034 0.004
06-3R-34-SAL 1092820 26768 0.048 0.005
06-3R-35-SAL 1237683 50806 0.041 0.006
05-3R-9-SAL 518500 12296 0.11 0.011
05-3R-10-SAL 427659 11859 0.13 0.015
05-3R-11a-SAL 161438 7129 0.08 0.010
05-3R-12-SAL 402267 15524 0.13 0.017
05-3R-13b-SAL 294362 12158 0.18 0.02
06-3R-26-MEK 317841 9684 0.18 0.02
06-3R-27-MEK 432965 12691 0.12 0.014
06-3R-29-MEK 678376 26294 0.08 0.010
06-3R-38-MEK 352113 10049 0.14 0.017
06-3R-39-MEK 344713 14531 0.11 0.015
06-3R-43-MEK 2768030 67592 0.017 0.002
05-3R-4-MEK 70117 5195 0.57 0.10
05-3R-6-MEK 308766 17071 0.16 0.02
05-3R-7-MEK 295439 12621 0.17 0.02
05-3R-14a-MEK 261412 14464 0.17 0.03
06-3R-15-YANG 360619 11421 0.13 0.016
06-3R-16-YANG 384297 13299 0.12 0.015
06-3R-17-YANG 4063015 59101 0.014 0.001
06-3R-21-YANG 949300 36916 0.048 0.006
06-3R-20-YANG 948113 30610 0.048 0.006
06-3R-19b-YANG 924199 20444 0.049 0.005
06-3R-19a-YANG 651735 29344 0.07 0.010
06-3R-18-YANG 360839 26401 0.12 0.021
06-3R-22-YANG 782810 33147 0.058 0.008
06-3R-24-YANG 881427 39199 0.060 0.008
06-3R-41-YANG 3262761 97513 0.017 0.002
06-3R-42-YANG 984334 38432 0.043 0.006
05-3R-3-YANG 2814015 45255 0.019 0.002
05-3R-1b-YANG 2661264 52493 0.020 0.002
b)
Sample name Area (sq. km) Erosion rate (mm/yr) Error (mm/yr) 95% confidence
06-3R-49-SAL 1876 0.10 0.03
06-3R-48-SAL 280641 0.068 0.01
06-3R-32-SAL 1144 0.024 0.00
06-3R-34-SAL 2255 0.082 0.01
05-3R-9-SAL 13563 0.9 0.14
05-3R-10-SAL 1716 4 1.12
05-3R-12-SAL 3038 0.8 0.80
05-3R-13b-SAL 1985 8 213
06-3R-38-MEK 12830 0.22 0.03
05-3R-6-MEK 5067 0.4 0.40
05-3R-7-MEK 1474 0.5 0.66
05-3R-14a-MEK 10383 0.2 0.12
06-3R-16-YANG 266 0.07 0.04
06-3R-17-YANG 244894 0.0126 0.001
06-3R-20-YANG 461 0.047 0.01
06-3R-19a-YANG 45 0.8 0.19
06-3R-41-YANG 26774 0.042 0.01
05-3R-3-YANG 20546 0.04 0.01
05-3R-1b-YANG 11056 0.04 0.02

0.7 mm/yr (Fig. 3c). As with the Salween River, the peak erosion rates
in the Mekong River drainage are for the narrowest portion of the TRR
between ~25 and 29°N (i.e., between 05-3R-14a-SAL and 06-3R-38-
MEK). The Yangtze River drainage also follows this pattern of
increasing erosion rates to the south of the basin with erosion rates
increasing from 0.013 £+ 0.001 mm/yr to a peak of 0.04 4+ 0.01 mm/yr
in the southern reaches of the main stem (i.e., between 05-3R-1b-

YANG and 06-3R-17-YANG; Fig. 3d). Unlike the Mekong and Salween
river drainages, the highest erosion rates in the Yangtze River
drainage are in small tributaries which are deeply incised into the
low-relief plateau surface rather than along the main stem of the river
(i.e., 06-3R-19a-YANG).

The peak erosion rates vary greatly across the study area, although
all three rivers follow a general pattern of increasing erosion rate
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Fig. 3. Erosion rates measured for the TRR are shown for the region as a whole and for each individual basin. Break in longitudinal profile where the slope of each river increases,
corresponding with the river leaving the Tibetan Plateau, is marked with a line which divides each basin into an upper and lower basin. For each watershed there is a trend in
increasing erosion rate as the rivers move from the relatively flat Tibetan Plateau into the deeply dissected gorges of the TRR. There is also an across-basin trend in the lower basins

where erosion rate decreases sharply from the Salween to Yangtze Rivers.

southward after leaving the low-relief plateau surface and entering
the incised gorges of their lower reaches. These peak rates are 8 43,
0.540.7 and 0.04 4-0.01 mm/yr respectively for the main stems of the
Salween, Mekong and Yangtze rivers. This two-order of magnitude
decrease in erosion rates across the lower basins of the TRR is parallel
to, and the same order of magnitude as, the decrease in exhumation
and erosion rates measured to the east and west of the TRR.

In order to confirm that limiting the range of grain sizes analyzed
does not significantly impact our results, we measured '°Be in two
different grain size fractions (180-850 um and 180-425 pum) for three
samples. In all cases the difference in rate estimated for the two size
fractions is less than the spread of rate estimates based on duplicate
180-425 um preparations of sample 06-3R-27-MEK (3.8 +£0.1x 10° vs.
4.340.1x10° atoms '°Be/g), and corresponds to negligible
(£0.01 mm/yr for 05-3R-11b-SAL and 06-3R-26-MEK and
40.001 mm/yr for 05-3R-17-YANG) differences in apparent erosion
rate. For consistency with the rest of the data set we refer to the results
from the 180-425pum fractions of these samples in the following
discussion and calculations. In the case of the duplicate analyses the
same grain size of sample 06-3R-27-MEK, which yielded erosion rates
within analytical error of each other, we favor the lower °Be
concentration because it implies an erosion rate that is compatible
with samples upstream.

As mentioned in Section 2.1, for each watershed we sampled both
tributaries and several samples successively downstream on the main
stem channels. When sampling successive samples in this way, it is
possible that a sample will not be representative of the upstream area
and thus will yield erosion rates for intermediate reaches which do

not make sense. To confirm that successive samples on the main stem
of rivers are representative of the upstream area, we analyzed the
trends in cumulative sediment yield measured along each river. For
erosion rates to be valid, the cumulative sediment yield must increase
with each successive downstream sample. The cumulative sediment
yield (erosion rate times upstream area) increases within measure-
ment errors downstream along the main stem of each of the three
rivers (Fig. 4), suggesting that the samples are indeed representative
of the average erosion rate for the region (see supplemental material
for a more detailed discussion of the validity of our erosion rate
measurements).

3.2. Patterns of local relief and mean annual precipitation

In parallel with the increase in erosion rates with increasing
distance downstream in the watersheds, the highest values of local
relief and mean annual rainfall generally are restricted to the
narrowest parts of the TRR drainage (Fig. 5). To highlight overall
regional trends in local relief and precipitation across the TRR, we
present values of these variables over the entire region. Basin
averaged values are used for correlation analysis with erosion rates
(Section 2.2).

The overall range of local relief in the TRR is 50 m to 3000 m, with
the areas of highest local relief being found along the main stems of
the Salween, Mekong, and Yangtze Rivers (Fig. 5a), especially along
the narrowest sections of the TRR, between 24 and 30°N in the
Salween basin, and north of 26°N in the Mekong basin. These areas
correspond to regions where the low-relief surface has been
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sediment yields.

completed eroded (Clark et al., 2005b; 2006). Local relief in the
Yangtze River basin remains high from the southern limit of the
Yangtze drainage in the study area (27°N to 34°N), but is slightly
lower to the far eastern edge of the basin, corresponding to an area
where the low-relief surface has not been incised (Clark et al., 2005b,
2006).

The mean annual rainfall in the TRR varies by a factor of five, from
less than 250 mm/yr to nearly 1200 mm/yr (Fig. 5b). Generally, annual
precipitation decreases to the north and east of the peak rainfall areas.
The southern reaches of the Salween and Mekong Rivers (south of 27°N
and 26°N, respectively) receive the highest annual precipitation of any
of the main stem channels of the TRR. The northernmost regions of the
Yangtze (north of ~33°N) are the driest. Along the main stem of the
Salween, the rainfall increases downstream three-fold from 380 mm/yr
to over 1190 mmy/yr across a distance of 500 km. Mean annual rainfall
along the Mekong River is also variable and increases from 430 mm/yr
in the northern reaches to 1000 mmy/yr in the southern reaches. In the
far south of the TRR, there is a modest decrease in rainfall from west to
east (1160 to 980 mm/yr).

4. Discussion

Below we consider whether variations in lithology or river incision
could explain our observed erosion rates, the relative influence of
climate and topography on erosion rates, and potential geomorphic
mechanisms which could produce and maintain the erosion rates we
observe over short timescales. Of most interest to our analysis of the
relative influence of climate and topography on erosion are the details
of how erosion rates vary as a function of proxies for climate (mean
annual rainfall) and steepness (mean local relief) within the context
of the regional gradient in rock uplift. We find that rainfall best

explains variance in erosion rates in the Yangtze watershed while
variance in erosion rates is best explained by mean local relief in the
Mekong and Salween watersheds, supporting the hypothesis that
rock uplift rate is important in dictating whether climate or steepness
is the most significant parameter for predicting variance in erosion
rates.

4.1. Potential influence of lithology and differential river incision on
measured erosion rates

Lithology is a potentially strong control on fluvial incision rates
(Stock and Montgomery, 1999) and may be as strong as variation in
rock uplift rates (Duvall et al., 2004). Thus, it is possible that both the
downstream and east to west increase in erosion rates are due to
changing lithology from more resistant to more erosive rocks.
However, Figs. 1b and 1c and the discussion of lithology in Section 1.1
suggest that lithology varies widely throughout the watershed. The
only systematic trend in lithology across the region is that the more
deeply exhumed, resistant metamorphic rocks are in the southern
parts of the TRR while the generally less resistant sedimentary rocks
are in the northern reaches. Thus if lithology were the dominant
control on erosion, we would expect lower erosion rates to the south
than to the north — the opposite of the trend in erosion rates we
observe. In addition, there is no systematic east to west gradient in the
distribution of weak and strong lithologies. This suggests that the
large east-west gradient in erosion rates in the southern part of the
TRR is independent of lithology.

Similarly, differential incision of the low-relief surface (Clark et al.,
2006; Liu-Zeng et al., 2008) may explain spatial patterns of erosion in
the TRR. Areas with less incision should have lower basin-wide
erosion rates than those with more incision, depending on the amount
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Fig. 5. (a) Steepness (mean local relief) and (b) climatic (mean annual rainfall) parameters for the region.

of sediment contributed by the slowly eroding, low relief surface. The
headwater regions of the TRR have the largest areas of low-relief
surface, suggesting that they should have the lowest erosion rates. To
the south, the rivers are deeply incised in gorges, which should have
higher erosion rates. This is the pattern we observe, suggesting the
north to south increase in erosion rates in the TRR reflect, at least in
part, differential river incision. Less of the low-relief surface is
preserved in the Salween drainage than in the Mekong and Yangtze
drainages (Clark et al., 2006), pointing to differential incision as a
possible explanation for the east to west decrease in basin-wide
erosion rates as well. However, the difference in degree of river
incision is minor across the lower basins, as indicated by the relatively
uniform local relief (Fig. 5). Thus, although it is possible that much of
the spatial variation in erosion rates observed in the TRR is a reflection
of differential incision into the low-relief surface, we suggest the
measured erosion rates in the lower TRR are mostly reflective of the
fully incised landscape.

4.2. Relief and rainfall as indicators of erosion rates

Taking the TRR as a whole, climatic and steepness parameters are
comparable predictors of patterns of erosion rates (r>=0.41, 0.48,
p<0.01 for rainfall and relief, respectively; Fig. 6 a-b). Both rainfall
and relief explain between 40 and 50% of the observed variance in
erosion rates. Combining the predictive powers of mean annual
rainfall and mean local relief increases the predictive power of these
parameters to nearly 60% of the variance (r>=0.56, p<0.01; see data
repository Table 5 for all of the r? and p values for single and multiple
regressions). Erosion rates are independent of basin area (r>=0.01,
p =0.40; Fig. 6¢).

We analyzed independently the predictive power of rainfall and
relief on erosion rates for each river drainage. All three rivers exhibit
increasing erosion rates with increasing distance downstream.
However, there are subtle differences in which parameters best
explain the spatial variance in erosion rates for each drainage. The
variance in erosion rates in the Salween and Mekong River drainages
are best explained by mean local relief (r>=0.75, 0.46, p<0.01,
respectively; Fig. 6d-e), as is the case for many watersheds in regions
with high rock uplift rates. Combining parameters does not
significantly improve the predictive power of the parameters for

these drainages. In contrast to the Salween and Mekong River
drainages, our proxy for climate (mean annual rainfall) best explains
the variance in erosion rates in the Yangtze River drainage (r> = 0.50,
p<0.01; Fig. 6j-k), as we might expect for regions with lower rock
uplift rates. Also in contrast to the Mekong and Salween watersheds
(Fig. 6e, i), erosion rates in the Yangtze River drainage are correlated
with basin area (Fig. 6k; r> = 0.40, p<0.01). However, we suspect that
this correlation is a result of sampling fewer small basins in the lower
Yangtze rather than an inherent difference between the watersheds.

The analysis of mean local relief as a proxy for steepness and mean
annual rainfall as a proxy for climate in the TRR shows that across a
spatial decrease in inferred rock uplift rates, there is a transition from
landscape steepness to climate being the best predictor of variance in
erosion. That is, we observe a transition from mean local relief best
explaining the variance in erosion rates in the Salween and Mekong
River drainages to mean annual rainfall best explaining the variance in
erosion rates in the Yangtze River drainage.

Our data from the TRR support the hypothesis that, other factors
being equal, the relative influence of climate and topography on erosion
rates changes as a function of rock uplift rate (see Section 1). Our
Salween River data suggest that when rock uplift rates are high, variance
in erosion rates is best explained by mean local relief. In contrast, in
regions with low rates of rock uplift, variance in erosion rates will be
best explained by rainfall, as we see in the Yangtze River basin.

While the shifting roles of landscape steepness and rainfall in driving
erosion may help reconcile a number of results from previous studies,
some areas do not follow this conceptual model. For example, in arid,
tectonically active regions with extreme gradients in rainfall, researchers
have found a correlation between rainfall and erosion rate (i.e., Jayko,
2005; Kober et al.,, 2007), likely due to the large gradient in rainfall
overwhelming modest gradients in rock uplift. Other studies in
tectonically active areas suggest that once hillslopes reach threshold
steepness there will be a decoupling of erosion rates and mean local
relief (see discussion in Section 1). In tectonically inactive areas such as
passive margins and escarpments, other researchers have found no
correlation between erosion rate and rainfall (i.e., Bierman and Caffee,
2001; Matmon et al.,, 2003a,b; Riebe et al,, 2001; Vanacker et al.,, 2007;
von Blanckenburg et al, 2004). However, these studies come from
regions where erosion rates are controlled by a propagating base level
fall, such as is typical along old escarpments. Hence, we propose that the
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tectonic setting is the most important factor in determining whether
climatic factors such as rainfall or the steepness of the landscape itself are
better indicators of patterns of erosion rates.

4.3. Geomorphic mechanisms potentially controlling TRR erosion rates

The parallel eastward decrease in exhumation rates (and likely
rock uplift) and millennial erosion rates across the lower TRR
naturally leads to the question of how the Salween River is better
able to incise its bed and evacuate the sediment shed from the
hillslopes than the rivers to the east. What is the geomorphic
mechanism by which the rivers can maintain the gradient in erosion
rates we observe in the lower reaches of the TRR? Two geomorphic

mechanisms have been proposed through which gradients in rock
uplift may affect erosion rates by changing the efficiency of the river to
incise.

One possibility is that proximity to the deformation front of the
India-Asia collision resulted in increased erodibility of rocks in the
Salween and Mekong Rivers relative to the Yangtze River. Molnar
et al. (2007) suggest that tectonic activity could affect erosion rates
through increased bedrock fracturing, thereby decreasing the resis-
tance of the bedrock to erosion. As the relationship between erosion
rate and fracturing is potentially highly non-linear, a large increase in
erosion rate may result from a modest change in the fracture size or
density of the bedrock. Although increased rock fracturing suggests a
mechanism by which crustal deformation can affect erosion rates, it
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does not address the question of whether steepness or climatic
parameters correlates more strongly with measured erosion rates.

A second possibility is that in response to proximity to the India-Asia
collision, the quantity of sediment stored on and protecting the bedrock
bed of the rivers changes systematically from the Salween to the
Yangtze River. Fluvial incision depends on the amount of sediment
available to work as tools (and increase erosion) or armor the bed (and
decrease erosion), and a river may respond to changing tectonic
conditions through adjustments in the quantity of sediment on the river
bed (Sklar and Dietrich, 2001). In the case of the TRR, assuming that the
tools are limiting, the Salween River's higher erosion rate suggests that
the sediment flux in the Salween River exceeds the flux in the Yangtze
River, potentially enabling the Salween to sustain higher erosion rates.

Both the degree of rock fracturing and the availability of tools to
erode bedrock riverbeds may contribute to the gradient in erosion
rates across the lower TRR. With the data and tools at our disposal, we
are unable to assess the relative contribution of each of these potential
influences to erosion rates in the lower TRR.

5. Conclusions

Two strong spatial gradients are evident in the '°Be-derived erosion
rates in the TRR. First, as the rivers leave the low-relief surface of the
Tibetan Plateau and become deeply incised into the steep, wet gorges in
the lower basins, erosion rates predictably increase. Second, a steep
transverse gradient in erosion rates exists across the TRR in the lower
basins of each of the rivers where erosion rates are high. Here erosion
rates decrease eastward by two orders of magnitude from the Salween
to the Yangtze Rivers. Previous work on exhumation rates in areas to the
east and west of the TRR suggests that there is a gradient in exhumation
rate, and likely rock uplift, across this region. Our measured '°Be erosion
rates parallel this east-west decrease in long-term exhumation, and
inferred rock uplift, rates across the lower basins of the TRR. On the
timescales represented by the '°Be erosion rates, we propose that
differences in the tools available for incision or density of rock fracturing
may enable rivers to respond to gradients in tectonic activity. We find
that the relative importance of climate and steepness in setting
millennial erosion rates changes across this gradient, suggesting the
dominant control on erosion depends on rates of rock uplift.
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