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ABSTRACT
Aluminum-26 and beryllium-10 surface exposure dating on cut-and-fill river-terrace

surfaces from the lower Sutlej Valley (northwest Himalaya) documents the close link be-
tween Indian Summer Monsoon (ISM) oscillations and intervals of enhanced fluvial in-
cision. During the early Holocene ISM optimum, precipitation was enhanced and reached
far into the internal parts of the orogen. The amplified sediment flux from these usually
dry but glaciated areas caused alluviation of downstream valleys up to 120 m above pre-
sent grade at ca. 9.9 k.y. B.P. Terrace formation (i.e., incision) in the coarse deposits
occurred during century-long weak ISM phases that resulted in reduced moisture avail-
ability and most likely in lower sediment flux. Here, we suggest that the lower sediment
flux during weak ISM phases allowed rivers to incise episodically into the alluvial fill.
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INTRODUCTION
The Indian Summer Monsoon (ISM) exerts

a profound control on erosional hillslope pro-
cesses, river discharge, and sediment flux
along the southern Himalayan front (e.g.,
Bookhagen et al., 2005a; Goodbred and
Kuehl, 2000). Numerous Holocene paleocli-
mate records reveal large fluctuations in the
intensity and spatial extent of the ISM (e.g.,
Fleitmann et al., 2003; Gasse et al., 1991;
Gupta et al., 2003; Thompson et al., 2000).
The effect of these changes on the fluvial
transport system remains unclear. Here, we fo-
cus on the erosional impact of recently docu-
mented ISM drought events (102–103 yr) that
are in detail constrained through stalagmite
d18O records (e.g., Fleitmann et al., 2003; Dy-
koski et al., 2005; Wang et al., 2005) and pol-
len data in lacustrine sediments on the Tibetan
Plateau (e.g., Gasse et al., 1991; Van Campo
et al., 1996). While the ISM during the early
to middle Holocene was overall stronger than
today, several century-long intervals of re-
duced rainfall and moisture migration, such as
at 8.5, 6.4, and 2.7 k.y. B.P., can be detected
in numerous ISM records (e.g., Fleitmann et
al., 2003; Gasse et al., 1991; Van Campo et
al., 1996; Wang et al., 2005). These climate
archives and present-day meteorological ob-
servations in the Himalayan realm demon-
strate that fluctuations in ISM intensity influ-
enced moisture migration on the Tibetan
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Plateau, and thereby strongly affected sedi-
ment flux in large river systems (e.g., Book-
hagen et al., 2005b; Goodbred and Kuehl,
2000; Pratt-Sitaula et al., 2004).

In order to understand the fluvial response
to large-scale, catchment-wide (;50 3 103

km2) climatic fluctuations, we analyzed fluvial
terraces near the outlet of the Sutlej River
(77.58N, 31.458W) on the southern flank of the
Himalaya orogen. There, downcutting of an
early Holocene conglomeratic valley fill oc-
curred episodically involving six ;10–30 m
steps. Although dating of the heavily weath-
ered, densely vegetated, and partially anthro-
pogenically influenced terraces is a challenge,
we were able to construct a consistent terrace
chronology in a dry, well-preserved and less-
altered part of the lower Sutlej River. This
chronology is based on both 26Al and 10Be
surface exposure ages and radiocarbon dating.
The coincidence between weak (dry) ISM in-
tervals and the cutting of terraces in the fill
unit suggests that terrace formation is linked
to lower sediment flux during these intervals.
We infer that the resultant decreased ratio be-
tween fluvial sediment flux and transport ca-
pacity promoted incision and terrace
formation.

SETTING, METHODS, AND
APPROACH

A massive conglomeratic fill occupies the
lower Sutlej Valley south of Rampur over a
distance of ;80 km, immediately downstream
of the narrow, high-gradient river gorge (Fig.
1). The highest terrace (labeled T1 in Fig. 2)

in a sequence of six surfaces near Rampur is
120 m above the present stream, and terrace
heights (T2 to T6) decrease downstream. The
terraces comprise large boulders and gravels,
indicating high-energy, braided-stream char-
acteristics. We do not observe a change in
grain sizes or depositional environment in this
deposit, indicative for a steady and fast allu-
viation event. The clast provenance primarily
reflects the upstream, internal parts of the
catchment, where lithologies of the Higher Hi-
malayan Crystalline and Tethyan Sediment
Series dominate. We surveyed these terraces
using a differential GPS and determined their
exposure ages with cosmogenic radionuclides
(10Be: T1/2 5 1.5 3 106 yr, 26Al: T1/2 5 7.05
3 106 yr) on conglomeratic clasts collected
on the terrace surfaces. These ages define
abrupt terrace abandonment as fluvial incision
occurred. A crucial factor in dating boulders
and pebbles from alluvial surfaces with cos-
mogenic nuclides is radionuclide inheritance,
as prior exposure of pebbles during exhuma-
tion and/or transport might significantly alter
nuclide concentration and ultimately leads to
wrong age estimations (e.g., Anderson et al.,
1996; Repka et al., 1997). In order to account
for pebble-specific exposure history, we col-
lected a total of 30–40 quartz-rich clasts (2–5
cm in diameter) from each terrace. In addition,
we collected samples (BB2 and BB11) from
single, large, granitic boulders (3–4 m in di-
ameter) with distinct fluvial erosion marks
(e.g., potholes). Furthermore, to estimate cos-
mogenic inheritance, four samples were col-
lected from a 2 m deep profile (BB3 to BB7).
Each of these samples consists of ;35 quartz-
rich clasts with composition similar to the sur-
face samples.

The depth samples agree with the theoreti-
cal cosmogenic nuclide concentration (Fig. 3),
indicating that there was no initial or only
negligible predepositional radionuclide con-
tent and no erosion or redeposition event after
terrace formation. We thus infer pristine, in
situ terrace surfaces, an assessment that is fur-
ther corroborated by the following field ob-
servations: (1) There is no evidence of bio-
turbation within the gravels; (2) original
depositional imbrication is still intact; (3) sur-
face clasts do not display carbonate coatings,
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Figure 1. Detailed view of the fluvial cut-and-fill sequence in the lower Sutlej River near
Rampur (orange box). Color-coded terraces were mapped in the field and draped over a
Corona satellite image. Contour lines are derived from hand-digitized topographic maps.
Sample locations are shown by black stars. The dominant terrace levels T2 and T4 can be
followed for ~80 km farther downstream and upstream into tributaries. Red polygons indi-
cate overbank (OB) deposits. Black box outlines topographic cross profile shown in Figure
4.

Figure 2. Photograph of the alluvial infill in
the lower Sutlej Valley, taken from the east-
ern part of Figure 1 toward the southwest.
The Sutlej River is flowing to the upper part
of the picture.

Figure 3. Depth profile on terrace level T2 to
demonstrate negligible cosmogenic nuclide
inheritance. Cosmogenic radionuclide
(CRN) concentration is given relative to the
mean of the two surface sample concentra-
tions (BB2 and BB3), and we included muon
production in the theoretical depth-profile
calculations (Granger and Smith, 2000).

and clasts with carbonate coatings are con-
fined to the soil B-horizons; and (4) soil-
profile development on the highest (oldest)
surface is most pronounced, whereas profile
development decreases systematically on low-
er, younger surfaces.

We have processed cosmogenic nuclide
concentrations following standard procedures
(Kohl and Nishiizumi, 1992) and calculated
ages following Lal (1991) by using revised
production rates of 5.1 and 31.1 atoms/g qtz
for 10Be and 26Al, respectively (Clark et al.,
1995). We corrected for geomagnetic field
changes using the approach by Nishiizumi et
al. (1989) with reconstructed geomagnetic
poles during the Holocene (Ohno and Hama-
no, 1992). Topographic shielding has been
measured in the field and is included in age
estimations. There is no snow coverage at
these elevations. All ages include 1s analyti-
cal errors. To account for decreased produc-
tion rates at depth, the ages of subsurface sam-
ples are ‘‘depth-corrected’’ with r 5 1.8 6
0.2 g/cm3 and L 5 160 6 10 g/cm2 (e.g.,
Repka et al., 1997).

To decipher the role of past ISM oscilla-
tions in changing precipitation regimes, we
have used oxygen isotope ratios (d18O) mea-
sured in stalagmites from southern Oman and
Dongge Cave, China (Fleitmann et al., 2003;
Wang et al., 2005). Studies in Oman demon-
strate that d18O values are inversely related to

the amount of rainfall, primarily via an
‘‘amount effect’’ (Burns et al., 1998; Fleit-
mann et al., 2003). A stronger monsoon cir-
culation increases thermal convection, enhanc-
es depletion of the lighter isotope, and thus
results in lower d18O values. We have used
oxygen isotope records in conjunction with
the lower-resolution paleolake records from
the Tibetan Plateau (Gasse et al., 1991; Gasse
et al., 1996; Lister et al., 1991; Van Campo et
al., 1996) to identify century-long dry events
that occurred from 8.7 to 8.1, 6.6 to 6.2, and
ca. 3.6 and 2.7 k.y. B.P. While the ages from
the Tibetan paleolakes are controversial, it is
important to note that these arid events also
had a global expression reflected in cold and
dry conditions in the Northern Hemisphere
and the tropics (e.g., Grootes et al., 1993;
Lachniet et al., 2004; Rohling and Pälike,
2005). It is therefore expected that these
changes had an impact on surface processes
as well.

RESULTS
We present ages averaged over both nu-

clides (26Al and 10Be), constituting two inde-
pendent measurements. In general, ages from
both nuclides agree very well (Table 1). The
formation of the highest terrace surface (T1,
120 m above modern grade; sample BB1) co-
incides with the onset of the ISM in early Ho-
locene at 9.9 6 0.5 k.y. B.P. (Table 1). This

surface is now highly dissected and forms iso-
lated remnants along the present stream. For
these deposits, the averaged alluvial incision
rate is 12.1 6 0.6 mm/yr, similar to estimates
of 11 6 8.5 mm/yr in a comparable fluvial
environment in central Nepal (Pratt-Sitaula et
al., 2004). The second highest and most pro-
nounced terrace surface (T2, 110 m above
modern grade; samples BB2 and BB3) was
abandoned at 8.6 6 0.4 k.y. B.P. It is contig-
uous upstream into large tributaries and indi-
cates a regional response to external forcing
factors, not confined to the main stem. Both
amalgamated (BB2) and single-rock samples
(BB3) provide a similar age. In some places,
fine-grained overbank deposits cover the ter-
race conglomerates near the valley flanks. We
interpret these deposits as remnants from flood
overspills, while the channel was downcut.
Only high flows would have overcome the
channel tops and deposited suspended sedi-
ments on the adjacent surface. The age of T2
falls into the beginning of the period between
ca. 8.7 and 8.1 k.y. B.P., which was charac-
terized by a cold and dry, weak ISM phase
(Fig. 4) (e.g., Fleitmann et al., 2003; Gasse et
al., 1991; Van Campo et al., 1996; Wang et
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TABLE 1. Al AND Be CONCENTRATIONS

Sample (Terrace
number-depth)

Elevation
asl (m)

Height above
modern

Sutlej (m)

10Be
(103 atoms/g

qtz)

10Be age
(k.y. BP)

26Al
(103 atoms/g

qtz)

26Al age
(k.y. BP)

10Be-26Al
Mean age
(k.y.BP)

BB1 (T1-0m) 1020 120 93.7 6 3.1 9.8 6 0.7 578 6 20 10.0 6 0.7 9.9 6 0.5
BB2 (T2-0m) 1005 105 78.1 6 2.4 8.4 6 0.6 494 6 26 8.7 6 0.7 8.5 6 0.5
BB3 (T2-0m) 1005 105 81.4 6 4.6 8.7 6 0.7 489 6 39 8.6 6 0.9 8.7 6 0.6
BB4 (T2-0.2m) 1005 105 80.3 6 1.9 10.1 6 0.6 495 6 29 10.2 6 0.9 10.1 6 0.5
BB5 (T2-0.6m) 1005 105 47.1 6 1.2 9.8 6 0.6 297 6 25 10.2 6 1.1 10.0 6 0.5
BB6 (T2-1.0m) 1005 105 32.5 6 0.9 10.6 6 0.7 161 6 16 8.7 6 1.0 9.6 6 0.6
BB7 (T2-1.9m) 1005 105 13.1 6 2.2 11.7 6 2.1 79 6 10 11.5 6 1.7 11.6 6 1.3
BB8 (T4-0m) 965 65 59.0 6 2.5 6.8 6 0.5 356 6 17 6.8 6 0.5 6.8 6 0.4
BB9 (T5-0m) 920 20 27.5 6 2.3 3.4 6 0.3 185 6 11 3.7 6 0.3 3.6 6 0.2
BB10 (T6-0m) 892 6 23.1 6 2.2 3.0 6 0.3 159 6 22 3.4 6 0.5 3.2 6 0.3
BB11 (T6-0m) 893 7 21.1 6 0.8 2.8 6 0.2 134 6 10 2.9 6 0.3 2.8 6 0.2

Figure 4. Holocene Indian
Summer Monsoon (ISM)
oscillations based on two
ten-point running aver-
age d18O records from
southern Oman (Q5)
(Fleitmann et al., 2003)
and southeast China (DA)
(Wang et al., 2005). Lower
d18O values indicate
stronger ISM convection
and higher precipitation.
Lake Qinghai (Lister et
al., 1991), Bangog Co
(Gasse et al., 1996; Van
Campo et al., 1996), and
Sumxi Co (Gasse et al.,
1991) are lake-sediment
archives that have a mil-
lennial temporal resolu-
tion, but indicate similar
m o i s t u r e - m i g r a t i o n
trends onto the Tibetan
Plateau ca. 8.5, 6.4, 3.2,
and 2.7 k.y. B.P. Note that
climate proxies indicate
periods of lower moisture
availability compared to
previous humid phases.
Red diamonds indicate
averaged 26Al-10Be cos-
mogenic exposure ages
(Table 1); thus each point
represents two measure-
ments. Sample BB12 is a
radiocarbon sample from
an overbank deposit
found on level T4 that is
6.7 6 0.06 k.y. old (Stuiver et al., 1998). Orange boxes outline dry phase extent to show
overlap with terrace-abandonment ages. Location for terrace profile 1 is given on Figure 1;
note profile reversal that now runs from south to north. Terrace levels are labeled T1 to T6
amg—above modern grade.

al., 2005; Rohling and Pälike, 2005). Terrace
level T3 was not sampled because of the poor
preservation of the small relict surfaces. How-
ever, because this terrace is bracketed by the
well-dated terrace levels T2 and T4, we ten-
tatively link level T3 with a weak ISM inter-
val at ca. 7 k.y. B.P. (Fig. 4). The third lowest
terrace, T4, is clearly distinguishable (BB8)
and is 6.8 6 0.4 k.y. old. As for T2, we have
observed overbank deposits that we attribute
to overspills during floods while the channel
was incising near the center of the wide river
valley. Pieces of charcoal found in these de-

posits are 6.6 6 0.1 cal. 14C k.y. old. Again,
abandonment of the pronounced T4 level co-
incides with the beginning of a prominent
weak ISM phase between ca. 6.7 and 6.1 k.y.
B.P. (e.g., Fleitmann et al., 2003; Wang et al.,
2005). The ISM strength generally decreased
between 6.2 and 3.5 k.y. B.P. (Fig. 4), but no
pronounced dry events occurred, which may
explain the lack of terraces in middle Holo-
cene time. The lower, minor level of T5 (25
m above modern grade; BB9) is 3.6 6 0.2 k.y.
old and coincides with a dry event ca. 3.6 k.y.
B.P. (e.g., Fleitmann et al., 2003; Van Campo

et al., 1996; Wang et al., 2005). T6 (10 m
above modern grade; samples BB10 and
BB11) is 3.0 6 0.1 k.y. old and correlates
with low solar activity at ca. 2.7 k.y. B.P., in-
dicating very weak ISM intensity during the
Holocene (e.g., Fleitmann et al., 2003; Der-
gachev et al., 2004; Wang et al., 2005). Pres-
ently, the lower Sutlej River flows partly over
bedrock where it has regained the base level
it had already achieved prior to the rapid al-
luviation in early Holocene time. Thus, in the
Holocene, the lower Sutlej River experienced
a rapid aggradation event during the early
stages of the ISM at ca. 9.9 k.y. B.P., which
was followed by stepwise incision linked to
drier ISM anomalies.

DISCUSSION AND CONCLUSION
Distinct dry intervals spike the overall

stronger than today ISM between ca. 10 and
ca. 2 k.y. B.P. (e.g., Fleitmann et al., 2003;
Gasse et al., 1991; Wang et al., 2005). During
such intervals, moisture migration between
frontal and internal parts of the Himalaya
changed, which in turn led to significantly dif-
ferent fluvial conditions (e.g., Bookhagen et
al., 2005b; Goodbred and Kuehl, 2000; Pratt-
Sitaula et al., 2004). The onset of the ISM in
the early Holocene brought moisture into in-
ternal parts of the orogen where glacial de-
posits had been lodged since the Last Glacial
Maximum and the Younger Dryas ca. 12 k.y.
B.P. (e.g., Barnard et al., 2004; Owen et al.,
2001). The increased moisture and resulting
higher runoff likely mobilized these uncon-
solidated sediments and enhanced hillslope
erosion to result in highly sediment-saturated
rivers. The steep river gradients in the
medium- to high-elevation regions support
transport of these sediments. However, in the
wider, low-gradient reaches of the Sutlej Riv-
er, the transport capacity abruptly changes and
leads to rapid deposition of excess material.
This assumption is supported by our new ter-
race stratigraphy: (1) the clast provenance,
which clearly points to a source region in the
high, internal parts of the orogen and (2) the
lack of cosmogenic nuclide inheritance, indi-
cating energetic sediment removal and fast de-
position. This initial deposition event is con-
trasted by sediment removal in the
lower-elevation parts at times with a weaker
ISM. In such a scenario, a decrease in sedi-
ment load after the alluviation event strength-
ens the river’s ability to incise into the valley
fill. Thus, the first terrace is inferred to
(post)date the complete removal of this ma-
terial during the intensified ISM in the early
Holocene. Subsequently, the Sutlej River in-
cised with ;12 mm/yr into the alluvial de-
posits between ca. 10 and ca. 8.7 k.y. B.P.
However, during the abnormally dry ISM in-
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terval starting at 8.7 k.y. B.P., less moisture
reached the internal parts of the orogen. We
relate this phase to reduced hillslope erosion,
river discharge, and sediment load. The likely
response in the fluvial system is a contraction
of the channel and abandonment of a wider
floodplain. This would have ultimately led to
confined river incision and terrace formation
as a result of changing discharge/sediment-
load ratio (e.g., Bull, 1991). Similarly, the ab-
normally dry intervals at 6.7, 3.6, and 2.7 k.y.
B.P. resulted in similar changes in the fluvial
system, causing abrupt incision and hence ter-
race formation. However, incision rates during
the early Holocene ISM were three to five
times higher than late Holocene rates. This re-
flects the overall higher ISM rainfall in the
early Holocene (e.g., Fleitmann et al., 2003;
Wang et al., 2005; Dykoski et al., 2005), lead-
ing to higher runoff and thus a higher potential
for fluvial incision.

Our assessment of coeval terrace cutting
and periods of reduced rainfall documents two
important influences of changes in moisture
availability and migration on fluvial sediment
flux in orogens subjected to pronounced pre-
cipitation gradients. First, the voluminous val-
ley fill forming the substrate for the terrace
surfaces in the low-gradient regions empha-
sizes the importance of increased precipitation
as a function of moisture migration into the
internal, arid, high-elevation, sectors of the or-
ogen. The provenance of the fill material doc-
uments that these internal and high-elevation
regions were the principal loci of erosion pro-
cesses during the Holocene. Secondly, abnor-
mally weak and dry ISM intervals led to a
decrease in the ratio between sediment flux
and transport capacity, allowing episodic in-
cision and terrace formation, and ultimately a
return to the position of the base level where
it had been prior to ca. 10 k.y. B.P.
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