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Mountain geodynamics represent highly scale-dependent interactions involving climate, tectonic, and surface
processes. The central Karakoram in Pakistan exhibit strong climate—tectonic feedbacks, although the detailed
tectonic and topographic responses to climate perturbations need to be systematically explored. This study focuses
on understanding climate variations in relation to glacier erosion and relief production. Field data, climate
modeling, remote sensing, geomorphometry, geochronology, glaciology, and geomorphological assessment are
utilized to characterize climate change and geomorphic response. Climate simulations suggest that the region
has experienced significant climate change due to radiative forcing over at least the past million years due to
changes in Earth’s orbital configuration, as well as more temporally rapid climate dynamics related to the El
Nifio Southern Oscillation. Paleoclimate simulations support geomorphological evidence of multiple glaciations
and long-term glacier retreat. Mesoscale relief patterns clearly depict erosion zones that are spatially coincident
with high peaks and rapid exhumation. These patterns depict extreme spatial and temporal variability of the
influence of glacier erosion in the topographic evolution of the region. Results support the interpretation of
high-magnitude glacial erosion as a significant denudational agent in the exhumation of the central Karakoram.
Consequently, a strong linkage is seen to occur between global, or at least hemispheric, climate change and
the topographic evolution of the Karakoram and the western Himalaya. Key Words: central Karakoram, climate
forcing, erosion, glaciation, landscape evolution.
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Las geodindmicas de montafia representan interacciones altamente dependientes de la escala en las que estdn
involucrados procesos climdticos, tecténicos y topogréficos. El Karakoram central de Pakistdn muestra fuertes
indicios de efectos climdtico—tecténicos, aunque las respuestas tecténicas y topograficas detalladas a las perturba-
ciones climdticas necesitan de una exploracién sistemdtica. El presente estudio est4 enfocado a comprender las
variaciones climdticas en relacién con la erosién glaciar y la produccién de relieve. Para caracterizar el cambio
climdtico y la respuesta geomorfolégica se utilizaron datos de campo, modelado climdtico, percepcién remota,
geomorfometria, geocronologia, glaciologia y anilisis geomorfolégico. Las simulaciones clim4ticas sugieren que
la regién ha experimentado cambio climdtico significativo por forzamiento radiativo durante por lo menos el
pasado millén de afios, causado por cambios en la configuracién de la 6rbita terrestre, lo mismo que por la dindmica
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climdtica de temporalidad m4s rdpida asociada con la Oscilacién Meridional de El Nifio. Las simulaciones pale-
oclimiticas refrendan la evidencia geomorfolégica de maltiples glaciaciones y recesion glaciar de larga duracion.
Los patrones de relieve a escala mediana claramente muestran zonas de erosién espacialmente coincidentes con
picos altos y rdpida exhumacién. Estos patrones muestran variabilidad temporal y espacial extremas de la influen-
cia de erosién glaciar en la evolucién topogréfica de la regién. Los resultados apoyan la interpretacién de erosién
glacial de alta magnitud como agente de denudacién significativo en la exhumacién del Karakoram central. En
consecuencia, se nota que existe un lazo fuerte entre el cambio clim4tico global, o por lo menos hemisférico, y
la evolucién topografica del Karakoram y el Himalaya occidental. Palabras clave: Karakoram central, forzamiento

climdtico, erosién, glaciacién, evolucion del paisaje.

ountain topographic evolution has been tra-

M ditionally explained by collisional tectonics
(Bender and Raza 1995; Turcotte and Schu-

bert 2002). Molnar and England (1990) suggested that
climatic forcing in the Quaternary enhanced glacial
erosion in the Himalaya, thereby causing isostatic up-
lift of peaks and relief production. Conversely, Raymo,
Ruddiman, and Froelich (1988) and Raymo and Ruddi-
man (1992) indicated that enhanced chemical weath-
ering of exposed rock in the Himalaya could reduce
atmospheric CO;, such that tectonic forcing caused cli-
matic cooling and glaciation. Central to these forcing
arguments is the recognition of scale-dependent inter-
actions among climatic, surface, and tectonic processes
(Koons et al. 2002; Bishop, Shroder, and Colby 2003).
Key issues revolve around climate change, glacier
erosion, erosion patterns, exhumation and uplift
patterns, and relief production (Montgomery 1994;
Finlayson, Montgomery, and Hallet 2002; Bishop,
Shroder, and Colby 2003; Spotila et al. 2004; Whipple
2009). Complex feedback mechanisms are expected, al-
though it is difficult to study these interactions because
of the operational scale dependencies of numerous pro-
cesses and polygenetic topographic evolution (Bishop
et al. 2002; Bishop, Shroder, and Colby 2003). Conse-
quently, many parameters and process rates need to be
included, characterized, and quantified in the context
of polygenetic topographic evolution. Issues and debate
include the importance of isostatic uplift (Gilchrist,
Summerfield, and Cockburn 1994), exhumation rates
(Whittington 1996), climate control and erosion dis-
tribution and timing (Clift, Giosan, et al. 2008; Clift,
Hodges et al. 2008; Rahaman et al. 2009), glaciers and
relief production (Harbor and Warburton 1992; Hallet,
Hunter, and Bogen 1996; Whipple and Tucker 1999;
Whipple, Kirby, and Brocklehurst 1999), focused ero-
sion and spatial coincidence (Zeitler, Koons et al. 2001;
Zeitler, Meltzer, et al. 2001; Finlayson, Montgomery,
and Hallet 2002; Finnegan et al. 2008), geomorphom-
etry and erosion modeling (Montgomery and Brandon

2002; Bishop and Shroder 2004), and equilibrium con-
cepts such as topographic steady state (Tomkin and
Braun 2002). Finding definitive field evidence of strong
impacts of climate change on mountain building has
been difficult (Whipple 2009). Glaciation’s role is prob-
ably significant (Whipple 2009), although numerous
issues are unresolved because erosion-process mechan-
ics are not fully understood, glacier erosion is not ade-
quately accounted for in numerous studies, the timing
and mechanisms of climate-controlled erosion in the
Himalaya are controversial (Pelletier 2008; Rahaman
et al. 2009; van der Beek et al. 2009), and demonstra-
tion of a cause-and-effect relationship between rapid
exhumation and precipitation remains elusive (Pratt-
Sitaula et al. 2009; Whipple 2009).

Nevertheless, there are three dominant conceptual
models that attempt to characterize the nature of moun-
tain geodynamics and relief production in active oro-
gens. Researchers have recognized that variations in
fluvial erosion are caused by precipitation gradients
wherein rapid river incision causes larger scale mass
movements that increase slope angles and relief (Bur-
bank et al. 1996; Egholm et al. 2009). Associated
rapid rock uplift produces threshold slopes where re-
lief is governed by rock strength. The proximity of
high-discharge rivers to massifs, with high exhumation
and recently metamorphosed rocks, represents a new
conceptual model termed a tectonic aneurysm (Zeitler,
Koons et al. 2001; Zeitler, Meltzer et al. 2001), where
tectonic and isostatic rock uplift beneath a focused ero-
sion zone advects hot and weak material from the mid-
crust toward the surface. Finally, the so-called glacial
buzzsaw hypothesis suggests that the height of mountain
ranges is primarily governed by glaciation and high-
magnitude denudation, such that height and relief of
mountain ranges are controlled by local climate rather
than tectonic forces (Brozovic, Burbank, and Meigs
1997; Egholm et al. 2009).

The K2 mountain region in the central Karakoram in
Pakistan represents an excellent natural laboratory for
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studying these concepts of landscape evolution, the role
of glaciers, and relief production. The central Karako-
ram contains some of the highest peaks in the world
and exhibits extreme relief and high uplift rates (Foster,
Gleadow, and Mortimer 1994; Seong et al. 2008). The
evolution of the K2 mountain region has been domi-
nated by glacial and meltwater stream systems (Seong
et al. 2007; Seong, Bishop et al. 2009). This is unlike
other massifs such as Nanga Parbat and Namche Barwa,
which exhibit localized exhumation and are spatially
coincident with large-discharge rivers (Zeitler, Koons
et al. 2001; Zeitler, Meltzer et al. 2001; Finnegan et al.
2008). However, a paucity of information exists re-
garding long-term and high-altitude climate conditions,
glacier fluctuations, and erosion and uplift patterns. Fur-
thermore, the influence of glacier erosion on relief pro-
duction is difficult to characterize, as glacier erosion
includes numerous processes including a nonlinear in-
teraction with the overall climate. In addition, com-
plications involving the coupling of climate-modulated
erosion with rock rheology and strength have been rec-
ognized (Schmidt and Montgomery 1995; Koons et al.
2002). Although point estimates of river incision and
exhumation in the western Himalaya of Pakistan do ex-
ist (e.g., Foster, Gleadow, and Mortimer 1994; Burbank
et al. 1996; Zeitler, Koons et al. 2001; Zeitler, Meltzer
et al. 2001; Seong et al. 2008), little is known about
climate forcing dynamics and erosion patterns within
the K2 region.

The objectives of this article are to summarize our
fieldwork studies on landscape dynamics in the central
Karakoram during the summer of 2005. Specifically we
undertake (1) an assessment of historical, modern, and
future climate conditions and effects; (2) an assessment
of the geomorphic conditions and the timing of glacia-
tions; (3) characterization of relief and erosion patterns;
and (4) characterization of modern glacial conditions
to provide insight into the magnitude of glacier erosion
and relief production.

Study Area

The central Karakoram occurs at the western end
of the trans-Himalaya along the border between China
and Pakistan (Figure 1). This active margin is partially
the result of the Indian—Asian continental-continental
collision at a rate of ~4.4 cm per year~! (Minster and
Jordan 1978). The central Karakoram is currently un-
derthrust from the south by the Indian plate and from
the north by the Asian plate, which has resulted in

a crustal thickness of > 65 km (Molnar 1988; Searle
et al. 1990; Searle 1991; Foster, Gleadow, and Mor-
timer 1994). The Indus River, one of the world’s largest
rivers, separates the central Karakoram from the Greater
Himalaya. The region is bounded to the north by the
Karakoram Fault and to the south by the Main Karako-
ram Thrust (MKT) that trends southeast across the re-
gion. Our study region (Figure 1) is composed of rocks
of the Karakoram metamorphic series, Karakoram gran-
itoids, Gasherbrum sedimentary deposits, Gasherbrum
diorite, and the K2 and Muztagh Tower gneisses (Searle
et al. 1990; Searle 1991).

Intense denudation in the central Karakoram is asso-
ciated with rapid and spatially variable uplift rates that
have unroofed Neogene gneiss domes (Mahéo et al.
2004; Seong et al. 2008). Foster, Gleadow, and Mor-
timer (1994) estimated denudation rates of 3 to 6 mm
per year~! during the last 3 to 5 Ma, with >6 km of ex-
humation at an altitude of 6,000 m above sea level (asl).
The region exhibits extreme relief with valley floors av-
eraging 2,000 m asl and more than seventy peaks that
rise above 7,000 m asl, including K2 (8,611 m asl),
Gasherbrum I (8,068 m asl), Broad Peak (8,047 asl.),
and Gasherbrum II (8,035 m asl.). More than 80 percent
of the landscape is at an elevation of between 3,000 and

6,000 m asl.

Climate

The climate dynamics of the region are dominated
by the midlatitude westerlies and the southwest Asian
summer monsoon, whereas microclimatic conditions
vary significantly given topographic controls on pre-
cipitation and the surface-energy balance (Owen 1988;
Hewitt 1989). Most of the precipitation occurs in the
spring from the westerlies, although two thirds of the
snowfall occurs during the winter and spring. Summer
snowfall from the southwest Asian summer monsoon
occurs (Hewitt 1989), although the westerlies likely also
make summer contributions depending on the phase of
El Nifio Southern Oscillation (ENSO), which, during
its warm phase, significantly reduces monsoon strength
(e.g., Bush 2001). Measured weather data in the Karako-
ram are meager (Pant and Kumar 1997), although a
climate station exists in Skardu, near K2 (Mayer et al.
2006), and the Pakistani government has installed high-
altitude stations. In general, annual precipitation ex-
hibits a large vertical gradient, with maximal amounts
at Biafo Glacier from 4,900 m to 5,400 m (Wake 1989).
On the southern slopes of K2, precipitation is about 150
mm to 200 mm per year~! at 2,000 m to 3,200 m, 1,600



10: 57 20 August 2010

Lewis A] At:

[ Onen,

Downl oaded By:

4 Bishop et al.

Kilometers

Afghanistan

Pakistan

FACTN

India

Feseoon

BSI0E TITE THUTE

Figure 1. Shuttle Radar Topographic Mission shaded relief map of the K2 study region of the central Karakoram in northeastern Pakistan.
Bs = Busper sackung; MKT = Main Karakoram Thrust; KF = Karakoram Fault; B = Broad peak; K2 = K2 peak; G1 = Gasherbrum 1 peak;

G2 = Gasherbrum 2 peak.

mm per year ! at 6,100 m, and about 2,500 mm per
year~! at 8,000 m (Mayer et al. 2006).

Surface Processes

The altitudinal zonation of the climatic-geomorphic
conditions and their downslope relations have been
previously recognized in terms of landforms and the
sediment-transfer cascade (Hewitt 1989, 1993; Seong,
Bishop et al. 2009). In this region, the process regimes
alternate in concert with climate fluctuations. The
overall sediment-transfer cascade involves glacier and
fluvial incision, pervasive high frequency, moderate to
high-magnitude mass movements onto and into glaciers
and rivers, as well as catastrophic floods that remove
valley fill out of the system (Shroder and Bishop 2000;
Bishop et al. 2002).

The mass-movement types can be best considered
in terms of regolith movement through common de-
bris avalanches and flows, more deep-seated rock falls
and rockslides, and massive sackung failures in which
whole mountain ridges collapse internally along many
interlinked and widely distributed shear planes. In all
probability, debuttressing of rock slopes by glacier re-
treat during interglacials is likely to have produced
many of the known rock falls and rockslides (Hewitt
1988, 1998a, 1999). In the Braldu River valley the
huge Gomboro rockslide and the massive Busper sack-
ing failure are seen to unroof the Neogene gneiss domes
of Mahéo et al. (2004). Regional rates of erosion by
mass-movement processes in the Himalaya are difficult
to quantify, although their pervasive effects are obvious
(Shroder 1998).

In the valley bottoms, fluvial and glacial processes
are themselves the main erosional and transporting
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agents. Hydrological monitoring of river discharges is
extremely limited in the K2 region. Nevertheless, high
summer discharges result from monsoon precipitation
and summer melt regimes. Monsoonal flood peaks dom-
inate rivers at lower elevations with 60 to 80 percent
of discharge from rain, whereas 50 to 70 percent of to-
tal discharge at higher altitudes is glacier and snowmelt
(Wohl 2000).

Drainage area is commonly used as a surrogate for
discharge, but drainage area—discharge relations are far
from linear because of the glacier-melt addition. For
example, the Upper Hunza River drains ~5,000 km?
of somewhat lower mountains and small glaciers north
of the highest Karakoram chain. The discharge of the
Upper Hunza is then doubled by its confluence with the
short Batura River that drains the ~300 km? Batura
Glacier (Gerrad 1990; Wohl 2000).

Stream-channel characteristics in the western Hi-
malaya are characteristically diverse, with alternating
reaches of exposed bedrock as well as long sections
of gravel-armored beds. Coarse bedload has two op-
posing roles in bedrock erosion (Sklar and Dietrich
1998, 2001) such that at low sediment concentrations,
an increase in gravel supply can provide more tools
with which water can erode the bedrock, whereas at
higher concentrations the channel bed can be pro-
tected. Rockfalls from unbuttressed walls during inter-
glacials in the western Himalaya (Hewitt 1998a, 1999)
can cause valley blocking and upstream sedimentation
above the bedrock. Incision rates appear to be highest
at intermediate levels of sediment supply and trans-
port capacity. On channels steeper than about 20 per-
cent, incision is probably dominated by episodic debris
flows.

River incision into bedrock links topography to tec-
tonics and climate but is poorly understood and is typ-
ically modeled using the so-called stream-power law
(Howard 1980; Sklar and Dietrich 1998), which is ap-
pealing and has been used by many because it has a
minimum number of parameters and can be empirically
calibrated from topographic data. Nevertheless, it is not
an actual physical law, is not directly process related,
and must be applied with care (Hancock, Anderson, and
Whipple 1998). In contrast, direct measures of incision
rates based on terrestrial cosmogenic nuclide (TCN)
surface exposure dating of strath terraces on the Indus
and Braldu Rivers (Burbank et al. 1996; Seong et al.
2008), and other rivers in the Himalaya, might pro-
duce the most reliable data concerning incision rates.
Along a 100-km reach, incision rates were found to

vary from ~1 mm per year! to 12 mm per year !,

which is quite commensurate with inferred high uplift
rates there (Zeitler 1985). Combined glacial and fluvial
incision rates on Nanga Parbat appear even higher at
~22 £ 11 mm per year—!' (Shroder and Bishop 2000)
but are highly episodic and unlikely to be sustained over
long periods. Nevertheless, highly focused river incision
can affect crustal structure in mountain belts by chang-
ing the distribution of stress in the crust (Beaumont
and Quinlan 1994; Wohl 2000; Koons et al. 2002).
Rapid exhumation results from advecting crust, which is
known as the tectonic aneurysm. This is considered the
case at Nanga Parbat in Pakistan and Namche Barwa in
Tibet (Zeitler, Koons et al. 2001; Zeitler, Meltzer et al.
2001; Finnegan et al. 2008).

Low-frequency, high-magnitude catastrophic floods
in the western Himalaya and trans-Himalaya might be
the single most important erosion process there because
they scour the bedrock and transport such large quan-
tities of sediment. Mass movement and glacial dams
can be many hundreds of meters high, with the re-
sult that lakes impounded behind the barriers can be-
come quite large. Eventually the impounded water will
overtop most landslide barriers, or float most glacial
ice, with the result that the large breakout floods can
erode and transport considerable quantities of sediment
(Cenderelli and Wohl 2003; Korup and Montgomery
2008). Imbricated flood boulders of up to 15 m in
size serve as evidence of this process in the K2 region

(Seong, Bishop et al. 2009).

Glaciers

The glaciers in this region over the last century were
much larger than they are today (Mayewski and Jeschke
1979). Evidence of this is found in moraine deposits at
high altitude, high-altitude erosion surfaces, and large
U-shaped valleys that exhibit striated and ice-polished
bedrock surfaces (Figure 2). Currently, there are more
than thirty glaciers over 20 km in length in the cen-
tral Karakoram. The glaciers in this region, including
the Batura, Hispar, Biafo, and Baltoro Glaciers, com-
prise some of the longest midlatitude ice masses in the
world. The surface gradients of the glaciers range from
very steep to gentle, with the largest glaciers often
having ablation areas with very low surface slope an-
gles (e.g., Baltoro Glacier has an average surface slope
angle of about 2 degrees over its lowermost 35 km).
Supraglacial debris covers most glaciers in their abla-
tion zone. The thickness of this supraglacial debris is
highly variable, although there is a general increase
down-glacier, with maximum depths greater than 5 m.
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Thick debris effectively insulates (Hagg et al. 2008),
thereby reducing ablation rates and allowing glaciers to
exist at lower altitudes. Most of the glaciers are of win-
ter accumulation type, reflecting the dominant influ-
ence of the midlatitude westerlies, although significant
monsoon-related summer snowfall does occur. Snow
and ice avalanching is significant given the extreme re-
lief and feeds many glaciers. Ice velocities have been
documented to increase by up to double in the sum-
mer compared to the winter due to increased meltwater

Figure 2. Ice-polished bedrock surfaces
on the south side of the Braldu Valley.

(Copland et al. 2009; Quincey et al. 2009), and many
glaciers actively incise the landscape (Figure 3).

The Karakoram is known for its many surging
glaciers, and new data indicate an increase in the num-
ber of surging and advancing glaciers (Hewitt 1969,
1998b, 2005, 2007; Copland et al. 2009). Glaciers in
this region are thought to be more responsive to change
in precipitation than in temperature (Derbyshire 1981;
Shi 2002; Owen et al. 2005), although systematic

ablation studies are limited to short-term measurements

Figure 3. Urdukas West Glacier is a trib-
utary glacier of the Baltoro Glacier sys-
tem on the south side of the valley. The
glacier has vertically incised into the
landscape generating steep valley slopes
and extreme relief. The width of the
glacier is approximately 261 m.
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such as Mihalcea et al. (2006). Unfortunately, individ-
ual glacier and regional mass balance trends are not
currently known with any certainty.

Climate Modeling

To better understand climate variations, we con-
ducted seventy-year simulations with a fully coupled
atmosphere—ocean general circulation model (see Bush
and Philander [1999] for details on the model configura-
tion). Specifically, we examine paleoclimate conditions
for the Last Glacial Maximum (LGM ~21 ka), 16 ka,
9 ka, and 6 ka, and compared results to modern climate
conditions. We also simulated a future climate scenario
assuming CO; forcing double that of the present day. In-
solation data in all simulations are from Berger (1992)
and ice-sheet topography is from Peltier (1994). The
atmospheric model is spectral and has an equivalent
spatial resolution of ~2.250 of latitude by 3.750 of lon-
gitude. The ocean model has comparable resolution.

Topographic heights are included in the model
by spectrally decomposing digital elevation data and
then truncating the resulting wave-number expansion
at the smallest wave-number resolved by the model
(wave-number thirty using a rthomboidal truncation
scheme). Any resulting Gibbs oscillations are damped
by a spectral smoothing technique (Navarra, Stern, and
Miyakoda 1994). Although the model resolution is rel-
atively fine from a global perspective, it is quite coarse
when examining results on spatial scales of hundreds of
kilometers. For this reason, spatial averages over mul-
tiple grid cells are commonly used to describe regional
climate fluctuations because the averaging procedure
produces statistically more significant and robust results.
Nevertheless, the global model is incapable of gener-
ating detailed results on spatial scales smaller than a
few hundred kilometers, and alternative methods such
as statistical downscaling (e.g., Easterling 1999; von
Storch and Navarra 1999; Schoof and Pryor 2001) or
nested modeling methodologies (e.g., Christensen et al.
2001; Raisanen, Rummukainen, and Ullerstig 2001) are
required to produce climate data in such fine spatial
detail. We specifically focus on temperature and snow
accumulation, as these parameters are most significant
in governing glacier fluctuations and erosion.

Our numerical simulations reveal a monotonic de-
crease in the amount of snow accumulation averaged
over the Himalayan area of 60-105°E, 24-44°N from
the LGM to today, and this trend continues most dra-
matically in a doubled CO; climate (Figure 4). Simu-

lated snow cover over the study region in the central
Karakoram, averaged over 70-80°E, 30-37°N, indicates
similar trends. As the atmosphere warms from a glacial
to interglacial state (and beyond), the amount of snow
accumulation in the western Himalaya decreases.

The spatial pattern of difference in snow accumu-
lation indicates large changes along the front range of
the Himalaya (Figure 5). From the LGM to 6 ka, snow
accumulation was higher than today along the entire
length of the front range that faces the influence of the
summer monsoon and its orographic precipitation. The
accumulation along the southwestern front of the Hi-
malaya was highest, however, in the 16 ka simulation
despite the fact that orbital obliquity, and hence mon-
soon strength, did not reach its maximum until 11 ka.
Dramatic decreases in snow accumulation in the dou-
bled CO; simulation occur across the entire study re-
gion. Our numerical simulation results indicate that the
area around and to the south of Nanga Parbat has been
in the past more susceptible to change than the central
Karakoram (Figure 5B-E). In a doubled CO; climate,
however, both regions are affected to a similar degree
in terms of reduced snow accumulation (Figure 5F).

Summertime radiative forcing in the region increases
between the LGM and 11 ka due to the increase in
Earth’s angle of obliquity. This strengthens the sum-
mertime monsoon and should, given the increase in
temperature, increase precipitation during the sum-
mer months. The decline in snowfall is indicative of
a change in type of precipitation, with more rainfall
occurring rather than snowfall in a warmer climate.

Interannual variability associated with ENSO is also
amajor factor regulating precipitation in this region. As
best as can be determined, during the LGM, ENSO was
frequent but of small amplitude (Bush 2007) and would
likely not have had as much influence on the sum-
mertime monsoon as it does today. The competition
between monsoon southwesterly winds and the midlat-
itude westerlies that flow over Europe and the Caspian
Sea is a delicate balance that determines the type of pre-
cipitation in this study region. If the monsoon is weak,
the midlatitude westerlies are able to penetrate further
east, bringing colder winds and more snowfall to the
region. If the monsoon is strong, however, then warm,
moist air dominates the region and snowfall is reduced
but rainfall is enhanced.

Compared with the climate through the last glacial
cycle, the most dramatic change simulated is the one
between today and that of a climate with doubled at-
mospheric CO;. For the study region, the simulated
change between today and a possible future climate is
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greater than the change between today and the LGM.
This reflects the fact that a doubling of atmospheric
CO; places our climate outside the bounds of the natu-
rally varying glacial and interglacial climates of the Late
Quaternary. Implications for future glacial mass balance
and freshwater resources for the countries in this region
are profound.

Timing and Style of Quaternary Glaciation

We examined the Quaternary glacial history of the
central Karakoram using geomorphic mapping of land-
forms and sediments and '°Be TCN surface exposure

dating of boulders on moraines and glacially eroded
surfaces (Seong et al. 2007). We mapped landforms
(strath terraces, flood deposits, and landslides) and as-
sessed '°Be TCN ages to better understand glaciations
and landscape evolution (Seong et al. 2008; Seong,
Bishop et al. 2009). Details of our methods related to
sampling and laboratory analysis for '°Be TCN dating
are provided in Seong et al. (2007, 2008; Seong, Bishop
et al. 2009).

We recognized four glacial stages in the Skardu
Basin and the Shigar and Braldu Valleys of the cen-
tral Karakoram, which were defined as Bunthang glacial
stage (>0.7 Ma), Skardu glacial stage (Marine Oxygen
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Figure 5. Annual mean snow accumulation (cm w.e.) over 73—-80E,
32-37N. K2 is depicted by a red circle and Nanga Parbat is repre-
sented by a red square. (A) Modern climate simulation (control),
with color scale range depicted overtop. (B-F) Last glacial maxi-
mum, 16 ka, 9 ka, 6 ka, and 2x CO,, respectively, with color scale
range depicted over B.

[sotope Stage [MIS] 6 or older); Mungo glacial stage
(MIS 2); and Askole glacial stage (Holocene). The
glacial geologic evidence shows that glaciers oscillated
several times during each glacial stage. Glacial advances
during the oldest stage, the Bunthang, were not well de-
fined because of the lack of preservation of landforms
and sediments. In contrast, the glacial geologic evi-
dence for the Mungo and Askole stages is abundant
throughout the study region and we were able to define
glacial advances that likely occurred at ~16, ~11-13,
~5,and ~ 0.8 ka (Figure 6). Furthermore, our data show
that the extent of each progressive glaciation through-
out the region became increasingly more restricted over
time (Seong et al. 2007; Seong, Bishop et al. 2009). In
the Braldu and Shigar valleys, glaciers advanced more
than 150 km during the Bunthang and Skardu glacial
stages, and glaciers advanced more than 80 km beyond
their present positions during the Mungo glacial stage.
In contrast, during the Askole glacial stage, glaciers
only advanced a few kilometers from present ice mar-
gins. We calculated the equilibrium-line depression for
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Figure 6. '°Be TCN surface exposure ages for boulders on the
moraines dated in the central Karakoram (from Seong et al. 2007).
(A) Scatter plots of ages on each moraine. Each box encloses one
landform. Marine oxygen isotope stages (MIS; after Martinson et al.
1987) are shown in light blue. The vertical scale changes from
20 ka and its boundary is marked by a light gray undulating line.
(B) Probability distributions for °Be TCN surface exposure ages of
each glacial advance after 18 ka. Each different color represents a
landform formed during a different glacial stage.

the Mungo glacial stage to be ~500 m (Seong, Bishop
et al. 2009).

Seong et al. (2007) argued that glaciers in the central
Karakoram likely responded to the same forcing that
caused changes in Northern Hemisphere oceans and
ice sheets. These changes are likely teleconnected via
the midlatitude westerlies and also to changes in mon-
soon intensity. Owen et al. (2008) highlighted the fact
that the extent of glaciation between adjacent regions
within the Himalayan—Tibetan orogen can vary consid-
erably. This is particularly well illustrated across north-
ern Pakistan and northern India for the Late Glacial at
about 14 to 16 ka, coincident with the Mungo glacial
stage of northern Pakistan. During this time in the
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central Karakoram an extensive valley glacier system
extended more than 80 km from the present ice margin,
whereas in the Hunza valley to the northeast and Muz-
tag Ata-Kongur Shan to the north, for example, glaciers
only advanced a few kilometers from their present po-
sition (Owen et al. 2002; Seong et al. 2007; Owen
et al. 2008; Seong, Owen et al. 2009). In Ladakh, to
the southeast of these regions, there is little evidence
of a glacier advance at this time, and when glaciers did
advance they were restricted to a few kilometers from
their present ice margins (Owen et al. 2006; Owen
et al. 2008). Furthermore, to the south of Ladakh, in
the Lahul Himalaya, glaciers advanced more than 100
km beyond their present positions at this time (Owen
et al. 2001; Owen et al. 2008). These contrasts in the
extent of glaciation within a relatively small region of
the Himalaya and trans-Himalaya highlight the impor-
tant local climatic gradients and the strong topographic
controls on climate forcing and glaciation.

Nevertheless, by recalculating all of the TCN ages for
moraine boulders and glacially eroded surfaces through-
out the Himalayan—Tibetan region, Owen et al. (2008)
were able to make broad statements regarding the syn-
chroneity of glaciation. In essence, glaciers throughout
monsoon-influenced Tibet and the Himalaya and the
trans-Himalaya (including the central Karakoram) ap-
pear to have responded in a similar fashion to changes
in monsoon-driven and Northern Hemisphere cooling
cycles alone. In contrast, glaciers in the far western
regions of the Himalayan-Tibetan orogen are asyn-
chronous with the other regions and appear to be
dominantly controlled by the Northern Hemisphere
cooling cycles and by the influential interaction be-
tween the relative strengths of the westerlies and the
summer monsoon.

Geomorphometry

Such dramatic glacier fluctuations generate extreme
relief and U-shaped valleys. Relief, however, might not
always be related linearly to erosion and erosional effi-
ciency. For glacier erosion, research has indicated that
glaciation can limit relief up to some altitude approach-
ing the equilibrium-line altitude (ELA) and that ero-
sion fluctuations at the ELA can generate extreme relief
(Brozovic, Burbank, and Meigs 1997; Bishop, Shroder,
and Colby 2003). Given the anisotropic nature of relief,
as a function of a variety of surface processes and de-
formation, it is necessary to quantitatively characterize
the topography and compare high-relief regions, as the
topography inherently represents the interplay among

climate, tectonics, and surface processes (Wobus et al.
2006).

We conducted an analysis of the topography over
the western Himalaya of Pakistan using Shuttle Radar
Topographic Mission (SRTM30) data, acquired from
the Spaceborne Imaging Radar-C. The SRTM30 data
were constructed at thirty arc-second spacing, similar
to GTOPO030 data. GTOPO30 data points were used
where SRTM data were invalid (i.e., radar shadows).
We projected the data set (Universal Transverse Mer-
cator) and resampled (bilinear interpolation) it to gen-
erate an SRTM30 data set with a grid resolution of 1
km. Given the coarse resolution of the data set, altitude
estimates and slope angle magnitudes are generalized
and underestimated. The projected SRTM30 data set,
however, adequately characterizes the relief structure of
the landscape and permits a first-order assessment of the
topography.

Geomorphometric analysis consisted of analyzing
and comparing topographic regions (14,400 km?) that
were centered on high-altitude peaks including Batura
Mustagh, Distaghil, K2, Nanga Parbat, and Rakaposhi
(Figure 7A). Hypsometric analyses permitted an exami-
nation of the altitude/area relationship and the relative
amount of mass removed from each region. It is impor-
tant to note that the relative patterns of hypsometric
curves are generally related to erosion potential, al-
though the hypsometric integral does not represent an
absolute magnitude of erosion given systematic and
nonsystematic biases in the digital elevation model
(DEM).

Scale-dependent analysis of the topography was used
to characterize the relief structure of each region.
Specifically, we performed semivariogram analysis and
compared every grid cell to every other grid cell within
each region. Within an n,x ny grid there will be N
point pairs, where N = n? (ni —1)/2. The variance
component is Az = (z; — z3)?, and the horizontal dis-
tance is Ax = [(x; — x2)* + (y1 — y2)?]°°. The vari-
ance was summed over a binned horizontal distance
interval (1 km).

We also conducted spatial analysis to assess
the degree of landscape concavity and convexity.
The approach represents a hemispherical analysis of
the topography to measure the angular relation between
the surface relief and the multidirectional horizon-
tal distances. Yokoyama, Shirasawa, and Pike (2002)
referred to this measure as openness and provided a
quantitative description of positive openness (P) and
negative openness (N). We computed P and N images
using a radius distance of 30 km around each grid cell
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Figure 7. Subsection of the Shuttle Radar Topographic
Mission (SRTM30) data set that was used for geomor-
phometric analysis. (A) Geomorphometric analysis of 120
x 120 km regions included Nanga Parbat (green dot),
Rakaposhi (red dot), Batura (blue dot), Distaghil (ma-
genta dot), and K2 (yellow dot). (B) Positive-openness
measure. Dark gray tones represent concavity, and lighter
gray tones depict convexity. (C) Negative-openness mea-
sure. Light gray tones represent concavity, and darker gray
tones represent convexity.

(Figure 7B, C). We wanted to investigate the poten-
tial of landscape convexity and concavity to be used for
assessing spatial variations in relief.

Hypsometric analysis revealed that the majority of
the K2 massif (88 percent) occurs between 4,000 and
6,000 m asl, with an estimated mean elevation of 5,064
m asl. Average altitudes for the Nanga Parbat (3,598
m asl), Rakaposhi (3,895 m asl), and Distaghil (4,609

S A 'a 2
W AR q ‘

m asl) regions depict a systematic north and easterly
increase in average altitude toward K2.

The hypsometric curve for the K2 region is similar
in shape to Nanga Parbat’s depicting similar relief at
high altitudes due to deep glacier erosion, although less
pervasive river incision at lower altitudes accounts for
more mass there at K2 (Figure 8). In contrast, the Raka-
poshi curve reveals more high-altitude land mass and a
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similar low-altitude mass distribution, whereas the Dis-
taghil region exhibits relatively more land mass at all
altitudes. This indicates a difference in the surface pro-
cesses responsible for erosion at various altitudes and
the degree to which incision and hillslope processes
dominate mass removal.

These results can be viewed from a denudational
unloading perspective by comparing the hypsometric
integrals (HI). Nanga Parbat exhibited the lowest HI
(0.3789). Going north, Rakaposhi and Batura are char-
acterized by HI values of 0.4125 and 0.4586. To the
west of K2, Distaghil exhibits a value of 0.5268, and
the K2 value is 0.3986. This suggests that denuda-
tional unloading is greatest at Nanga Parbat and K2,
compared to the Hunza region of the Karakoram. In
addition, these two regions exhibit the hypsometric sig-
nature of the glacial buzzsaw model. Given the rela-
tive high mean altitude of the K2 region and relatively
large glaciers, we might expect K2 to exhibit the lowest
integral value, although the removal of glaciers with
respect to DEM altitude values would produce a lower
value.

Assuming that greater relief is related to the magni-
tude of erosion, our variogram analysis reveals a differ-
ent pattern. The Rakaposhi region exhibits the greatest
relief at all lag distances (Figure 9). This is consistent
with the coupled river-incision and slope-failure model.
At lag distances <18 km, the Distaghil region exhibits
greater mean relief than Nanga Parbat, but Nanga Par-

0.7

bat exhibits greater relief at lag distances >18 km. The
relatively high mean relief characterizes the influence
of the size of the fluvial drainage network. K2 exhibits
the least amount of relief at all lag distances and the
relief signature is best explained by the glacial buzzsaw
model.

Analysis of the concavity and convexity patterns in
the topography of the western Himalaya provides in-
sight into the nature of erosion. The positive-openness
measure uses the minimum zenith angle to characterize
concavity and convexity (Figure 7B). The magnitude
of the concavity is related to the mesoscale relief. The
spatial patterns of concavity clearly show regions of re-
lief where erosion has removed more lithospheric mass.
Spatially contiguous concavity zones include Nanga
Parbat and the Hunza region (Rakaposhi, Batura, Dis-
taghil). These patterns explain the increased scale-
dependent relief at Nanga Parbat, Rakaposhi, Batura,
and Distaghil. K2 does exhibit significant mesoscale re-
lief immediately surrounding the mountain, although it
exhibits less of a spatial predominance of extreme relief
compared to the aforementioned regions. Furthermore,
areas of low relief include the Kohistan region to the
west of Nanga Parbat and the Deosai plateau to the east
of Nanga Parbat.

The negative-openness measure of concavity and
convexity provides additional insight into the nature of
erosion (Figure 7C). This measure uses the maximum
zenith angle to characterize concavity and convexity.
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The spatial patterns and magnitude of concavity iden-
tify the influence of river incision and the drainage
network on the landscape. For example, the relatively
high-magnitude concavity identified the rapid river in-
cision associated with the Indus and Astor Rivers near
Nanga Parbat, where rapid uplift is known to occur
(Zeitler, Koons et al. 2001; Zeitler, Meltzer et al. 2001).
Collectively, these results demonstrate the polygenetic
nature of erosion and relief production, as a particular
landscape will exhibit multiple geomorphometric sig-
natures that characterize different landscape evolution
models.

Glaciological Observations

Glaciological measurements in the K2 region of the
central Karakoram in summer 2005 focused along a
~50 km length of Godwin Austen and Baltoro Glaciers
below K2, as well as the nearby Biafo Glacier. To date
even basic information such as ice depths and surface
velocities are poorly known for these ice masses, yet this
information is crucial for understanding glacier response
to climate change and the role of glacier erosion in
landscape evolution.

Surface Velocities

We made surface velocity measurements from the re-
peated positioning of a total of seventeen fixed markers
with a Trimble R7 differential Global Positioning Sys-

20 25 30 35 40 45 50 55 60 65 70 75 80

Lag Distance (km)

tem (dGPS) unit. The interval between measurements
varied between twenty-eight days for Biafo Glacier and
six to twenty-two days for Baltoro Glacier (Quincey
et al. 2009), although velocities are expressed in units
of m per year™!' here for standardization. Permanent
dGPS base stations do not exist in this region, so a tem-
porary one was established in Skardu and run for the
entire summer. We used the Precise Point Positioning
technique and Trimble Geomatics Office software to
process the dGPS data.

Velocities at the terminus of Biafo Glacier were 1.0 m
per year~! for a point located ~300 m from the termi-
nus and 5.0 m per year~! for a point located ~500 m
from the terminus (Figure 10). These low values are
characteristic for the lower parts of glaciers, although
they also indicate that the glacier is active all the way
to its terminus. This is further confirmed by Copland
et al. (2009), who used feature tracking to determine
velocities across the entire Biafo Glacier and found that
velocities were low (<15 m year™!) across most of the
lower terminus but averaged 100 to 150 m per year™!
across most of the main ablation zone.

Surface velocities on Baltoro Glacier were gener-
ally much higher than Biafo, with a peak of ~240 m
per year~! recorded at two stakes at Gore II, ~12 km
downglacier from Concordia (Quincey et al. 2009). Be-
low this point the velocities gradually decreased over a
distance of 23 km to a minimum of 10 m per year™! at
the glacier terminus. Velocities in the Concordia and
K2 regions above Gore Il varied between 125 and 168 m
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Figure 10. Ice depthsin meters (green dots) and velocities in meters
peryear™! (red arrows) measured across the terminus of Biafo Glacier
in summer 2005.

per year~!. Comparisons with velocities derived from
Synthetic Aperature Radar satellite imagery, feature
tracking, and other field measurements (Mayer et al.
2006; Copland et al. 2009; Quincey et al. 2009) indi-
cate generally good agreement for summer patterns but
that the dGPS velocities are much higher than winter
velocities over most of the glacier > 10 km upglacier
from the terminus. These patterns suggest that motion
of the lowermost ~10 km of the glacier is largely driven
by ice deformation, whereas motion over the remainder
of the ablation zone is dominated by basal sliding, with
summer speed-ups of 200 percent or more compared to
winter patterns (Quincey et al. 2009).

Surface Melt Rates

To sample a few surface melt rates, we placed abla-
tion stakes at bare ice locations across Baltoro Glacier
and remeasured them over periods of seven to nineteen
days. The rates decreased with altitude, varying between
6.52 cm per day~! at 3,907 m, 5.91 cm per day~! at
4,055 m and 3.03 cm per day~! at 4,837 m during a
period with generally sunny weather and few clouds.
These patterns agree well with those of Mihalcea et al.
(2006), who also found a clear relationship between
elevation and surface melt rates at Baltoro Glacier. Mi-

Figure 11. View of the lowermost differential Global Positioning
System measurement location on Baltoro Glacier (lower right fore-
ground), with the tributary Uli Biaho Glacier visible in the back-
ground. Supraglacial debris thicknesses across the terminus of Bal-
toro Glacier are typically >1 m.

halcea et al. (2006) also found strong relationships be-
tween surface melt rates and surface debris thicknesses,
with surface melt rates < 2.0 cm per day~! when debris
depths were > 0.10 m, regardless of elevation. Given
the thick supraglacial debris cover over the lower part
of Baltoro Glacier (Figure 11), it is likely that little
melting occurs there.

The surface melt patterns provide an explanation
for the observed velocity patterns, as the regions where
the highest seasonal velocity variations occur are lo-
cated at the lowest elevations where there is a bare
ice surface. In these locations, large volumes of surface
meltwater can make their way to the glacier bed via
moulins and crevasses (Quincey et al. 2009) and pro-
duce high summer basal sliding rates. In contrast, the
thick debris cover over the lowermost 10 km of the
glacier occurs in a region where there is generally slow
motion and a dominance of internal ice deformation.
In this region the surface melt occurs only very slowly,
producing little direct meltwater input to the glacier
bed. The large volumes of meltwater from upglacier are
presumably carried in hydraulically efficient subglacial
channels that can remain open due to the low ice depths
over the terminus.

Ice Depths

We measured ice depths with a monopulse ground-
penetrating radar (GPR) system with a transmitter

based on the design of Narod and Clarke (1994). The
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receiver consisted of an airwave-triggered Tektronix
digital oscilloscope connected to a handheld computer.
We typically used a center frequency of 10 MHz, al-
though in locations where the ice was particularly deep
and the bed could not be seen at 10 MHz, we used 5
MHez. Errors in the ice-depth measurements are typically
quoted as 1/10 of the transmitted wavelength (Bogorod-
sky, Bentley, and Gudmandsen 1985), which equates to
+1.7 m at 10 MHz and 43.4 m at 5 MHz. The radio-
wave velocity of the GPR signals through the ice was
assumed to be 0.168 m per ns~!, an average value for
temperate ice (Macheret, Moskalevsky, and Vasilenko
1993). We used a handheld Garmin eTrex GPS unit to
locate the position of each GPR measurement to within
+10 m horizontally.

We measured ice depths at two profiles across Biafo
Glacier, at distances of ~1 km and ~2 km from the
ice front at surface elevations of ~3,200 m asl (Fig-
ure 10). The depths varied between 23 m and 85 m
across the lower transect and 49 m and 96 m across the
upper transect, in a part of the glacier that is heavily
debris covered (average debris thickness ~1 m). The
only other previous GPR measurements in this region
were completed by Hewitt et al. (1989), who measured
centerline ice depths of ~500 to 700 m at a transect
~25 km upglacier from the terminus (4,100 m asl) and
depths up to ~1,400 m at the equilibrium line ~45
km upglacier from the terminus (4,650 m asl). These
authors cautioned, however, that the measurements at
the equilibrium line had a high degree of uncertainty.

On Baltoro Glacier, the greatest ice depth of 171 m
occurred in proximity to the stakes with highest surface
velocities at Gore II, with depths generally decreas-
ing to a minimum of ~40 m at the glacier terminus
(Figure 12). Ice was 141 to 155 m thick in the region
of K2 base camp, although no successful measurements
were made in the Concordia region. We suspect that the
ice there was deeper, or perhaps the presence of more
basal meltwater precluded our measurements with the
GPR system, particularly because the ice is likely warm
based. Desio, Marussi, and Caputo (1961) and Caputo
(1964) reported measurements of ice depths on Bal-
toro Glacier that were determined using a gravimetric
method in the mid-1950s for three locations:

1. At Urdukas, gravimetric ice depths were determined
to be ~170 to 400 m, compared to depths up to 144
m in our study.

2. At Concordia, gravimetric ice depths were measured
at up to ~850 m.

Figure 12. Ice depths (m) measured along Baltoro Glacier for sum-
mer 2005.

3. At K2 base camp, gravimetric ice depths were ~150
to 250 m, compared to 155 m in this study.

The gravimetric method exhibits a high degree of
uncertainty and is therefore no longer used in glaciol-
ogy, although the lower range of numbers just quoted
are broadly comparable to the GPR measurements at
Urdukas and K2 base camp. Given that the gravimet-
ric method appears to have overestimated most depths,
however, it is quite possible that ice depths at Concor-
dia are lower than those quoted by Desio, Marussi, and
Caputo (1961) and Caputo (1964). Based on repeat
terrestrial photography of Concordia in 1912 and 2004,
and the terminus of Baltoro Glacier in 1954 and 2004
(Mayer et al. 2000), there is little evidence that ice
surface lowering has caused the differences in measured
ice depths.

Discussion

Our climate simulations reveal a systematic pattern
of increasing annual temperature and decreasing snow
accumulation in the central Karakoram since the LGM.
This result is consistent with long-term glacier retreat in
the region (Mayewski and Jeschke 1979) and geomor-
phological evidence of extensive glaciations that gen-
erated high-altitude glacier erosion surfaces, U-shaped
valleys exhibiting extreme relief, and extensive land-
slides that were most likely the result of debuttress-
ing due to glacier retreat (Seong et al. 2007; Seong,
Bishop et al. 2009). Furthermore, our paleoclimate sim-
ulations support our geochronology results of major
glacier advances at ~16 and 11 ka, as snow accumu-
lation was greater than modern-day conditions, and
an enhanced monsoon in the Holocene would have
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contributed much more summer snowfall compared to
contemporary conditions.

Extensive glaciations during the Quaternary resulted
in much greater ice depths than were measured in 2005,
and our glacial reconstructions indicate that the ice was
~1 km thick in the Baltoro Valley near Biafo Glacier
and much more extensive (Seong et al. 2007). There-
fore, based on our current understanding of glacier ero-
sion (ice depth and basal sliding velocity are the primary
controls on abrasion), the magnitude of glacier erosion
was much higher than contemporary erosion rates given
more spatial coverage, thicker ice, and positive ice dis-
charge. Furthermore, given the long-term retreat pat-
tern caused by increasing temperatures and decreasing
snow accumulation, glacier erosion during the retreat
phases might have been greater than during advances, as
increasing temperatures would produce more meltwater
that governs basal water pressure, sliding velocity, and
glacio-fluvial erosion. Koppes and Hallet (2006) indi-
cated that there is a strong correlation between glacial
retreat rates and glacial sediment yields.

Our geomorphometry results clearly indicate that re-
lief is not linearly correlated with the HI in Pakistan. Al-
though the K2 region of the central Karakoram exhibits
the highest altitudes and high exhumation rates, it ex-
hibits the lowest relief, yet the region has experienced
significant erosion and exhumation (Foster, Gleadow,
and Mortimer 1994; Seong et al. 2007, 2008). This
apparent contradiction can be explained by nonlinear
relationships between erosion and relief production.

Scale-dependent analysis revealed that in the ab-
sence of local high-discharge rivers and a spatially dense
drainage network, variation in relief is dramatically re-
duced. As the K2 region of the central Karakoram has
been dominated by glaciation and glacierization, glacier
erosion can limit the relief at intermediate altitudes
(Brozovic, Burbank, and Meigs 1997; Bishop, Shroder,
and Colby 2003), thereby decreasing the variability in
scale-dependent relief. Relatively low slope angles at in-
termediate altitudes document the erosion and redistri-
bution of material by glaciers from 4,000 to 6,000 m asl.
These low slope angles represent actual glacier surfaces
or high-altitude erosion surfaces from past glaciations.
These are classic signatures of a glacial buzzsaw. It is
clear that the K2, Nanga Parbat, and Hunza regions
have been significantly affected by glaciation, although
the subsequent influence of local river incision and mass
movement can increase local relief.

The highest scale-dependent relief occurs in the
Hunza and Nanga Parbat regions and mesoscale relief
patterns indicate that these regions are active erosion

zones currently dominated by large-scale river incision
and mass movement. The Hunza region exhibits more
scale-dependent relief than Nanga Parbat because of an
extensive fluvial drainage network. Our climate simu-
lations suggest that the Hunza erosion zone, as depicted
by mesoscale concave relief patterns, is the result of cli-
mate forcing. The region exhibits a negative snow ac-
cumulation anomaly in paleoclimate simulations that
represent increased rainfall due to an intensification of
the monsoon, where increased precipitation and associ-
ated river incision and mass movement explain the high
scale-dependent relief. Furthermore, spatial patterns of
precipitation have been found to be strongly controlled
by topography in the Himalaya, and considerable vari-
ability exists at scales of ~10 km (Anders et al. 2006;
Barros et al. 2006).

The K2 region of the central Karakoram is domi-
nated by large glaciers and has less drainage network
to produce additional local relief. This indicates that
large-discharge rivers might not be required to focus
erosion and produce uplift zones. At intermediate to
higher altitudes, deep valley-glacier erosion and head-
wall erosion can effectively remove rock and sediment,
whereas protective cold-based ice and permafrost on
the highest peaks permits ridge and peak formation.
Glacier mass-balance gradients determine the availabil-
ity of meltwater for river incision and hillslope adjust-
ment down-valley at lower altitudes. Consequently, in
high mountain environments, glaciation both directly
and indirectly alters the relief structure of the land-
scape differently with altitude. These differences can be
attributed to the degree of temporal overprinting and
spatial overlap of glacial events, such that at interme-
diate altitudes, the degree of spatial overlap is less than
at high altitudes.

Therefore, with respect to glacier erosion and relief
production, we should not expect relief to be related lin-
early to the magnitude of glacier erosion, as relief might
not scale with erosional efficiency. Whipple (2009) in-
dicated that erosional efficiency should be associated
with a decrease in relief. Numerous parameters such as
rock strength, topographic-induced stress fields, basal
water pressures, basal sliding velocity, ablation rates re-
lated to climate and supraglacial debris loads, and other
erosion processes determine the magnitude of glacier
erosion, and isostatic and tectonic uplift operate at com-
pletely different spatio-temporal scales. Furthermore,
glacier-erosion efficiency is most likely highly spatially
variable in the Himalaya, as characterized by research
on regional precipitation variability (e.g., Anders et al.
2006), our geomorphometric analysis, and mesoscale
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relief variations that show little relief over the Kohistan
region and Deosai plateau. Recent work by van der Beek
et al. (2009) indicated that these two regions represent
preserved remnants of the Eocene Tibetan plateau that
have been glaciated and exhibit slow denudation. This

. Crustal Thickening |
| Uplift :
s |
| Deformation |
b e s s mmwes ey s J

demonstrates extreme spatio-temporal variability in the
influence of glacier erosion in this region. Furthermore,
large glaciers once flowed down all the major valleys
in this region, significantly contributing to relief pro-
duction. Such variability in climate change and erosion
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patterns indicates that the landscape is unlikely to reach
equilibrium in terms of mass or topographic steady state.

Modern-day glaciological conditions indicate that
the glaciers are highly active and responding to cli-
mate forcing. The region is currently experiencing an
increase in precipitation according to European reanal-
ysis and Tropical Rainfall Measuring Mission data, and
this appears to be associated with an increase in glacier
surging and an expansion of nonsurging glaciers, as
observed in satellite imagery. Furthermore, abundant
meltwater and high glacier ice velocities indicate that
glacier erosion potential might be increasing (Quincey
et al. 2009).

Our more recent regional climate modeling simula-
tions suggest that future increases in precipitation might
be related to the strength of the westerly winds that
are correlated with ENSO conditions. If this can be
verified, these results would be in direct opposition to
the hypothesis of an enhanced monsoon due to global
warming (Anderson, Overpeck, and Gupta 2002). It is
yet unclear whether an intensification of ENSO precip-
itation events or increases in atmospheric temperature
will facilitate further glacier expansion or result in neg-
ative mass balance that will regulate the magnitude of
glacier erosion. QOur global climate simulation results
suggest a future regional negative mass-balance trend.

Clearly, climate forcing has had a significant influ-
ence on landscape evolution in the western Himalaya
of Pakistan. Large glaciers and glacier fluctuations have
removed significant mass, thereby causing isostatic and
tectonic uplift. The climate-versus-tectonic forcing hy-
potheses are difficult to relate directly, as numerous
feedback mechanisms are involved, and direct linkages
among climate, erosion, and tectonics must be estab-
lished to demonstrate a tectonic response to climate
change. Another important issue is whether active oro-
genic zones are carbon sinks or sources. Silicate weath-
ering and the drawdown of atmospheric CO; could
cause global cooling; however, climate simulations and
radiative forcing explain glacier fluctuations in the Qua-
ternary. Furthermore, chemical analyses of hot springs
in the Himalaya suggest that active orogenic zones are
sources of CO; caused by metamorphic reactions (Gail-
lardet and Galy 2008).

Climate forcing would intensify the geomorphic in-
fluence on crustal scale processes such that enhanced
erosion causes the upward flow of hot, low-viscosity
crustal rock into areas or localized uplift zones (Koons
et al. 2002; Whipple 2009). Rapid erosion gener-
ates topographic stresses that reduce rock strength
and intensify erosion in a positive feedback, thereby

generating a strong crustal temperature and pressure
gradient. Decompression melting and metamorphism
is associated with rock flow along the gradient. Such
erosional-rheological coupling can explain the pres-
ence of active metamorphic massifs (Koons et al. 2002).
Metamorphic degassing of CO; would increase at-
mospheric concentrations. If this is the case, climate
forcing and mountain building would inject CO; and
warm Earth, resulting in limited glacier expansion and
deglaciation. The hypothesis of orogenic CO; source
contradicts the tectonic-forcing hypothesis and is de-
pendent on the thermal history of the orogenic zone
(Gaillardet and Galy 2008). Consequently, the climate-
forcing hypothesis is predicated on whether mountain
ranges are a net source or sink of atmospheric CO,
and we must account for different processes and time
scales such as the consumption of CO; by rock weath-
ering (silicate and carbonate), the balance of organic
matter burial and oxidation, and the fluxes of CO; de-
gassing. It is also imperative that we better characterize
the topography with respect to erosional efficiency and
tectonic response so that the patterns of erosion and
tectonics can be more directly related to climate forc-
ing parameters.

Conclusions

Mountain geodynamics represent highly scale-
dependent interactions involving climate, tectonic, and
surface processes (Figure 13). The western Himalaya in
Pakistan potentially exhibits strong climate—tectonic
feedbacks, although the tectonic and topographic re-
sponses to climate perturbations have not been sys-
tematically explored. Nevertheless, the region exhibits
unique patterns of topographic complexity, erosion, and
exhumation.

Our GCM and regional-climate simulations suggest
that the region has experienced extreme climate change
due to radiative forcing and regional system response
(i.e., westerlies, southwestern monsoon) to ENSO con-
ditions. Paleoclimate simulations support geomorpho-
logical evidence of multiple glaciations and overall
glacier retreat since the Holocene. High-magnitude
glacier erosion has resulted in extreme relief, U-shaped
valleys, high-altitude erosion surfaces, and extensive
mass movements.

Our analysis of the topography indicates that relief
is not related linearly to mass removal and erosional ef-
ficiency, as different surface processes and process cou-
plings generate different topographic conditions that
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vary with altitude and geologic structure. Consequently,
in some locations the topography contains overprint-
ing patterns regarding the polygenetic evolution of the
landscape. This is not the case where high erosion and
uplift rates generate threshold topography that might
not sustain relief. Furthermore, mesocale relief patterns
clearly depict erosion zones that are spatially coincident
with precipitation anomalies, high peaks, and rapid ex-
humation. Mesoscale relief patterns demonstrate ex-
treme spatial and temporal variability in the influence
of glacier erosion in the topographic evolution of the
region. Collectively, our results demonstrate a strong
linkage between climate change and the topographic
evolution of the central Karakoram in Pakistan. Never-
theless, Figure 13 clearly depicts that although climate
and erosion play a significant role, the system is com-
plex, with multiple feedback pathways and mechanisms
operating at a multitude of spatio-temporal scales, such
that the dominance of any particular component, pro-
cess, or parameter of the system is likely to be highly
variable and difficult to know with certainty. It is es-
sential that we better characterize the topography with
respect to erosional efficiency and tectonic response, so
that the patterns of erosion and tectonics can be more
directly related to climate forcing parameters.
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