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Abstract

New geologic mapping in the Marsyandi Valley of central Nepal reveals the existence of tectonically significant
Quaternary thrust faults at the topographic front of the Higher Himalaya. The zone of recent faulting is coincident
with an abrupt change in the gradient of the Marsyandi River and its tributaries, which is thought to mark the
transition from a region of rapid uplift in the Higher Himalayan ranges to a region of slower uplift to the south.
Uplift of the Higher Himalaya during the Quaternary is not entirely due to passive uplift over a deeply buried ramp in
the Himalayan sole thrust, as is commonly believed, but partially reflects active thrusting at the topographic front.
The zone of active thrusting is also coincident with a zone of intense monsoon precipitation, suggesting a positive
feedback relationship between focused erosion and deformation at the front of the Higher Himalayan ranges.
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1. Introduction

Defining the southern margin of the Tibetan
Plateau, the Higher Himalayan ranges include
Earth’s highest mountains and deepest gorges.
Their rugged topography contrasts markedly
with that of the Lower Himalayan ranges farther
south, which display only moderate relief and

* Corresponding author. Tel.: +01-617-253-2927.
E-mail address: kvhodges@mit.edu (K.V. Hodges).

have maximum elevations of generally less than
3000 m. This distinction implies that the Higher
Himalaya are being uplifted relative to the Lower
Himalaya. While geodetic studies have confirmed
this [1-3], the way in which differential movement
between the two physiographic provinces relates
to deformational structures is not well under-
stood. The most prevalent model [3-5] holds
that Holocene uplift of the Higher Himalaya is
passive and related to episodes of seismic slip
and interseismic strain accumulation on a deep-
seated ramp in the Himalayan sole thrust (HST;
Fig. 1a). In this model, no active, surface breaking
thrusts occur north of the trace of the Main Fron-
tal thrust (MFT). An alternative interpretation [6]
is that the Lower Himalaya/Higher Himalaya
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transition — hereafter referred to as ‘Physiographic
Transition 2’ (PT,) for consistency with earlier
work [7] — is marked by active, surface-breaking
faults that root directly into the HST and accom-
modate differential uplift in an active way (Fig.
1b). In most sectors of the central Himalayan or-
ogen, these hypotheses are impossible to test using
geologic observations because PT, is covered by
dense, subtropical jungle and rock exposures are
limited. However, the recent construction of a
road along the Marsyandi River, in the Annapur-
na region of central Nepal, provides unprece-
dented roadcut exposures across PT, as well as
new access routes to previously unstudied river-
side outcrops. Here we describe the results of de-
tailed structural mapping along this transect (Fig.
2), which provides direct evidence for Quaternary
surface-breaking deformation at PT,.

a.
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2. Tectonic stratigraphy

Bedrock near PT, in the Marsyandi drainage
can be separated into three units. The northern-
most and structurally highest unit (the Bahunda-
da Gneiss) includes pelitic gneisses and granites,
the latter indicative of ~22-23 Ma melting dur-
ing metamorphism [8,9]. It is underlain by a pack-
age of mixed rock types, the Siurun Complex. The
predominate rock type in this unit is a pelitic
schist, but other lithologies include granitic or-
thogneisses, marbles, and quartzites. The lower-
most package (the Kuncha Schist) is made up al-
most exclusively of pelitic schists and phyllites
similar in composition to the schists of the Siurun
Complex.

Integrated petrologic and Th/Pb geochrono-
logic studies by Catlos and co-workers in the
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Fig. 1. Models for Holocene uplift of the Higher Himalaya and the spatial distribution of thrust activity. Crustal structure after
[5,7], with earthquake hypocenters (gray circles) from [39]. Major fault systems: Himalayan Sole thrust (HST), Main Frontal
thrust (MFT), Main Boundary thrust (MBT), Main Central thrust (MCT), and South Tibetan fault (STF). Patterned zone bound
to the north by the MCT represents the Lesser Himalayan duplex. (a) ‘Passive’ model [4,5] in which uplift of the Higher Hima-
laya is related entirely to movement of hanging wall rocks over a ramp in the HST beneath the Lesser Himalayan—-Higher Hima-
layan transition (PT;). The active fault system is shown in bold. During interseismic intervals, when the HST is locked, uplift is
thought to be related to strain accumulation over the ramp [3]. (b) Alternative ‘active’ model [6] in which uplift is related to
faults that ramp to the surface near PT,. Active faults (bold) include reactivated segments of the MCT system and both new and
reactivated structures of the Lesser Himalayan duplex. Both models may be correct at different times during the Quaternary peri-
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Fig. 2. Simplified geologic map of the Marsyandi River valley near PT,. The northern boundary of the zone of intense post-Mio-
cene deformation lies just north of the area shown in the figure. Fission-track apatite (ap) and “’Ar/*’ Ar muscovite (ms) cooling
ages are from [15] and [13]; both references include additional data for samples collected north and south of the study area.
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Marsyandi Valley [9] show that these three rock
packages experienced different metamorphic his-
tories. Both the Bahundada and Siurun units
were metamorphosed to amphibolite facies, but
peak pressures and temperatures were achieved
at significantly different times in the two rock
packages: ~750°C, 1200 MPa in the Bahundada
Gneiss at ~22-23 Ma, and 600-650°C, 950-1100
MPa in the Siurun Complex at ~ 18 Ma. Catlos
and co-workers [9] obtained no thermobarometric
data for the Kuncha Schist in the area of Fig. 2,
but samples collected at a somewhat deeper struc-
tural level record conditions of 550°C, 650 MPa.
Significantly, 8.1-3.3 Ma Th/Pb monazite dates
for the Kuncha Schist showed that metamorphism
in this unit is much younger than that in the over-
lying Bahundada and Siurun units.

The three bedrock units are overlain by Quater-
nary sedimentary deposits. Although a more sys-
tematic investigation is warranted, we tentatively
identify at least four separate kinds of Quaternary
strata. Older and younger generations of locally
derived bedrock landslide deposits (QI1 and QI2,
respectively) have been identified based on over-
lap relationships. They have total volumes of up
to several cubic kilometers; only the largest are
shown on Fig. 2. QI landslides appear stabilized
by new-growth vegetation, whereas QI2 landslides
do not. In many cases, extremely steep cliffs are
formed in the QI2 landslides and they are almost
certainly recent. A maximum age for the QI2
landslide shown on Fig. 2 is suggested by the ob-
servation that it has overridden an alluvial terrace
that is thought to be correlated with ~4 ka ter-
races further downstream [10,11]. This terrace and
others in the map area consist of poorly sorted
conglomerates and intercalated sandstones labeled
Qt in Fig. 2. The youngest Quaternary deposits
are unconsolidated sediments of alluvial and col-
luvial origin (Qac).

3. Deformational features

At the regional scale, the Kuncha and Siurun
units correlate with what is traditionally referred
to as the Lesser Himalayan sequence, while the
Bahundada Gneiss correlates with the Greater Hi-

malayan sequence [12]. The Siurun-Bahundada
contact thus corresponds to the principal fault
of the Main Central thrust (MCT) system, a ma-
jor deformational feature that has been traced
along much of the length of the Himalayan chain.
Here, as is the case elsewhere in the orogen, initial
MCT displacement took place in Early Miocene
time [8]. However, the principal MCT fault in the
Marsyandi Valley (the Nalu thrust in Fig. 2)
clearly shows evidence of post-Early Miocene
slip because it separates units with different meta-
morphic histories [9].

New exposures in the valley display two gener-
ations of fault-related fabrics that postdate Early
Miocene amphibolite facies metamorphism in the
Bahundada and Siurun units. The earliest includes
low-temperature (greenschist facies) fabrics that
persist for ~7 km upstream and downstream
from the Nalu thrust in the form of numerous
discrete, 1-5-m-wide shear zones that dip 30-
50°N. Fabric asymmetries indicate SSW-directed,
thrust-sense motion on these features. Samples of
synkinematic muscovite collected from two small
shear zones of this generation (Fig. 2) yielded
29+40.1 and 3.1£0.1 Ma (20) *Ar/°Ar dates
[13]. Since the temperature of muscovite growth
during retrogression most likely was not much
greater than the closure temperature for “°Ar dif-
fusion in muscovite [14], we interpret the age of
the shear fabrics as ~3-4 Ma. These ductile fab-
rics are overprinted by brittle fabrics (breccia
zones and cataclastic shear bands) along some
of the largest shear zones and the Nalu thrust.
Because the temperatures at which these brittle
fabrics formed must have been substantially lower
than the temperatures at which the ductile shear
zones formed, the younger fabrics are likely to be
of Pleistocene age. Direct evidence for substantial
Pleistocene slip on the Nalu thrust is provided by
thermochronologic data for rocks on either side
of the fault in the Marsyandi Valley: apatite fis-
sion-track cooling dates from the hanging wall to
the north are =0.9 Ma, whereas those from the
footwall to the south are =1.9 Ma [15].

Several large, previously unidentified, moder-
ately north-dipping thrust faults were mapped in
addition to the Nalu thrust (Fig. 2). Each of these
structures is marked by hydrothermal travertine
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deposits, and some are conduits for active hot
springs. The most significant of the newly identi-
fied faults appears to be the Nadi thrust, which
juxtaposes the Siurun and Kuncha units and
marks a discontinuity between rocks that experi-
enced prograde metamorphism at different times
and conditions. Major slip on the Nadi thrust
postdated Late Miocene-Late Pliocene metamor-
phism of the Kuncha Schist and must be younger
than 3.3 Ma. A minimum age is provided by the
observation that the thrust does not deform ~4
ka alluvial terrace deposits.

Although the juxtaposition of rock packages
with different post-Late Miocene thermal histories
requires significant amounts of slip on the Qua-
ternary faults mapped in the Marsyandi Valley,
there is no way to quantify these amounts. The
rocks on either side of the Nadi and Nalu thrusts
belong to different tectonostratigraphic units and
we have no idea what their relative lateral posi-
tions were prior to Quaternary deformation. The
other major structures occur within the Siurun
Complex or the Kuncha Schist, and we do not
know the internal stratigraphy of either well
enough to permit reconstruction of the pre-defor-
mational state.

4. Geomorphologic evidence for differential uplift
across PT,

The zone of thrust faults shown in Fig. 2 cor-
responds to PT, as broadly defined by topo-
graphic profiles drawn through the Annapurna
region, but an important question remains: do
they accommodate modern differential uplift
across the transition? To address this question,
we examined longitudinal profiles of the Marsyan-
di and its tributaries in the vicinity of PT,. Em-
pirical studies [16-18] have shown that the local
channel slope (S) of a stream is generally a power
law function of the stream drainage area (A):
S=k,A™®, where k, is the steepness index, and 0
is the concavity index. (Note that 6 is dimension-
less and k, has units of m?°.) Regression analysis
of logS vs. logA for natural streams offers a
straightforward way to explore the possibility of
along-stream changes in bedrock uplift rates be-

cause, in theory, the two derived indices vary in a
predictable way with changing rates and patterns
of uplift [19-22]. For example, while along-stream
variations in channel width, erosional mechanism,
and rock competency may complicate the rela-
tionship [21,23-25], it is generally the case that
higher values of k; correlate with higher surface
uplift rates [20,26].

Less than 100 km east of the study area, Wobus
et al. [27] analyzed the longitudinal profiles of
rivers crossing PT, where it lies 20-30 km south
of the trace of the principal fault of the MCT
system. They found an abrupt decrease in k;
downstream of PT, that was interpreted as result-
ing from much higher uplift rates in the Higher
Himalaya than in the Lower Himalaya. A discon-
tinuity in the pattern of *°Ar/* Ar muscovite cool-
ing dates at PT, (much younger dates to the north
than to the south) reinforced this interpretation.
Here we employ a similar geomorphologic ap-
proach to evaluate whether or not river profiles
change substantially across the zone of Quater-
nary thrusting in Fig. 2.

Our analysis is based on data extracted from a
90-m digital elevation model. Because empirical
studies and theory suggest that the concavity in-
dex typically varies within a relatively restricted
range in active orogens (~0.3-0.6; [20,26,28]),
we elected to assume a value of 0.45 for 0 (for
consistency with the earlier work of Wobus et al.
[27]) and explore downstream variations in k;
through least-squares regression of logS as a lin-
ear function of logA. Steepness indices were cal-
culated along the length of the channel based on
the regression of data within a window including
logS and logA values roughly 5 km upstream and
5 km downstream of each point; in every case, the
slope of the regression line was fixed by the as-
sumption of 6=0.45.

In theory, steady-state river concavity should
change if precipitation varies markedly along the
stream course as a consequence of orographic ef-
fects [28]. By assuming no change in 6, we force
any effects of variable precipitation to be mani-
fested as variations in k. As we discuss in more
detail later in this paper, strong, orographically
controlled variations in precipitation do occur
across the study area [29], but these variations
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do not correlate in any apparent way with calcu-
lated variations in k. Regardless, different ap-
proaches to the regression analysis of logS and
logA would not change the basic conclusion of
our analysis: there is a sharp transition in channel
steepness across the zone of post-Miocene defor-
mation defined by geologic mapping (Figs. 3 and
4a).

Upstream of its confluence with the Nadi Kho-
la, the Marsyandi is characterized by very high k;
(>450 m®%). Downstream of the confluence,
steepness values drop off rapidly to moderate lev-
els (<250 m®?). The Nadi Khola profile is steep
along its entire length, suggesting that this tribu-
tary drainage lies exclusively in a zone of high
uplift rate. In contrast, the Kisanti Khola has
moderate k, along its entire length, suggesting
that its drainage basin is south of the region of
rapid uplift. All other streams in Fig. 3, like the
Marsyandi, have upper reaches that are character-

Fig. 3. PT, as defined by stream profiles for the Marsyandi
River and major tributaries. Shading indicates topography in
1000-m intervals (unpatterned areas below 1000-m elevations,
darkest patterned areas above 7000 m). Thick line (dashed
where approximately located) marks the southern boundary
of the region where drainages typically have very high kg
(>450 m*® for 6=0.45). Open circles mark distinct knick-
points at this boundary. The area of Fig. 2 is indicated by a
box. Thin dashed lines north of and within the box mark the
northern and southern boundaries of the zone of intense
post-Miocene deformation.
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Fig. 4. (a) Spatial relationships among topography, river
steepness, and deformational features in the Annapurna
Range. Thin solid line indicates mean elevations along a
~ 50-km-wide, SSW-NNE transect orthogonal to the range
front, with dashed lines indicating the minimum-maximum
envelope [15]; scale shown on right. Shaded circles indicate
values of k, (scale shown on left) based on slope—drainage
area data for the Marsyandi trunk stream at 5-km intervals
along its course; each circle is the result of log-log regres-
sions of data over a 10-km window, with an assumed con-
cavity (0) of 0.45. Because the river does not run SSW-NNE
along its entire course, each point has been projected to the
line of section. Shaded region indicates the boundaries of the
Quaternary deformation zone described in the text. Thick
vertical line indicates the position of PT, as defined by
stream profile analysis. Dashed line marks the approximate
trace of the basal detachment of the South Tibetan fault sys-
tem in the area [51,52]. (b) Monsoon rainfall distribution
across the Annapurna Range [15,29], projected to the same
line of section shown in frame (a). Circles indicate average
annual monsoon precipitation, as measured at meteorological
stations on ridges (filled) and in valleys (open), projected
onto the line of section; scale shown on left.

ized by high k,; and lower reaches with k, values
that are typically lower by a factor of two. The
downstream limit of very high k, can be defined
to within ~1-2 km in each of these drainages
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and, in some cases, it corresponds to a distinct
knickpoint in the stream gradient. It is highly un-
likely that this boundary marks a change in the
erosional resistance of the bedrock because the
predominant lithologies on both sides are pelitic
schist and phyllite with comparable strength. In-
stead, we interpret the boundary as the southern
limit of the rapidly uplifting Higher Himalaya.
Given the capacity of river channel geometry to
respond quickly to changes in bedrock uplift rate
[30,31], the uplift discontinuity in the Marsyandi
area almost certainly has been active within the
past 100000 years. In the Marsyandi Valley, the
discontinuity lies close to the surface trace of the
Nadi thrust, suggesting that this feature may be
the principal locus of Quaternary shortening in
the study area.

5. Implications

In a recently published kinematic model for
deformation in the central Nepalese Himalaya,
Robinson and co-workers [32] invoked the devel-
opment of a thrust duplex within the Lesser Hi-
malayan sequence to explain the Late Miocene—
Pliocene metamorphism documented by Catlos
and co-workers [9] in the Annapurna region. Al-
though the structural configuration inferred in
that model is based on field work in western Ne-
pal, our mapping in the Marsyandi drainage con-
firms the existence of significant thrust faults
within the Lesser Himalayan sequence in central
Nepal. More importantly, our work indicates that
such structures have been active in the recent geo-
logic past.

The results reported here challenge a number of
widely held beliefs regarding post-Miocene defor-
mation in the central Himalaya. The traditional
view of the structural development of the Hima-
laya is that active faulting propagated from north
to south with time: the MCT system, active in
early Miocene time, was succeeded by the Plio-
cene Main Boundary thrust (MBT) system, which
was succeeded in turn by the active Main Frontal
thrust (MFT) system [12,33,34]. Even recent mod-
els that recognize the significance of faulting with-
in the Lower Himalaya between the MCT and

MBT emphasize the N-to-S progression of fault-
ing [32]. While the evidence for a N-to-S trend in
the age of fault initiation is compelling, our work
and other recent studies [7,9,27,35] suggest that
the pattern of active faulting on these structures
has been much more complicated over the past
4 Ma. For example, brittle and low-temperature
thrust structures in Fig. 2 were active subsequent
to development of the MBT and MFT systems in
this part of the orogen [7].

The total percentage of Pliocene—Recent con-
vergence between India and Eurasia accommo-
dated by such out-of-sequence structures remains
unclear, however. Lavé and Avouac [36] presented
persuasive geomorphologic evidence that the
MFT in central Nepal experienced ~2 cm/yr
shortening averaged over the past 10000 years.
Since this rate is comparable to the modern rate
of convergence across this sector of the Himalaya
[3,37,38], one reasonable interpretation (Fig. la)
is that virtually all of the Holocene shortening
across the central part of the orogen has been
accommodated by slip on the HST with none of
it being partitioned to thrusts farther north [31].
Given the direct evidence for substantial Quater-
nary slip at PT, presented in this paper, this in-
terpretation can be correct only if most of the
deformation on structures such as those shown
in Fig. 2 is older than ~ 10000 years. While
this would be consistent with the available age
constraints for Quaternary deformational struc-
tures in the Marsyandi drainage, several lines of
evidence suggest that these structures may still be
active. For example, large Holocene landslides are
localized near PT, in the Annapurna Range, as
evidenced by units Qll and QI2 in Fig. 2. These
features are likely to have been caused by local
seismic activity. The epicenters of most earth-
quakes in the Himalayan realm lie at or north
of PT, [4,39]; their positions and seismic charac-
ter are equally consistent with the traditional view
[40] that they are related to slip on the down-dip
projection of the MFT (Fig. 1a), or with the alter-
native view that they are related to slip on out-of-
sequence faults that project to the surface near
PT, (Fig. 1b). Two recent, large earthquakes on
the HST - the 1991 Uttarkashi (my, 6.6) and 1999
Chamoli (mp 6.3) events in the northwestern In-
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dian Himalaya — were accompanied by large
aftershocks indicative of slip on relatively steep,
north-dipping thrust faults in the Lower Hima-
laya [41,42], structures that are in a structural
position analogous to the Quaternary faults
mapped in the Marsyandi Valley.

If substantial slip has occurred on out-of-se-
quence thrust faults in the Himalaya over the
past 10000 years, why do the observations of
Lavé and Avouac [36] suggest that shortening
across the MFT is alone sufficient to account
for all of the convergence across the Himalaya
at this longitude? In asking such a question, it
is important to recognize that the relative contri-
butions of out-of-sequence deformation and de-
formation at the Himalayan front are likely to
have varied in space and time over the Pliocene—
Recent interval, as noted by Lavé and Avouac
[31]. For example, while the work of Lavé and
Avouac [36] implies active shortening across the
MFT in central Nepal at a rate of ~21 mm/a,
similar work by Wesnousky et al. [43] in north-
west India yielded an estimate of ~ 14 mm/a.
Moreover, these geomorphologic estimates of
shortening across the MFT have unavoidable un-
certainties of 20-40%, and geodetic estimates of
convergence across the Himalaya have significant
uncertainties as well. As a consequence, the esti-
mates of MFT shortening and cross-Himalayan
convergence easily could differ by several milli-
meters per year. If out-of-sequence thrusts have
dips such as those shown in Fig. 2, they could
accommodate significant slip that might simply
be lost in the uncertainty.

Some amount of N-S shortening on out-of-se-
quence structures may be balanced by an equiv-
alent amount of N-S extension on orogen-parallel
normal faults north of the zone of out-of-
sequence thrusting and south of the Tibetan
Plateau. Several Quaternary normal faults with
appropriate orientations have been identified be-
tween PT, and the Himalayan crest in central
Nepal and the northwest Indian Himalaya
[35,44], but the largest concentration of candidate
structures occurs near the range crest as part of
the South Tibetan fault (STF) system [45]. This
fault system, which helps define the upper bound-
ary of the Greater Himalayan sequence (Fig. 1),

developed in Miocene time, but various lines of
evidence suggest that some faults of the STF have
been active in the Quaternary Period over broad
regions of the Himalaya [7]. For example, some of
the most compelling evidence for Quaternary ac-
tivity on the STF system comes from the western
Annapurna Range, only about 75 km northwest
the area shown in Fig. 2 [40].

In our view, the evidence presented here and
elsewhere [27,35] for out-of-sequence Quaternary
faulting does not preclude the possibility that seis-
mic slip and interseismic strain accumulation on a
deep-seated ramp in the Himalayan sole thrust
played an important role in Holocene uplift of
the Higher Himalaya [3-5]. However, current
‘passive’ models for Higher Himalayan uplift
(e.g. [3-5]) should be modified to account for
the additional effects of out-of-sequence thrusting.
One reason why out-of-sequence thrusts may de-
velop in the vicinity of PT, was suggested by
Hodges et al. [7]. Compared to its surroundings,
the Tibetan Plateau is characterized by excess
gravitational potential energy that can be dissi-
pated effectively through the removal of mass
from the Himalayan ranges through erosion.
The efficiency of this dissipative process depends
on the rate at which material is transported to the
Himalaya through tectonic processes and the rate
at which erosional processes can remove material.
If erosion rates increase with increasing relief, as
is commonly believed, the efficiency of excess
gravitational potential energy dissipation in the
Himalaya is optimized when the efficiency of dif-
ferential uplift between the Higher and Lower Hi-
malaya is greatest. As a consequence, the trend
toward higher dissipative efficiency would favor
out-of-sequence thrusting near PT,, which pro-
vides a more efficient mechanism for differential
uplift between the Higher and Lower Himalaya
than does the passive translation of the Greater
Himalayan and Lesser Himalayan sequences over
a deep-seated ramp. Such logic leads to the pre-
diction that orogenic systems with strong oro-
graphic forcing of precipitation should display
out-of-sequence thrusts in regions of concentrated
erosion, a notion that is strongly supported by
geodynamic modeling studies of the Himalaya
[47].
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In this regard, we note a remarkable spatial
relationship among the patterns of young defor-
mation, river channel morphology, and precipita-
tion in the Annapurna region. When projected on
a section orthogonal to the trend of the Annapur-
na Range (Fig. 4a), k, values for the Marsyandi
channel are anomalously high in a zone bounded
to the north by the trace of the South Tibetan
fault (STF) system and to the south by PT,. In
light of previously published evidence for Quater-
nary activity on the STF system in the Annapurna
Range and the geologic mapping presented here,
we interpret this pattern as evidence that the zone
between the STF trace and PT, has experienced
more rapid uplift than the regions to the north or
south as a consequence of simultaneous slip on
Quaternary thrust and normal faults. Moreover,
the zone of accelerated uplift appears to corre-
spond to a zone of anomalously high rainfall dur-
ing the summer monsoon over the past few years
(Fig. 4b [15,29]). The highest precipitation, nearly
twice that which falls to the north or south of the
band, is centered on the position of PT, as shown
in Fig. 3. This observation supports models of
Himalayan tectonics that relate the southward ex-
trusion of Tibetan middle-lower crust to focused
erosion at the front of the Higher Himalayan
ranges [7,27,47-49]. A striking spatial correlation
of heavy rainfall and active deformation suggests
that precipitation patterns may strongly influence
active faulting patterns in this region, and that
these patterns, in turn, may largely dictate the
geomorphology of its river systems.

As noted by Molnar [50], the relative impact of
climatic and tectonic processes on erosion in ac-
tive orogens remains controversial. Based on dif-
ferences between the patterns of monsoon precip-
itation and young fission-track apatite cooling
dates in the Marsyandi drainage, Burbank and
co-workers [15] argued that monsoon precipita-
tion and erosion are decoupled, and they con-
cluded that large-scale deformation, rather than
precipitation, dictates the pattern of erosion.
However, we have discovered a correlation be-
tween Quaternary deformation patterns and pre-
cipitation patterns in the same study area; if de-
formation and precipitation are coupled, and if
Burbank and co-workers are correct that tectonics

and erosion are coupled, then it seems inescapable
that, at some level, precipitation and erosion are
coupled as well. It may be difficult to evaluate the
exact nature and degree of such coupling through
local field studies such as ours or that of Burbank
et al. [15] because the length scales over which the
different processes operate may be substantially
different from one another. In our opinion, the
popular debate about whether tectonics or climate
‘controls’ erosion in active orogens is less impor-
tant than finding the answer to a more fundamen-
tal question: why do orogenic systems ‘self-organ-
ize’ such that all three processes — deformation,
precipitation, and erosion — appear to be coordi-
nated?

We agree with Molnar’s assertion [50] that a
better theoretical framework is necessary before
we can really understand how climate, erosion,
and tectonics relate to one another, but the devel-
opment of more comprehensive databases is just
as important if we are to test the viability of new
theories that might arise. Regionally extensive
data pertinent to long- and short-term erosion
rates are unavailable for most active orogens.
While observing platforms in space provide im-
ages of on-going atmospheric processes with un-
precedented scope, the meteorological data are
generally of too low a resolution to match the
scale of existing datasets for erosional processes.
We have been fortunate in the Marsyandi drain-
age to have precipitation data over the appropri-
ate length scale to address some of critical ques-
tions about climate, tectonics, and erosion, but
even there we cannot be sure that we are compar-
ing processes in an appropriate way. For example,
the deformational structures and river channels
described in this report were produced over tens
of thousands of years, but the precipitation data
shown in Fig. 4a represent only a 4-yr record.
Might the apparent correlation between deforma-
tion and heavy precipitation fall apart if we were
comparing the two processes over the same time
scale? In order to answer this question, it is im-
perative to develop and maintain long-term envi-
ronmental monitoring networks in a variety of
settings. The challenge before us is to integrate
both well-grounded theory and more comprehen-
sive datasets to determine whether apparent rela-
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tionships among processes like deformation, pre-
cipitation, and erosion are mere coincidence, or
are instead telling us something fundamental about
how orogenic systems evolve.
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