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Abstract. The Tibetan Plateau 1s a storehouse of excess
gravitational potential energy accumulated through crustal
thickening during India-Asia collision, and the contrast n
potential energy between the Plateau and its surroundings
strongly influences the modern tectonics of south Asia. The
distribution of potential energy anomalies across the region,
derived from geopotential models, indicates that the Himalayan
front is the optimal location for focused dissipation of excess
energy stored in the Plateau. The modern pattern of deformation
and erosion in the Himalaya provides an efficient mechanism for
such dissipation, and a review of the Neogene geological
evolution of southern Tibet and the Himalaya shows that this
mechanism has been operational for at least the past 20 million
years. This persistence of deformational and erosional style
suggests to us that orogens, like other complex systems, can
evolve toward “‘steady state” configurations maintained by the
continuous flow of energy. The capacity of orogenic systems to
self-organize into temporally persistent structural and erosional
patterns suggests that the tectonic history of a mountain range
may depend on local energetics as much as it does on far-field
plate interactions.

1. Introduction

From the perspective of thermodynamics the development and
evolution of orogenic systems nvolves three kinds of processes:
those that serve to accumulate energy, those that transfer energy
from one part of the system to another, and those that help
dissipate excess energy. Crustal thickening and other forms of
energy accumulation 1n orogenic settings are predomnantly
caused by hthospheric plate interactions; as a consequence, the
rates at which they occur and the geometries of the structures
they produce are at least broadly related to plate motions. On the
other hand, processes responsible for the transferal or dissipation
of energy are more dependent on the abundance and distribution
of matter within an orogenic system, making their spatial and
temporal evolution 1mpossible to predict from plate tectonic
principles alone. If we aspire to a comprehensive understanding
of orogenesis, we must look more closely at the distribution of
energy 1n orogenic systems because, at least in theory, gradients
n that distribution should drive the processes of energy transfer
and dissipation.

In this paper, we show that the distribution of gravitational
potential energy 1n the Himalayan-Tibetan orogenic system
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favors the localization of high-efficiency dissipation processes
along the Himalayan orogenic front. A closer look at the geology
and physiography of this margin of the Tibetan Plateau reveals
that large amounts of energy are dissipated through coordinated
deformational and erosional activity that accommodate
southward extrusion of the middle crust from beneath the Tibetan
Plateau. These processes are not just modern phenomena;
evidence that they have been active 1n the Himalaya for at least
the past 20 million years suggests that the southermn margin of the
orogenic system may have achieved a dynamical steady state
reflecting a rough balance between the accumulation of energy
and 1ts dissipation.

2. Potential Energy Gradients Around the
Tibetan Plateau

Of all the energy accumulative processes that operate during
orogeny the increase of gravitational potential energy in the
system due to crustal thickening is among the most important.
The gravitational potential energy (U) per umit area of a column
of isostatically compensated lithosphere is equivalent to the
integral of the body force over the vertical distance between the
surface and the compensation horizon:

5
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where the spatial coordinate (z) ranges from zero at the
compensation horizon to S at the Earth’s surface, p(z) is density
as a function of depth through the column, and g is gravitational
acceleration [Molnar and Lyon-Caen, 1988]. Since the variation
in U from one column of lithosphere to another is a measure of
the contribution made by buoyancy forces to the deformation of
the lithosphere, it is convenient to compare the gravitational
potential energy for a specific lithospheric column of interest (U,)
to that of a reference potential energy, for example, the mean
value for the Earth’s lithosphere (U,) [Cobblentz et al., 1994],
through the potential energy anomaly (€,):

8[/:0,'_0,.- (2)

The calculation of €y requires some means of estimating
density structures for both the column of interest and the
reference column. Perhaps the most effective approach 1s to
invert seismic velocity data through empirical relationships [e.g.,
Jones et al , 1996], but such data are unavailable for most of the
Himalaya and Tibet We instead follow the approach of Coblentz
et al [1994], who noted that €, is approximately related to the
more familiar geoid anomaly (Ey) through the relationship:
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where G 1s the gravitational constant. Because we are interested
only 1n variations 1n the potential energy field that are related to
lithospheric density and thickness variations, we have filtered out
long-wavelength contributions to the geoid height, which might
be related to sublithospheric heterogeneities, by removing terms
below degree and order seven (cosine-tapered to degree and order
11) from the geoid prior to applying equation (3), as advocated
by Jones et al. [1996].

Plate 1a 1s a map of € for the Tibetan Plateau region derived
in this way from the NASA-National Mapping and Imagery
Agency joint geopotential model EGM96 [Lemoine et al., 1998].
In general, positive values of €, 1mply that deviatoric stresses
arising from horizontal variations 1n the hthospheric density
structure are tensile, whereas negative values imply that they are
contractile. The Himalayan-Tibetan orogenic system 1s well
defined in Plate la as a band of high gravitational potential
separating the low-€, regions of the Indian subcontinent on the
south and the Tarim and Qiadam Basins on the north. As has
been noted elsewhere [e.g., Molnar and Tapponnier, 1978;
Molinar, 1988; England and Houseman, 1989], €, contrasts
between Tibet and its surroundings provide strong motivation for
lateral redistribution of the Tibetan crust in order to dissipate
excess gravitational potential energy. Indeed, the nature of
seismic activity in Tibet over the 1977-1998 interval imphes that
the plateau region is actively losing potential energy [Tanimoto
and Okamoto, 2000].

The distribution of € across the plateau provides some
insights regarding the probable direction, magnitude, and rate of
crustal flow related to spatially variable buoyancy forces. (In this
paper, we use the term “crustal flow” to refer to the spatial
transfer of crustal material without regard to mechanism. For
example, the viscous transport of lower crustal material [Bird,
1991; Kruse et al., 1991] and the fluvial transport of eroded
sediments are both mechanisms of flow in the context of our
working definition.) Imagine, for a moment, that the orogenic
system is not subject to lateral forces related to lithospheric plate
interactions. In that case, Plate la 1s a map of a potential field
through which gradients in € drive the flow of material. This
stituation 1s analogous to the influence of gradients in
temperature, hydraulic pressure, or chemical concentration on
heat flux, fluid transport, or chemical diffusion. Structural
homologies are notorious among equations governing such
transport processes. For example, Fourier’s law for heat flow,
Darcy’s law for groundwater flow, and Fick’s law for chemical
diffuston all have the same basic form in one dimension:

g=-K 4

ar’
where g 1s a flux per unit cross-sectional area, 85/6x is the change
in potential over some spatial dimension x, and K is a
proportionality term [Carslaw and Jaeger, 1986; Furbish, 1997,
Crank, 1975]. For many problems in diffusive flow, K 1s assumed
to be constant, but this need not be the case 1n general.

By analogy with these more familiar examples a general law
for crustal flow driven by gravitational potential energy gradients
is
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where v is the flow velocity, k is a transport coefficient, and 6€,,
/8x (or A€y, for simplicity) 1s the spatial gradient in €. The
nature of k reflects the mechanism assumed for crustal flow, and
it 1s likely to be dependent on factors that vary in time and space.
For the special case of channelized flow of a viscous lower crust
under the influence of crustal thickness vanations [Kruse et al ,
1991; Clark and Royden, 2000; McQuarrie and Chase, 2000],
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where D is the channel thickness and p is the viscosity of
matenal flowing in the channel. (This relationship involves a
proportionality rather than an equality because A&y is
proportional to, but not equivalent to, the lateral pressure
gradients invoked by Kruse ef al. [1991] and subsequent authors
as the impetus for channelized flow.) For the special case of
erosion and fluvial transport of eroded sediments out of the
orogenic system, k is strongly dependent on factors such as
lithologic resistance to erosion, erosional mechanism, stream
network geometry, climate, and the exact relationship between
stream gradient and A€y [Howard et al., 1994; Tucker and
Shingerland, 1997, Sklar and Dietrich, 1998; Whipple and
Tucker, 1999]. In reality, these and many other processes
combine to accommodate energy transfer in orogenic systems,
such that x 1s very complicated, but equation 5 nevertheless
captures the essential physics of how potential energy gradients
influence material fluxes in orogenic systems. It clearly does not
provide a comprehensive depiction of material fluxes, however,
because externally imposed, “far-field” tectonic forces, basal
tractions, and the like also play important roles.

The negative sign 1s equation (5) implies that crustal flow
proceeds down gradients in gravitational potential energy. In
Plate 1a, values of €, are highest (>5.9 x 10'2 N/m) in the
Karakoram Range and along the Himalayan arc. North of the
Himalaya, on the physiographic Tibetan Plateau, €, drops
smoothly eastward from the Karakoram to ~95°E longitude
before rising again slightly toward the Longmenshan mountains,
immediately west of the Sichuan Basin. This “saddle” in the €,
field is related to a region of relatively low gravitational potential
energy extending southward from the Qiadam Basm. High
positive €, across the plateau and the broad negative gradient in
€y from west to east is consistent with geological evidence of
Neogene E-W surface extension [Molnar and Tapponnier, 1978,
Armijo et al , 1986] and interpretive models of eastward lower-
crustal flow [Royden et al., 1997, Clark and Royden, 2000].

Equation (5) also imphies that the rate of crustal flow 1s
proportional to spatial gradients 1n €y [see also England and
Molnar, 1997] For the Himalayan-Tibetan system we can
evaluate, in a general way, where the most efficient dissipation of
excess gravitational potential energy might occur by studying a
map of the spatial derivative of the potential energy anomaly
(AEy) over the region (Plate 1b). This exercise shows that the
steepest gradients (up to ~3.3 x 107 N/m?) are concentrated along
the southern plateau boundary, between ~80°E and 95°E
longitudes. A few discontinuous zones of high AE, also exist
along the western Kunlun mountain front. Slightly less dramatic
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Plate 1. (a). Distribution of the gravitational potential energy anomaly (€y) in the Himalayan-Tibetan system and
surrounding regions of south Asia. Areas of special interest include northern India (I), the Karakoram Range (K),
the central Tibetan Plateau (T), and the Sichuan (S), Tarim (TA), and Qiadam (Q) Basins. The rectangular box
shows the area covered by Figure 2. Within that box the obhque line indicates an approximate profile for which the
generalized cross section in Figure 1 is appropriate. (b) A map of the same area as Plate 1a, showing the spatial
derivative of the potential energy anomaly (AEy). The highest gradients occur along the range front between the
western (WS) and eastern (ES) syntaxes of the Himalaya. Gradients are nearly as high along the western Kunlun
Mountains (WK) but are more subdued along the eastern Kunlun Mountains (EK) and the Longmenshan (L). Low-
gradient gaps to the north and south of the Longmenshan, designated by blue arrows, have been postulated as
pathways for the flow of lower crust outward from beneath the central plateau region [Clark and Royden, 2000].
Inset shows the political geography of the region of Plates 1a and 1b: A, Afghanistan; BA, Bangladesh; BH,
Bhutan; K, Kyrgyzstan; L, Laos; N, Nepal; R, Russia; TA, Tajikistan; TU, Turkmenistan; TH, Thailand; U,
Uzbekistan; and V, Vietnam. Plates 1a and 1b are in unprojected geographic coordinates and the inset is an Albers
conical projection.
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gradients (2 to 3 x 10’ N/m?) charactenze the eastern Kunlun and
Longmenshan fronts.

It is unlikely that all high-A€, margins in Plate 1b are zones of
very rapid energy dissipation by crustal flow for three reasons:
(1) the lithosphere is not mechanically isotropic, (2) the
mechamisms available for transfer of matter out of the system
vary from place to place along the margins, and (3) the system is
subject to anisotropic forces related to plate convergence. Clark
and Royden [2000] have described how rheological variability
might be important if, for example, the low-E region adjacent to
a high-AE; margin is strong enough to act as a barrier to the
lateral flow of lower crust. In particular, they suggested that the
Longmenshan front may have developed because the crust was
anomalously strong in the region of the Sichuan Basin, diverting
eastward lower crustal flow through weaker channels to the north
and south (Plate 1b).

It might be argued that one of the most important agents of
energy dissipation, the erosion and transport of material out of

the orogenic system through sedimentary processes, i1s most
effective along the margins recerving the heaviest precipitation.
Thus we might expect the Himalayan margin, which receives
extremely high monsoonal precipitation, to support a higher rate
of €y dissipation than the western Kunlun margin which receives
far less precipitation, even though the two margins have
comparable AEy in some areas. However it also might be argued
that the high-€, gradient along the Himalayan margin is
dynamically supported by India-Eurasia convergence, and that
this convergence effectively counteracts the horizontal
components of buoyancy forces that might drive the southward
flow of material from the Tibetan Plateau toward India. In order
to evaluate the actual significance of dissipation along a
particular high-A€y, margin it is important to investigate the
dissipative capacity of deformational and erosional processes that
occur now along those margins and to ask whether or not the
geological record suggests a history of efficient material transport
out of the system. In the next section we review geomorphologic
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Figure 1. (a) Generalized cross section of the Himalayan margin of the Tibetan Plateau showing principal
tectonostratigraphic zones separated by the South Tibetan fault (STF), Main Central thrust (MCT), Main Boundary
thrust (MBT), and Main Frontal thrust (MFT) systems. The subsurface structural configuration shown here, slightly
modified from Pandey et al. [1995] and Cattin and Avouac [2000], presumes that all major thrust systems in the
Himalaya root into a common basal décollement: the Himalayan Sole thrust (HST). The dashed line designates a
now-inactive thrust fault that lies beneath klippen of metamorphic rocks within the Lesser Himalayan Zone; it has
been interpreted alternatively as an erosional remnant of the MCT system or as a separate thrust system [Hodges,
2000]. Vertical lines indicate the principal physiographic transitions of the Himalaya (PT,-PT;) as discussed in the
text. The approximate positions of the axial planes of a major anticlinorium (A)-synclinorium(S) pair in the Lesser
Himalaya are labeled as well. (b) Interpretive model of the extrusion-erosion mechanism for excess energy
dissipation along the southern Tibetan Plateau margin. A channel of middle to lower crustal material (designated by
the random-dash pattern) extrudes southward from the central Tibetan Plateau between the STF and HST. Relief
and geodetically determined uplift rates are relatively high in the regions between the surface traces of these
structures, implying high erosion rates compared to the Gangetic Foreland and Tibetan Plateau. Much of the
shortening between India and Tibet during the Holocene epoch has been accommodated by slip on the MFT system
[Lavé and Avouac, 2000], and it may be that all of the region between PT, and PTj; represents the free boundary of
the extruding wedge over that timescale. However, the highest rates of erosion and uplift today occur north of the
MCT trace, which may indicate instead that extrusion is presently concentrated in a channel that surfaces between
STF and MCT traces (the unshaded zone marked with the random-dash pattern), and that relatively little extrusion

occurs to the south today.
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and geological evidence that the active tectonics of the Himalaya
are strongly influenced by the southward flow of Tibetan middle
and lower crust to the Himalayan topographic front, where 1t is
removed from the system by orographically focused erosion.
These processes act together as an efficient engine for energy
dissipation along the southern margin of the Tibetan Plateau,
even as continued India-Eurasia convergence adds energy to the
system as a whole.
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3. Physiography and Neotectonics of the
Himalaya

The southern margin of the Tibetan Plateau is marked by a
series of sharp physiographic transitions (Figure la). The
northernmost of these (PT,) separates the rugged, high peaks of
the main Himalayan ranges and the more subdued topography of
the Tibetan Plateau. A second (PT,) occurs south of the range
crest and represents the main topographic front of the central
Himalaya, where the southern slopes of the high peaks give way
to a foothills region with much lower relief and mean elevation.
A less significant front (PT;) separates the foothills region from
the Gangetic Plains.

Physiographic transitions PT,-PT; are related to neotectonic
activity at or below the surface. The PT; front coincides roughly
with the trace of the north dipping Main Frontal thrust (MFT)
system (Figure la), a feature which was first established in

Figure 2. (a) Simplified tectonic map (Albers conical projection)
of the central region of southern Tibet and the Himalaya, after
Hodges [2000]. Half-arrows and ball-and-bar symbols adorn
Quaternary transcurrent and normal faults (respectively) in
southern Tibet. The double-tick symbols indicate the dip
direction of the basal detachment of the South Tibetan fault
(STF) system, whereas the barbs indicate the dip directions of
reverse faults of the Main Central (MCT), Main Boundary
(MBT), and Main Frontal (MFT) thrust systems. The MCT
system is geometrtcally complex and includes numerous splays
with different movement histories; only the roof fault of the
system is shown here for the sake of clarity. Lithologic
descriptions of units in the Greater Himalayan, Lesser
Himalayan, and Subhimalayan Zones are given by Hodges
[2000]. The hanging wall of the STF system corresponds to the
Tibetan Zone in that paper, but the field shown as “Tibetan
Realm” in Figure 2a also includes other tectonostratigraphic
packages, such as the Indus-Tsangpo and Transhimalayan Zones
of Hodges [2000]. Landmarks include the Annapurna Range (A),
the Dangardzong fault (DF), the Dhaulagiri Range (D), Mount
Manaslu (M), the Thakkhola graben (TG), and the Yadong-Gulu
rift (YG; just east of the map margin at ~89°-90°E longitude). (b)
Slope map of the same area derived from GTOPO 30 digital
elevation data. White-shaded regions indicate the steepest
topography. Note the region of poor slope resolution (designated
with “P”) near the southeastern corner due to poor GTOPO 30
data coverage. The highest relief in the Himalaya occurs in a
zone bound by abrupt physiographic transitions referred to as PT,
and PT, in the text. (c) Equivalent to Figure 2b with fault systems
from Figure 2a superimposed. The trace of the STF system
(corresponding with PT,) separates the east-west extensional
strain field of southern Tibet from the north-south contractional
strain field of the Himalayan realm. Divergence of the southern
margin of the high-relief zone (PT;) and the MCT trace often
occurs 1n regions where the MCT is poorly mapped (designated
here with question marks). However, there are some areas where
the divergence is well documented; note, for example, the linear
segment of PT, (marked with an L in Figure 2¢) that lies tens of
kilometers south of a segment of the MCT zone mapped by
Stéckhn et al. [1980], Macfarlane et al. [1992], and Upreti and
Le Fort [1999].
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Pliocene time but has experienced episodes of slip in the more
recent past [Nakata, 1989; Yeats et al., 1992, Lavé and Avouac,
2000]. Marking the southern outcrop boundary of Neogene-
Quaternary foreland basin sedimentary rocks of the
“Subhimalayan Zone” (Figure 2a), the MFT system projects
northward into a shallowly dipping thrust surface that marks the
principal horizon along which the Indian plate is subducted [e.g.,
Seeber et al , 1981; Yeats and Lillie, 1991]. This Himalayan Sole
thrust (HST, Figure la) is typically drawn as extending
northward, with a dip of no more than a few degrees, beyond the
surface trace of the Main Boundary thrust (MBT) system [e.g.,
Baranowski et al , 1984; N1 and Barazangi, 1984]. Developing in
late Miocene-Pliocene time, the MBT system separates the
Subhimalayan Zone from overlying greenschist- to lower
amphibolite-facies metamorphic rocks of the “Lesser Himalayan
Zone” (Figure 2a). In the central Himalaya of Nepal and
adjacent regions of India and Bhutan the internal structure of the
Lesser Himalayan zone 1s characterized by a long-wavelength
synclinortum-anticlinorium pair (Figure la). Stratal dips m
Lesser Himalayan rocks decrease progressively from south to
north, toward the core of the synclinorium, suggesting that the
MBT system roots smoothly into the HST as shown 1n Figure la
[Gansser, 1964; Le Fort, 1975; Schelling and Arita, 1991].

In the eastern and central Himalaya the complementary
antichinorium to the north has been interpreted as a fault bend
fold structure developed above a ramp in the HST with a
structural relief of more than 5 km [Brunel, 1986; Schelling and
Arita, 1991; Schelling, 1992]. Although a somewhat more
complex geometry has been proposed for the Himalaya west of
central Nepal [Srivastava and Mitra, 1994; DeCelles et al.,
1998], generahzed cross sections drawn across the Himalayan
front almost always show some form of ‘“‘crustal-scale” ramp in
the HST [e.g., Gansser, 1964; Le Fort, 1975, Hauck et al., 1998,
Harrison et al., 1998]. While such a feature 1s not required by the
surface geology, 1t nevertheless provides a convenient
explanation for several geophysical observations, including
patterns of seismicity within the orogenic wedge [Molnar, 1990;
Pandey et al., 1995, 1999], the depth to seismic reflectors
interpreted as the HST beneath southern Tibet [Zhao et al., 1993,
Hauck et al., 1998], and evidence that much of the estimated
India-Tibet convergence rate has been accommodated on the
MFT system during the Holocene [Lavé and Avouac, 2000].

Because the position of the postulated ramp 1s generally drawn
below PT,, many authors have attributed the topographic front to
block uplift of the Greater Himalayan zone due to strain
accumulation over the ramp [Jackson et al., 1992; Jackson and
Bilham, 1994, Bilham et al., 1997; Burgmann et al, 1999;
Jouanne et al | 1999; Larson et al., 1999; Pandey et al., 1995;
Cattin and Avouac, 2000]. However, the mountain front also hes
near and sometimes coincident with the 1- to 5-km-thick shear
zone that marks the trace of the MCT system, a third important
structure that divides the Lesser Himalayan rocks from middle to
upper amphibolite-facies metamorphic rocks of the Greater
Himalayan zone (Figures la and 2a). Although slip on the MCT
commenced at 20-23 Ma (see review by Hodges [2000]), the
structure has been active episodically since that ime [Macfarlane
et al , 1992; Harrison et al , 1997], and some researchers [e g,
Seeber and Gornitz, 1983] have attributed PT, to active
deformation on the system. A somewhat modified mterpretation
is that a newly emergent, out-of-sequence thrust system, partly

reactivating strands of the MCT system, partly breaking along
new fault traces, might be responsible for PT,. Regardless of the
exact relationship between this phystographic transition and
specific structures, there seems httle doubt that 1t 1s a
manifestation of recent faulting in the Himalayan realm and is not
a passive erosional front, as has been suggested elsewhere
[Masek et al , 1994].

The topographic break at PT, marks a boundary between two
regions of the lithosphere that are responding m distinctive ways
to continental collision South of PT;, deformation over the past
23 milhion years has produced contractional structures such as the
MCT, MBT, and MFT systems. Seismologic and geodetic studies
show that the current rate of shortening across the range is 17-18
mm/yr [Bilham et al , 1997]. Farther north, on the plateau itself,
the modern strain field 1s much different. Landsat imagery, field
maps, and seismic data suggest that active deformation in Tibet
includes roughly E-W extension on numerous north striking rift
systems, right-lateral displacements on NW striking transcurrent
faults, and left-lateral displacements on NE striking transcurrent
faults [Molnar and Tapponier, 1975; Armijo et al., 1986]
Collectively, these fault systems are compatible with an
extensional regime 1n the southern plateau and eastward extrusion
of Tibetan crust as India converges with the rest of Eurasia
[Tapponier and Molnar, 1976]. Geodetic measurements are not
yet adequate to document modern strain rates for the plateau
region, but neotectonic studies suggest Holocene E-W extension
at an integrated rate of ~10 mm/yr [Armyo et al, 1986], or
roughly half the rate of N-S shortening across the Himalayan
ranges to the south.

The abrupt surface transition between “Himalayan” and
“Tibetan” strain fields should be manifested by a major, active
structural system Indeed, an important family of faults has been
mapped at this position, the South Tibetan fault (STF) system
(Figures la and 2a). The STF system typically separates the high-
grade Greater Himalayan Zone to the south from lower
amphibolite facies to unmetamorphosed, Cambrian-Eocene
sedimentary rocks of the Tibetan Zone to the north. It consists
principally of regionally extensive, low-angle normal faults
(detachments) that dip shallowly northward beneath the Tibetan
Zone, although some faults and ductile shear zones at the
boundary also have accommodated N-S shortening and right-
lateral transcurrent displacement [Pécher, 1991; Coleman, 1996,
Hodges et al., 1996]. Where 1t has been extensively studied in the
Annapurna Range of north central Nepal (Figure 2a), the STF
system displays evidence of a complex slip history that mncludes
cycling between N-S extension and N-S shortening over a period
of several million years [Hodges et al, 1996; Vannay and
Hodges, 1996].

Structural and geochronologic data indicate that the STF
system was established 1n early Miocene time [Hodges, 2000],
but the duration of STF activity is not well constrained for most
regions in the Himalaya. In at least two areas (Figure 2a), near
the 8000 m peaks of Annapurna [Hodges et al., 1996] and
Manaslu [Guillot et al , 1994], major detachments of the STF
system were mntruded by middle to early Miocene (16-22 Ma)
granites and cannot have moved subsequently. In most areas,
however, the system includes multiple faults with complicated
movement histories, and the ages of many of these structures are
constrained only to be younger than middle to early Miocene
[e.g., Hodges et al., 1996; Searle et al., 1997].
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Recent mapping at the southern terminus of the Thakkhola
graben, one of the most conspicuous N-S nift systems in southern
Tibet (Figure 2a), provides important constraint on just how
young STF activity might be [Hurtado et al, 2001]. The main
growth structure of this graben, the Dangardzong fault, has had a
history of episodic displacement stretching from circa 11 Ma to
as late as the Quaternary [Fort et al, 1982; Garzione et al.,
2000]. As the Dangardzong fault is traced southward toward the
Tibetan Zone - Greater Himalayan Zone contact, 1t can be shown
to offset an early strand of the STF system but to be cut by the
latest strand of the system. This relationship, documented and
described 1n detail elsewhere [Hurtado et al , 2001], requires that
low-angle normal faulting along STF system persisted mto the
Quaternary period at the longitude of the Thakkhola graben.
Here, at least, the surface strain discontinuity between the
Himalayan realm and the Tibetan Plateau has been
accommodated by slip on the STF system.

Whether or not the STF system experienced Quaternary
displacement along the entire length of the Himalayan chain
remains unknown, but several lines of evidence are consistent
with such a scenario for the central and eastern Himalaya. Nakata
[1989] documented the existence of an important WNW-ESE
stniking, NE dipping normal fault which offsets glacial moraines
near the western end of the Dhaulagiri Range (Figure 2a). Recent
field mapping and satellite image analysis have shown that this
structure is the probable westward extension of the detachment
that truncates the Dangardzong fault, extending the strike length
of the STF structure with documented post-Pleistocene slip to at
least 100 km west of the Thakkhola graben (J.M. Hurtado and
K V. Hodges, manuscript 1n preparation, 2001). Much farther
east, at roughly 89°E longitude, a reflection seismic profile
collected across the STF west of the Yadong-Gulu rift of
southern Tibet (Figure 2a) shows a Pliocene-Pleistocene
extensional basin developed in the hangimg wall of the Zherger
La detachment, a relationship which requires relatively recent
slip on the basal STF detachment in the region [Hauck et al ,
1998].

Additional evidence for neotectonic activity on the STF
system comes from the nature of PT,. This transition is
manifested 1n the field by a combination of drainage divides and
major knickpoints on large, trans-Himalayan rivers, and 1t marks
a particularly obvious discontmuity 1n slope maps of the southern
Tibetan Plateau region (Figure 2b). PT, probably is not related to
a change 1n precipitation rate (because it lies entirely within the
rain shadow of the Himalaya) or the erosional susceptibility of
the bedrock. It is also unlikely to be associated with a
fundamental change 1n erosional mechanism, since the transition
is not spatially related to the limit of glacial activity in the region
[Duncan et al., 1998] We interpret the sharpness of PT, as an
indication of recent tectonic activity. Indeed, the discontinuity
itself corresponds almost exactly to the youngest strand of the
STF system in those regions where the fault system has been
mapped 1n detail and where digital elevation data of sufficiently
high quality are available to constrain the position of PT, and
knickpoints on major drainages (Figure 2c).

4. Effect of Coordinated Deformation and Erosion
on the Southern Plateau Margin

Close scrutiny of the topographic slope map m Figures 2b and
2c shows that the highest relief along the southern margin of the
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Tibetan Plateau hies 1n a well-defined zone generally bound to the
north and south by the surface traces of the STF and MCT
systems. This implies a direct relationship between coordinated
displacement on extensional and contractional fault systems and
high erosion rates. We interpret the neotectonic and
physiographic charactenstics of the southern plateau margin as
indicating the southward extrusion of a crustal wedge which is
bound above by the STF system and below by the Himalayan
sole thrust (Figure 1b) The current geometry of contractional
structures 1n the Himalaya 1s such that the rate of extrusion is
accelerated between the surface trace of the STF and MCT
systems, producing a relatively narrow zone of rapid uplift that
corresponds to the high-relief band 1n Figures 2b and 2c. The
coincidence of high relief and high rock uphft rate implies that
this is also a zone of unusually rapid erosion, an interpretation
that is consistent with thermochronologic and 1sotopic data for
detrital mineral suites from modern Himalayan rivers and the
Bengal Fan, which indicate that the Greater Himalayan Zone has
been the principle source for sediments removed from the
southern flank of the orogenic system since Miocene time
[France-Lanord et al., 1993, Brewer et al , 2000].

Numerical experiments such as those of Beaumont et al.
[1992] and Willett [1999] suggest a strong feedback relationship
between deformational and erosional processes in orogenic
systems In the case of the Himalaya the processes illustrated in
Figure 1b together provide a remarkably efficient mechanism for
the dissipation of excess potential energy. While southward
extrusion reduces the crustal thickness of the Himalayan-Tibetan
system (and thus its gravitational potential energy per unit area),
accelerated erosion at the margin of the system leads to the
removal of mass (and therefore energy) from the system
altogether. In our view, it 1s no accident that this “extrusion-
erosion” mechanism has developed along the southern plateau
margin, where its dissipative efficiency is magnified by the
highest potential energy gradients in the Himalayan-Tibetan
system .

One of the most interesting characternstics of the extrusion-
erosion mechanism is that it accomplishes the dissipation of
energy along a front of active N-S shortening without interfering
with concurrent processes of energy accumulation related to
India-Eurasia convergence. Unlike the dissipative extensional
processes that accommodate the “collapse” of orogenic systems
after convergence has ceased [Dewey, 1988], the processes
llustrated in Figure 1b may persist over a significant part of the
constructional history of an orogen. Indeed, coupled thermal-
mechanical models of large orogens with orographically focused
erosion, such as that taking place along the southern margin of
the Tibetan Plateau, naturally evolve toward channeled flow of
the middle crust toward the erosion front [Jamieson et al., 2001].

Students of the earlier history of the Himalayan orogen will
note that the extrusion-erosion mechanism illustrated in Figure 1b
bears strong similarity to previously published interpretations of
the deformational processes operative in Miocene time, just after
the STF had been established and when the MCT probably served
as the Himalayan sole thrust. Burchfiel and Royden [1985] first
suggested that the STF may have developed during gravitational
collapse of the Miocene topographic front between India and
Eurasia and may have accommodated the southward extrusion of
a wedge of material between the MCT and STF systems at that
time. Additional geological, petrologic, and geochronological
evidence for a dynamical coupling of Miocene movement on the
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two fault systems was published subsequently [Searle, 1986;
Searle and Rex, 1989; Burchfiel et al., 1992; Hodges et al., 1992,
1993, 1996], and Miocene wedge extrusion along the Himalayan
front was articulated as a channel flow process by Grujic et al.
[1996] and Grasemann and Vannay. [1999]. A key question
regarding the long-term efficiency of this set of processes 1s how
energy is transferred from other parts of the system to the
dissipative margin. In our view this process requires the
development of one or more channels of middle or lower crustal
flow that feeds matenial to the southern margin, a notion
suggested earlier by Nelson et al. [1996] and Wu et al. [1998] on
the basis of geophysical data nterpreted as favoring a partially
molten middle crust beneath Tibet. The rocks currently exposed
in the Greater Himalayan Zone, which display abundant evidence
of Miocene 1n situ anatexis al middle crustal levels, represent the
modern leading edge of this feeder channel but also preserve a
record of the kinematic evolution of the channel in their
deformational fabrics. Studies of these features by Grujic et al
[1996], Hodges et al. [1996], and Grasemann and Vannay [1999]
suggest that the extrusion-erosion mechanism had been
established along the southern plateau margin by early Miocene
time, and the neotectonic evidence reviewed in this paper argues
that 1t 1s still active today.

5. Implications

From a thermodynamic perspective an orogen is an open
system whose behavior 1s dictated largely by how energy flows
through 1t. The relative rates of energy accumulation and
dissipation help define three stages of orogenesis. In the first
stage newly established mountain ranges stockpile energy
because the rate of accumulation through crustal thickening
greatly exceeds the rate of dissipation. In the second stage a fully
developed mountain range reaches i1ts maximum elevation as
energy accumulative and dissipative processes compete for
prominence. In the third and final stage, as plate convergence
wanes, energy dissipation mechanisms predominate and the
mountain range 1s eventually destroyed.

Between the time of inihal India-Eurasia collision and the end
of the Oligocene epoch the Himalayan-Tibetan system was a
first-stage orogen, with crustal shortening and thickening
outpacing erosion and other modes of energy dissipation. Near
the Oligocene-Miocene boundary, there was a dramatic increase
in the rate of energy dissipation as evidenced by an increased
erosional nput to the Himalayan foreland and Bengal Fan [Galy
et al., 1996], the earliest documented continental extrusion at the
southeastern edge of the Tibetan plateau [Chung et al., 1997],
and coeval development of the STF and MCT systems [Hodges et
al, 1996] We mterpret such changes as evidence of a transition
to the second stage of orogenesis Along the southern margin of
the Tibetan Plateau, linked displacement on the STF and MCT
systems permutted southward extrusion of the middle crust
(represented by the Greater Himalayan Zone) toward the Indian
foreland 1n early Miocene time However, this energy dissipative
process has persisted episodically throughout much of the
Neogene, as has the energy accumulative process of crustal
accretion along the southern flank of the orogen, suggesting the
spontaneous development of a near steady state condition that
fluctuates around a balance between energy influx and efflux.

Exactly how the Himalayan-Tibetan system has responded to
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natural perturbations from the steady state condition over the past
20 mullion years has depended on three parameters that change
over time and from place to place: the rheology of the
hthosphere, the rate of crustal shortening, and the rate of erosion
along the Himalayan range front A strong lithosphere 1s capable
of achieving a much greater thickness than a weak lithosphere
before collapsing under its own weight. At several times during
the early to middle Miocene, rocks of the Greater Himalayan
Zone underwent partial melting, resulting in a dramatic drop in
crustal strength. We might expect such episodes to coincide with
major episodes of movement on the STF and MCT systems.
Indeed, a close relationship has been demonstrated between
crustal anatexts and STF and MCT displacement [Hodges et al.,
1996] The specific kinematics of movement on structures
bounding the wedge during any phase of activity depends on
whether the orogenic system needs to gain or lose energy m
response to a perturbation from the steady state If energy
accumulation is favored, the upper and lower bounding fault
sysiems may accommodate shortening. This may explain, for
example, evidence for some episodes of early Miocene thrust-
sense displacement on the STF system 1n central Nepal [Hodges
et al., 1996; Vannay and Hodges, 1996]. If energy dissipation 1s
favored, extrusion of the wedge by normal slip on the upper fault
system and reverse slip on the lower bounding fault system
increases structural relief and enhances the orographic effect on
precipitation, thus increasing the efficiency of erosion along the
Himalayan front.

Some deformation related to the redistribution of energy along
the southern margin of the Tibetan Plateau may be more
complicated than simple southward extrusion. Figure 1a reveals
significant variations n gravitational potential energy along
strike in the Himalaya. Evidence in the geological record for
transcurrent movement on the STF and MCF systems, as well as
for range-parallel shortening and extension in the Greater
Himalayan zone [Burg et al, 1984; Pécher, 1991; Coleman,
1996], might indicate the lateral flow of material down such
gradients in €.

Many mechanisms began to work 1n concert to dissipate large
amounts of gravitational potential energy from the Himalayan-
Tibetan system in middle to late Miocene time. In addition to the
extrusion-erosion engine featured in this paper these include
process sets that accommodate E-W extension of the upper crust
in southemn Tibet [Armijo et al., 1986], eastward extruston of the
lower crust in eastern Tibet [Royden et al., 1997], and eastward
extrusion, clockwise rotation, and ~N-S extension of the upper
crust along the eastern margin of the Tibetan Plateau [Burchfiel et
al., 1995]. The vigorous collaboration of these processes in the
relatively recent past may simply be comncidental, but 1t might
also suggest that some unusual and abrupt energy accumulation
mechanism may have driven the system far from 1ts steady state
configuration 1n middle Miocene time. One possibility 1s that
convective removal of dense lower lithosphere beneath Tibet, and
its subsequent replacement by less dense asthenosphere,
catastrophically increased the gravitational potential energy of
the region [England and Houseman, 1989], but this hypothesis
remains untestable by geologic means.

As reviewed by Molnar et al. [1993], there have been major
changes in climate in the Himalayan-Tibetan region over the past
20 million years, most notably an abrupt intensification of the
Asian monsoon in late Miocene time and an increase in glacial
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activity in the Quaternary The most hikely impact of these events
would be to increase erosion rates along the Himalayan front,
with possible feedbacks to other dissipative mechanisms as well
[Willett, 1999; Beaumont et al , 1992], although there is no
uncquivocal geologic evidence for a strong geodynamic response
of the Himalayan-Tibetan system to climatic forcing [Burbank et
al., 1993; Derry and France-Lanord, 1997] The persistence of
the extrusion-erosion engine described here, despite such events,
mmplies that the effect of secular climate change 1s to increase or
decrease the efficiency of energy dissipation and to alter the
relative importance of specific dissipative mechanisms, but not to
affect a major change n the overall process or to switch off the
engine altogether.

Evidence that the STF system 1s an active feature has
mmportant mmplications for the modern geodynamics of Tibet
Termination of the principle growth fault of the Thakkhola
graben at the shallowly north dipping STF system [Hurtado et
al., 2001] implies that the nift systems of southern Tibet are
rootless, kinematically decoupled from the remaining Tibetan
lithosphere. This observation, consistent with geophysical data
from southern Tibet [Nelson et al , 1996], 1s at odds with tectonic
models that require strong mechanical coupling between the
Tibetan and Himalayan realms [McCaffrey and Nabelek, 1998].
More generally, 1t suggests caution 1n the use of surface faulting
patterns to infer a single style of deformation for the entire
Iithosphere; for example, the lower crust of southern Tibet
appears to extrude southward over the downgoing Indian plate
while the upper crust extends east-west. To make matters even
more complicated, the fault plane solutions of great earthquakes
beneath the southern plateau suggest that E-W extension,
kinematically similar to deformation in the upper crust but
fundamentally dissimmlar to that in the lower crust, occurs in the
mantle lithosphere of Tibet [Chen and Kao, 1997; Holt, 2000].
Thus the kinematic response of the lithosphere to continental
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collision 1s vaniable 1n three spatial dimensions and the additional
dmmension of time.

If a steady state condition such as the one described here can
develop 1n orogentc systems and persist over long timescales, 1t
follows that the structural history of an orogen does not place
unique constraints on the history of plate mteractions responsible
for their development, limiting the value of simple kinematic
models For example, evidence for extensional deformation or
lateral extrusion n a convergent orogen at a particular ime does
not necessarily mean that wholesale gravitational collapse of the
system had begun by that time. Instead, such processes may
simply accommodate energy dissipation at a rate comparable to
that of energy accumulation through other processes operating at
the same time elsewhere m the system. A deeper understanding
of orogenic systems requires that we concentrate research on
more than just the temporal evolution of geological structures and
landforms We must also examme the geologic record for
evidence of persistent process sets that might imply dynamical
steady state conditions, and we must determine whether or not
the forcing factors responsible for the mitial development of
major structural features continue to dictate their evolution over
periods that may last tens of millions of years. Expanding our
perspective to view the patterns of deformation and erosion in the
context of energy flow may be an important part of rising to one
of the great challenges before continental tectonics today: to
define the process relationships that link the simple physics of
mountan building to the rich complexity of mountain ranges.
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