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Abstract. Spirit leveling data from the Nepal Himalaya between 1977 and 1990 indicate
localized uplift at 2-3 mm/yr in the Lesser Himalaya with spatial wavelengths of 25-35 km and
at 4-6 mm/yr in the Greater Himalaya with a wavelength of ~40 km. Leveling data with
significantly sparser spatial sampling in southern Tibet between 1959 and 1981 suggest that the
Himalayan divide may be rising at a rate of 7.5+5.6 mm/yr relative to central Tibet. We use two-
dimensional dislocation modeling methods to examine a number of structural models that yield
vertical velocity fields similar to those observed. Although these models are structurally
nonunique, dislocation models that satisfy the data require aseismic slip rates of 2-7 mm/yr on
shallow dipping faults beneath the Lesser Himalaya and rates of 9-18 mm/yr on deep thrust
faults dipping at ~25°N near the Greater Himalaya. Unfortunately, the leveling data cannot
constrain long-wavelength uplift (>100 km) across the Himalaya, and unequivocal estimates of
aseismic slip in central Nepal are therefore not possible. In turn, the poor spatial density of
leveling data in southern Tibet may inadequately sample the processes responsible for the uplift
of the Greater Himalaya. Despite these shortcomings in the leveling data, the pattern of uplift is

consistent with a crustal scale ramp near the Greater Himalaya linking shallow northward

dipping thrust planes (3-6°) beneath the Lesser Himalaya and southern Tibet. Aseismic slip on
the potential rupture surface of future great earthquakes beneath the Nepal Himalaya south of
this ramp appears not to exceed 30% of the total convergence rate between India and southern

Tibet resulting in an accumulating slip deficit of 1328 mm/yr.

Introduction

The Tibetan Plateau constitutes the largest single region of
high elevation on the Earth's surface. Despite its unique bulk and
the unsurpassed clevations of the mountains bordering its
southern edge [Harrison et al, 1992], few geodetic
measurements of the processes involved in its creation and
sustenance exist. The reasons for this are partly found in its
remoteness and partly in the difficulty in conducting height and
distance measurements through the Himalaya. The Himalayan
foothills formed a natural barrier to the northward growth of
triangulation and leveling networks of the Survey of India.
Although the primary surveys of unvisited Himalayan peaks were
completed in the nineteenth century, it was not until the early
part of this century that geodetic lines were carried beyond the
Lesser Himalaya [Gulatee, 1954; Dickey, 1985]. A single trans-
Himalayan survey connecting the Russian and Indian
triangulation networks was undertaken in 1913 [Mason, 1914].
Space geodesy using the Global Positioning System (GPS)
methods has recently been initiated in the region but will take
several years to provide numerical data suitable for tectonic
interpretation [Jackson et al., 1991; Jackson and Bilham, 1994].
Leveling lines crossing the Himalaya were first measured in the
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last two decades along recently constructed highways in the
Karakorum and Nepal. Of these two precision spirit leveling
lines, only the survey in Nepal has been repeated.

Repeated leveling permits the rate of change of elevation to be
determined as a function of location from some fixed datum,
usually one of the bench marks in the leveling line. It is conve-
nient to display the data from leveling lines from different remea-
surement intervals by converting the observed changes in eleva-
tion to vertical velocities. We present data from vertical velocity
fields observed in Nepal and Tibet in the past two decades and
discuss their form and rate in the context of what they may reveal
concerning the mechanics of the collision process in the
Himalaya.

The rate of convergence between India and southern Tibet is
believed to be between 10 and 25 mm/yr [Molnar, 1990]. In the
absence of historical horizontal geodetic measurements crossing
the range, the evidence for this rate of convergence is indirect.
Relative plate motion reconstructions yield estimates for the con-
vergence rate between India and Eurasia which, at the latitude of
Nepal, indicate velocities of 55 mm/yr were the entire conver-
gence rate concentrated across the Himalaya [DeMets et al.,
1990]. More than half of this relative displacement, however, is
absorbed by internal deformation and slip on faults in central
Asia [Molnar and Tapponnier, 1975; Molnar and Deng, 1984;
Avouac and Tapponnier, 1993]. The average rate of convergence
based on the sum of seismic moment release this century yields a
convergence rate of 17 mm/yr [Molnar and Deng, 1984], but this
is clearly an insufficient time to obtain a precise rate. The rate of
advance of sedimentary deposits toward India recorded in the
sediments in the plains of India and Pakistan yields a conver-
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Figure 1. Locations of Nepal leveling route (solid line), the Project INDEPTH seismic line, and Kali Gandaki
river (gray line). Chinese leveling network is shown as solid lines in Tibet. The link (dashed line) between
Tingri and Kodari has been measured once only. Small open circles indicate Himalayan peaks > 6 km. MBT,

Main Boundary Thrust; MCT, Main Central Thrust.

gence rate of approximately 10-20 mm/yr with a preferred rate of
15+5 mm/yr [Lyon-Caen and Molnar, 1985]. It is suspected that
of the 15+5 mm/yr convergence rate between India and southern
Tibet, 1-5 mm/yr may be absorbed on structures within the
Himalaya [Molnar, 1987]. Uplift rates in the Himalaya have
been estimated using fission track methods indicating local rates
of 5 mm/yr during the past 0.7 my [Zeitler, 1985]. The local de-
formation of river terraces in the Nepal Himalaya is most intense
in the Higher Himalaya and Lesser Himalaya suggesting that
rates of uplift there may also approach 5 mm/yr [[wata, 1987,
Molnar, 1987].

Leveling networks on the Tibetan Plateau were remeasured by
Peoples Republic of China (PRC) geodesists between 1959 and
1981 [Zhang, 1991], and a single line between the Tibetan border
and the Indian border was measured twice between 1975 and
1991 by the Survey Department of His Majesty's Government
(HMG) of Nepal (Figure 1). The Nepalese spirit leveling data are
unique and invaluable in that they represent the only trans-
Himalayan geodetic data available across a relatively narrow
segment of the Himalayan arc.

In a previous analysis of the Nepalese leveling data, we
estimated subsurface interseismic slip rates on an inferred
subsurface thrust fault beneath the Siwalik foothills [Jackson et
al., 1992]. Bench mark coordinates and elevation change data for
each recovered bench mark were unavailable to this previous
study. Their incorporation in the present study resulted in an
adjusted N-S uplift profile and improved estimates of vertical
velocities and their uncertainties. In the present article, we
examine the corrected velocity data supplemented by leveling
data from the southern Tibetan Plateau [Wang and Yang, 1993]
and new data on the subsurface geometry obtained from seismic
reflection studies in Nepal and Tibet. Our goal in this study is to
estimate the rate and distribution of interseismic convergence
across the Himalaya. However, the non-unique interpretation of
vertical motions in terms of their assumed causal horizontal

motions presupposes an understanding of crustal structure and the
subsurface mechanics at work within the Himalaya. The range of
possible subsurface structural geometries and rates of
deformation responsible for the Himalaya is large, and the
surface deformation data available to us are perhaps more useful
to reject untenable geometries than to identify ones that may be
operative. We therefore limit ourselves to reviewing a subset of
possible models. As an analysis tool we use two-dimensional
elastic modeling methods and assume that it is possible to treat
the collision zone as an elastic half-space with uniform elastic
properties. This simplistic approach ignores the fact that the
mechanics of an accretionary prism is moderated by gravitational
as well as elastic and inelastic processes, that the topographic
relief of the collision zone is severe, and that the scale of the
collision process involves ductile and isostatic processes.

In the following treatment we first describe the nature and
quality of the leveling data and discuss the geological and
geometrical constraints on subsurface structures for the southern
and northern segments of the leveling line. We then introduce
several fault geometries which may be responsible for the
observed vertical velocity fields in the southern and northern
segments of the leveling line. We summarize the essential rates
and geometries associated with these models and provide a lower
bound for the India/Tibet convergence. We then compare a long-
term slip rate model with the morphology of peaks in the
Himalaya.

Leveling Data

The raw height data, provided by the HMG Survey
Department of Nepal, are unadjusted by network links within
Nepal (no network closures exist) or by links to India or China.
The data available to this study consisted of bench mark
coordinates and elevations for two epochs along five segments of
the leveling line (Figure 2). Measurements on each of the five
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Figure 2. Map view of bench marks recovered in the 1975-1990 leveling surveys. Bars with arrows and large
letters indicate segments of the line shown in Figure 3a measured at different times. Note the east-west segment

traversing the Kathmandu Valley.

principal line segments took leveling parties 3-5 months each.
While the cumulative along-line distance is ~350 km, the trans-
Himalayan distance projected normal to the arc at 82°E is only
132 km. An east-west jog in the line through the Kathmandu
Valley is responsible for most of the difference in these two
distances, but a significant factor is the tortuous path encountered
where the leveling line rises over the Mahabharat Range south of
Kathmandu (Figure 2). Although the leveling line rises more
than 2.5 km where it crosses the Mahabharat Range, relief near
the Greater Himalaya is subdued as the level line follows first the
Sun Kosi, and then the Bhote Kosi rivers to the Tibetan border at
elevations between 0.8 and 1.6 km (see Figure 3a).

The leveling data south of Kathmandu were obtained over a
13-year interval (Figure 3). North of Kathmandu the line was re-
measured at an interval of 7 years with the northernmost part of
the line between Bharabise and Kodari remeasured after 2 years.
The displacement data were normalized to vertical velocity by
dividing by the appropriate measurement interval. These data are
plotted in Figure 3b with the southernmost point near Birganj
fixed to zero. However, because none of the bench marks are
related to an absolute vertical datum during this interval of time,
the vertical velocities are meaningful only in relation to each
other and any arbitrary point could be held fixed in the data.
Bench marks in the southern and northern segments were in-
spected for stability. Eight points from Figures 3a and 3b were
removed because they were clearly unstable and showed subsi-
dence exceeding several tens of centimeters. Despite the rough
terrain, most of the bench marks are set in bedrock or cemented
in concrete bridge abutments, often seated on bedrock. Bench
marks in the Kathmandu Valley and in the Terai south of the
Siwaliks are 1 m concrete pyramids set 0.5 m below the ground
surface. Many bench marks in the Kathmandu valley appear to
be unstable and show significant subsidence at rates of more than

5 mm/yr presumably related to groundwater withdrawal (Figure
3b).

Chinese leveling measurements join the Nepal leveling line at
Kodari, yet this link has been measured only once in the segment
that rises 3 km to the Tibetan Plateau (Figure 1). The closest
releveled section of the Tibetan network consists of an approxi-
mately east-west line more than 100 km north of Kodari (Figure
4). This line meets a 400-km line that extends north through
Lhasa to central Tibet. A measurement spur to the Rongbuk re-
gion north of Mount Everest, 100 km east of Kodari, was mea-
sured in 1966 and again in 1975-1977 in connection with mea-
surements of the height of Mount Everest. The southernmost
bench mark on this 80-km spur rose at a rate of approximately
1.5 mm/yr between 1966 and 1977 [Wang and Yang, 1993] re-
sulting in an apparent tilt rate of 0.03 prad/yr down to the north.
The leveling data 300-500 km north of the Himalaya show no
significant tilt of the Tibetan plateau.

Errors in the Leveling Data

Inspection of Figures 2 and 4 reveals that the quality and
density of the leveling data from Nepal and Tibet differ
substantially. In a previous analysis we showed that data from
the southern and northern ends of the leveling line in Nepal are
apparently free from slope dependent errors but that the line
crossing the Mahabharat Range exhibits minor correlation
between slope and line tilt and between elevation and elevation
change [Jackson et al., 1992]. According to Nepal first-order
standards [Shrestha, 1988], random errors in the measurements
have an uncertainty of 1.1 VL mm, where L is the along-line
length in kilometers. Thus, on the basis of random errors alone,
the uncertainty in the height estimate between Birganj, at the
Nepal-India border, and Kodari, on the Tibetan border is
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Figure 3. (a) Changes in elevation along the Nepal leveling line, with measurement intervals in segments A-E
indicated. Shaded area corresponds to the topography along the leveling route. The zero vertical displacement
and velocity datum is arbitrarily fixed to Birganj on the Indian border. (b) Vertical velocities and topography
projected onto a line parallel to the inferred India-Asia convergence vector (N10°E). This projection
considerably shortens the line where it crosses the Mahabharat Range and the Kathmandu Valley. Indicated
random errors are initialized from the southern end of each leveling segment.

approximately 2 cm for each measurement epoch. Systematic
errors can exceed 1 cm per vertical km adding perhaps an
additional 2 cm uncertainty to long-wavelength estimates across
the Mahabharat Range [e.g., Holdahl, 1981]. The cumulative
differenced data are thus associated with along-line random
errors between the Plains of India and the Tibetan border that
grow to 7 mm/yr (weighted to the measurement interval), with a
possible additional systematic error of 3x3 mm/yr (weighted to
measurement interval and measurement path) mostly associated
with the southern half of the line. Thus the rate of uplift of the
Greater Himalaya relative to the northern plains of India is
6.2x10 mm/yr providing a weak upper constraint on the growth
of the range (Figure 3). In an absolute sense, even this estimate
is flawed by uncertainties related to the stability of the
southernmost bench mark whose elevation may have changed
relative to tide gauges in the India Ocean during the past two
decades.

Notwithstanding the poor signal-to-noise ratio of the long
wavelength signal, vertical deformation with wavelengths of the
order of 40 km in Nepal is relatively well constrained where the

leveling line follows a path associated with subdued relief. The
random error for these signals attains a maximum displacement
uncertainty of ~7 mm corresponding to a velocity uncertainty of
less than +0.5 mm/yr for bench marks measured after 13 years
and +1 mm/yr uncertainty for those measured after 7 years. The
northernmost 16-km segment of the leveling line is associated
with a maximum random velocity uncertainty of +3 mm/yr be-
tween Bharabise and Kodari. In Figure 3b we illustrate the
growth of random errors along the northern and southern uplift
regions relative to a fixed point in each segment.

The Tibetan leveling network was first measured in 1959-1961
and remeasured in 1979-1981. The data are available as eleva-
tions and elevation changes of bench marks spaced at intervals of
20-70 km. The data have evidently undergone a network-adjust-
ment in the PRC and Tibet, the details of these adjustments or of
published tests for slope- and height-dependent errors for inter-
mediate points are unavailable to us. We therefore estimate the
accuracy of these data indirectly from a 1975 error analysis for
the elevation of Mount Everest [Gu, 1976] in which the contribu-
tion from spirit leveling measurements and vertical triangulation
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Figure 4. Leveling lines in Nepal and southern Tibet at the same scale and their published vertical velocity fields
(1966-1990). The Nepal-Tibet velocity fields are derived for different time intervals and are referred to different,
arbitrary datums. Inset shows map view locations of leveling bench marks in Tibet and the offset between the
Nepal and Tibetan leveling lines. See text for discussion of errors.

measurements were assigned a combined uncertainty of 14 cm.
If this uncertainty were entirely attributable to random errors, it
would suggest that the propagating error for Tibetan data could
be expressed as kv mm where k=2.4 and L=3400, the distance
from the Gulf of Bohai in kilometers. However, it is possible that
a 6-cm component of this uncertainty is associated with system-
atic errors associated with the ~6 km rise in elevation of the end
of the line near Mount Everest [Bilham, 1988]. In this case,
k=1.4, which is approximately double the value obtained using
the most favorable leveling procedures (first-order, class 1). The
lower and upper error limits in the following calculations corre-
spond to errors evaluated for k=1.4 and k=2.4, respectively. The
vertical displacement uncertainty for the southernmost 80-km
segment of the traverse is 12.5-21.5 mm for each measurement,
resulting in a 1.6-2.8 mm/yr velocity uncertainty for the com-
bined measurements over the 11-year interval. Application of the
same reasoning to the contiguous line extending 500 km to the
north yields a displacement uncertainty of 44-76 mm for the
~1000 km along-line path and a remeasurement velocity uncer-
tainty of 3.1-5.4 mm/yr for the 20-year interval. The northern
210 km of the line show no tilt in the two decades under investi-
gation but the 230-km segment between Tingri and Nagqu indi-
cates a relative vertical velocity of 6.5 mm/yr. The velocity un-
certainty for this ~800-km-long segment is 2.8-4.8 mm/yr, but
this includes a ~350-km east-west line segment that contributes
substantially to the uncertainty. If Lhasa-Nagqu relative motions
are considered, the relative velocity uncertainty reduces to 1.7-
3.0 mm/yr. We compare these vertical rate estimates by convert-
ing them to tilt vectors and using the larger, more conservative,
estimates for error growth. The apparent tilt rate of the southern-
most 80 km is 19+35 nrad/yr down to the north, and the apparent
tilt rate of the southern 300 km of the line is 28+19 nrad/yr down
to the north. The first of these signals is not significant, although
it is consistent with leveling farther to the north and with the tilt
signal evident on the approximately east-west leveling line that
follows the Indus Suture north of Kodari. Tilt between Tingri and
Nagqu appears to be significant, although we note that our error
estimates may incompletely characterize systematic errors in the
data associated with local relief on the Tibetan Plateau. Height-
dependent errors may exceed 10 L where L is the vertical dis-

tance in kilometers [Holdahl, 1981]. Bench marks vary in eleva-
tion by more than 1.4 km, and systematic differences between the
two surveys equal to 3x10 L would generate 5-cm displacement
errors corresponding to 5 mm/yr vertical velocity errors. Thus we
believe that the apparent northward tilt of the southern Tibetan
Plateau is marginally significant. Given the various uncertainties
in assessing errors in the Tibetan data, we propose a conservative
vertical velocity for points near the Himalayan divide relative to
central Tibet of 7.5+5.6 mm/yr.

Interpretation of the Nepal Leveling Data

In this section we examine short-wavelength (5-40 km) uplift
signals in the leveling data south and north of the Kathmandu
Valley which emerge significantly above the noise in the data and
appear to be associated with activity on local structures with geo-
logic or morphologic surface expression. A second justification
for treating the northern and southern halves of the leveling line
in isolation is that these two segments are offset by a 100-km-
along arc near the western end of the 1934 Bihar rupture where
processes may vary along strike. In a later section we reconcile
these local rates with the cumulative deformation of the range.

Southern Nepal

The southernmost uplift signal (Figure 3b) occurs between 0
and 20 km from the start of the leveling line, has maximum uplift
velocities of 2+ 0.5 mm/yr, and corresponds geographically to the
alluvial plain north of the Indian border and south of the
Himalayan Front. A broader uplift signal is located between 18-
44 km, has a similar amplitude but lower significance (2x1
mm/yr), and may represent aseismic slip associated with the ac-
tive thrust front of the Lesser Himalaya. A third uplift signal, lo-
cated in the southern Mahabharat Range (45-65 km) north of the
Main Dun Thrust (also called the Chaura-Marin Thrust by
Schelling [1992]) and near the location of the Main Boundary
Thrust, is not considered significant. Although the vertical veloc-
ity of the third feature (45-65 km) exceeds the random error
(peak-to-trough uncertainties of 0.5 mm/yr), the leveling line
climbs steep hill slopes over the 2-km-high Mahabharat range
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Figure 5. Sketch of elements of the Indo-Asia collision zone discussed in the text.

where systematic height-dependent errors may exceed 2 cm, thus
more than doubling the possible uncertainty. We retain the two
southernmost signals in models that follow and do not attempt to
fit the northern feature.

Seeber and Armbruster [1981] suggest that great Himalayan
earthquakes rupture a shallow dipping detachment (Main
Detachment Fault) extending north beneath the Lesser Himalaya
(Figure 5). The absence of recent great earthquakes, surface off-
sets, and depth estimates from microseismicity renders the pre-
cise subsurface geometry of underthrusting unknown. A number
of constraints, however, can be placed on the fault geometry. On
the basis of a single borehole beneath the Ganga Basin, Mather
and Kohli [1964] estimate the upper surface of the Indian plate
dips at 2-3° to the north beneath the Lesser Himalaya. Likewise,
Karunakaran and Ranga Roa [1979] and Sastri et al . [1971]
place the depth to the Indian Shield at »5 km based on the Raxaul
exploration well in the Ganges Basin south of Birganj, Nepal.
Detailed seismic reflection profiles undertaken by HMG

Department of Mines and Geology suggest that the contact be-
tween the Tertiary and younger Siwalik sediments, representing a
minimum depth to the Main Detachment Fault, dips gently (4-6°)
to the north at a depth of 4.2-4.5 km beneath the plains of Nepal
[Bashyal, 1990). Interpretation of the seismic profiles indicates a
sequence of northward dipping faults which appear continuous
along strike (Nepal proprietary seismic profiles 31 and 31 exten-
sion, Figure 6). The seismic profiles are converted to a distance
scale from the Nepal border using shot point coordinates from
Doppler transit measurements located every five shot points. The
two-way travel time is converted to depth using a seismic veloc-
ity profile obtained from nearby refraction and reflection data.
Profiles 31 and 31 extension follow the leveling line between
Birganj and Hetauda (0-48 km). We interpret the southernmost
structure identified in profile 31 as two fault segments (F1 and F2
in Figure 6) coinciding with the uplift feature located between 0
and 20 km. The shallower fault F1 dips 37° to the north, has a
down dip length of 4.9 km, and offsets the contact between
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Figure 6. Relation between vertical velocity field and interpreted seismic profiles in South Nepal near border
with India. Faults segments used in model inversions indicated by F1-F5. Dashed line F5 and solid line F4 are
inferred detachment faults parallel to basement reflector. Topography along the leveling line shown as shading

with open circles.
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Siwalik and older basement rocks by 0.3 km in a normal sense. It
is unknown whether this fault (F1) represents an emergent blind
thrust, possibly reactivating a normal fault structure formed prior
to or during the initial collision of India and Asia, or a creeping
normal fault. Fault F1 is contiguous with a 3.9-km-long fault
(F2) that dips 65° to the north and cuts deep into basement rocks
(Figure 6). This fault can be traced along strike for at least 15 km
to the west and 40 km to the east where seismic data suggest that
its offset diminishes in amplitude. It is also evident that vertical
offsets on the fault below the Siwalik vary downdip and appear to
taper surfaceward. No evidence for upwarping of overlying
sediments is detectable at the resolution of the seismic section,
suggesting that if reverse faulting is occurring, it is relatively
slow or relatively recent. Farther to the east, however, anticlinal
doming over similar high-angle faults is evident in the seismic
sections and suggests that they may now be acting as blind
thrusts.

The northernmost fault identified on seismic profile 31
extension dips =»35° at 0.1-2.0 km and shallows to 27° between 2
and 10 km depth (Figure 6). Its surface projection corresponds to
the surface expression of the Main Siwalik Thrust (also called the
Main Frontal Fault) that outcrops at the topographic front of the
Himalaya near Amlekhganj. Few seismic profiles cross this
fault, and although its downdcpth geometry is conjectural, it is
clearly a major feature that persists along strike. The Main
Siwalik Thrust contact between Holocene alluvium and Middle
Siwalik sediments is not exposed at the surface near Amlekhganj
although a steep near-surface dip for a fault which shallows at
depth can be inferred from steeply north dipping (80-65°) Middle
Siwalik sediments at the mountain front which flatten to dips of
5-10° northward. The seismic profile 10 km south of the Main
Siwalik Thrust is somewhat fragmented presumably by poor
acoustic coupling of sources in the gravel fans fionting the
Siwalik, but there is a suggestion of one or more shallow faults
dipping to the north. Fault F3 in Figures 6 and 8 is interpreted as
a footwall imbricate blind thrust propagating toward the surface
from an inferred continuation of the Main Detachment Fault at
depth. Although this fault has no visible surface manifestation,
an active blind thrust with an extrapolated surface intersection 8
km south of the Main Siwalik Thrust is more consistent with the
observed uplift data than is a signal generated by activity on the
Main Siwalik Thrust.

Approximately 40 km east of the leveling line, Schelling
[1992] infers that a gently north dipping basal detachment (Main
Detachment Fault) underlies the Siwaliks and Lesser Himalaya at
a depth of 6.9-8 km. He concludes that the Main Boundary
Thrust, Main Dun Thrust, and the Main Siwalik Thrust are north
dipping splay thrusts off this Main Detachment Fault that cut up-
ward through the Siwalik sediments with no intervening thrust
flats. Other constraints for the geometry of the active faults in
the southem ranges are based on neotectonic analysis and the lo-
cation and dip of surface faults. On the basis of a northward rota-
tion of ~20-kyr-old stream terraces, both Nakata [1989] and
Delcaillau [1986] suggest that the dip of mapped frontal faults
must shallow with depth.

The seismic profiles are uninformative concerning the
existence of the inferred detachment fault beneath the Lesser
Himalaya, and although several strong reflectors representing
stratigraphic horizons exist, evidence for slip is conjectural. Ni
and Barazangi [1984] show only one earthquake (depth 16£4
km) in the segment of the Nepal Himalaya close to the leveling
line (= km 107, Figure 4) [also Baranowski et al., 1984].
However, they offer a compilation of earthquake focal depths
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projected on a north-south line and suggest that the Main
Detachment Fault lies at a depth of between 12 and 18 km just
south of the Greater Himalaya [Chen and Molnar, 1990; Ni and
Barazangi, 1984]. A surface drawn through an interpreted
basement reflector 4.2-4.5 km beneath the plains of Nepal and
passing through the average depth of the earthquakes [e.g., Ni
and Barazangi, 1984, Figures 12 and 16] dips northward at ~6°
and lies at a depth of 15 km beneath the Lesser Himalaya at 107
km (Figure 5). This planar surface is shown as fault F4 in Figure
6 where the southward continuation (F5) is shown as the dashed
line.

Deformation Models, Southern Nepal

The processes responsible for uplift are either aseismic or the
seismicity is below the detection levels of the somewhat sparse
Nepal seismic network (Figure 7). Deformation may be caused
by elastic or inelastic processes that are conservative, implying
no loss of mass, or nonconservative, involving a loss of mass
from the system during deformation. We limit our search to
models that are conservative and whose deformation is produced
by some combination of slip on known or inferred faults. We
further assume that the faults identified in the seismic profiles are
adequately represented by a series of two-dimensional disconti-
nuities in an elastic half-space. Although the fault geometry is
known in some detail from seismic reflection data in southern
Nepal, we are uncertain of what parts of the fault may be active
or whether activity on faults extends beyond the segments visible
on the somewhat low-resolution seismic sections available to us.
Following a decision regarding the nature of the potentially ac-
tive subsurface dislocation geometry, the observed vertical veloc-
ity field can be used to solve for fault slip rate using a standard
linear least squares inversion [Parker, 1977; Thatcher, 1979;
Harris and Segall, 1987]. The expression for the forward prob-
lem of vertical displacement due to slip on a buried dislocation in
an elastic half space [cf. Ward and Barrientos, 1986; Ellis and
King, 1991; Stein et al., 1992] can be given in matrix form by

d=Gs
1

where d is a n x 1 data vector of vertical velocity observations,
G is a n x m matrix of Green’s functions calculated using al-
gorithms derived by Okada [1985, 1992],and s isa m x 1 col-
umn vector whose components are the dislocation slip rate val-
ues. If we assume that the position and length of each fault seg-
ment are known from the seismic profiles, then (1) is a sequence
of linear equations that can be inverted for the slip rate on each
fault segment [cf. Thatcher, 1979; Savage et al., 1979]. We
amend the model to include a damping parameter A2 that allows a
solution that minimizes both prediction error and solution length
for the model parameters. Our least squares estimate of model
parameters reduces to

est T 2 -1 T
s [G G+A 1] G'd @

The advantage of the damped linear model is that in addition to
including both prediction and solution error, repeated iterations to
improve the data fits are unnecessary and the resulting slip rates
are independent of the starting model. Disadvantages of this in-
version method are that the specified dislocation geometry may
not be representative of the spatially varying fault slip [Segall
and Harris, 1986; Langbein, 1981]; the latter, however, can be
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Figure 7. Microseismicity 1985-1990 (courtesy M. R. Pandey) near the HMG leveling line (thick solid line).
The number of earthquakes within 15 km and +30 km of the leveling line (grids shown) are indicated by the

white and black histograms respectively.

approximated by specifying apriori smoothness constraints on the
slip distribution.

The procedure for inverting matrix equation (1) is
uncomplicated where the number of vertical velocity daia exceed
the number of slip-rate unknowns [cf. Jackson, 1972; Menke,
1989]. For the over determined case (n > m), each model
parameter is uniquely resolved (resolution matrix R = identity
matrix T), and the inversion reduces to a simple weighted least
squares or maximum likelihood problem. The leveling data have
variable uncertainty which is often defined as the accumulating
random error from an arbitrary bench mark [Ward and
Barrientos, 1986; Barrientos et al., 1987]. An alternative
approach is to consider the random error that accumulates
between adjacent points [Vasco et al., 1990]. The velocity error
for two epochs, a and b, between two bench marks i and i+1 is
given by

Ui’,’i’il = (0iin ) +( i+l )y 3

where

Oy = L1, =L Jt @

1.1 is a constant used for Nepal first-order leveling [Shrestha,
1988], ! is the distance between the i and i+1 bench marks, and ¢
is the time between measurement epochs a and b. For the
inversion, the data vector d and the design matrix G are
normalized by the random error between successive bench marks.
Using weights inversely proportional to the random error
between bench marks has the advantage of weighting stations
that are closer together more than stations that are farther apart
and does not assign arbitrary infinite weight to a station at the
start of a leveling segment [cf. Vasco et al., 1990]. For the actual
inversion, we apply singular value decomposition techniques
[Lanczos, 1961; Lawson and Hanson, 1974] to solve for the
model parameters and the associated errors in the fitted
parameters. For each inversion we vary the damping parameter
A? over a range of values (0-1X10°) producing a trade-off curve
(Figure 8) between variance reduction (prediction error) given by

( $(ar -]
V.R=100)1-[EH_— _©
5 ]
(&)
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and model norm (model length) given by

M.N.- 1’§s,-2
i ©

A very large value of A? (small variance reduction, small model
norm, Figure 8) will minimize the solution length at the expense
of the prediction error, while a zero value of A? (high variance
reduction, high model norm, Figure 8) will minimize the predic-
tion error but contains no apriori information regarding the model
parameters. We choose a compromise solution by calculating the
reduced x? statistic at the 95% confidence level above which
models cannot be differentiated (thin dashed line on trade-off
curve) then present the slip rates for a model halfway between
this boundary and the A2 = 0 solution (open dot on trade-off
curve). Standard errors for the model parameters are estimated
from

2
-

AN )
where V; are the columns of square of eigenvectors that span the
model parameter space in the singular value decomposition and
W; are the singular values.

Using the fault geometry estimated from the seismic profiles,
we invert for slip rate on the faults F1-F4 to yield slip rates on
faults F1-F4 of 3.3 = 0.3, 6.0 = 0.6, 3.0 £ 0.4, and 5.4 = 0.3
mm/yr, respectively (Figure 8, model 1). The resulting model

HIMALAYAN GEODESY

parameters reproduce the observed interseismic velocity field
reasonably well and are within the range of long term [Schelling,
1992] and short-term [Molnar, 1990] slip rate estimates.
Quantitatively, the weighted rms misfit is given by

i=1
where the residual r; =o;~c; is the difference between the
observed and calculated vertical velocity and B, is a weighting
factor given by

Yai __ yo?
Yo YN3(/o7) ©)

The weighted rms misfit for the model is 0.4 mm/yr (Table 1),
whereas the average standard error (G ) for the observed vertical
velocity data is 0.1 mm/yr and the weighted rms error

Bi=

18 1%
=Ya;
Ni-zx ] (10)

is 0.4 mm/yr. The weighted rms model misfit is sufficiently
close to the rms pure error to reject the possibility of lack of
model fit.

To test the uniqueness of the slip values from model 1 and to
explore other possible structural geometries beneath the Lesser
Himalaya, fault elements are added and removed from the geom-

Table 1. Slip Rate of Inverted Models

Model Fault Slip Rate, S.D.,m wrms,mm Degrees of x* F Ratio
Run _Segment mm/yr m /yr Freedom
1 F1 33 03 035 39 262 1.0
F2 6.0 0.6
F3 3.0 04
F4 54 03
2 F1 12 02 057 38 383 07
F2 1.6 03
F3 2.6 0.3
F4 4.6 0.6
F5 2.3 0.8
3 F1 11 02 0.69 39 412 06
F3 25 0.6
F4 43 0.3
F5 28 03
4 F1 57 03 046 40 217 12
F3 32 04
F5 55 0.3
5 F1 48 04 157 41 169.8 0.2
F3 39 03
6 F4 7.1 02 037 41 283 0.9
F5 2.5 0.3
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etry shown in Figure 8. In model 2 (Figure 8), a throughgoing
detachment (F5), similar to that proposed for the Bagmati region
40 km east of the leveling line [Schelling, 1992], is added be-
tween fault segments F1 and F3 beneath the plains of Nepal.
Inversion for model 2 parameters suggests a fit to the observed
data similar to that in model 1 but with a substantial decrease in
slip rate on the southernmost dislocations and an overall higher
weighted rms  (Figure 8 and Table 1). A slip rate of 2.3x0.8
mm/yr on a detachment beneath the plains of Nepal reduces the
slip rate on the southernmost faults by nearly 40% but changes
the slip beneath the Lesser Himalaya by less than 15%. We test
the hypothesis that model 2 provides a significantly better fit than
model 1 by comparing the variance of misfit between the two
models. We construct the ratio F = x2 /x2, where

2- - N . - z 2.
2, =YV - M) (0, -,) [ ”

and o°, is the variance of the observed data [Walpole and
Meyers, 1985]. We test the null hypothesis that the variance of
the residuals of the two data sets are equal against the alternative
hypothesis that the variances are significantly different. For F =
0.7, we cannot reject the null hypothesis at the 95% confidence
level and conclude the two models are not significantly different.

Next, fault F2 is removed (model 3, Figure 8) simulating a
locked fault below F1. Qualitatively, the fit to the observed
vertical velocity field is similar to models 1 and 2.
Quantitatively, the weighted rms misfit is greater than that for
model 1 (Table 1) and has an F ratio of 0.6 which is marginally
significant at the 95% confidence level suggesting model 1
provides a slightly better fit than model 3.

The geometry of model 3 is retained in the next iteration
(model 4), but the basal detachment F5 between faults F1 and F3
is removed (i.e., the same geometry as model 1 but without the
basement fault F2; Figure 8). The inversion for slip rates in
model 4 provides a good fit to the observed velocity field with a
weighted rms of 0.46. The F ratio for models 1 and 4 is 1.2,
suggesting no significant difference between the two at the 95%
confidence level. This model results in a higher slip rate estimate
for fault F1 but has a similar slip rate beneath the Lesser
Himalaya (F4 = 5.5+0.3 mm/yr) compared to previous models.

In model 5 (Figure 8) we eliminate all faults except F1 and F3.
The resulting model parameters provide a poor fit to the observed
data, and a comparison of the model variances yields an F ratio of
0.2, suggesting that model 1 provides a significantly better fit
than model 5. In the final model we retain a single throughgoing
detachment (faults F4 and F5, model 6) beneath the Lesser
Himalaya and the plains of Nepal. The tip of fault F5 is termi-
nated under the peak amplitude of the southernmost uplift fea-
ture, while the dislocation boundary between F4 and FS5 is placed
beneath the peak of the uplift feature between 18 and 44 km.
Inversion results in a slip rate of 7.1 mm/yr beneath the Lesser
Himalaya and a 2.5 mm/yr slip rate beneath the plains. An F ra-
tio of 0.9 suggests there is no significant difference between
models 1 and 6 at the 95% confidence level.

The slip rate estimates indicated in the models minimize the
sum of the squares of the residuals between the observed and
synthetic vertical velocity fields given the fixed fault geometry
and uniform slip on the fault segments indicated. Models 3 and 5
are rejected because of their poor fit to the data (Table 1) but
models 1, 2, 4, and 6 yield equally valid interpretations of the
data. One conclusion from these models is that although an
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active subhorizontal fault extending northward beneath the
Siwalik is common to the models, we are unsure if activity
continues south of its intersection forward of the Main Siwalik
Thrust. The slip required on the southward dipping detachment
is 4.5-7.1 mm/yr, a rate that is a substantial fraction (25-30%) of
the inferred convergence rate across the Himalaya. This aseismic
slip occurs presumably on, or close to, the rupture surface visited
by great Himalayan earthquakes suggesting that interseismic
processes locally either delay rupture or reduce coseismic slip.

Models 1 and 2 require reverse slip on the steeply dipping
(60°) fault (F1 and F2) that offsets basement rocks under the
plains of Nepal. This represents a reversal of geologic slip in that
the fault clearly offsets sediments in a normal sense by up to 300
m. The angular intersection between F1 and F2 evident in
seismic sections may signify that fault F1 has been rotated to a
shallower dip by basal tractions and surface shear associated with
southward propagation of the Himalayan front. In this view, the
intersection of F1 and F2 is perhaps related to the incipient
formation of a detachment thrust.

Northern Nepal

The leveling line crosses the Kathmandu Valley in an approxi-
mately east-west direction and climbs out of this alluvial valley
before descending to the river valleys of the Sun Kosi and Bhote
Kosi which it follows to the Tibetan border at Kodari (Figures 1
and 2). The maximum vertical velocity observed near the
Tibetan border is 6+3 mm/yr (Figure 3b) on a 40-km wavelength
uplift feature with a maximum flank tilt rate of 0.25 prad/yr cen-
tered 10 km from the location of maximum uplift rate. These
observations, however, have the largest uncertainties because
they were surveyed after the shortest time interval. The 40-km
wavelength uplift feature is centered roughly over the location of
a mapped anticline that has deformed the Main Central Thrust
[Gansser, 1981; Stocklin and Bhattari, 1980] exposed at the
northern end of the line near the border with Tibet, An offset in
the leveling data suggests that of surface faulting occurs near the
summit of the anticline but does not correspond to any known
fault, and the debris-covered floor of the valley traversed by the
leveling line at this point provides no clear evidence for recent
faulting. In elastic models that follow we treat this apparent off-
set in the data as noise and define the growth of errors relative to
a bench mark near Bharabise which we hold fixed. The 7.5£5.6
mm/yr vertical velocity estimate of the southern edge for the
Tibetan Plateau relative to central Tibet provides a weak con-
straint for the uplift rate north of Kodari.

The geometry of the interface between India and Asia near the
Tibetan border is not well defined by microseismicity and de-
tailed seismic reflection profiles are unavailable to guide our se-
lection of suitable subsurface geometries for potentially active
faults. Focal mechanism solutions, gravity data, and estimates of
flexural rigidity led Seeber et al. [1981)], Ni and Barazangi
[1984], and Lyon-Caen and Molnar [1985] to infer that the dip of
the basal thrust is shallow beneath central Nepal (~2-6°) and
steepens in the north (~15°) as it dips beneath the line of
Himalayan peaks marking the edge of the Tibetan Plateau (Figure
5). The proposed crustal scale ramp feature is consistent with
gravity data [Lyon-Caen and Molnar, 1983] and with the varying
elevation of ancient river terraces along the Kali Gandaki river to
the west of the leveling line [Iwata et al., 1984; Moinar, 1987,
1988]. Likewise, the persistence of the ramp through time is
used to explain the location and elevation of the high Himalayan
peaks. The 40-km-long uplift feature found in the Greater
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Himalaya is near the location of this inferred crustal scale ramp
and corresponds to the broad anticline that has deformed the pre-
sumed inactive Main Central Thrust.

The geometry and depth of the ramp is somewhat conjectural,
although its existence is suggested from balanced geologic cross-
sections in northeast Nepal [Schelling and Arita, 1991]. A recent
seismic reflection profile in southernmost Tibet reveals a 6°,
northward dipping, 28-40 km deep reflector (the Main Himalayan
Thrust) that may represent the northward continuation of the in-
terface between India and Asia [Nelson et al., 1992; Zhao et al.,
1993]. Gravity data [Lyon-Caen and Molnar, 1983, 1985] re-
quires that the Main Detachment Thrust dip northward at 3-5°
beneath the Lesser Himalaya and attain a depth of 15+5 km as it
approaches the Greater Himalaya where it steepens in dip to
roughly 15°. Earthquake focal depths [Baranowski et al., 1984,
Ni and Barazangi, 1985; Chen and Molnar, 1990] and focal
mechanisms lend support to these geometric features.
Microseismicity in the Greater Himalaya between 1985 and 1990
indicates a 40-km along-arc region of diffuse seismicity near
Bharabise (Figure 7). Although some researchers interpret sparse
seismic reflection data from the region in terms of large-scale
southward dipping interfaces beneath the Himalaya [Lépine et al.,
1984; Hirn and Sapin, 1984}, Molnar [1988] argues for an alter-
native interpretation of these data consistent with a northerly
dipping interface. Thus the available data suggest that the inter-
face between India and Asia dips northward at 3-5° south of the
Greater Himalaya and 6° north of the Greater Himalaya with the
two surfaces offset 5-10 km by a crustal scale ramp dipping ap-
proximately 15° to the north.

Deformation Models, Greater Himalaya

Several elastic dislocation models can emulate the amplitude,
approximate symmetry and 40-km wavelength of the observed
vertical velocity field in northern Nepal. However, two distinct
categories of subsurface structure can be invoked: (1) north
di