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Abstract. The Himalayas and the Tibetan Plateau were formed as a result of the collision of India and Asia, and provide 

an excellent natural laboratory for the investigation of the mechanical response of the outer 100 km of the Earth (the 

lithosphere) to tectonic stress. Geophysicists are divided in their views on the nature of this response with one group 

advocating homogeneously distributed deformation in which the lithosphere deforms as a fluid continuum while others 

contend that deformation is highly localized with the lithosphere deforming as a system of rigid blocks. These rigid blocks or 

plate undergo little internal deformation. The latter group draws support from the high slip-rates recently observed on strike- 

slip faults along the northern edge of the Plateau (the Altyn Tagh Fault, ATF), coupled with seismic observations suggesting 

that these faults penetrate the entire lithosphere. These “lithospheric faults” define continental lithospheric plates and 
facilitate the eastward extrusion of the “central Tibet plate”. If extrusion of a rigid Tibet occurs then there must be equivalent 

features at its southern boundary with slip-rates similar to those in the north. The southern boundary of Tibet, defined by the 

Main Himalayan Thrust (MHT), has no lateral component of motion and is therefore kinematically incompatible with motion 

in the north. However, a series of features, the Karakorum Fault, the Karakorum-Jiali Fracture Zone (KJFZ), the Jiali Fault 

and the Red River Fault which lie to the north of the MHT may define the actual, kinematic, southern boundary of this 

“central Tibet plate”. 

We have investigated the rate of slip along the Karakorum Fault (KKF), the major strike-slip fault in southwestern Tibet. 

If the KKF represents the actual, kinematic, southern boundary of this Tibet, and is the only feature accommodating eastward 

extrusion of Tibet, then its slip-rate should be similar to that of the ATF in the north. Offsets along the Karakorum Fault 



ranging from tens of meters to kilometers have been mapped using satellite imagery and field mapping, and samples ages 

determined by cosmic-ray exposure dating. Near Bulong Kol (39ON, 75”E) cosmogenic dating of a 40 m fluvial offset yields a 

slip rate of -6.5 mm/yr. Near Mt. Kailas (3 I SON, 80.7”E). a glacial moraine offset by -350 m has been dated at 32.3k9.5 

thousand years, yielding a slip rate of 10.8k3.6 mm/yr. In the Gar Valley (32”N, 80”E) a river channel incised in glacial 

sediments yields an offset of 1750 m (see Figure) and an age of 283,000 years equivalent to a slip-rate of 6 mm/yr. 

Relative to the ATF, the slip rates on the KKF are lower than expected, and since these measurements cover almost the 

entire length of the KKF, the disparity cannot be attributed to along strike variation in the rate. Based upon the analysis of 

satellite images along the Karakorum Fault, we believe that this apparent slip deficit may be to the en echelon arrangement 

of multiple strike slip fault segments that characterize what should more appropriately be called the Karakorum Fault Zone. 

The geometric arrangement of parallel fault segments produces the “pull apart” basins that form the valleys along the KKF. 

Hence, at any given latitude, slip along the KKF may be distributed among numerous fault segments. This investigation 

supports efforts to understand the structure and mechanical response of the Earth’s crust and supports the application of 

remote sensing methods. 

Introduction 

With the exception of the Ocean basins, the Tibetan plateau is the most prominent topographic feature on the Earth’s 

surface with an area equivalent to 2/3 that of the conterminous United States, standing at an average elevation of 5000 m. 

The formation of the Tibetan plateau is a result of the collision between two continents, India and Asia, which began - 55 

million years ago. The singular nature of the Tibetan Plateau makes it a compelling problem in the geosciences and the 

process of continent-continent collision, which it represents, is one that has controlled the evolution of the crust over the 

course of Earth history. However, geologic history of the Tibetan plateau is poorly known. As a result of both its 

topographic and cultural isolation, this feature has only become accessible to western geologists in the last 2 decades. On the 

most basic level, our impression of how the Tibetan plateau evolved is strongly influenced by the way in which one believes 

the continental lithosphere (the -100 km thick region that defines the “plates” in plate tectonics) deforms. Is deformation 

homogeneously distributed with the continental lithosphere approximating a fluid? Or is deformation localized along major 

fault zones with the continental lithosphere approximating rigid plates? In the first model, the faulting we observe in the 

crust can be considered as the simple fracturing of a thin brittle layer atop a deforming viscous fluid [Houseman and England, 

19931. Faulting is then, in a sense, parasitic and geodynamically unimportant. In the localized deformation model, great 

faults represent the boundaries of “continental plates” and the motion observed in the crust is coherent with that of the 

underlying 100 km thick lithosphere. The relative plate velocities must then obey the rules of rigid plate kinematics [Peltzer 

and Tupponnier, 19881. This is clearly a fundamental issue in the geosciences, and has implications far beyond that of the 

evolution of the Tibetan plateau. 



Figure I .  Shaded relief map of Tibet with the traces of active faults. The major features mentioned in this 
proposal are the Altyn Tagh Fault, the Kunlun and Haiyuan Faults, the Karakorum Fault, the Karakorum- 
Jiali Fracture Zone, the Jiali and Red River Faults (RRF) and the Himalayan Frontal Thrust. The boxes 
indicate the locations of our study areas: (1 )  Bulong Kol at the northern end of the Karakorum Fault, (2) 
the Gar Valley at the southem end of the Karakorum Fault and (3) Beng Co on the Karakorum-Jiali 
Fracture Zone, and (4) the Red River and Jiali Faults in southeastern Tibet. The Salamu Tagh (Figure 5) 
on the Altyn Tagh Fault is also shown. 

Here we investigate the kinematics of fault motion associated with the ongoing Indo-Asian collision. The primary goal 

of the investigation is to determine the rates of motion on strike-slip and extensional faulting along the southern boundary of 

Tibet using a combination of satellite observation, field mapping and cosmic-ray exposure dating at the Center for Accelerator 

Mass Spectrometry (CAMS). These results, which integrate slip-rates over thousands of years, will complement those 

obtained in a previous investigation along the northern boundary of the plateau. These long-term rates will be a critical 

addition to the instantaneous slip-rates that can be determined using the Global Positioning Satellite (GPS) methodology, as 

they avoid errors associated with interseismic strain accumulation and averages over many earthquake cycles. 

In addition to the primary goals of this project described above, we have maintained a number of active collaborations 

that have allowed us to (1)  finalize investigations of slip rate determinations for the Altyn Tagh, Kunlun Faults and Haiyuan 

Faults, including a study of the 2002 Kokoshili earthquake, (2) investigate the pressure-temperature history of convergent 

motion along the southern rim of Tibet and the Himalayas and the effects of associated climatic changes on faunal 

distributions and oxygen isotopic compositions. These results are described in the Appendix and attached reprints.. 



Motivation: Strain incompatibility in Tibet 

The collision of India and Asia began -55 Ma. Prior to this time, India and central Asia were converging at a rate of -10 

cm/yr. Based on paleomagnetic data, the rate then dropped to - 5 cm/yr when the collision began. The collision is estimated 

to have driven the southern boundary of Asia as much as 2000 km to the north, with deformation extending as far north as 

Siberia. Our interest here is in the active faults that surround and traverse the plateau (Figure 1). The main active feature on 

the southern edge of the plateau is the Himalayan Frontal thrust (HIT), which transports rocks from the north to the south 

along a north-dipping fault plane. The HFT is the youngest of a series of such features that are responsible for the southward 

growth of the plateau by a process of south-directed, crustal imbrication (Figure 2). 

In contrast the northern edge of the plateau is bounded by the left-lateral Altyn Tagh Fault (ATF) - a strike-slip fault that 
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Figure 2. Cross section through the southern boundary of the 
Tibetan Plateau showing crustal imbrication by south- e, 
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allows the plateau to move east relative to the Tarim basin to the north (Figure 3). The ATF is unusual in that it is 2000 km 

long, but unlike other faults of such great extent does not terminate at another plate boundary. Rather it is a wholly 

intercontinental feature that we believe is currently propagating to the northeast. The results of our previous research indicate 
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Figure 3. Large scale strain map of Asia illustrating the strain incompatibility 
between northern as southern Tibet and the role of the Karakorum Fault, the 
Karakorum-Jiali Fracture Zone and the Red River Fault in allowing eastward 
extrusion of Tibet. 

that the slip-rate on the ATF is highest in the west with a rate of >3 crn/yr and decreases to zero at its eastern terminus. This 

is exactly what one would expect of a propagating fault that is distributing motion to subparallel strike-slip faults such as the 

Kunlun and Haiyuan fault and sub-perpendicular thrusts such as those in the Nan Shan (Figure 1 and 3). Since the ATF does 



not connect directly to another plate boundary, it cannot transfer slip to a stable triple junction and its motion must be 

accommodated by deformation within the Asian continent. 

The thrust faulting and crustal thickening that occurs in the active fold-and-thrust mountain belts along the margin of 

eastern Tibet (the Nan Shan) is evidence of this process, indicating that plateau growth is directly connected to strike-slip fault 

motion. Lateral slip on the ATF has allowed eastward extrusion of the Plateau, driving crustal imbrication at its eastern edge. 

The southern Plateau grew by simple crustal imbrication due to convergence perpendicular to the Indo-Asian suture. 

However, the eastward extrusion of Tibet required by the Altyn Tagh and Kunlun Faults and the northward convergence along 

the Himalayan Frontal Thrust are not kinematically compatible as the active Himalayan Frontal Thrust has no lateral 

component. If indeed our rigid lithosphere model is correct, we require a conjugate, strike-slip fault with a rate of shear 

comparable to that of the ATF, but with an opposite sense of shear, lying somewhere north of the Himalayan Frontal Thrust. 

A combination of features that fulfill these criteria are the Karakorum and Jiali Faults which are connected by a set of en 

echelon, right-lateral faults known as the Karakorum-Jiali Fracture Zone (KJFZ, Figure 1 and 3). In this project we have 

obtained the first long-term slip-rates along these faults, using cosmic-ray exposure dating methods facilitated by LLNL's 

Center for Accelerator Mass Spectrometry (CAMS). 

Methodology 

The Karakorum Fault and the Karakorum-Jiali Fracture Zone have been mapped using satellite image interpretation and 

field observations, and horizontal tectonic offsets as large as 500 m and 1000 m were observed along the Karakorum Fault and 

Figure 4. Development of offset terrace risers over a left lateral strike-slip fault. (a)  
alluvial fan deposited over active fault. (b) incision produces T2 terrace and T2m3 riser. 
(c) renewed incision abandons T2 turning T2m3 riser into a passive offset marker; TI 
terrace and TI /T2 riser are formed. (d) another episode of incision abandons TI ,  allowing 
TI/T2 to accumulate offset. (e) shows the effect of vertical component on terrace postion. 
The age of the underlying terrace constrains the age of the riser. 

the Karakorum-Jiali Fracture 

Zone, respectively (Armijo 

et al., 1986, 1989; Liu, 

1993). However, at the 

time these sites were visited, 

cosmic ray exposure dating 

using accelerator mass 

spectrometry was in its 

infancy, and the sites were 

not sampled, and slip-rates 

not quantitatively 

determined. The 

measurement of nuclides 

produced by interaction of 

cosmic rays with samples at 

the earth's surface 

(cosmogenic nuclides) has 

revolutionized the field of 

active tectonics by allowing the determination of such long-term slip rates. Although production rates of these nuclides in 

terrestrial rocks are on the order of tens of atoms/gm/yr the development of accelerator mass spectrometry have enabled these 



analyses. Quartz, which is abundant in terrestrial rocks, is an ideal target for the in situ production of "'Be, '"1, and I4C, and 

calcite (CaCO,) provides a similar target for 36Cl cosmogenic dating. The nuclide production rates are known as a function of 

latitude and elevation [Lal, 1991; Nishiizumi et al., 1993; Nishiizumi et al., 19891. 

The manner in which slip-rates are determined using cosmogenic isotopes is illustrated in Figure 4. Here we consider an 

alluvial fan that has been deposited over an active left-lateral strike-slip fault (a feature on the opposite side of the fault moves 

to the left during and earthquake). We refer to this original fan surface as the T3 terrace (Figure 4a). The T3 surface may be 

subsequently incised by the stream to produce a lower terrace, T2, and its associated riser, T3/T2 (Figure 4b). As long as the 

river occupies the T2 terrace, the T3/T2 riser will be susceptible to continued erosion and will not begin to act as a passive 

tectonic marker until the T2 terrace is abandoned (Figure 4c). Hence, the age of the T3iT2 riser is constrained by the age of 

the underlying terrace, in this case T2. If the present lateral displacement of the T3iT2 riser can be measured, then the surface 

exposure age of T2 will yield the rate of displacement since the final abandonment of the T2 terrace. This process is often 

repeated leading to a number of datable offsets that allow the slip rate on a fault at a single site to be determined as a function 

of time. 

The dating of terraces is accomplished using cosmic-ray exposure ages of quartz-rich or calcite-rich materials on the 

surfaces of interest. The concentration of a nuclide in a sample exposed at the surface of the earth is a function of the nuclide 

production rate at the surface, Po,  exposure time, t, depth below the surface, z ,  the decay constant (for radionuclides), A ,  the 

erosion rate, E. and the concentration of nuclide inherited from previous exposure and is given by the following expression: 

where A is the absorption mean free path, and p the material density. The production rate decreases exponentially 

- z l  z* P( z )  = P,e 

where z*=A/p is the e-folding distance (about 50 cm for rocks). We have concentrated on the analysis of the 

with depth 

cosmogenic 

nuclides, "'Be, "A1 and "Cl which is now done routinely in our lab. Where possible, we also collect carbonaceous material 

for radiocarbon dating that is also done at CAMS. Analysis of both cosmogenic isotopes and radiocarbon provides a good 

internal check on our analyses, and also helps to reconcile geologic uncertainties associated with pre-depositional exposure of 

samples (given by the first term on the left-hand side of eqn (1)) and surface contamination. We also routinely collect samples 

from beneath the terrace surface to constrain the pre-depositional exposure or inherited component. The subsurface samples 

allow us to reconstruct the exponential decay of nuclide production with depth, and extrapolation to a depth below -2 rn yields 

an estimate of the inherited component. 
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To more firmly establish the slip rate on the Altyn Tagh Fault we completed of dating at a number of sites along its 

central segment where slip rates should be highest. Radiocarbon and 'oBe-26Al cosmic-ray exposure dating of fluvial and 
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Figure 5. SPOT image of the Salamu Tagh region draped over a digital elevation model. The 
view i s  to the north looking over the central Altyn Tagh Fault (ATF). The ATF cuts 
horizontally across the image offsetting the large, source-less glacial valley on the east by - 4 
km from its two, active glacial sources on the west, north of the fault. 
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geodetic rate estimates. This long-term rate indicates that, at this longitude, the Altyn Tagh fault on the north edge of Tibet 

absorbs as much of India's convergence relative to Siberia as the Himalayan Main Frontal Thrust does on the southern edge of 

the plateau. 

Figure 8. Figure 8 Ikonos image of lower Gar site where moraines have been laterally offset relative 
to the glacial valley from which they originated by movement on the Karakorum Fault (dashed line). 
The abandoned channel has been offset from the active channel by 1750 m. 

The Karakorum Fault, was sampled near Bulong Kol along the northern edge of the Tibetan Plateau and in both the upper 

and lower Gar Valley (Figure 7). Near Bulong Kol (39"N, 75"E) cosmogenic dating of a 40 m fluvial offset yields a slip rate 

of -6.5 m d y r .  Near Mt. Kailas in the lower Gar Valley (31 S O N ,  80.7"E), a glacial moraine offset by -350 m has been dated 

at 32.3~9.5 thousand years, yielding a slip rate of 10.8~3.6 mm/yr. In the Gar Valley (32"N, 80"E) a river channel incised in 

glacial sediments yields an offset of 1750 m, measured on an Ikonos satellite image (Figure 8) and a Be-10 age of 283,000 

years equivalent to a slip-rate of 6 m d y r .  This is the oldest glacial feature that we have dated in Tibet. It is often assumed 

that younger glacial features erase evidence of previous glaciation. Here it would be expected that older features would have 

been erased during the Last Glacial Maximum, -20,000 years ago. The preservation of these older deposits may be directly 

linked to tectonics as lateral motion on the fault displaces them relative to the glacial source region. This may make areas of 

active strike slip faulting ideal for investigating climate variability in alpine regions. 

We have also sampled a number of features along the Karakorum-Jiali Fracture Zone near Gyaring Co (Figure I) ,  and 

complimented our sampling with Interferometric Synthetic Aperture Radar (InSAR) observations to image crustal 



displacements obtain short term slip rates. This area is the focus of Mike Taylor's Ph.D. thesis at UCLA. Unlike many of 

the other areas we've investigated, the eastern end of the KFJZ is characterized by limestone-rich lithologies (CaCO,), and 
will have to be dated using 36Cl cosmic-ray exposure dating. Here a series of en echelon and conjugate faults appear to be 

accommodating some north-south shortening and east-west extension. Based upon the lnSAR results, movement on these 

faults may accommodate as much as 10% of Indo-Asian convergence, and places an important constraint on the internal 

deformation of the Tibetan Plateau 

Summary 

This project addresses a first order issue in continental tectonics using the best natural laboratory available, the Indw 

Asian collision. In doing so we have applied a unique LLNL facility, the Center for Accelerator Mass Spectrometry, and also 

enhance the Lab's capabilities in satellite image analysis and remote sensing. The opportunity to apply this combination of 

satellite image interpretation and surface dating to other regions of tectonic interest is unlimited, and we have begun to 

explore future applications in the western US, the Mediterranean Basin, Alaska and East Africa, as well as other parts of Asia 

and South America. As part of this line of research, we helped to bring InSAR, Interferometric Synthetic Aperture Radar 

analysis to LLNL, a capability that is emerging in a number of energy and security-related programs. Similarly, through our 

tectonic investigations we are developing an expertise in continental climate history. Exploring the correlation of continental 

and ocean climate records is an important component of climate dynamics, hindered by the sparse continental record. The 

connection to both UC and other universities is real and vibrant, with students participating in field missions and performing 

analytical work at LLNL. 
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