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Mode of Cenozoic east-west extension in Tibet
suggesting a common origin of rifts in Asia
during the Indo-Asian collision
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Abstract. Cenozoic rifts in Tibet were traditionally interpreted as a result of topographic collapse
of the Tibetan Plateau, reaching the maximum elevation that can be supported by its mechanical
strength. Recent studies have emphasized possible similarities between rifting in Tibet and exten-
sion in the Basin and Range of the western United States. However, when examined in detail,
one finds that spacing of long (>100 km) rifts in Tibet (~100-300 km) is significantly greater than
that in the Basin and Range (~20-40 km). From south to north, rift spacing decreases systemati-
cally: from 191£67 km in the Himalaya south of the Indus-Yalu suture to 146134 km in south
Tibet between the Indus-Yalu and Bangong-Nujiang sutures and farther north to 101131 km in
central Tibet between the Bangong-Nujiang and Jinsha sutures. Instability analysis suggests that
the mantle lithosphere must have been involved in east-west Tibetan extension. Specifically, the
widely spaced rifts in The Himalaya and Tibet may have been related to the presence of a rela-
tively light crust (density <~2.90 g cm™) and a strong mantle lithosphere (~ 40 km thick and a
factor of 5 stronger than the upper crust). The observed systematic decrease in rift spacing can be
explained by the known decrease in the crustal thickness in Tibet, from ~70-80 km in The Hima-
laya in the south to ~50-55 km in central Tibet in the north. A regional comparison of rifts in east
Asia suggests that both the involvement of the mantle lithosphere and the age of rift initiation are

similar for Tibetan rifts, the Baikal rift, and the Shanxi graben. This implies that topographic
collapse or a convective event in the mantle cannot be the sole cause for the development of the
Tibetan rifts. A regional boundary condition applied throughout east Asia must be required.

1. Introduction

To understand the formation of the Tibetan Plateau, we
need to know whether deformation in the crust and the mantle
lithosphere shares the same kinematics during the Indo-Asian
collision [e.g., Holt, 2000]. Two hypotheses have been pro-
posed in this regard. The first hypothesis considers deforma-
tion of the lithosphere to be uniform in a vertical profile;
therefore surface deformation represents the same strain his-
tory and distribution in the entire lithosphere [Tapponnier et
al., 1982; England and Houseman, 1986]. In contrast, the
second hypothesis argues that the existence of a weak lower
crust for the continental lithosphere indicates that the upper
crust and the mantle lithosphere may have experienced differ-
ent kinematic patterns and strain histories during the Indo-
Asian collision, which permits horizontal injection and diffu-
sion of ductile lower crustal materials in and out of Tibet
[Zhao and Morgan, 1987; Bird, 1991; Masek et al., 1994,
Royden, 1996] and the development of subhorizontal detach-
ment faults in the middle and lower crust [Burchfiel et al.,
1989; Zhao et al., 1993; Hauck et al., 1998]. A test of the two
contrasting models would require tracking surface deforma-
tion vertically downward to the lower crust and the mantle
lithosphere. On the basis of observations from wide-angle
seismic reflection profiles, Hirn et al. [1984] suggested that
the Moho is offset beneath The Himalaya by major thrust
faults, implying that the mode of compressional deformation
in the crust can be extrapolated into the upper mantle. Molnar
and Chen [1983] showed that active east-west extension in
southern Tibet is expressed by earthquake fauiting in the up-
per crust and the upper mantle despite the presence of a weak
and aseismic lower crust [Chen and Molnar, 1983]. Recent
fault plane solutions and focal depth determination further
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suggest that brittle east-west extension in the upper crust and
the mantle shares the same mode of deformation directly be-
neath north-south trending rifts in The Himalaya [Chen and
Kao, 1996]. Although calculating focal depths without local
stations such as in Tibet may render large uncertainties [Zhao
and Helmberger, 1991], careful waveform modeling of deep
seismic events (70-100 km) confirms the occurrence of normal
faulting events in the mantle beneath southern Tibet and The
Himalaya [e.g., Chen and Kao, 1996] (Plate 1). Because litho-
spheric deformation is widespread in Tibet [Molnar and Lyon-
Caen, 1989; Armijo et al., 1989], the rate of slip on individual
structures may be relatively low. Thus the interseismic inter-
vals for occurrence of large earthquakes in the upper mantle
may be as long as several thousands of years. This presents
difficulties in evaluating whether seismicity in the upper
mantle is restricted only to southern Tibet or regionally sig-
nificant for the entire Tibetan Plateau.

Recent interpretations of seismic reflection and refraction
data, suggest that structures associated with north-south
trending rifts may be restricted only to the upper crust [Cogan
et al, 1998] because of the presence of a partially molten
lower Tibetan crust [Nelson et al., 1996]. This interpretation
does not preclude the mantle lithosphere to have experienced
necking (i.e., localized thinning below the crustal rift) during
the extension, with the ductile lower crust acting as the ac-
commodation zone between the brittle upper crust and the
mantle lithosphere. Because crustal reflection seismology
could not resolve detailed structures in the lithosphere di-
rectly beneath the rifts, an independent means is needed to
evaluate how the mantle lithosphere has participated in late
Cenozoic Tibetan extension. In this paper, | first summarize
the current knowledge of Cenozoic north-south trending rifts
in Tibet, which as shown below is rather poorly constrained.
This is followed by a systematic analysis of Tibetan rift spac-
ing based on a mechanical model that links spacing to me-
chanical properties of the lithosphere. The result of this
analysis is then used to compare mode and timing of Ceno-
zoic rift development in both Tibet and east Asia (e.g., Baikal
rift and Shanxi graben) (Figure 1).
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Figure 1. Active tectonic map of Asia, showing major Cenozoic fault systems, basins, and volcanic fields. Note
that the active Kunlun fault marks approximately the northern boundar% of north-south trending rifts in Tibet.
Its western end terminates into a series of north-south trending rifts in Tibet, whereas its eastern end merges with
the western end of the Qinling fault [Pelzzer et al., 1985] that is in turn linked with the north-south trending
Shanxi graben in north China [Zhang et al., 1998]. This configuration suggests that active rifting in Tibet is

kinematicall

Asia and their initiation ages are also shown.
north China, Wang [1982f

Indochina, Lee et al. [1998].

2. Geologic Setting of North-South Trending
Rifts in Tibet

Since the initial recognition of active north-south trending
rifts in Tibet [Tapponnier and Molnar, 1977; Molnar and
Tapponnier, 1978; Ni and York, 1978], our knowledge of
these structures has greatly improved. This may be attributed
to several detailed field investigations in southern Tibet
[Tapponnier et al., 1981; Armijo et al., 1986, 1989; Mercier et
al., 1987; Burchfiel et al., 1991), improved quality of Landsat
imagery [Rothery and Drury, 1984], and availability of seis-
mic reflection and refraction data in south Tibet [Cogan et al.,
1998]. Because the initiation age of east-west extension in
Tibet may represent the time when the plateau reached its pre-
sent elevation [Molnar and Tapponnier, 1978; England and
Houseman, 1989], which in turn may have been related to in-
tensification of the Asian monsoon [Harrison et al, 1992;
Molnar et al., 1993], efforts have been made to constrain the
timing of extension. In the Nyainquentanghla region (Plate
1b), the age of onset of east-west extension is constrained to
be 8+1 Ma [Harrison et al., 1995; Pan and Kidd, 1993]. The
age of extension in southernmost Tibet near Xigaze and the
central Himalaya (Plate 1) was estimated by dating north-
south trending dikes as 18%1 Ma [Yin et al., 1994] and ~14
Ma [Coleman and Hodges, 1995], respectively. Whether dike
emplacement represents a regional stress state or is significant
only at a local scale has been debated [e.g., Harrison et al.,
1995], as they are not seen as widespread features associated
with active Tibetan rifts.

linked with active extension in north China. The right-sli
Armijo et al. [1986] consists of (]l) the Karakorum fault in west I
north-south trending rifts in central Tibet, and g}) the Jiali fault in east Ti

arakorum-Jiali fault zone (KJFZ) of
{26) a series of right-slip faults linking
t. Major Cenozoic volcanic fields in

ibet,

ource of data for distribution of Cenozoic igneous rocks are for
and Ye et al. [1987]; central and east Tibet, Pan et al. [1990] and C/n
northwestern corner of Tibet near Yumen, Pan et al. [1990]; northeastern corner of Tibet near Li
Baikal region, Kiselev [1987]; south central Tibet, Yin et al. [1994]; Mongolia, Traynor and Sladen [199

hun,
1an, Yu [1991];

et al. Ll998 :
]; and

The studies of north Tibetan rifts have been mostly based
on fault plane solutions of earthquakes and interpretations of
Landsat images [Molnar and Lyon-Caen, 1989; Rothery and
Drury, 1984; Armijo et al., 1986). An exception is the geo-
logic mapping conducted in north central Tibet near Gangma
Co and Shuang Hu (Plate 1 and Figure 2), which shows the
presence of major active normal fault systems with 4-8 km
displacements [Yin et al., 1999]. Kinematic analysis of these
active faults suggests that northeast striking faults in the re-
gion are left-slip [Yin et al., 1999; Blisniuk et al., 1998],
which are linked with north-south trending normal faults
(Figure 2). The initiation age of rifts in north Tibet is esti-
mated to have occurred in the past 3-4 Myr [Yin et al., 1999].

3. Mechanisms for the Development
of Tibetan Rifts

Traditionally, late Cenozoic east-west extension of Tibet
was related to gravitational spreading of the overthickened
crust [Molnar and Tapponnier, 1978; Dewey, 1988]. More re-
cently, England and Houseman [1989] attributed extension to
convective removal of the lower mantle lithosphere. Other
workers, however, emphasized spatial restriction of east-west
extension in southern Tibet [Tapponnier et al., 1981; Armijo
et al, 1986; Ratschbacher et al, 1994] and argued that rift
formation was due to local boundary conditions such as
oblique convergence between India and Asia or radially out-
ward expansion of the Himalayan arc over the rigid Indian
continent during the Indo-Asian collision [Seeber and Arm-
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Figure 2. A sketch map showing major north-south trending normal faults in central Tibet. The topographic con-
tours are based on the map of Liao [1990]. See Plate 1b for location. The interpretation of the normal and strike-
slip faults and their kinematics is based on the works of Liao {1990] and Blismiuk et al. [1998], and the observa-
tions of Yin et al. £l 999]. The Muga Puruo Rift system extends ~350 km along and terminates near the Jinsha
suture to the north and the Bangong—Nujian% suture to the south. The central segment of the rift system near
Shuang Hu is mapped in detail by Yin et al. [1999]. Note that the generally north-south trending normal faults
merge with east-west and northeast-southwest trending left-slip faults. This is in contrast to the fault pattern in
south Tibet, where north-south trending normal faults merge with northwest-southeast trending right-slip faults.

bruster, 1984; Klootwijk et al., 1985; Armijo et al, 1986,
1989; Molnar and Lyon-Caen, 1989; Ratschbacher et al.,
1994; McCaffery and Nabelek, 1998; Seeber and Pecher,
1998]. It is possible that the processes of gravitational
spreading, a convective event in the mantle, and southward
bulge of the Himalayan arc all contributed to east-west exten-
sion. However, the disagreements reflect the fact that we know
little about the timing of initiation as well as the vertical ex-
tent of Tibetan extension. Several questions must be ad-
dressed to differentiate the above models: (1) Does the origin
of Cenozoic normal faults in Tibet differ from those outside
the plateau in eastern Asia (e.g., Lake Baikal, Shanxi graben)?
(2) What are the characteristic geologic histories and initia-
tion age of normal faults in and outside the plateau. (3) Is
east-west extension restricted only to the upper crust or does
it extend into the mantle lithosphere?

4. Rift Spacing in Tibet
4.1. Spatial Variation

Molnar and Tapponnier [1978] were the first to point out
the remarkably uniform spacing of north-south trending rifts
in southern Tibet (Plate 1a). Armijo et al. {1986] noted a de-
crease in rift spacing from south to north across the Tibetan
Plateau. Using Armijo et al.’s [1986] compilation aided with

recent field observations in north Tibet [Kapp et al., 1997,
1998; Yin et al., 1998, 1999] (Plate 1 and Figure 2), the distri-
bution of Tibetan rift spacing is plotted in Figure 3. In the
following, I define rifts as linear morphologic features that are
bounded by active normal faults with magnitudes of slip
greater than a few kilometers. The related topographic relieves
across the rift zones are at least several hundreds of meters.
Because active rifts in Tibet are expressed by narrow topog-
raphic depression filled by Cenozoic sediments (Plate 1), I de-
fine rift spacing as a distance between the centers of two
nearby rift basins perpendicular to the strike of the rifts. The
length of a rift can be defined by the length of a continuous
topographic depression on map view. Using the above defini-
tions, four distinctive east-west trending belts are recognized
based on spacing and length of rifts (Plate 1): (1) the Himala-
yan region south of the Indus-Zangbu suture, (2) the southern
Tibetan region between the Indus-Zangbu and the Bangong-
Nujiang sutures, (3) the central Tibetan region between the
Bangong-Nujiang and the Jinsha sutures, and (4) the northern
Tibetan region north of the Jinsha suture.

The average rift spacing in The Himalaya is ~191 km with a
large deviation (16 =+ 67 km, where G is standard deviation).
The length of the rifts ranges from ~120 to ~300 km. Al-
though individual normal faults can not be traced directly
across the Indus-Zangbu suture, the general trend of some rifts
(e.g., the Yadong-Gulu rift) may be extended from The Hima-
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Figure 3. Histograms showing rift spacing in The Himalaya,
south Tibet, and central Tibet.” Typical spacing of active nor-
mal faults in the Basin and Range of the western United States
[Fletcher and Hallet, 1983] is also shown for comparison. Al-
though the average spacing of the Tibetan rifts decreases from
south to north, the spread is quite significant, particularly for
those in The Himalaza. The rift spacing in south Tibet is bi-
modal: one group shares an average rift spacing of ~45 km,
and the other group has an averaEle rift spacing of ~145 km. In
all cases, the rift spacing in The Himalaya and Tibet is signifi-
cantly greater than that for the Basin and Range of the western
United States.

layas into Tibet (Plate 1). Despite the large deviation in rift
spacing in The Himalaya, the distance between rifts in the re-
gion varies systematically in space. The more widely spaced
rifts (260-300 km) lie near the western and eastern Himalaya
syntaxes, whereas the more closely spaced rifts (110-150 km)
are located in the central Himalaya.

Because southern Tibetan rifts have the strongest morpho-
logical expression [Fielding et al., 1994] (Plate la), they have
become the focus of most studies [e.g., Armijo et al., 1986,
1989; Ratschbacher et al., 1994; Harrison et al., 1995]. In
general, these rifts are longer (~300 km) and more continuous
for both individual faults and overall rift systems than those
in The Himalayas [Armijo et al., 1986]. Two populations of
rifts in this region can be clearly defined based on their spac-
ing and along-strike length. The first are the well-known
seven major rifts [Armijo et al., 1986] (labeled as 1-7 in Plate
1a), which are several hundreds of kilometers long and are
spaced at ~146+34 km (Figure 3). The second group consists
of nine short rifts (<130 km long, labeled as A-l in Plate 1a),
all in south central Tibet and next to one another (Plate 1).
They are spaced at 4617 km. These short rifts bound a series
of north-south trending, narrow lakes such as Dajia Co and Ji-
esha Co (Plate 1).

Central Tibetan rifts are less prominent in their morphol-
ogic expressions [Fielding et al., 1994] (Plate 1a), possibly
due to the fact that the stream systems are internally drained
[Liao, 1990] which suppresses topographic relief. The length
of the rifts are highly variable and less continuous than those
in southern Tibet [Armijo et al., 1986]. The average rift spac-

ing in central Tibet is ~101£31 km (Figures 2 and 3), signifi-
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cantly shorter than the long rifts in south Tibet and The Hima-
laya.

Whether or not late Cenozoic east-west extension has de-
veloped in north Tibet is not clear because no detailed surface
geologic investigations have been conducted in the region.
Although fault plane solutions of earthquakes show that the
region undergoes both east-west extension and ENE and NW
trending strike-slip faulting [Molnar and Lyon-Caen, 1989],
morphologically, the inferred north-south trending exten-
sional structures are poorly expressed [Liao, 1990; Fielding
et al., 1994] (Plate 1a).

The above analysis shows that the average spacing of the
Himalayan-Tibetan rifts decreases northward, as noted by Ar-
mijo et al. [1986]. In particular, the decrease in rift spacing
appears to occur abruptly across major sutures. On average, a
decrease of ~50 km in rift spacing occurs from south to north
across every suture between The Himalaya and north Tibet
(Plate 1 and Figure 3), implying that the mechanical proper-
ties of individual Tibetan blocks are quite different from one
another. This difference may have been directly controlled by
the geologic history of Tibet prior to the Indo-Asian collision
[Allegre et al., 1984; Dewey et al., 1988; Yin and Nie, 1996;
%g‘op]hy et al, 1997; Yin et al, 1998; Yin and Harrison,

4.2. Comparison Between Tibetan Rifting and
Basin-Range Extension: A Paradox

An analysis of digital topography across rifts in Tibet by
Masek et al. [1994] shows that topographic highs occur along
the rift flanks. These features were interpreted as rift shoulders
related to flexural uplift caused by normal faulting. Modeling
of the topographic profiles across the uplifts assuming an
elastic upper crust on top of a Newtonian viscous lower crust
indicates that the average effective elastic thickness of the Ti-
betan upper crust is ~6-7 km [Masek et al., 1994]. A similar
analysis applied by Masek et al. [1994] to the topography of
the Basin and Range yields an average elastic thickness of 8-
10 km for its upper crust.

Because the elastic thickness of the Tibetan Plateau and the
Basin and Range is similar, one would expect that active ex-
tension should be expressed in a similar way. The active nor-
mal faults in the Basin and Range are spaced rather evenly
[Stewart, 1971}, at 3419 km [Fletcher and Hallet , 1983]
(Figure 3). This rift spacing can be explained by the presence
of a strong plastic upper crust without the involvement of the
upper mantle lithosphere [Fletcher and Hallet, 1983]. If Ti-
betan extension occurred under a similar condition, one
would expect that the average spacing of major rifts in Tibet
should be similar to that of the Basin and Range. Indeed, the
rift spacing in the Basin and Range is similar to that of several
short rifts in south central southern Tibet (Plate 1). However,
when it is compared with the through going rifts that extend
across both south Tibet and The Himalaya, rift spacing in the
Basin and Range is only about 1/4 to 1/8 of those estimated
in The Himalaya and Tibet. The similarities in rift morphology
and elastic thickness, but a drastic difference in rift spacing
between Tibet and the western United States, suggest that both
boundary conditions and mechanical properties of the two ex-
tle‘;\;ginal systems must be quite different [cf. Nelson et al.,

5. Mechanics of Tibetan Rift Spacing

In order to understand the dynamic conditions for the de-
velopment of north-south trending Tibetan rift systems and
their differences from those for the normal faults in the Basin
and Range, rift spacing is used as a proxy for exploring
rheological structures of the lithosphere. Although mechan-
ics of evenly spaced folds are well understood [e.g., Biot,
1961; Fletcher, 1974], mechanisms that control instability
and spacing of extensional structures (e.g., mullions and
boundinages) had not been explicitly explained until the de-
velopment of the infinitesimal instability theory of Smith
[1975] for a Newtonian fluid and later for generalized non-
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Newtonian fluids [Smith, 1977]. The fundamental physics of
the theory is that in a mechanically stratified system the
strength contrast between neighboring layers can produce a
sharp pressure jump across the interface under uniform exten-
sion. Because the interfaces of the mechanical layers in reality
are not perfect planes but irregular surfaces, under a small dis-
turbance the pressure discontinuity across the interface can
lead to mechanical instability expressed by a run-away growth
of the preexisting irregularities.

Several advances have been made since Smith’s [1975] first
formulation of the problem. A noticeable improvement of the
theory was the addition of gravitational force by Fletcher and
Hallet [1983]. This allows expansion of the theory from ex-
plaining mesoscopic folds and mullions (<1 km in dimen-
sion) to lithospheric scale tectonic problems [Ricard and
Froidevaux, 1986; Zuber et al., 1986; Bassi and Bonnin,
1988; Martinod and Davy, 1992].

In the Smith [1975] theory of extensional instability, de-
formation is assumed to be plane strain. This is probably a
good approximation for Tibet in the past 15-20 Myr, as no
east-west trending Neogene thrusts have been found. Another
possible concern of the theory of Smith [1975] is that it deals
with initiation of extension under infinitesimal strain. How-
ever, both scale-model experiments and numerical simula-
tions demonstrate that the predictions of the theory can be
reasonably extrapolated to finite amplitudes of folds and rifts
[Chapple, 1968; Mancktelow and Abbassi, 1992; Martinod
and Davy, 1994; Zuber and Pamentier, 1996; Benes and Davy,
1996].

5.1. Basic Equations

A four-layer mechanical system is considered under plane
strain deformation (Figure 4). Owing to irregular surface to-
pography and variations of composition and thermal gradi-
ents, the top surface and the contacts between the mechanical
layers of the lithosphere and asthenosphere may not be per-
fectly planar. As the magnitude of vertical variation departing
from perfectly planar interfaces between layers is likely small
(<1-2 km) compared to the horizontal dimension of the me-
chanical system (>800 km for the extended part of Tibet), the
total extensional deformation may be partitioned into two
parts: (1) the basic flow, which is derived when treating all the
contacts as planes, and (2) the perturbed flow, which is in-
duced by small-amplitude topography at the boundaries of
the mechanical layers. The total stress and strain rate for the
combined flow may be written as

0,0) X
G Uupper crust m 2 —-
< lower crust z \om 22
i B
== mantle lithosphere n3 7} —-
< n4
asthenosphere >

2

irregular interface that introduces perturbation

Figure 4. The model system and parameters used in calcula-
tion: zi, z, and z3 are thickness of the upper crust, the lower

crust, and the mantle lithosphere, respectively; M1, M2, M3, and

M4 are effective viscosity of the upper crust, the lower crust,
the mantle lithosphere, and the asthenosphere, respectively;

and e;x is the horizontal strain rate. For all the calculations,
sj-a is assumed to be 1077 5™
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(o)

iy =0y+0y,

and

Eij =€jj+Ej),

where ¢, 0y, €y, and gy represent stress and strain rate in
the basic flow and the perturbed flow, respectively.

5.1.1. Basic flow. The formulation of the problem outlined
below follows that developed by Smith [1975, 1977), Fletcher
and Hallet [1983], and Bassi and Bonnin [1988]. First, we
consider pure shear deformation under horizontal extension
for the basic flow. Its strain rate tensor may be written as

- Ju

_ — 0

£y = Exx _0 _i o _, m
0 &) |0 %W

where £ and €,y are horizontal and vertical extension rate
components, and u and w are the horizontal and vertical ve-

locity components, respectively. The condition of incom-
pressibility requires that

én+éz,=§5+a—w=0 ) )

de o

The relationship between stress and strain rate follows the
power law

oy = 2néy- péy )]

where 6); is the stress tensor, p is the pressure for the basic
flow, and 7 is the effective viscosity for the basic flow as

2n=B""exp(Q/RT)J§ /2, )

where B, O, and r are material constants, R is the gas constant,
and

is the second invariant of the deviatoric stress tensor defined
as

A, =0+pé;.
For pure shear deformation (Figure 4), t_rxz =0. From (3) and

_ 1 - _
J2 =z(0'xx_°'zz)2,
we obtain

Ox— 0z =4N¢y,
and

Ja=ane,?.

This leads to the relationship between the effective viscosity
and the horizontal extension rate
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7= %énﬂ—")/" B™V/"exp(Q/nRT) . ©)

As pointed out by Fletcher and Hallet [1983] and Bassi and
Bonnin [1988], when n approaches infinity, the relationship
shown in (3) is a good approximation for a perfect plastic ma-
terial obeying the Von Mises criterion. That is,

J= 1:_3 ,

where

is the yield stress for plastic deformation. For the viscous
lower crust and the ductile asthenosphere the viscosity de-
creases exponentially with depth as the temperature increases
[Brace and Kohistedt, 1980; Fletcher and Hallet, 1983] such
as =71 exp(yz), where ngand ¥ are related to both the mate-
rial constants in (5) and the vertical temperature variation, 7 =
T(z). For layers with uniform viscosity, it requires Y =0 and
n=r1y. The average viscosity may be estimated by integrat-
ing 1(z) over each layer divided by the layer thickness, that
is,

z
1
Nave = —Jn(Z)dz .
4

This allows the use of a constant viscosity for each mechani-
cal layer when dealing with basic flow.

Zuber et al. [1986] showed that whether viscosity is con-
stant or decreases exponentially with depth makes little dif-
ference in predicting dominant wavelengths for the initiation
of extensional instability. In contrast, Bassi and Bonnin
[1988] argued that the continental lithosphere with a strength
profile constructed by Brace and Kohistedt [1980] under uni-
form extension is always stable. The latter is drastically dif-
ferent from the conclusions reached by Fletcher and Hallet
[1983] and Zuber et al. [1986]. The apparent difference in the
results of Zuber et al. [1986] and Bassi and Bonnin [1988]
could be explained by the choice of different model parame-
ters, as pointed out by Bassi and Bonnin [1988]. Because the
thermal structure and thus the rheological profile in The Hi-
malaya and Tibet are highly uncertain, a simpler approach by
Zuber et al.[1986] and Ricard and Froidevaux [1986] is
adopted here, which assumes uniform viscosity for each me-
chanical layer in the model. The absolute value of the viscos-
ity is implied by the assumed strain rate and the assume stress
magnitude in the particular experiments that follow.

5.1.2. Perturbed flow. For the perturbed flow we obtained
the relationship between stress and strain rate by substituting

0,=0y+0y

and

Ej=Ey+Ey

into the power law for the total flow,

oy = 2778'1— pa’ >

and keeping the first-order terms in terms of é,,/s,, [Smith,
1977; Fletcher and Hallet, 1983]:

O =2NEy, (62)
B
O _T"s,a—p, (6b)
I
Oz —Tnfzz‘P . (6c)
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where 1 is the effective viscosity for the basic flow and © x,
Gz, Oz, and p are the stress components and pressure for

the perturbed flow. The relationships in (6) are well known for
introducing anisotropy in the perturbed flow when deforma-

tion follows a power law (that is, n # 1) [Smith, 1977]. The
strain rate tensor for the perturbed flow is
- - du | Ju _ow
P x 2%
E£ij= Nxx ~xz — . . (7)
€ £ 1 (ﬂ 3_w) éﬁ
x 7 2 az ax az

Note that although the strain rate field for the basic flow is
homogeneous, this is not the case for the perturbed flow. The
primary concern in the instability analysis is to determine the
strain and stress distribution and their evolution. The condi-
tion of incompressibility for the perturbed flow requires that

en+sw=a—“+‘9—w=o. (8)

2 B

This condition suggests the existence of a stream function
that can be related to the velocity components by
- Jy -y
U=—— w=——. 9
Y E» ®

The stress components for the perturbed flow satisfy the stress
equilibrium equations

agx’“ + ‘9;2“ +X =0, (10a)
90, 90z

99 282 7.9 10b
> + % + s (10b)

where X'and Z are the body force components in the x and z
directions. Substituting (7)-(9) into (10) and noting that
X =—(dV/odx) and Z=—(dV/Jz), where V = -pgz is the gravi-
tational potential, we obtain the following equation expressed
in terms of the stream function:

34 >’y

*y
jax—+2(2n—l) azz =0.

+‘94

an

The general solution of this equation may be expressed by the
following form [Smith, 1977]:

W(x,2) = P(2)explion), (12)

where o is a real number to warrant a periodical solution in the

x direction. The general solution for ¢(~z) satisfies the follow-
ing equation [Bassi and Bonnin, 1988],
&(z) =A, cos B Azcosha) Az
L Agsin Bz
BiA

Slnﬁl 3 snhalﬂz ‘
a, A

cosho Az

(13)

-B, iq cosﬂ,ﬂzsinhaalz—ﬂsinﬂllzcosha,}lz \
a]l' ﬂ

1

where ¢ =n_”2,ﬂl =(-1/n)""2. Once &(z) is known, the
general solutions for the velocity and stress components in

the perturbed state can be derived from (6), (7), (12), and (13),
respectively. The stress and velocity components for the per-
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turbed flow satisfy the following relations at the interface:

w(x,2) =t (£,2,), (14)
wi(x,2,) =wis1(1,2,), (15)
(}xz(x,z,)_&xz(x»ZH] )=
(16)
4éxx(%)[77,(2,)—7h+|(2,+| )]
G (1.2,)~ Oz (X:2101) = a7

(P11 — P1)ghi(x),

where A,(x) is the topography at the ith interface, i = 1, 2, 3,
and p, is the density for the ith layer. Note that (14) to (17)
show that the velocity is continuous for the perturbed flow
across the interfaces but the stress components are discon-
tinuous across the boundaries, producing a pressure jump that
drives the instability [Smith, 1975].

If the vertical irregularity at an interface is a sinusoidal
function of x such as h(x,r)=h,g(#)sin(Ax), then the total
growth rate of its amplitude may be expressed as the sum of
vertical deformation rate due to both the basic flow and the
perturbed flow [Fletcher and Hallet, 1983],

()

E a8

=Eyy th +W(0,Zi).

If we further define a growth rate factor as [Smith, 1977;
Fletcher and Hallet, 1983]

1 om
—1=(/ex)—22, 19
we can express amplitude of the sinusoidal interface as a func-
tion of time, such as

Growth Rate Factor
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hio = Coexpl(g—Dexx 1], (20)

where Cy is an arbitrary constant. Because € = —Eyy, as re-
quired by the incompressibility condition in (2), by compar-
ing (18) and (19), we obtain

Sh (1 . ~
#()z—suh,o+w(0,z,)=(q—])£xxh,0, @
which can be further simplified to
w(0,2,)— GExx g =0. (22)

Equation (22) and boundary conditions of (14) to (17) at three
interfaces and at Z=+ yield a system of 18 linear algebra
equations with 18 unknown constants to be determined.
These equations define the following dimensionless parame-
ters [Zuber et al., 1986]:

§1 =(pi-Po)gz /1y,
Sy =(p2_p1)gz ! 72,

23a
83 =(p3-p2)gz, / 73, (232)
S4 =(P4-_p3)82 / T4,
Rl = Tl /12,
R2 =T /T3, (23b)
R3 = Tl /T4,

where T; =21, €xx,i=1, 2, 3, 4, is the average yield strength
of each mechanical layer. Finally, the growth factor, ¢, is
solved from the system of linear equations (14)-(17) and (22)
as a function of the dimensionless parameters listed above,
the thickness of each mechanical layers (z,), and the dimen-
sionless wave number, k'. That is,

q=9(8,.5,83,54, R, Ry, R3,24,25,23,k"), (24)

1
121

T T T T T 1
151 1.31 211

Dimensionless Wave Number

Figure 5. Relationship between the growth rate factor and the dimensionless wave number as a function of the
crustal density (Pcrust), which varies from 2.7 to 3.1 g cm”. Parameters used in the model are z= 10 km, z; = 60
km, z3 =40 km, R; = 100, R; = 0.5, R3 = 50, T, = 246 MPa, pmante = 3.2 8 cm?. See text for discussion.
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where k'=2mz; /A, and X is the wavelength. In the following
calculation a uniform density for the crust and the mantle is

assumed (i.e., P1 = P2= Perust; P3 = P4 = Pmantle; S2 = S2 = 0). To
approximate the plastic behavior of the upper crust and the
mantle lithosphere, n;=n3;= 10* are used. For the lower crust
and the asthenosphere, n;= n,= 3 are selected. The horizontal
strain rate is assumed to be 10" s”, a typical value for in-

tracontinental deformation [e.g., Brace and Kohlstedt, 1980].

5.2. Results

Figure 5 shows the relationship between the growth rate
factor and the dimensionless wave number as a function of
crustal density. The parameters used in the model are z;= 10
km, zo = 60 km, z3 =40 km, R, = 100, R, = 0.5, R3 = 50, 7| = 246
MPa, Prmante = 3.2 g cm™. Selecting R; = 100 implies that the
upper crust is 2 orders of magnitude stronger than the lower
crust, and R; = 0.5 implies that the plastic mantle lithosphere
is a factor of 5 stronger than the plastic upper crust. Finally,
R3 =50 implies that the upper crust is 50 times stronger than
the asthenosphere. This figure shows that for a given density
contrast between the crust and the mantle, the growth rate fac-
tor has two maximums: one corresponds to a higher wave
number and the other corresponds to a lower wave number. As
demonstrated by Zuber et al. [1986], the peak corresponding
to the lower wave number is controlled by the presence of a
strong upper mantle, whereas the peak corresponding to the
higher wave number is controlled by the presence of a strong
upper crust. When the value of one peak is greater than the
other, extensional instability is dominated by the wave num-
ber related to the larger peak, which in turn decides the domi-
nant wave length and therefore the spacing of extensional in-
stability.

When the crustal density is between 3.1 and <~2.92 g cm”
3, the peak value for the growth factor corresponding to the
high wave number is greater than that corresponding to the
lower wave number (Figure 5). This implies that the spacing of
extensional instability is dominated at a wave number of &’ =

1.56 or a wave length L = 40 km. However, as the density of
the crust decreases, the peak value of the growth factor corre-
2500 —

2000 —]

1500 —

Growth Rate Factor
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sponding to the lower wave number increases faster than that
corresponding to the higher wave number. When the crustal
density is equal to ~2.92 g cm™, the two peak values are nearly
equal. Under this condition, the extensional instability is
dominated by two different wave numbers (k’hgh= 0.25, K'1ow =
1.56) expressed by two different dominant wavelengths (Ljong
=251 km, L shorr = 40 km). When the crustal density is <~2.92
gem?, the peak value correlated with the lower wave number
exceeds that correlated with the higher wave number. Thus,
with all other conditions held the same, the dominant wave
number of the instability switches from &* = 1.56 when the

crustal density is between 3.10 g em? and 2.92 g cm™ to & =
0.25-0.30 when the crustal density is between 2.92 g cm™ and
2.70 g cm™. The latter wave numbers of &* = 0.25-0.30 corre-

spond to dominant wavelengths of L = 210-250 km. This re-
sult implies that a subtle change in crustal density from
slightly below 2.92 g cm™ to slightly above 2.92 g cm’
would cause a change in the spacing of extensional instabil-
ity.

The role of relative strength contrast between the upper
crust (T1) and the mantle lithosphere (t3) in controlling the
dominant wavelength for the initiation of extensional insta-
bility is shown in Figure 6. [n this case, | used the following
parameters: z;= 10 km, z2 = 60 km, z; =40 km, R =100, R3 =
50, T3 = 246 MPa, Pmantie = 3.20 g ¢m™, Perust = 2.95 g cm™, and
R, varies from 1 to 5. As the strength of the upper crust in-
creases, the peak value of the growth rate factor corresponding
to the higher wave number increases much faster than that cor-
responding to the lower wave number. This implies that if the
strength of the upper crust is significantly greater than that of

the upper mantle, the short-wavelength instability (&£ = 1.3-

1.5 or L = 41-48 km) prevails. It also shows that the high
wave number peak corresponds to the presence of the strong
upper crust.

The role of the upper and lower crustal thickness in con-
trolling the dominant wavelength of extensional instability is
shown in Figures 7 and 8, respectively. In Figure 7, | assume

that z; = 60 km, z3 =40 km, R; = 100, R, = 0.5, R3 = 50, T, = 246

000
| | | |

001 031 061 091 121

1.51 181 211 2.41 27 3nl

Dimensionless Wave Number

Figure 6. Relationship between the growth rate factor and the dimensionless wave number as a function of
strength contrast (Rz = T1/1;) of the upper crust (t;) and the mantle lithosphere (13): z1= 10 km, z; = 60 km, z3 = 40
km, R, = 100, R3 = 50, T3 = 246 MPa, pmante=3.20 g em?, and Perust= 2.95 g cm™. Note that as the strength of the

upper crust increases, the peak value of the growth rate factor corresponding to the higher wave number increases
much faster than that corresponding to the lower wave number.
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Figure 7. Relationship between the growth rate factor and the dimensionless wave number as a function of the
upper crustal thickness (z)): z2 = 60 km, z3 = 40 km, R, = 100, R = 0.5, R3 = 50, T, = 246 MPa, pmane = 3.20 g em?,
and perusc=2.95 g em?, with z; varying from 5 to 20 km. Note that a change in the thickness of the upper crust

does not switch the dominant wave number from one peak to the other, although the wave number corresponding
to each peak changes systematically as the crustal thickness varies.

MPa, Pmante = 3.20 g em?, and perus =295 g em™, with z, vary-
ing from 10 to 25 km. In this case, a change in the thickness
of the upper crust does not switch the dominant wave number
from one peak of the growth rate curve to the other, although
the wave number corresponding to each peak changes slightly
as the crustal thickness increases (Figure 7). The amplitude of
the lower wave number peaks increases as the upper crustal

350 —
300 —
250 —

200 —

Growth Rate Factor

150 —

50 |

00

thickness increases, whereas the amplitude of the higher wave
number peaks also increases as the upper crustal thickness in-
creases. For the low wave number peaks their corresponding
wave numbers increase from ~0.16 to ~0.41 as the upper
crustal thickness increases. This corresponds to an increase in
the wavelength of extensional instability from ~190 km to
~300 km. For the high wave number peaks the wave numbers

00 031 0.61 091 121

151 181 211 241 2.71 301

Dimensionless Wave Number

Figure 8. Relationship between the growth rate factor and the dimensionless wave number as a function of the
lower crustal thickness (z3): z1 = 15 km, z3 = 40 km, R; = 100, R; = 0.5, R3 = 50, 1) = 246 MPa, pmanue = 320 g cm?,
and perut =295 g cm, with z> varying from 15 to 60 km. Similar to the case shown in Figure 7, there is no switch

in the dominant wave number as a result of an increase in the thickness of the lower crust. However, wave number
corresponding to each peak changes systematically as the thickness of the lower crust varies.
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Figure 9. (a) A schematic diagram showing Indian mantle lithosphere directly beneath The Himalaya is involved
in east-west extension. (b) A schematic diagram showing possible mode of Cenozoic lithospheric extension in
Asia including Tibet. (c) A detailed cross section showing possible structural relationships within each rift zone.
Upper crustal normal faults sole into the ductile shear zones in the middle and the lower crust. The mantle litho-
sphere is thinned in response to extension by either brittle faulting or ductile flow. The thinning of the mantle
lithosphere is responsible for upwelling of the mantle asthenosphere, which in turn could have produced synrift-
ing magmatism such as those observed in the rift valley of the Shanxi graben [Wang et al., 1996].
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corresponding to the peak values decrease slightly from ~1.6
to ~1.5.

In Figure 8, I assume that z; = 15 km, z3 =40 km, R, = 100,
R2=0.5, Ry = 50, T) = 246 MPa, Pranic = 3.20 g cm™, and perus =
2.95 g cm>, with z; varying from 15 to 60 km. Similar to the
case shown in Figure 7, there is no switch in the dominant
wave number as a result of an increase in the thickness of the
lower crust. However, wave number corresponding to each
peak changes systematically as the thickness of the lower
crust increases. For both peaks in Figure 8, wave numbers de-
crease when crustal thickness increases. For the low wave
number peak its maximum value corresponds to a variation in
rift spacing from ~145 km for a 15-km-thick lower crust to
~285 km for a 60-km-thick lower crust.

6. Discussion

The above analysis shows that when the crustal density is
greater than ~2.90 g 'cm™, with a 10-km upper crust and 60-km
lower crust, the short-wavelength instability is favored. How-
ever, when the crustal density is <~2.90 g cm>, the long-
wavelength instability prevails. This mechanism may help
understand the origin of a bimodal distribution of rift spacing
in south Tibet. Underthrusting of Indian continent beneath
Asia [Powell and Conaghan, 1973; Owens and Zandt, 1997]
may have added its Late Proterozoic-Mesozoic sediments into
the Tibetan crust, which would have lowered the overall
crustal density of Tibet to favor the development of an exten-
sional instability at longer wavelengths. This implies that the
closely spaced short rifts in south central part of south Tibet
occurred first, which was followed by the formation of widely
spaced long rifts.

Once the choice of long- or short-wavelength instability
is determined, the rift spacing is most sensitive to the lower
crustal thickness: a thicker lower crust favors a wider rift spac-
ing, whereas a thinner lower crust favors a shorter rift spacing.
This may qualitatively explain the systematic decrease in rift
spacing from south to north between The Himalaya and central
Tibet (Figure 3), as its thickness decreases northward from 80-
85 km in The Himalaya to ~75 km in southern Tibet to ~55 km
in central Tibet [Hirn et al., 1984; Zhao and Xie, 1993; Nelson
et al., 1996, Owens and Zand!, 1997].

As shown by Zuber et al. [1986], the mode of extensional
instability corresponding to wavelengths of 200-250 km on
the growth rate factor plots, such as those shown in Figures 5-
8, could be related to the presence and involvement of the
mantle lithosphere. If their conjecture applies to the case in
Tibet, it means that wavelengths of 150-300 km for rift spac-
ing in both The Himalaya and Tibet reflect the involvement of
the mantle lithosphere during Cenozoic east-west extension.
It also implies that the mantle lithosphere directly beneath
The Himalaya, which is part of the Indian plate, must have also
been extended together with its upper crustal rifts (Figure 9a).
Extension of the mantle lithosphere beneath The Himalaya is
consistent with deep earthquakes whose epicenters are at the
depths between 80 and 100 km in the region [Chen and Kao,
1996]. Because the Indian mantle lithosphere is involved in
extension, oblique subduction of India can be ruled out as the
sole cause for the east-west Tibetan extension [McCaffrey and
Nabelek, 1998]. This leads to two possibilities: (1) the ex-
tension was induced by east-west stretching of the entire
lithosphere in the Himalaya and Tibet (passive rifting), and
(2) extension was induced by mantle flow in the astheno-
sphere (active rifting). To definitively resolve these ques-
tions is clearly beyond the scope of this paper. However, a
comparison of igneous activity, age of onset of rifting, and
style of deformation between Tibetan rifts and Cenozoic rifts
in north China and Siberia may provide some insights.

Postcollision volcanism in Tibet began at ~40 Ma
[Chung et al., 1998; Deng, 1998]. However, rifting did not
initiate until ~8-4 Ma [Harrison et al., 1995; Yin et al., 1999].
This history is similar to the igneous activity in the Lake Bai-
kal region, where initial volcanism occurred at ~29 Ma [Kise-
lev, 1987; Delvaux et al., 1997], but rift did not develop until
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about 8 Ma [Delvaux et al, 1997]. This history is also similar
to the Shanxi graben and its adjacent regions, which experi-
enced extensive basaltic eruption (i.e., the Fanshi Basalt) at
about 30-23 Ma [Wang , 1982] (Figure 1). However, the gra-
ben did not begin to develop at ~6 Ma [Wang et al., 1996].
The mode of extension is similar among the Tibetan, Bai-
kal, and Shanxi rifts, all involve mantle lithosphere as de-
picted in Figure 9. Modeling of gravity data, detailed analysis
of teleseismic travel times, and the occurrence of seismicity at
a depth of 40-50 km in the upper mantle suggest that the man-
tle lithosphere is involved during the formation of the Baikal
rift [e.g., Rupple et al., 1993; van der Beek, 1997; Gao et al,
1994; Deverchere et al, 1991]. The presence of extensive
Quaternary basaltic eruption centers along the Shanxi graben

[Wang et al., 1996] also implies that extension of the Shanxi
graben is deep-seated, involving the mantle lithosphere.

The broad similarities in the history of volcanism (i.e., it
occurred some 10-30 Myr prior to rifting), the age of rift ini-
tiation (8-4 Ma), extension involving mantle lithosphere, and
the trend (north-south) and the direction of extension (east-
west) suggest that rifts in Tibet and those in north China and
southeast Siberia may have shared the same origin. It implies
that gravitational collapse [e.g., Dewey, 1988] or convective
removal of the mantle lithosphere beneath Tibet [England and
Houseman, 1989] cannot be the only causes for the develop-
ment of Tibetan rifts. Instead, this would require a boundary
condition at a scale of thousands of kilometers applied for en-
tire east Asia. One possibility is that eastern Asia had experi-
enced mantle upwelling induced by subduction of the Pacific
plate beginning at ~40-35 Ma [Northrup et al., 1995]. This
process caused thermal weakening of the lithosphere and
eventual rifting in Asia at ~8-4 Ma. This may explain why ini-
tiation of post-Indo-Asian collision volcanism predates rift-
ing in Tibet, Lake Baikal, and Shanxi.

7. Conclusions

Rift spacing in the Himalaya and Tibet decreases system-
atically from south to north. In The Himalaya south of the In-
dus-Yalu suture, it is 191267 km. In south Tibet between the
Indus-Yalu suture and the Bangong-Nujiang suture, it is
146+34 km. Farther to the north in central Tibet between the
Bangong-Nujiang suture and the Jinsha suture, it is 10131
km. Instability analysis suggests that widely spaced rifts in
The Himalaya and Tibet may have been related to the presence
of a relatively light crust (crustal density <~2.90 g cm™) and a
strong mantle lithosphere (more than a factor of 5 stronger
than the upper crust) throughout Tibet, and its systematic de-
crease in rift spacing may be explained by the northward de-
crease in crustal thickness in Tibet. Regional synthesis sug-
gests that the mode of east-west extension in Tibet is similar
to that for the Baikal rift and Shanxi graben in southeast Sibe-
ria and north China, all involving the mantle lithosphere dur-
ing east-west extension and starting to develop at about the
same time between 8 and 4 Ma. This would require a boundary
condition at a scale of thousands of kilometers applied in east
Asia for their initiation and subsequent development. One
possibility is that entire eastern Asia had experienced mantle
upwelling beginning at ~40-35 Ma. This process caused
thermal weakening of the lithosphere and eventual rift devel-
opment at ~8-4 Ma. This may explain why initiation of post-
Indo-Asian collision volcanism predates rifting in Tibet, Lake
Baikal, and Shanxi regions.
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