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Abstract

The Gurvan Bogd mountains of the Gobi±Altay, Mongolia contain a system of strike-slip faults with a reverse component,
part of which moved in a large earthquake (Mw08:0) in 1957. Adjacent and sub-parallel to the main ranges are numerous
thrust-related folds, thrust faults, and elongated low ridges (`forebergs'), all of which result from the shortening component on

the fault zone. The appearance of these thrust-related structures is varied, depending on their stage of development, preservation,
and exposure. Evidence from geomorphology and surface ruptures suggests that they may all serve a common function, which is
to broaden the deforming zone by creating new structures that are able to accommodate both the strike-slip and the shortening
components of motion. The geomorphology further suggests that these new structures then evolve by lateral propagation and

increase in amplitude, to eventually merge and form through-going new faults subparallel to the old. In their early stages the
new faults and related structures appear to be in¯uenced by the underlying sediments adjacent to the main range, which may
include weak layers such as lake beds that can ultimately cause the collapse of foreberg ridges in landslides. The migration of

faulting away from the main range is likely to be driven by stresses associated with topography, which in turn is a consequence
of the shortening component. The evolution described here is thus peculiar to strike-slip faults with a reverse component, and
can form many of the features of the `¯ower structures' that are often described in such oblique-shortening zones. Although the

shortening component is often localized in restraining bends, its origin may ultimately be related to rotations about vertical axes,
which are common in deforming continental regions. # 1999 Elsevier Science Ltd. All rights reserved.

1. Introduction

The Gurvan (lit. `three') Bogd mountains, contain-
ing the massifs of Ih Bogd, Baga Bogd and Artz Bogd,
are at the eastern end of the E±W Gobi±Altay range
in SW Mongolia (Fig. 1). The active deformation of
the Gobi±Altay is dominated by E±W left-lateral
strike-slip faulting, which forms a conjugate system
with the dominantly NW±SE right-lateral strike-slip
faulting in the Mongolian Altay to the west (e.g.
Tapponnier and Molnar, 1979; Baljinnyam et al.,

1993; Cunningham et al., 1996a, 1996b, 1997). The de-

formation in both ranges also contains a shortening

component, manifested as numerous reverse or thrust

faults, folds, or oblique slip on the strike-slip faults. It

is probable that both the Gobi±Altay and the

Mongolian Altay (and their strike-slip faults) rotate

about vertical axes to accommodate the expected N-

to NNE-shortening in this part of Asia (see inset to

Fig. 1 and Bayasgalan et al., 1999), and this rotation

may be the fundamental cause of the reverse com-

ponent on the strike-slip systems. From a geomorpho-

logical and structural point of view, the reverse-slip

component on these fault systems is very useful

because it creates topography whose morphology, drai-

nage and associated sedimentation allow insights into
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how the fault systems evolve with time, which is the
subject of this paper.

The Gurvan Bogd fault system is the best studied
and most celebrated in the Gobi±Altay, mainly
because it ruptured over a distance of about 260 km
in an earthquake of Mw08 in 1957 (Florensov and
Solonenko, 1963). The main 1957 surface ruptures
were described by Florensov and Solonenko (1963)
and Baljinnyam et al. (1993), and then in a critical
synthesis involving precise re-measurement of scarps,
by Kurushin et al. (1997). In addition to the main
range-bounding oblique strike-slip faults, all these
authors also describe sub-parallel ruptures separated
from the main range fronts by typically 2±8 km and
on which the dominant component of slip appeared to
be thrusting on faults dipping towards the nearby high
massifs. Some of the 1957 thrust scarps are at the foot
of much larger escarpments displacing alluvial fans,
while others are associated with rows of low hills,
called `forebergs' by Florensov and Solonenko (1963)
and later authors. On the edges of the Gurvan Bogd
mountains are other young scarps and ridges that are
similar to those associated with the 1957 thrust scarps,
but which did not rupture the surface in that earth-
quake. Both the 1957 and the pre-1957 thrust-related
features vary in their geometry, appearance and geo-
morphological setting, and it is improbable that a

single generic model of their structure and develop-

ment can account for all of them. Yet they have all

contributed to the topography and morphology of the

Gurvan Bogd mountains, and they all pose the same

essential questions regarding the evolution of this fault

system, namely: (1) what is the relation between the

thrusting and the strike-slip motion, and (2) how do

the thrusts develop with time? In this paper we use

our own observations of the 1957 and pre-1957 fault

scarps and associated geomorphology to supplement

the detailed description of the 1957 ruptures reported

by Kurushin et al. (1997) and attempt to address these

questions. As Bayasgalan (1995) and Cunningham et

al. (1996a, 1997) point out, the internal geology of the

Gobi±Altay ranges resembles the `¯ower structures'

that are often described in regions of oblique shorten-

ing (e.g. Woodcock and Fischer, 1986; Sylvester, 1988;

Woodcock and Schubert, 1994), and the questions

posed above may help us understand how ¯ower

structures evolve. Finally, as Bayarsayhan et al. (1996)

emphasize, the Gurvan Bogd fault system is probably

typical of many large, active, continental strike-slip

systems, and understanding what the relation between

geomorphology and ruptures in earthquakes has to

tell us about their behaviour is of more than local

interest.

Fig. 1. Inset map shows the location of the Gurvan Bogd fault system (box A) within the Gobi Altay (GA) range of western Mongolia. Curved

arrows show the inferred senses of rotation within the Mongolian Altay (MA) and Gobi±Altay (relative to Siberia in the north), and the big

shaded arrow shows the approximate direction of overall shortening (e.g. Holt et al., 1995; England and Molnar, 1997). The main map (box A

in the inset) identi®es locations within the Gurvan Bogd mountains. Faulting in the 1957 earthquake is shown by solid black lines and thrust-re-

lated structures that moved in this earthquake are identi®ed by ®lled black triangles. Open white triangles identify other thrust-related structures

that did not move in the 1957 earthquake. Numbers in circles are locations referred to in the text.
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2. General setting of the shortening structures

Fig. 1 shows the faulting in the 1957 earthquake and
other features associated with thrusting but which did
not rupture the surface in 1957. Of the thrust-related
features referred to by numbers (#1±14) in Fig. 1,
those at Dalan TuÈ ruÈ uÈ (#4), Baga HetsuÈ uÈ (#6), OÈ lziyt
(#9), Gurvan Bulag (#10) are all `forebergs', or narrow
ridges of hills rising up to 100 m above the surround-
ing alluvial fans and situated typically 5 km from the
neighbouring mountain (Fig. 2). Thrusting associated
with each of these features ruptured the surface in
1957 to form scarps upthrown on the mountain side
and ranging from about 2 m (#4, 6, 9) to 4±5 m (#10)
in height. At Bayan Tsagaan (#1) is a similar foreberg
but, if it ruptured in 1957, the surface scarps were
smaller (Kurushin et al., 1997). These forebergs share
some general features: They all strike 110±1308, obli-
que to the average horizontal projection of the slip
vector in the 1957 earthquake (thought to be in the

range 080±0908 because of the correlation between the
vertical component of slip and the strike of the fault;
Baljinnyam et al., 1993; Kurushin et al., 1997). With
this orientation, the forebergs would therefore be
expected to have a thrust component. Some of them
(e.g. #4 and 6) are at obvious restraining bends in the
fault system. Nearly all the forebergs and thrusts in
Fig. 1 occur near the high and relatively wide massifs
of Bayan Tsagaan, Ih Bogd and Baga Bogd, which
suggests they are related to the way in which these
mountains increase their width with time.

At the eastern end of Baga Bogd and the western
end of Artz Bogd are other folds (#14), scarps (#12)
and forebergs (#8, 11, 13) of which only #8 ruptured
in 1957. Along Artz Bogd, folds and forebergs are
found only in this location (#13 and #14). Bayasgalan
et al. (1999) suggest that their formation is related to
this special structural position between the two rotat-
ing massifs of Baga Bogd and Artz Bogd. Their left-
stepping en eÂ chelon arrangement (discussed later, Fig.

Fig. 2. Photos of foreberg ridges, identi®ed by F in each picture. (a) View looking south at the eastern end of Dalan TuÈ ruÈ uÈ (#4 in Fig. 1). The

main 1957 surface rupture is the line marked by arrows following the foot of the subdued hills in the foreground. In the background is Ih Bogd.

Tents are about 3 m high. (b) View looking southeast at the western end of Dalan TuÈ ruÈ uÈ . Note the dissected hills of the foreberg rising above

the fan surfaces between the foreberg and the main range front. The line of the 1957 ruptures is marked by arrows. (c) View of the Gurvan

Bulag foreberg (#10), looking north. The main 1957 surface ruptures (marked by arrows) follow the base of the subdued foreberg ridge. (d) View

looking south at the forebergs on the northeast side of Bayan Tsagaan (#1). Arrows mark the subdued foreberg hills.

A. Bayasgalan et al. / Journal of Structural Geology 21 (1999) 1285±1302 1287



6) suggests a component of left-lateral strike-slip along
the Artz Bogd range.

In addition, we identi®ed four places, at Ulaan
Bulag (#2), HuÈ uÈ hnii HoÈ ndii (#3), Toromhon (#5) and
east of Ih HetsuÈ uÈ (#7), where we suspect earlier thrust-

related structures have been abandoned or modi®ed
during the evolution of the main 1957 strike-slip fault
[called the Bogd fault by Florensov and Solonenko
(1963) and later authors] as a through-going feature.

The forebergs and other thrust-related structures

Fig. 3. Pro®les surveyed across several forebergs using di�erential GPS, to illustrate the variety of shapes of the foreberg ridges. (a) Dalan TuÈ ruÈ uÈ
(#4 in Fig. 1). (b) The eastern foreberg at the western end of Artz Bogd (#13; also F2 in Fig. 6). (c) The western foreberg at the western end of

Artz Bogd (#13; also F1 in Fig. 6). (d) Southern side of Baga Bogd (#12). (e) One of the anticline ridges at the western end of Artz Bogd (#14;

also A2 in Fig. 6). (f) Air photo of the fold pro®led in (d): see also A2 in Fig. 6.
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show both similarities and di�erences with each other. It
is not our intention to produce a single model that
explains all their features, nor do we believe that one
exists. Di�erent aspects of their geometry, kinematics
and evolution are revealed in the di�erent localities, and
we hope that when taken together, they may allow gen-
eralizations to be made that are valid in principle, even
though they may not apply to each structure in detail.

3. Structural generalizations

3.1. Shortening

The cores of the main basement massifs of Ih Bogd,
Baga Bogd and Artz Bogd consist of metasedimentary
rocks, volcaniclastics and felsic intrusions deformed in
the late Paleozoic, followed by early Mesozoic foreland
basin deposits that are uncomformably overlain by
later rift-related Mesozoic clastic sedimentary rocks
and volcanic rocks (e.g. Florensov and Solonenko,
1963; Hendrix et al., 1996; Cunningham et al., 1997).
The region was peneplained in the late Cretaceous or
early Tertiary, and there is speculation that the late
Cenozoic deformation has involved inversion of
Mesozoic extensional basins, possibly by reactivation of
normal faults as thrusts (Cunningham et al., 1997).
However, most of the thrust-related scarps that are the
subject of this paper cut Quaternary fan material or
bedded Tertiary sediments. Where exposed near the
frontal thrust scarp, the bedded sediments generally dip
toward the mountain at up to 30±408 (at #4, 6, 7, 13),
but sometimes adjacent to the scarp itself (#4), the bed-
ding dips away from the mountain and the foreberg has
the internal structure of an anticline. The tilting, uplift
and folding of the rocks within the foreberg are respon-
sible for elevating it above the fans that lie between it
and the mountain. However, the shapes of the emergent
forebergs or ridges can be quite variable (Fig. 2). Some,
such as #4 (Fig. 3a), 6 and 7, form ridges with slopes
on the mountain side that are quite clear (0108), though
much less steep than the valley-facing slope at the
thrust scarp itself. Other ridges are barely emergent
above the fan surfaces behind them (e.g. #13 in Fig. 3b
and c and #12 in Fig. 3d), and resemble more localized
displacements in those surfaces. Many forebergs are in-
ternally deformed, especially by normal faults subparal-
lel to the thrust scarps. The normal faults dip both
toward and away from the mountain, and some rup-
tured the surface in the 1957 earthquake (#4, 9, 10). In
addition, at least two forebergs (#4 and 10, and poss-
ibly 9) contain `backthrusts' which moved in 1957. The
backthrusts dip away from the mountain, and are situ-
ated on the mountain side of the foreberg ridge.

What can be deduced from these generalizations?
The shape of the foreberg ridge is always asymmetri-

cal, with its steepest ¯ank away from the mountain,
suggesting it overlies a thrust dipping toward the
mountain. However, the shape and wavelength of the
exposed ridge is clearly a�ected by several factors,
including: (1) the internal deformation of the ridge (es-
pecially backthrusts, which can accentuate the moun-
tain-facing slope, as at #4 and #10); and (2) the rate of
uplift relative to (a) the sedimentation rate on the fan
systems between the ridge and the mountain and (b)
the incision rate of the outwash streams that cross the
ridge. Some foreberg ridges are partially or almost
completely buried beneath the outwash (#7, 13), and
their internal structure is only evident in the gorges
that cross them. The interplay between the rates of
sedimentation and erosion allows some elevated fans
between the foreberg ridges and the mountains to be
much less dissected than would otherwise be expected,
because the fans are protected by the rising foreberg,
which only a limited number of streams succeed in
crossing (see also Owen et al., 1997). From this point
of view, the asymmetric folds and ridges (#14 in Fig.
3e and f) in the region between Artz Bogd and Baga
Bogd are informative, since they are well away from
the fans coming from Artz Bogd. These ridges are
asymmetric folds, vergent away from the mountain,
but their cores contain substantial internal defor-
mation including structural repetition on thrusts
(Cunningham et al., 1997). Their wavelength of about
500 m is typical of the 500±1000 m wavelength seen in
several other forebergs (e.g. #1, 4, 6, 10), even though
some of these are partially buried beneath outwash
sediments on their mountain side. This relatively short
wavelength, combined with the tilting of young sedi-
ments toward the mountain and the ability of the fore-
berg ridge to act as a barrier to the outwash (because
its uplift rate exceeds that of the region between it and
the mountain) all suggest that, in general, the thrusts
beneath the forebergs ¯atten or decrease their dips at
depths of 1±2 km (e.g. White et al., 1986; Avouac et
al., 1993; Kurushin et al., 1997; Meyer et al., 1998). In
addition, the numerous normal faults adjacent to sev-
eral of the frontal scarps (e.g. #4, 10) may indicate
that some thrusts also decrease their dips at very shal-
low depth (perhaps less than 100 m) causing them to
produce a sinuous scarp at the surface (Kurushin et
al., 1997). In at least one place (#6), the thrust ex-
posure at the surface follows a weak layer of gypsum
interbedded with red beds and outwash gravels.

In summary, the foreberg shapes are probably re-
lated to changes in the dip of the underlying thrust
faults in the near surface (perhaps shallower than
100 m) and also at greater depths (1±2 km), thus
including features of fault-bend and fault-propagation
folds. A representative fault dip beneath the foreberg
ridges may be in the range 30±408, which is commonly
seen in the tilted sediment and in a few exposures of

A. Bayasgalan et al. / Journal of Structural Geology 21 (1999) 1285±1302 1289
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the 1957 faulting (e.g. at Gurvan Bulag, #10 in Fig. 1;
Kurushin et al., 1997). However, the appearance of the
structurally controlled shapes are also modi®ed by
sedimentary and erosional processes, which Owen et
al. (1997) argue are climatically controlled. It is prob-
able that, at least in some cases, the thrusts follow
bedding planes within the Tertiary±Quaternary sedi-
mentary sequence adjacent to the mountains.

3.2. Accommodating the strike-slip component

At Dalan TuÈ ruÈ uÈ (#4), Baga HetsuÈ uÈ (#6), OÈ lziyt Uul
(#9) and Gurvan Bulag (#10), no signi®cant strike-slip
component was observed on the 1957 scarps at the
foot of the forebergs (Kurushin et al., 1997). Of these,
Dalan TuÈ ruÈ uÈ (#4) and Baga HetsuÈ uÈ (#6) are both at
obvious compressional jogs (`restraining bends') in the
main through-going strike-slip rupture of 1957 on the
north side of Ih Bogd and Baga Bogd. With the excep-
tion of the special case at Ih HetsuÈ uÈ (#7, discussed
later), we do not believe the forebergs are simply the
toes of landslides coming o� the high mountains, as
there is no sign of normal faulting or back-rotation of
the fan systems at the main range fronts. The lack of
strike-slip motion on the main foreberg scarps raises
the possibility that the shortening and strike-slip com-
ponents are spatially separated, or `partitioned', into
strike-slip faulting along the range front and thrust
faulting in the forebergs, analogous to the known fault
geometry in some subduction zones (Fitch, 1972;
McCa�rey, 1992). However, of the four main 1957
foreberg ruptures (#4, 6, 9, 10), strike-slip motion was
seen at the range front between the mountain and the
foreberg only at Baga HetsuÈ uÈ (#6) (Kurushin et al.,
1997). If partitioning occurs, and if the strike-slip and
thrust faults are to meet within the seismogenic upper
crust, the geometrical requirements for their stability as
a system of internally rigid blocks are very severe: the
slip vector on the strike-slip fault must be exactly par-
allel to the line where the strike-slip and thrust faults
meet. We suspect that this necessary condition for sep-
aration of the strike-slip and reverse components is too
restrictive to apply outside subduction zones, and leads
instead to distributed deformation within the weakest
part of the system, which is probably at shallow depths
within the hanging wall of the thrusts.

There is evidence that, at least in some cases, the
expected strike-slip component is taken up within or
beneath the forebergs themselves. Firstly, at Gurvan
Bulag (#10) the internal deformation within the fore-
berg ridge is organized systematically into en eÂ chelon
sets of right-stepping normal faults and left-stepping
mole tracks (backthrusts) in zones sub-parallel to the
frontal thrust scarp (Fig. 4). To us, this suggests a
component of left-lateral motion along this foreberg
ridge. The Gurvan Bulag example is very important:

the pattern there is easy to recognize where the 1957
ruptures break the surface, but would be much harder
to demonstrate where scarps have been degraded. At
Gurvan Bulag, the front of the foreberg consists of
large outwash boulders. We suspect that at shallow
depths this material lacks the strength to form a coher-
ent through-going shear, and takes up the strike-slip
component as a series of multiple fractures and ®s-
sures, while still producing a vertical step at the frontal
scarp because of the shortening (Fig. 5b). Other fore-
bergs could contain internal structures capable of
accommodating strike-slip like Gurvan Bulag, but they
are much harder to see if they do not rupture the sur-
face in earthquakes. Secondly, at the western end of
Artz Bogd the northeast-vergent forebergs and folds

Fig. 5. (a) Cartoon of a transpressional `¯ower structure', adapted

from Sylvester (1988). (b) Cartoon of the internal deformation within

a foreberg, based on observations at Gurvan Bulag. Note the ¯atten-

ing of the underlying thrust at very shallow depths, which is prob-

ably responsible for the collapse of the thrust `nose' by normal

faulting (Kurushin et al., 1997) and the left-stepping backthrusts and

right-stepping normal faults, which suggest a component of left-lat-

eral slip. (c) Cartoon showing the migration of active faulting away

from the main range front, leaving uplifted and dissected fans in the

hanging wall of the new fault and older, abandoned faults and shear

fabrics within the uplifting range (see the description of HuÈ uÈ hnii

HoÈ ndii in Fig. 9). This may be an important process in forming

`¯ower structures', giving rise to the geometries represented in the

box outlined in (a).
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(#13 and #14) are arranged in a left-stepping en eÂ che-
lon pattern (Fig. 6), suggesting left-lateral motion
along the Artz Bogd range.

The elevations of all the foreberg ridges decrease
toward at least one of their ends. At both Dalan
TuÈ ruÈ uÈ (#4) and Baga HetsuÈ uÈ (#6) the ridge crest
height decreases toward the northwest, the end farthest
from mountain range, and this is mirrored in the
measured vertical o�sets on the 1957 scarps, which in
each case decrease from maximum of 02 m to nothing
over a distance of 010 km. From these observations
Kurushin et al. (1997) suggest that the hanging wall
blocks of the Dalan TuÈ ruÈ uÈ and Baga HetsuÈ uÈ thrusts
are rotating anticlockwise (relative to the footwall
block to the north) about an axis near their northwest
ends. Such anticlockwise rotations of small blocks may
be expected in a broad left-lateral shear zone, but we

suggest these displacement gradients may have another
signi®cance as well. Firstly, they are expected in any
series of en eÂ chelon, left-stepping thrusts within a left-
lateral shear zone, as can be seen in Fig. 6, where all
the northeast-vergent folds and forebergs die out to
the northwest. Secondly, all dip-slip faults tend to
show displacement gradients along their length, prob-
ably as a natural consequence of their growth from
smaller, shorter faults (e.g. Walsh and Watterson,
1988; Cowie and Scholz, 1992). Certainly such gradi-
ents in displacement require strain to be taken up in
the surrounding region, but they do not require the
blocks bounding large faults to rotate coherently if
they deform internally instead. In short, we believe
that the displacement gradients along the forebergs
may be related to their growth and propagation, which
we discuss in the next section.

Fig. 6. The overlap area between southeast Baga Bogd and northwest Artz Bogd (#13 in Fig. 1). (a) Landsat TM image. (b) Map of the principal

young faults and folds in (a), including forebergs (F1, F2) and anticlines (A1±A4). Anticlines A2±A4 are all steeper on the northern side (see

Fig. 3d, e), presumably above south-dipping thrusts emanating from Artz Bogd. F1, F2 and A2±A4 are arranged in a left-stepping en eÂ chelon

pattern, suggestive of left-lateral strike-slip. A1 is steeper on the south side, and is part of the north-dipping thrust system on the south side of

Baga Bogd (#12 in Fig. 1).
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Fig. 7. (a) Landsat TM image and (b) map of the northeast side of Bayan Tsagaan (#1 in Fig. 1). The brick symbol is bedrock, the shaded area

is the uplifted and inactive fan surface abandoned as the western foreberg ridge (W) propagated east, causing streams B and D to move from

their former positions A and C to leave behind dry valleys (wind gaps).
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Fig. 8. (a) Landsat TM image and (b) map of OÈ lziyt Uul and Gurvan Bulag forebergs on the southern side of Ih Bogd (#9 and 10 in Fig. 1).

The deep gullies A and B have lost their upstream catchments, we suspect because the eastward propagation of OÈ lziyt Uul de¯ected streams to

the east (C and D) or west (E): see text. (c) Cartoon to illustrate the progressive increase in height of the Gurvan Bulag ridge toward the east,

with the 1957 ruptures extending 2 km west beyond the topographic expression of the foreberg. This is consistent with (but does not prove) a lat-

eral westward growth of the ridge.
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3.3. Summary

The available evidence suggests to us that the fore-
bergs are able to take up a substantial part (possibly
all) of the strike-slip component of motion that would
be expected from their orientations and a regional slip
vector of around 0808. They can achieve this either by
internal deformation within the hanging wall anticlines
above the thrusts or by forming en eÂ chelon sets of
thrusts that rotate about a vertical axis. In these cases,
it will always be easier to detect the vertical com-
ponent associated with shortening than the horizontal
component associated with strike-slip. An important
consequence of this conclusion is that the motion
accommodated by the forebergs is of the same type as
that on the main through-going, range-bounding fault
that ruptured in 1957, namely oblique left-lateral
strike-slip. Yet it is obvious that the total strain accu-
mulated on the forebergs is much less and that they
are in a relatively early stage of development. In the
next section we look for indications of how they grow
with time, and how their evolution is related to longer-
term behaviour of the Gurvan Bogd fault system.

4. Foreberg and thrust evolution

In the normally erosive environment of thrust faults,
drainage patterns can sometimes be used to infer the
processes of fault growth and propagation (e.g.
Jackson et al., 1996; Gupta, 1997; Mueller and
Talling, 1997). In this section, we show evidence of
this kind that suggests the forebergs are not structures
of ®xed length, but that they grow and propagate lat-
erally, with consequences for the evolution of the topo-
graphy and faulting in the Gurvan Bogd mountains.

4.1. Bayan Tsagaan

On the north side of Bayan Tsagaan (#1), the high-
est massif at the western end of the 1957 ruptures, are
two foreberg ridge systems, which both die out later-
ally toward a region of apparently undeformed fan
surfaces that separates them (Fig. 7). At the eastern
end of the western foreberg two prominent streams (B
and D in Fig. 7b) have been de¯ected east to leave
behind two dry valleys, or wind gaps (A and C), and a
now-inactive fan surface (shaded). A simple expla-
nation for this pattern is that the western foreberg
ridge (W) propagated to the east, perhaps eventually
to join with the eastern foreberg ridge, E, which
Kurushin et al. (1997) suggest may have been reacti-
vated in 1957. The eastern foreberg dies out toward its
western end, and may in turn be propagating to the
west, though there is no direct evidence for this.

4.2. The OÈ lziyt Uul±Gurvan Bulag system

A similar pattern is seen at OÈ lziyt Uul (#9) and
Gurvan Bulag (#10, Fig. 8). Both forebergs die out
toward the apparently undisturbed region that separ-
ates them. The eastern end of OÈ lziyt Uul is crossed by a
number of deep gullies (e.g. A and B) that have appar-
ently lost most of their catchments and are barely able
to sustain a ¯ow through the range. We speculate that
their head-water catchments have been diverted as the
OÈ lziyt Uul ridge propagated eastward toward Gurvan
Bulag. This process may have proceeded in two stages:
streams from regions C and D appear to have been
diverted to the east, and may once have fed gorges A
and B. Other streams, from the region marked E,
which may once also have crossed OÈ lziyt Uul, appear
to have been defeated by the rising ridge and are now
diverted west (and in fact ultimately north) to enter the
Valley of Lakes through a gully west of Noyon Uul
(see Fig. 1). As OÈ lziyt Uul continues to propagate and
increase in height, streams from C and D are likely to
also join the westward-¯owing system marked E.

Both the 1957 scarp heights and the total elevation
of the eastern foreberg ridge (Gurvan Bulag) above the
fan surfaces die out toward the west (Kurushin et al.,
1997). The 1957 surface ruptures continue as thrusts
and backthrusts for about 2 km west beyond the topo-
graphic expression of the Gurvan Bulag ridge. We
speculate that the underlying fault may be propagating
in that direction (Fig. 8c).

4.3. HuÈuÈhnii HoÈndii and Toromhon

In the two examples above, at Bayan Tsagaan and at
OÈ lziyt Uul±Gurvan Bulag, the eventual result of foreberg
and thrust propagation will be a longer continuous ridge
that isolates and protects the alluvial-fan system in the
uplifted hanging wall between the new ridge and the main
range. At the same time, as displacement on the under-
lying thrust increases, it is possible that accommodation
of the (inferred) strike-slip component may change from
distributed deformation within the foreberg ridge to loca-
lized slip on a through-going oblique strike-slip fault. We
suspect this happened at HuÈ uÈ hnii HoÈ ndii (#3, Fig. 9). At
this location, the 1957 ruptures form a through-going
continuous fault north of the main range front and separ-
ated from it by a series of uplifted, and now heavily dis-
sected, fans (Figs. 9 and 5c). This geometry would be
expected if forebergs north of the massifs of Noyon Uul
and Ih Bogd propagated towards each other, merged,
and then became the main fault as the range-bounding
fault was abandoned. As the cumulative displacement on
each foreberg decreases toward its tip, the ®nal result
when the forebergs merge is a saddle in the main ridge of
theNoyonUul±Ih Bogd range, throughwhich the stream
of HuÈ uÈ hnii HoÈ ndii now ¯ows in a canyon.
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Fig. 9. (a) Morphological map of HuÈ uÈ hnii HoÈ ndii (#3 in Fig. 1), between Noyon Uul and Ih Bogd. Vertically striped areas A and B are regions

of uplifted and now dissected fans between the 1957 surface rupture (solid line, with triangles) and the main range front (dashed), which marks

an older, now inactive, fault. Preservation of these fans is related to the cross-hatched areas of ?Mesozoic volcanics, which protect the fan sys-

tems between the faults (see Fig. 9c). Where these volcanics are missing north of the fault, the fans have been destroyed, as in area C (see Fig.

9d). Diagonal striped areas are late Mesozoic red beds. (b) Landsat TM image of the region in (a). (c) Photo looking southeast from OÈ ndgoÈ n

mountain; see (a) for location. In the foreground is the scarp from the 1957 earthquake, with04 m of vertical and05 m of left-lateral slip at this

location. Between this scarp and the main range front in the background (black arrow) are uplifted and dissected fans (white arrow), protected

by the volcanics of OÈ ndgoÈ n mountain. (d) Photo looking west along the 1957 ruptures (one person on each side) at OÈ ndgoÈ n mountain; see (a)

for location. In this case we are looking over the region C in Fig. 9(a) between the two faults (white arrows), where the fans equivalent to A and

B have been destroyed by more recent outwash, as they were unprotected by the volcanic rocks north of the 1957 fault.



An earlier stage in the development that led to the
faulting at HuÈ uÈ hnii HoÈ ndii may be seen in another
major saddle in the mountain system followed by the
1957 thrust fault at Toromhon (#5), between Ih Bogd
and Baga Bogd (Fig. 10). Here there are two forebergs
(A and B) north of the through-going 1957 rupture.
These were apparently not reactivated at the surface in
1957 and their state of development is unclear. The
relatively dissected appearance of the western one (A)
may indicate that it has now been abandoned.
Bayasgalan et al. (1999) speculate that the faults
bounding Ih Bogd and Baga Bogd may once have
been separate, but then joined together through lateral
propagation. If this is correct, then the forebergs may
have been abandoned at that time.

4.4. Landslides: the ultimate fate of some forebergs?

On the north side of Baga Bogd, and adjacent to the
highest topography of that massif, Philip and Ritz
(1999) described a giant landslide with an estimated
volume of 50 km3 (#7 and Fig. 11). The landslide pre-
dates the 1957 earthquake, but is obviously young
(Late Quaternary) as it has led to a complete re-
arrangement of the drainage and fan systems (see also
Owen et al., 1997). Philip and Ritz (1999) describe the
geometry of the landslide in detail and attribute it to
collapse triggered by an earlier earthquake. Of interest
to us here is that the landslide is adjacent to, and

Fig. 9. (continued).

Fig. 10. Landsat TM image of possibly abandoned forebergs (A and B) near Toromhon Sayr (T), between Ih Bogd and Baga Bogd (#5 in Fig.

1). Arrows mark the line of the 1957 surface ruptures.
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along strike from, the foreberg, which was activated at
the surface in 1957.

The height of the Baga HetsuÈ uÈ foreberg increases
from west to east, mirroring the vertical displacement
on the 1957 surface ruptures, which increases from the
western end, where they die out, to reach a height of
02 m at the eastern end (point A in Fig. 11). At that
point, the thrust ruptures join a N±S right-lateral
strike-slip fault with 03 m of o�set in 1957 that links

Baga HetsuÈ uÈ with the Baga Bogd range front
(Kurushin et al., 1997). The area a�ected by the land-
slide extends for 15 km east of the N±S strike-slip
fault, and involves a large mass of material, now in-
ternally deformed by folding and faulting (C in Fig.
11), that slid away from the range front to leave a
deep hole (B) 0150 m below the surrounding fans (D),
which have since become deeply incised and aban-
doned. Another block, called Ih HetsuÈ uÈ , subsequently

Fig. 11. Landsat TM image of the landslide at Ih HetsuÈ uÈ (#7 in Fig. 1). The 1957 surface ruptures at Baga HetsuÈ uÈ and along the Baga Bogd range

front are marked with black lines. The line marked T, with semicircle ornamentation is the approximate toe of the landslide (Philip and Ritz, 1999).
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slid from the range front into the hole left behind by
the main landslide (Philip and Ritz, 1999). All trace of
the material originally along strike from Baga HetsuÈ uÈ
has now vanished, incorporated into the deformed
landslide mass to the north (C) or covered by rejuve-
nated outwash deposits in the hole (B), except at one
location, marked E, on the eastern edge of the land-
slide. At this point, a small remnant of a former fore-
berg ridge survives, elevated 030 m above the now
abandoned and incised fan to the south (Fig. 12). Not
only does this ridge have a morphology similar to the
range-front sides of the Dalan TuÈ ruÈ uÈ , Gurvan Bulag
and Baga HetsuÈ uÈ foreberg ridges, but preserved in the
bottom of the incised canyons that cross it are bedded
sediments, including red beds and ®ne white silts, dip-
ping 0408SSW. This remnant back (i.e. range-front)
side of the ridge strikes 2908, and is along strike from
the Baga HetsuÈ uÈ foreberg.

The landslide appears to have destroyed a foreberg
that was along-strike from, and possibly a continu-
ation of, the Baga HetsuÈ uÈ foreberg. A clue to why this
may have happened lies in the presence of lakes in the
long valley (called the `Valley of Lakes') north of the
Bayan Tsagaan±Ih Bogd±Baga Bogd massifs (Fig. 1).
The long, linear and asymmetric gravity anomaly as-
sociated with the Valley of Lakes (Fig. 13) suggests it
originated as a ¯exural foredeep basin in front of the
rising load of the Gurvan Bogd mountains. Gravity
pro®les across the valley can be matched by bending
an elastic plate 16 km thick. The elevated ¯at tops of
Ih Bogd and Baga Bogd may even be the uplifted rem-

Fig. 12. Photo of the remnant foreberg at location E in Fig. 11. Note the ridge (F) rising above the now abandoned fan surfaces on the left

(south), the big hole on the right (B in Fig. 11) and Baga Bogd in the background. Arrows show the positions of Ih HetsuÈ uÈ and Baga HetsuÈ uÈ .

Fig. 13. Free-air gravity pro®les (a) and map (b) of the Valley of

Lakes. The map is contoured at intervals of 20 mGal. The numbered

lines show the location of the pro®les in (a), and the outlined box

shows the area of Fig. 1. The observed free air gravity pro®les are

shown as continuous lines, together with the best ®tting elastic plate

models as dashed lines. A single value of Te � 16 km was used for

each pro®le. Details of the elastic plate model and ®tting procedure

can be found in McKenzie and Fairhead (1997), and are unimpor-

tant here: the point of this ®gure is the clear gravity signal indicating

a ¯exural origin for the Valley of Lakes.
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nants of an old surface warped down to make the
Valley of Lakes (Baljinnyam et al., 1993; Kurushin et
al., 1997). Lakes forming in this closed basin are pre-
sumably responsible for the ®ne white silts and gyp-
sum-rich sediments that are exposed in the foreberg
ridges at Baga HetsuÈ uÈ (where the 1957 thrust ruptures
break the surface along a gypsum-rich bed), Dalan
TuÈ ruÈ uÈ and the remnant foreberg at the eastern end of
the landslide at Ih HetsuÈ uÈ . These lake beds form an
obvious weak layer which can be exploited by faulting
at shallow depths. Our suggestion for the evolution of
the forebergs on the northern side of Ih Bogd and
Baga Bogd is as follows (Fig. 14): (1) in the early
stages, when the main mountain ridge is small, the
lakes will be close to the range, but will then migrate
out (2) into the valley as they are overridden by out-
wash from the rising range; (3) the older lake sedi-
ments are progressively buried, leaving a series of
(probably discontinuous) weak horizons stacked such
that they have a general dip back toward the range;
(4) these horizons are then exploited by faults (obli-
que-slip thrusts) that give rise to foreberg ridges; (5)
internal deformation of the foreberg ridges by numer-

ous faults, especially by normal faults as at Dalan
TuÈ ruÈ uÈ and Gurvan Bulag, provide readily-available
surfaces that allow the ridge to later collapse as land-
slides (6). Clearly, such an evolution depends on the
existence of weak lake beds, which may not be pre-
served everywhere. If the foreberg becomes high
enough, landsliding may perhaps be expected whether
or not there are lake beds present; however, there is no
evidence for landsliding on the lake-free south side of
the Gurvan Bogd mountains.

5. Discussion

We emphasize that no single description or model
can apply to all the forebergs, folds, and thrusts of the
Gurvan Bogd mountains: they clearly exhibit a vari-
able range of characteristics. However, by looking at
di�erent aspects of these features throughout the
region, we conclude that some of this variability arises
because the structures are in di�erent stages of devel-
opment, or in di�erent sedimentary environments, or
are variably exposed. More speci®cally: (1) the inter-
action between fault slip rate, fan sedimentation, and
the ability of the drainage to downcut a�ects the
physical appearance of the foreberg ridges; (2) internal
deformation of the ridges by normal and thrust faults,
and their role in accommodating a strike-slip com-
ponent, is much easier to see in the 1957 earthquake
ruptures than in structures that were not reactivated in
1957; (3) the presence or absence of shallow weak
layers, such as lake beds, is likely to a�ect the near-
surface geometry of the foreberg thrust faults, and
their ultimate destruction in landslides; and (4) some
forebergs or thrusts are in early stages of development,
whereas lateral propagation and growth may have led
to the merging of others and the creation of new
through-going structures.

Thus, in spite of their apparent variability, we sus-
pect that the forebergs, folds and thrusts of the
Gurvan Bogd mountains all accommodate shortening
and strike-slip motion across these ranges. Of these,
the shortening is unequivocal, and is represented by
folding, thrusting and uplift. The strike-slip component
is more subtly expressed, but is represented as an en
eÂ chelon arrangement of forebergs (as at the western
end of Artz Bogd), as a regular obliquity of the fore-
bergs to the regional slip vector of 080±0908 (Fig. 1),
and especially as distributed internal deformation of
the forebergs in the form of en eÂ chelon tension cracks
and backthrusts, as at Gurvan Bulag. The association
of many forebergs with the highest topography of
Bayan Tsagaan, Noyon Uul, Ih Bogd and Baga Bogd
strongly suggests they represent an attempt by the
thrust faulting to move away from the high ground in
response to stresses generated by topography. This is

Fig. 14. Cartoon showing how the evolution of a foreberg may lead

to landsliding. The lake is striped, the crossed ornament represents

old lake beds. See text for details.
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seen in many places, including elsewhere in central
Asia (e.g. Avouac et al., 1993), and is no surprise.
However, we believe it is not just the thrust com-
ponent, but the strike-slip component as well, which is
taken up on these new faults, and that the shift away
from the main range front is a process that leads to a
permanent migration in the position of the main active
faulting. Thus the general lack of strike-slip surface
ruptures along the main range fronts behind the fore-
bergs in 1957 may be because those range-front faults
are no longer active. We cannot say whether the new
faults remain connected to the earlier faults at depth,
or (if they do) whether this happens within or below
the seismogenic upper crust. In their early stages, the
appearance of the new faults and ridges is much in¯u-
enced by the near-surface sediments, but the new struc-
tures then grow in amplitude and evolve by lateral
propagation, eventually merging to form new through-
going faults, as at HuÈ uÈ hnii HoÈ ndii. The evidence of
their former state may be preserved only in the
uplifted and abandoned fans and drainage systems
(Figs. 9 and 5c) and the saddle left in the topography
where they joined. It is easy to see how migration of
the faulting away from the range front, if repeated sev-
eral times, can lead to a series of now-abandoned, par-
allel, older faults within the range, as described by
Cunningham et al. (1997) in Artz Bogd. On such faults
the thrust component is expected to be more obvious
than the strike-slip component.

Thus we see the foreberg systems as fundamental
features in the development of the oblique-slip struc-
tures in the Gobi±Altay, and not as super®cial surface
manifestations of a partitioned shortening component
that is taken up in sediments adjacent to the ranges.
The evolution we have described can produce the sub-
parallel series of faults within and on the edges of the
main ranges that, together with the variable width of
the ranges along strike, make up the essential features
of the `¯ower structures' in the Mongolian and Gobi±
Altay (Cunningham et al., 1996a, 1996b, 1997) and
also elsewhere (e.g. Sylvester, 1988; Woodcock and
Schubert, 1994; and Fig. 5a). It is the stresses gener-
ated by topography that are likely to make the defor-
mation spread out and increase the width of the
ranges with time, but this process takes with it the
strike-slip component, leaving behind older faults and
an abandoned shear fabric within the ranges. A conse-
quence of this evolution is that the migration of the
faulting onto new sub-parallel, through-going faults
means that only a small part of the total strike-slip o�-
set on the system will be concentrated on any single
fault strand, which is an essential feature of strike-slip
duplexes (e.g. Woodcock and Fischer, 1986).

The evolution we describe here is thus likely to be
peculiar to strike-slip systems with reverse components,
as without the topography generated by shortening

there is nothing to make the deformation spread out.
We agree with Kurushin et al. (1997) and Cunningham
et al. (1997) that many of the forebergs along the 1957
earthquake fault are located in obvious restraining
bends relative to the regional slip vector on the fault.
However, in the case of the Gobi±Altay the shortening
component may also arise, and increase with time,
because of the (postulated) rotation of the strike-slip
faults within the wider deforming region (inset to Fig.
1), and it is possibly misleading to think of the slip
vector as constant in orientation relative to the fault
throughout its lifetime. Rotation of strike-slip faults
about vertical axes is a process that is common else-
where, for example in eastern Tibet (England and
Molnar, 1990), eastern Iran (Jackson et al., 1995) and
California (e.g. Luyendyk et al., 1980, 1985; Jackson
and Molnar, 1990), so the evolution of oblique-slip
systems with time is of more than local signi®cance.

6. Conclusions

We conclude that the fold, thrusts and foreberg ridges
of the Gurvan Bogd mountains o�er an insight into how
strike-slip systems with reverse components evolve with
time. The outward variability of these thrust-related
structures is, to some extent, a re¯ection of their di�erent
preservation, development and evolution, and hides an
underlying common function, which is to broaden the
zone of oblique-slip deformation. They achieve this by
creating new faults, away from the main range front,
that can accommodate both the strike-slip and shorten-
ing components of motion, and which then evolve by lat-
eral propagation and merge to create new through-going
faults. The result of this process is to form a range con-
taining several abandoned faults and associated shear
fabrics, each one of which may only accommodate a
small part of the total motion. The migration, growth,
and merger of the faults we describe here can produce
many of the features described as `¯ower structures' on
other strike-slip faults. This development is fundamen-
tally driven by the stresses generated by topography,
which is in turn a consequence of the reverse component
on the strike-slip system. The origin of the shortening
component may be linked to local geometrical e�ects
(`restraining bends'), but also to the rotation of large,
intracontinental, strike-slip systems about vertical axes.
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