






















































































QUATERNARY AND ACTIVE FAULTING 353

50
\-d=32 VA
40 |
g
~
< 30}
Y
8
L
g 20 !
:—g -
lo i 1 ? L
1

1 ) 1 |
50 100 150 200 250
displacement/m

Ficure 17. Plot of the average thickness of material eroded from the drainage basins (the ratio of the volume of the
valley to its area) vs. the measured offsets of the streams. The linear relationship implies that the average
erosion rate and the average slip rate on the fault are proportional to one another. Hence, the measurement
of one yields an estimate of the other.

Total offset on the Kunlun Pass fault

We constructed a geologic map of the bedrock of the Kunlun Pass area (figure 12) to show
the inferred distributions of the Pleistocene sequence of moraines, gravels, and lake beds and of
the Triassic arenite and phyllitic slate; the cover of the very young alluvial and solifluction
deposits was omitted. This map has interpolated boundaries, but at the scale mapped
(1:100,000) we judge it unlikely that their positions would be altered significantly if outcrops
were more widely exposed. One boundary defined within the lower part of the Pleistocene
sequence, between coarser pinkish gravel below and finer, thinner bedded grey gravel above,
appears to be offset 1.7 km horizontally in a left-lateral sense by the trace of the Kunlun Pass
fault (asterisks in figure 12). Because the beds dip at a gentle angle (12°-20°) and strike very
obliquely to the fault, this offset is a maximum for the strike-slip displacement since the gravel
was deposited. Any dip-slip component of displacement (with the south side down) would
reduce the real strike-slip offset. It may not be a coincidence that the contact between the
lower gravel and the lake bed unit is also separated in a left-lateral sense about 3 km, but the
topography in the area of the offset lake beds north of the fault implies that erosion has
contributed significantly to the apparent offset in this case.

We observed another fault strand in the field a short distance south of the main fault and
within the Pleistocene sequence (see figure 11), but we judge this to be a minor feature, based
on its visible effects in outcrop, on its short, intermittent trace on the ground, and on the
insignificance of its geomorphological expression on the satellite image compared with the
main strand of the Kunlun Pass fault.

The small total strike-slip offset that we deduce contrasts strongly with the prominent
geomorphological expression of the Kunlun Pass fault, at least east of the main Lhasa—Golmud
highway, and with the non-trivial Holocene offset rate for this fault deduced from stream offsets.
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Two features of the geomorphological expression of this fault, however, are perhaps consistent
with limited total offset. First, it is difficult to trace the fault west of the Lhasa—Golmud
highway, either on the ground or on Landsat Mss images and shuttle large-format camera
photos, and even subtle (and somewhat debatable) expressions vanish completely 4 km west of
the road. Second, when the prominent fault trace is followed on the space-based imagery to
about 100 km east of where the highway crosses it, in a short distance its trend turns from 100°
(along the prominent portion) to about 130° (figures 5, 9, and 10), but southeastward the
topographic contrast across the fault is abruptly reduced. If the fault had extensive strike-slip
displacement, this portion trending 130° should have a larger overthrust component than the
portion trending 100°, and there should consequently be a major topographic expression of this
thrust slip. The absence of such topographic expression is consistent with the Kunlun Pass fault
having a small total strike-slip offset.

The elevation of the highest peaks in the ice-covered Burhan Budai mountains, just to the
north of the prominent segment of the Kunlun Pass fault, and of the ground surface south of
the fault are about 6100 m and between 4800-5100 m, respectively. If this relief developed
entirely by a thrust component across the Kunlun Pass fault, then the vertical and lateral
displacements on this fault would be comparable. The lack of topographic contrast across the
fault, however, where the thrust component should be even larger (more than 100 km east of
the highway), suggests that the relief has not developed as a result of oblique thrust and strike-
slip faulting on the Kunlun Pass fault. Nevertheless, it remains the case that the Kunlun Pass
fault is most prominent where the high relief occurs adjacent to it. Both to the west (where we
observed it) and to the east (seen only from satellite images), the fault either disappears or is
much subdued in expression where the topographic contrast lessens or vanishes.

Late Holocene faulting on the Xidatan—Tuosuohu—Magqu (Kunlun) fault

At many localities within the Xidatan and Dongdatan, we saw evidence of very recent,
large-scale deformation along the most recent trace of the Xidatan-Tuosuohu-Maqu fault.
This deformation includes tension gashes and mole tracks (or pressure ridges: see Richter 1958,
p. 179-180 for a general description) oriented obliquely to the overall east-west trend of
the fault, and offset fans, terraces, and stream channels. Many tension gashes were as deep
as 1 m (in some cases 2 m) and as long as 10-20 m (in rare cases 30 m). Fresh mole tracks
were of comparable dimensions. The dimensions and the freshness of these features, which are
commonly associated with large earthquakes, suggest that a very large earthquake occurred
on this segment of the Xidatan—Tuosuohu-Maqu (Kunlun) fault within the last few hundred
years. The heights of some of the mole tracks, which must have formed by slip during several
earthquakes, are more than 3 metres. In one area where recent incision by young, now dry
streams had exposed cross sections through mole tracks, folds and thrust faults in very young
alluvial sand and gravel were exposed. Linear ridges, with mole tracks and tension gashes
crossing them, defined a zone of recent disturbance 10 to 30 m in width, and the heights of the
ridges allowed this recent strand of the fault to be seen very clearly between alluvial fans where
streams were flowing.

The large dimensions of the tension gashes and mole tracks made it difficult to measure
reliably offsets smaller than about 10 metres. Offsets of streams and terraces of 10 to 20 m and
more, however, are clear in may places. In all cases they attest to left-lateral slip. In general
stream gullies shallower than about 0.5 m are not offset, but those deeper than 1 m are offset
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10 m or more. In a couple of places multiple offsets could be inferred, and at one in particular,
3 or 4 repeated offsets of 10—15 m each can be inferred. Thus we conclude that movement has
occurred by large amounts of slip during earthquakes.

We note that the fault zone is the locus of numerous cold springs, as are major faults
throughout the world.

Below we describe and illustrate the deformation observed at individual localities. We hope
that these descriptions will provide guidance for future workers on where to pursue further
study of recent seismicity and deformation. We present these descriptions also in lieu of
numerous, more objective large-scale contour maps. We constructed crude contour maps at two
localities using a sightlevel, a compass, and a tape measure, or by pacing distances. We were
not equipped with a plane-table and alidade, and we lacked the time to make additional
contour maps. Using figure 13, we begin our discussion with features at the western end of the
Xidatan.

Xidatan. Although the Xidatan—Tuosuohu—-Maqu fault is clear on the satellite photos of the
western end of the Xidatan and west of it (figures 5 and 7), and although the fault zone can be
seen clearly on the ground in this area, we saw no evidence of recent slip or disruption near the
western end of the Xidatan. At the westernmost locality where we did see disruption (A in
figure 13), the disruption was among the least impressive of the localities that we visited. At
that locality we saw a beheaded fan, low mole tracks (height &~ 100s of mm) trending 130°,
and shallow tension gashes trending 050°-055°. Young stream channels, however, complicate
the topography.

In the 4 km east of this locality, evidence for recent deformation is not very convincing, but
we did not have time to examine the area thoroughly. On the west bank of the main north—
south valley and tributary to the Xidatan (B in figure 13), where the Lhasa—Golmud highway
passes, fresh tension gashes and mole tracks are present.

One of us (P.M.) walked along nearly all of the segment up to 25 km east of this locality,
and evidence for disruption was plentiful and clear. Approximately 1.5 km east of the valley
(C in figure 13), the fault is marked by a low shutter (or pressure) ridge with mole tracks on
it oriented 125°. The east side of an alluvial fan appears to be offset 10 to 30 m, but the
possibility of a small vertical component of slip makes it difficult to define this value more
precisely. The shutter ridge blocks a dry sag pond with dimensions of about 7 m x 10 m, and
2 m deeper than the crest of the ridge. Tension gashes 15 m in length and oriented 045° are
clear. The fault zone is evident for 3 km, and no major streams or fans cross it. A shutter ridge
with a height of a few metres is cut by tension gashes 100s of mm deep, 10-20 m long
and oriented 045° (D in figure 13), and another small dry sag pond is clear south of the ridge
(figure 19). At the east end of this zone (E in figure 13), the shutter ridge blocks, but is not
dissected by, a young stream. The overall trend of the active fault is 090° (+2°).

An actively eroding and redepositing fan without vegetation separates this segment from
another farther east where the average trend of the recent scarp is 084°. The zone is marked
by a prominent shutter ridge, 5 m in height, and is cut by numerous tension gashes 0.5 to 2 m
deep, 5-15 m in length and trending 040°-050° (F in figure 13). One dry stream valley is
offset 25-30 m left-laterally. Rounded cobbles north of the recent fault trace and now lying
11+ 1 m west of the present main channel may imply a recent 11 £+ 1 m left-lateral offset of this
channel.

East of this area, deposition and erosion on large fans apparently has obliterated any recent
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scarp for 2 km. Farther east a low (height < 0.4 m) south-facing, eroded scarp marks the recent
trace (G in figure 13). Springs are also present. A short, north-facing scarp trends 110°, very
differently oriented from the typical trend of 085°—090° (H in figure 13) ; probably a significant
thrust component is present there.

At the west end of a high (&~ 40 m) east-west trending hill, a stream valley approximately
3 m deep is offset 16+ 5 m (I in figure 13). Farther east there is a sag pond on the south side
of the hill. East of the hill, are clear, very large tension gashes with trends of 068°, 068°, 076°,
068°, 055°, and 068°, 0.5-2.0 m deep, 3 to 10 m wide, and up to 30 m long (] in figure 13;
figures 20 and 21). An old stream terrace 0.3 m above and west of a younger stream bed has
been offset left-laterally 34 +5 m. The overall trend of this segment of the fault is 085°.

East of a wide stream channel (visible in figure 20), the fault zone is marked clearly by
tension gashes trending 056°, mole tracks trending 145° and 155°, and a spring (K in figure 13).
Farther east, the west side of an alluvial fan is offset left-laterally approximately 100 m, and
the fault zone is defined by a shutter ridge 1-3 m high (L in figure 13; figure 22). Deposition
and erosion are in the process of modifying the east side of the fan (the eastern side of the area
shown in the contour map in figure 22). No evidence of recent faulting was seen in the gravel
exposed in sections in the banks of channels.

Approximately 2 km farther east, the fault zone is again marked by numerous large tension
gashes 1.5-2 m deep and trending 068° (M in figure 13). Two old terraces on the west side of
an active stream have been offset 68 +5 m and 75+ 7 m. East of another active stream, more
large tension gashes, 0.5 to 1.5 m deep, trend 060° across a broad shutter ridge (width =~ 40 m)
(N in Figure 13). The west bank of a north-flowing, now dry, stream bed has been offset
1545 m. The eastern end of this segment of the fault zone, in turn, is defined by a high shutter
ridge (height & 20 m) with en echelon hills and troughs suggestive of both tension gashes (045°)
and mole tracks (120°) crossing it (O in figure 13). Prominent breaks in slope on the north side
of the ridge may result from a component of thrust or reverse faulting on south-dipping
faults.

We did not examine much of the 4 km east of this shutter ridge, but farther east the fault
zone is again very clear. Another shutter ridge trending 080°, with relief of 2-2.5 m seems to
be cut by both tension cracks and mole tracks (P in figure 13). Both dry sag ponds and springs
are present on the south side of the fault trace. Farther east, on the west side of a very large
fan, a high (&~ 5 m), south-facing scarp trends 085° for a distance of more than 1 km (Q in
figure 13). Small hills can be seen several km farther to the east (R in figure 13) and probably
mark an eastward continuation, in the direction 090°, of the active trace.

Dongdatan. We were unable to examine the 50 km of the Xidatan and Dongdatan to the east
of this large scarp, but we did examine the active trace along 25 km of the Dongdatan. Springs
emanate from an area near a prominent low scarp at the west end of the area studied (S in figure
23). To the east erosion and deposition along active streams and fans has obliterated this low
scarp (height &~ 1 m), but it can be seen again several km farther east (T in figure 23). Its trend
is 086+2°. Low mole tracks (height % 0.5 m) with dimensions of 34 m by 2-83 m trend
northwest—southeast in the eastern part of this segment. Farther east, erosion and deposition
again has obliterated any young trace.

A continuous zone of recent disruption is clear where the fault crosses a hilly area in which
major streams are absent (U in figure 23). Large tension gashes 2 m deep, 2040 m long and
trending 070° are very prominent. Sag ponds, both dry and wet, are present on the north or
south sides of the trace, depending upon the slope of the hilly topography.
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Ficure 22. Contour map of an offset alluvial fan at locality L in figure 13. This map was made by using a tape
measure or by pacing to determine distances between points, shown as dots, and a compass to determine their
relative positions. Elevations were determined using a sightlevel to measure angles relative to the horizontal.
Arrows give the average slopes of the surface, where it is smooth, in the directions defined by the arrows.
Uncertainties in differences in elevations over distances of 100 m are about 1 m. Note the clear shutter ridge
along the fault and the apparent left-lateral offset of the fan of about 100 m. At the eastern edge of the map
a braided stream is actively eroding the fan and has obliterated evidence of faulting.

A large stream from the south crosses the hills and is incised into bedrock close to the fault
in a locally antecedent relationship. North of the fault, the stream flows east parallel to it and
has obliterated the surface expression of another 2 km of recent faulting. Farther east the fault
zone lies south of the river valley, and a segment some 4 km long contains some of the most
impressive evidence for recent faulting that we have ever seen. These include huge shutter
ridges, sag ponds, deep tension gashes, cross sections of mole tracks, and offset gullies and
stream beds.

At the west end of this segment, a dry stream bed is offset 10+2 m (V in figure 23; figure
24). Farther east a prominent shutter ridge, 5 to 6 m in height bounds dry sag ponds on its
south (figure 25) and is cut by huge tension gashes more than 2-3 m deep, 10-20 m in length,
and with trends of about 055° (figure 26). One dry stream bed seems to have been multiply
offset (W in figure 23). Two northward-flowing streams merge at the scarp, which is marked
by a prominent shutter ridge (figure 27). Three or four groups of rounded cobbles on the north
side of the fault appear to mark abandoned stream channels that apparently have successively
been displaced westward by slip on the fault (figure 28). Spacings between them of 11 m,
11 m, 10 m, and roughly 8 m (or possibly 1 of 15 to 18 m) (figure 28) suggest that slip has
occurred by discrete events of comparable magnitude and probably not by continuous fault
creep.

The high shutter ridge with heights reaching 6 to 7 m continues east for 2 km (X in figure
23) and is cut by huge tension gashes, more than 3 m deep in one case and trending 030° to
060°. The fault zone is quite wide, up to 50 m, and within that zone gravels have been tilted
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Localities of Recent Deformation in the Dongdatan
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Ficure 23. Map showing areas of recent disruption along the Xidatan-Tuosuohu-Maqu fault in the
Dongdatan. Letters correspond to areas discussed in the text.

from 20°-30° to as much as 55° (Y in figure 23; figure 29). Cross sections exposed by streams
through mole tracks and through the main shutter ridge reveal thrust faulting and folding
within these young deposits (figure 30). These features are clearly due to localised horizontal
compression.

Erosion and deposition seem to have obliterated much of the recent deformation in the 3 km
farther east, but an east-west alignment of low mounds (height & 0.5 m) seems to mark the
fault zone on a large fan (Z in figure 23). They might be eroded mole tracks. We did not
have time to examine features farther east, where the fault enters a large pull-apart basin
(figure 31).

Summary of late Holocene deformation along the Xidatan—Tuosuohu—Maqu fault.

The features described above attest to recent strike-slip faulting on this fault, and they suggest
that this displacement has occurred by slip during large earthquakes. The last such earthquake
probably occurred within the last few hundred years.

Young disruption is clear along at least 110 km of the fault, the distance between the
westernmost and the easternmost points of observation. This disruption includes large mole
tracks and deep tension cracks, features commonly associated with earthquakes (Richter 1958,
pp. 179-180). If all of the disruption occurred during the same event, then by comparison with
other events in Asia, a maximum fault length of 110 km would imply that the magnitude of
the earthquake was at least 73 (e.g. Molnar & Deng 1984).

Many of the tension cracks are bounded by free faces; thus they are in a youthful stage of
erosion. By analogy with free faces on fault scarps, the existence of free faces implies that the
tension cracks are only a few hundred years old, and possibly only 100 years old (Wallace
1977). Permafrost did not seem to be present in this area, and consequently these features
probably have not been maintained for unusually long times by frozen ground. They probably
are not associated with the 19 April 1963 earthquake with M = 7.0, which occurred 210 km
east of our westernmost observation. The large scale of the deformation and the required fault
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length of 200 km are both greater than what are likely for an event with a magnitude of only
7.0. No other earthquake with a magnitude greater than 7 is listed by Gutenberg & Richter
(1954), Duda (19635), or Geller & Kanamori (19%7) for this region in this century. Thus, the
earthquake responsible for the tension gashes and mole tracks probably occurred before 1900,
but almost certainly since 1500 to 1700 A.D.

The dimensions of the tension cracks and mole tracks are unusually large-larger than
those of the 1920 Haiyuan earthquake (M = 8.7), for which the average displacement was
8 m and for which the displacement in places reached 10-12 m (Deng e al. 1984, 1986;
Zhang et al. 1987). The observations of displaced stream gullies of 10 to 15 m at various localities
along the Xidatan—Tuosuohu-Maqu fault are sufficiently numerous to suggest that offset of
this amount occurred during the same earthquake responsible for the tension cracks and mole
tracks, but the difficulties in measuring smaller offsets allow for this inference to be false. The
groups of cobbles that seem to indicate abandoned channels of a successively displaced stream
channel in the Dongdatan (figure 28), however, also concur with repeated offsets of 10-15 m.
The observations from this one locality also are not, by themselves, enough to prove that slip
has occurred in jumps of 10 to 15 m during large earthquakes, but we think that this is the most
sensible interpretation of the distribution of cobbles shown in figure 28.

Sm— T ———————56m

Ficure 28. Contour map of the area shown in figure 27. Groups of cobbles are shown in areas separated from one
another by 11 m, 11 m, and 10 m. We interpret these as having been deposited by the ancestral stream of that
shown crossing the fault and presently about 8 m east of the easternmost, small group of cobbles. Thus these
observations seem to indicate multiple offsets of the stream. Probably at an earlier stage the stream passed
through the area including the closed contour northwest of the groups of cobbles. Note also the subtle northeast
trend of topography on the prominent easterly trending shutter ridge, which is apparent in the shape of the
6 m contour; this northeast trend reflects the existence of tension gashes obliquely crossing the shutter
ridge.
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We have no evidence constraining the recurrence intervals of such large earthquakes. If the
slip rate is 10 or 20 mm/a, as discussed above, and if large events can be associated with 10 or
15 m of slip, then recurrence intervals are likely to be between 500 and 1500 years. The
steepness of erosional escarpments offset 20 to 40 m, presumably by 2 or more earthquakes,
certainly allows them to be only a few thousand years old, but we lack any useful quantitative
observations to constrain the recurrence interval.

Unfortuantely we found no clear Holocene or post-glacial features, such as moraines, that
were offset and that could be used to estimate a Holocene average slip rate. The offsets of
small streams and of fans, of as much as 100 m in one case, could have occurred during late
Holocene time, or if the average rate of slip were only 10 mm/a, they could represent slip
during the entire Holocene. Unfortunately, we could not date them.

Thus, the recent disruption along the Xidatan-Tuosuohu—Maqu fault attests to its recent
activity. The types of features — tension gashes and mole tracks — imply the occurrence of a
recent earthquake. The dimensions of these features and the amounts of offsets of gullies and
dry stream valleys imply that that earthquake was very large. Finally we suspect that slip has
occurred several times in the last few thousand years by displacement of 10 to 15 m during
earthquakes.

CONCLUSIONS

Our most significant conclusion is that the rate of slip on the Kunlun strike-slip fault system
is more than 10 mm/a for the Quaternary period, and possibly more than 20 mm/a for the
most recent 10 ka to 20 ka. A moraine, presumably of late Pliocene or early Quaternary age
and containing very distinctive blocks of pyroxenite, has been displaced 30 km from the only
known outcrop of pyroxenite in the area, an outcrop that lies very near to the Xidatan—
Tuosuohu-Maqu fault, the principal active fault in the Kunlun system. If the age of the
moraine is 2.4 Ma, then the rate of slip is about 13 mm/a, with minimum and maximum
possible values 10 and 20 mm/a. Stream valleys crossing a second fault in the Kunlun fault
system, the Kunlun Pass fault, are displaced 50 to 150 m. Several observations suggest that the
incision of these valleys began in the latest Pleistocene or Holocene epochs, and if so then the
average rate of slip on this fault is also about 10 mm/a (between 5 and 20 mm/a). Detailed
mapping of gravel layers beneath the lake beds revealed a small offset of this gravel unit: less
than 1.7 km. Thus we suspect that the Kunlun Pass fault may not have been active for the
whole of the Quaternary period. Accordingly, it would be unwise to assume that the sum of the
Holocene rate for this fault and the Quaternary rate for the Xidatan—Tuosuohu-Maqu fault
is applicable to the whole of the Quaternary period.

We found abundant evidence for very recent disruption along the Xidatan—Tuosuohu—
Magqu fault in both the Xidatan and the Dongdatan. Very large tension gashes and mole tracks
attest to surface deformation, probably associated with a major earthquake, in the last few
hundred years. Offsets of several features of about 10 m imply that slip of that amount occurred
during such an earthquake, and the distribution of stream cobbles deposited in apparently
successively offset stream channels, suggest multiple offsets of this amount. We conclude that
the Xidatan—Tuosuohu-Maqu fault is still very active, and that slip on it probably occurs
abruptly in rare large earthquakes. Moreover, the apparent recent initiation of slip on the
Kunlun Pass fault probably should not be associated with any decline in the rate of slip on
the Xidatan—Tuosuohu-Maqu fault.
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A correlation of the truncation of a well-defined phyllonitic unit, mapped in the Kunlun Pass
area, with a light-coloured unit, seen on the Landsat imagery of the area north of the Xidatan—
Tuosuohu-Maqu fault and 75 km west of the Kunlun Pass, suggests a minimum total offset of
75 km for that fault.

In addition recent normal faulting was observed in a northerly-trending half-graben near
Wenquan, and recent deformation of thrust and probably strike-slip sense was observed in the
northeasterly-trending valley containing the town of Amdo and at the southern margin of the
Erdaogou range (figure 1). Such observations of reverse or thrust faulting are unusual within
the high plateau, where the active tectonics are characterized by normal and strike-slip faulting.
Nevertheless, from the linearity of the scarps, the fault plane solution of nearby earthquakes,
and the orientations of a few slickensides, we infer that the left-lateral strike-slip displacements
are comparable with the vertical components, and that these localized examples of thrust
faulting probably are not reliable indicators of the regional tectonic strain field.

The prevalence of normal faulting on northerly-trending grabens in southern Tibet (e.g.
Armijo ef al. 1986), and the conjugate strike-slip faulting, with left-lateral slip on northwesterly-
striking planes and right-lateral slip on northeasterly-striking planes, reflect an east-west
extension of the plateau and an eastward extrusion of the crust within Tibet (e.g. Molnar &
Tapponnier 1975, 1978). Left-lateral slip on the Kunlun strike-slip fault system of more than
10 mm/a, and possibly at 20 mm/a in the last 10 ka shows that the area south of the Kunlun
is being rapidly displaced eastward with respect to the area farther north. This eastward
displacement is probably a consequence of the continuing penetration of India into the rest
of Eurasia (e.g. Molnar & Tapponnier 1975 ; Tapponnier & Molnar 1977). The high elevation
and thick crust of the Tibetan Plateau make further crustal thickening of Tibet energetically
difficult, and eastward extrusion of the plateau allows India’s penetration without further
increase in the gravitational potential energy stored in Tibet’s crust (e.g. England & Houseman
1986; Molnar & Lyon-Caen 1988; Molnar & Tapponnier 1978).

The rapid rate of slip implies a correspondingly rapid rate of extrusion, which manifests itself
both by active mountain building on the eastern edge of the plateau and by the eastward
expulsion of southeast China over the Pacific and Philippine sea plates. The demonstration of
this rapid displacement in a direction perpendicular to the direction of convergence of the
Indian and Eurasian plates is a reminder of how difficult it is, in general, to infer the direction
of relative plate motion in ancient orogenic belts solely from the strain within those belts,
especially in only small fragments of them.
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productive, and also the driver, Chen Guozhen, whose bold driving took us to places ordinarily
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for the use of the image processing facilities of the Lunar and Planetary Institute. He, J. A.
Jackson, and K. Sieh made helpful suggestions for the improvement of the manuscript, and
S. A. Schumm offered some guidance with erosion rates. This research was supported in part
by the National Science Foundation through grant EAR-8417640 and by NASA through
grant NAG-G5-524.
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