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ABSTRACT

In the Golden Triangle region of southeast Asia (northern Thailand, Laos and Burma,
southern Yunnan), the Mekong, Salween, and neighboring rivers show hairpin geometries where
they cross active strike-slip faults. Restoration of young, left-lateral offsets of these rivers leaves
residual right-lateral bends of many kilometers. We interpret these hairpins as evidence of late
Cenozoic slip-sense inversion on these faults, about 5 to 20 Ma. Near the Red River fault, stress
field and slip-sense inversion occurred ca. 5 Ma. This implies that the present course of these large
rivers has existed for at least several million years. Pliocene—Quaternary slip rates, possibly on
the order of 1 mml/yr, are inferred on each of the strike-slip faults of the Golden Triangle.

INTRODUCTION offset rivers often have a peculiar hairpin loomctivity (Le Dain et al., 1984). The most recent
River courses, alluvial fans, shorelines, angeometry that we will argue is due to a change sense of slip along these faults may be deduced
glacial valleys are geomorphological markers thatense of lateral slip millions of years ago. from kilometer-scale deflections of river courses
can record offset along active strike-slip faults. Of along them and from the focal mechanisms of
these markers, rivers are the most durable af@CTONICS OF THE GOLDEN earthquakes (Fig. 1). These present-day slip
active. The presence of bayonet-shaped (i.e. “dogRIANGLE REGION senses are opposite to the finite offsets that have

leg”) deflections generally enables an assessmentSoutheast of the eastern Himalayan syntaxibgeen inferred from geological markers (Le Dain
of the slip sense on the fault. Determination athe penetration of India into Asia has induceet al., 1984; Lacassin et al., 1997). We document
timing and rate of offset is, however, more diffi-deformations in a rapidly changing stress regimieere the geometry of the most recent offsets on
cult. This is because the magnitude of offset diL.e Dain et al., 1984; Tapponnier et al., 1986}he basis of topographic maps and images taken
any particular river course depends on the age he U/Pb and®°Ar/4°Ar ages of sinistrally by SPOT satellite (Figs. 2 and 3).
the river course, the ability of the river to erassheared rocks imply that southeastward extrusion
deflections induced by fault motion, and the eversf Indochina occurred between ca. 35 and 17 MAAIRPIN LOOPS OF LARGE RIVERS
tual occurrence of stream captures. Furthermoraong the Red River fault zone (Tapponnier et al., Left-lateral river offsets, compatible with the
regional landscapes are usually diachronous, 4890; Scharer et al., 1994; Leloup et al., 1995present-day stress regime, are obvious on most of
individual faults commonly display a variety of After that major tectonic event, as India was mowthe northeast-southwest—striking faults of the
offset sizes (Wallace, 1968; Gaudemer et aling north, an inversion of the stress direction§olden Triangle, attesting to long-term sinistral
1989). Precise determination of slip rates fronffrom east-west compression to east-west extemovement on these faults (Figs. 2 and 3). Despite
such river offsets requires measurement of the agimn) occurred in the Indochina block (Lelougthe clearness of these left-lateral deflections, the
and offset of individual streams (Sieh and Jahnet al., 1995). Slip sense on the left lateral Redver courses commonly display more complex
1984). In the absence of direct age measuremeRiyer fault thus changed to right lateral (Fig. 1)geometries than the bayonet-shaped offsets gen-
one must infer relationships between amounts dhe age of this inversion, inferred from thermoerally observed along active faults. Near some
offset, river course geometry, and age of thehronometry, seems to have occurred ca. 5 Maolden Triangle faults, the deflected river
course (Gaudemer et al., 1989). close to the Red River fault (Leloup et al., 1993);ourses form unusual hairpin loops near the fault
The active character of river courses, espend perhaps as early as 23 Ma, near the Watrgces. Three clear examples of this geometry are
cially in regions of low relief, means that channeChao fault of central Thailand (Lacassin et algiven by the courses of the Mekong, Nam Loi,
offsets will usually be less than the total amourit997) (Fig. 1). and Salween Rivers as they cross the Nam Ma,
of slip along a fault. Nonetheless, the largest The Golden Triangle region (northwesterrMengxing, and Wanding faults (Figs. 1, 2, and 3).
rivers in deeply incised regions of strike-slipThailand and Laos, northeastern Burma, southern
faulting are commonly offset by tens of kilome-Yunnan) lies within the triangle-shaped northGeometry of Mekong, Nam Loi, and Salween
ters and might be good markers of long-term diswestern corner of Indochina. It is bounded by tw®iver Offsets
placements (Gaudemer et al., 1989). We dramajor strike-slip boundaries: the Red River and North of the Nam Ma fault, the Mekong River,
attention here to the largest rivers of the easteBagaing fault zones (Fig. 1). Between these zondlgws toward the south-southwest. After meet-
Himalayan syntaxis. In the Golden Trianglenumerous lesser strike-slip faults cut a region ahg the fault at point A (Fig. 2), it turns N75°E
region, these rivers (Mekong and Salween Riversigged relief that ranges in elevations from 508nd follows the trace of the fault for ~12 km to
and their tributaries) cross active strike-slip faultso 3000 m (Fig. 1). Most of these lesser faultpoint B, thus defining a clear left-lateral offset.
and are offset by several kilometers (Fig. 1)strike northeast-southwest and are arcuatouth of point B, it turns back to a south-
Rather than the classical bayonet shape, the@gg. 1). The clear geomorphologic expression adouthwest direction for a short length and com-
- these faults on satellite images (e.g., Figs. 2 andf@etes its hairpin loop by flowing toward the
*E-mail: lacassin@ipgp.jussieu.fr. and topographic maps attests to their recemtest-southwest, nearly parallel to the fault.
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Figure 2. Mosaic of SPOT multispectral images of Nam Ma, Meng-
xing, and Wan Ha faults. Arrows point to Nam Ma and Mengxing

96 °E 98°E 100 1 faulttraces, along which Mekong and Nam Loi Rivers form hairpin

0 1000 2000 m  loops. A-B and D—-E mark contemporary left-lateral offsets. C marks

) ) ) ) point where Mekong River impinges upon Nam Ma fault down-
Figure 1. Active faults of northwest Indochina. Fault traces from interpreta- stream from a large loop that may reflect an earlier 30 km offset.

tion of Landsat and SPOT satellite images and of topographic maps. Arrows
show Pliocene-Quaternary sense of motion along faults. Focal mechanisms
(1976-1997, M, or M, = 6) from Harvard database. Shaded topography from
Digital Chart of the World elevation model. D.B.P.F.—Dien Bien Phu fault;
M.C.F—Mae Chan fault; W.F.—Wan Ha fault; J.F.—Jinghong fault; M.F.—
Menglian fault; L.F.—Lashio fault.

N

Figure 3. Mosaic of SPOT images of Wanding
fault. Recent left-lateral offset of Salween River
appears to be ~9.5 km (F-G), and 38 to 58 km
length of river along fault may indicate large,
prior, right-lateral displacement.
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It flows tangentially to the fault at point C (Fig. 2), Wanding fault (Salween offset) (Fig. 4). On thesets are still visible in the river shapes. We thus
~30 km west of point B, and then resumes itMengxing fault, the apparent residual bend of thiafer that the large river courses are antecedent to
south-southwestward flow away from the faultNam Loi River is only 10 to 12 km, less than thehe onset of the present-day stress regime and
About 60 km farther north, the Nam Loi River24 km left lateral offset (Fig. 4B), but an abanslip-sense. It follows that the left lateral offsets
is also deflected left-laterally by two faultsdoned course of this river could exist farthecorrespond to the total amount of upper-Cenozoic
(Fig. 2). Along the Mengxing fault, the offsetsouthwest, implying the possibility for a rightsinistral motion on these faults.
river follows the fault trace for ~24 km from lateral deflection o£50 km (Fig. 4B). On the  Offsets measured on other faults of the Golden
point D to point E (Fig. 2). However, on bothMenglian fault, a small hairpin loop affects aTriangle region are of the same order of magni-
sides of the fault, the Nam Loi River draws twdSalween tributary, the Nam Hka River (left lateratude as on the Wanding, Mengxing, and Mengla
unusual hairpin loops resembling that drawn bgffset ~2.5 km, Right lateral bend ~5 km). Thefaults, and probably also correspond to total
the Mekong south of point B. Salween River, offset left-laterally 7 km by theupper Cenozoic offsets. That some of these faults
The Salween River flows in a deeply enNanting fault, shows a ~30 km right-lateral benghow only left-lateral offsets could imply that
trenched valley and its course presents seveml the Lashio fault ~20 km to the south. they are new Pliocene—Quaternary faults, or that
kinks as it is offset by strike-slip faults (Fig. 1). the rivers changed their courses after the end of
For example, it is deflected left laterally by theDISCUSSION the first Cenozoic phase of strike-slip motion. It
Wanding fault, flowing northeastward along the We interpret the hairpin-loop shape of thas also possible that right lateral deflections
fault trace for ~10 km between points F and Gsolden Triangle rivers as traces of the two majaxisted but have been eliminated by later left-
(Fig. 3). Then, after a sharp hairpin loop, it flowgectonic phases that affected the region in tHateral offsets. Note that in the three examples
back toward the southwest, parallel to the faulEenozoic (e.g., Leloup et al., 1995). The left latpresented above, fossil deflections are still visible
trace, for several tens of kilometers before returreral offsets would be due to the contemporaryecause on one branch of the hairpin loop, the

ing to its original north-south trend. motion on the active faults, whereas the oldaiver has been shifted out of the active fault zone.
right lateral deflections would correspond to The river offsets give the values of total slip
Interpretation of River Hairpin Loops “fossil” offsets due to the Oligocene—Miocenedue to contemporary motion on the faults and

As they cross northeast-southwest—strikingtrike-slip motion (Fig. 4). Other structural evi-may be used to put bounds on the slip rates. Let us
faults, the Mekong, Nam Loi, and Salweerdence confirms the right-lateral sense of Tertiarfirst assume that the onset of left-lateral motion on
Rivers thus present left-lateral offsets, flowingpffsets: geometry of foliations or bedding fabriche Golden Triangle faults occurred coevally with
exactly along the fault traces for several kilomeen satellite images (Le Dain et al., 1984), anthe right-lateral reactivation of the Red River fault
ters (Fig. 4, Aand C). However, rather than exeffsets of rock units inferred from geologicalca. 5 Ma (Leloup et al., 1993). This would imply
hibiting a simple bayonet-like kink at the fault,maps (Lacassin et al., 1997). If our interpretatioaverage Pliocene—Quaternary slip rates of 1 to
these rivers form hairpin loops on one or botlf the hairpin river loops is correct, the largeseveral mm/yr on each fault (Table 1). Tectonic
sides of the fault. river courses have recorded the inversion of thaversion could have occurred significantly

If one restores the left-lateral offsets, definedlip-sense on the faults. before 5 Ma in the Golden Triangle; we thus take
by the distance between the points where the This interpretation, together with the largethese rates as upper bounds for the slip rates. If we
rivers meet and leave the fault trace (A—B, D—Eamplitude of the left-lateral offsets, implies thahow consider that tectonic inversion occurred ca.
F-G, Figs. 2 and 3), the rivers are not restored the courses of these rivers kept nearly the sar@® Ma, an age compatible with that proposed for
nearly straight courses, but present deflections trace for at least several million years, and hawae Wang Chao fault (Lacassin et al., 1997), we
an opposite right-lateral sense (Fig. 4B and 4Cpecorded a long-term history of the fault motionobtain lower bounds for the slip rates ranging
Apparent opposite offsets and river cours®n the Wanding, Mengxing, and Mengla faultsbetween less than 0.1 and 1.2 mm/yr (Table 1).
geometries resembling that of the Nam Loboth fossil right-lateral, and active left-lateral off-The actual rate could be significantly different
River, might theoretically result from a complex

interplay between tectonic offset and river cap TABLE 1. ACTIVE OFFSETS AND RESIDUAL LATERAL BENDS MEASURED ON
tures (Wallace, 1968; Gaudemer et al., 1989 NORTHEAST-SOUTHWEST-STRIKING FAULTS OF GOLDEN TRIANGLE
However, the major rivers in this region flow Fault River Left-lateral Maximum slip Minimum slip  Residual bend
through deeply incised valleys and, near the active offset rate rate (km)
hairpin loops, there are no other valleys of corr (km) (mm/yr) (mm/yr)
parable size that could have been recently abe Wanding fault Salween 95+05 19+0.1 ~0.5 ~381058
doned after a capture event. The occurrence ~ Nanting fault Salween 28 1.6 =0.4 N‘;de;“ted
. en

_the hairpin loop geome_try at several f_ault crost Menglian fault Nam Hka 25 0.5 ~0.12 5
ings and the lack of evidence for regional rive | - e W Salween  No detected NA* NAX ~30
captures lead us to believe that this geometry offset
not coincidental. The shape of the courses of tt  Wan Ha fault Nam Loi 5+3 1.0+06 ~0.25 No detected
Mekong, Nam Loi, and Salween Rivers appeal bend
to result from two superposed offsets of opposit Mengxing fault Nam Loi 241 48%02 ~1.2 ~12
sense, the contemporary left lateral movement ¢ (=507)
the fault overprinting a former right-lateral bend ~ am Ma fault Mekong 12£2 2404 =06 ~30

. .. Mae Chan Fault Mekong ~1.5 ~0.3 ~0.075 No detected
The left lateral river offsets measured on the dit bend
ferent faults of the Golden Triangle range payits between Mae ~ Mekong 6t015 12103 ~03t00.75 No detected
between 5+ 3 and 24 + 1 km (Table 1). Therei  Chan and Dien bend

geomorphic evidence of former right lateral off- _ Bien Phu fault

sets on some of these faults. The residual rig Note: Estimates of upper and lower bounds for average slip rates are deduced from left-lateral
lateral bends that remain after restoring the le offsets with hypotheses of fault reactivation since 5 Ma and since ca. 20 Ma, respectively. Residual
lateral offsets seem to be ~30 km on the Nam N bends are right-lateral deflections that remain after restoring left-lateral offsets.

. :
fault (Mekong offset) and at least 38 km on the ot @Pplicable.
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