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Abstract Teleseismic images suggest that the Tarim plate plunges V45‡S, down to V300 km depth, beneath NW Tibet. The 410 km discontinuity shallows by V10 km under the plateau, implying V100‡C cooler upper mantle. The deepest Moho on record (V90 km) lies under W Qiangtang. It rises abruptly by V20 and V10 km beneath the Altyn Tagh Fault and Bangong Suture, respectively. Vp /Vs ratios are normal, except in the Yecheng flexural basin and deep under the south Karakax volcanics (V1.92). W Kunlun’s Neogene tectonics are simply accounted for by oblique subduction of lithospheric mantle beneath an upward-extruding thrust wedge of the Tarim crust. > 2004 Elsevier B.V. All rights reserved. Keywords: teleseismic signals; crust; upper mantle structure; Moho steps; continental subduction; western Tibet



1. Introduction We present seismic images of the deep structure of western Tibet along sections near 79‡E, between the Tarim basin and the Karakorum (Fig.
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1), where the plateau is highest (V5000 m) and narrowest (V400 km). Deep imaging is essential to test competing models of plateau building and deformation (e.g., [1^8]). At stake is the mechanical behavior of the continental lithosphere during collision. Whether large shear zones extend into the lower crust or deeper [9], how the Moho is a¡ected by them [10^13], and how the lithospheric mantle shortens remain controversial. At V77‡E, gravity anomalies imply underthrusting of the Tarim beneath the north edge of the plateau [14]. West of 75‡E, under the Pamir and Hindu Kush, intermediate depth earthquakes delineate slabs plunging V300 km down in opposite directions (e.g., [15,16]). East of 85‡E, beneath
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northern Tibet, lithospheric subduction has been inferred [8^10], but not convincingly imaged yet. To obtain greater insight into such problems we installed, from July to November 2001, a seismic array of 53 stations between Yarkand (Tarim) and the upper Indus valley (Fig. 1). The main pro¢le followed the Yecheng^Shiquanhe road, crossing most of Tibet’s terranes, sutures and Cenozoic faults [17], to about 40 km north of the



Karakorum fault. A secondary NS pro¢le, south of Hotien, helped correct for the road dogleg along the Altyn Tagh Fault (ATF). Data from the Wushi Geoscope station in the Tien Shan (WUS) were also used because, at depths greater than 350 km, overlapping seismic ray cones at this station and along the temporary array yield a continuous image over a north^south distance of V1400 km.



Fig. 1. Main geological domains [17], superimposed on ETOPO30 DEM, of western Tibet orogen. Brick, ochre, pink to yellow, and beige shades di¡erentiate Indian, Tibetan, Tarim and Tien Shan terranes, respectively. Striped area is W Kunlun’s foreland region decoupled from Tarim basement (Fig. 4). Red, blue and green circles indicate station locations along NW, NE and S pro¢les, respectively. Altyn Tagh^Karakax (ATF), Gozha (GF), Karakorum (KF) strike-slip faults, Bangong (BGS) and Indus sutures, and major Quaternary thrusts are shown. AAP is trace of projection plane of vertical RRF sections in Figs. 3 and 4. Tomographic section of Fig. 9 is along 80‡E meridian. Thin contours in SW Tarim are isopachs of maximum Tertiary sediment in¢ll [22], used for travel time corrections. Dotted lines are axes of Neogene brachy-anticlines folding these sediments. Yellow circles are main Neogene volcanic centers, with ages where known [23]. Origin of sections in Figs. 3 and 4 is 36.25‡N, 78.92‡E (near intersection of ATF with AAP).
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2. Receiver functions and upper mantle discontinuities We imaged the crust and upper mantle with common conversion point (CCP) time to depth migration of radial receiver functions (RRF) (e.g., [18]) and with teleseismic travel time tomography (e.g., [9]). Both methods have better lateral resolution where station spacing is short, hence seismic coverage at depth multifold. Because the two pro¢les across the Kunlun show similar structures (Fig. 2), we combine them into a unique section (AAP, Figs. 3, 4, and 5a), oriented N15‡E and centered at 36.25‡N and 78.92‡E (Fig. 1). This strengthens the images. Three ¢rst order P to S conversion levels (Moho, 410 km depth discontinuity, and 660 km depth discontinuity) are clear across the entire section (Fig. 3). The ‘660’, here at an e¡ective depth of 670 T 5 km, is sharp, and fairly £at, over 1400 km. Conversion amplitudes are stronger beneath Tibet than under the Tarim and Tien Shan. The ‘410’, whose depth e¡ectively varies between 415 and 400 km, is less well de¢ned. In contrast with the ‘660’, it is strongly imaged beneath the Tarim but fainter to the south. It rises
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by V10 km under Tibet, which may re£ect a V100‡C decrease in temperature. That it is faint or interrupted under the plateau raises questions. It crosses a relatively ‘transparent’ mantle wedge whose apex is the Kunlun range, under the most densely instrumented area. The apparent weakness of conversion may result from lateral depth change. The transparency may re£ect a lack of conversion levels. Coherent, discontinuous P to S conversions near V500 km may correspond to the rarely observed 520 km depth discontinuity (L- to K-spinel phase transition [19]). Between V100 and V300 km, local, strong conversion levels dip inwards beneath the plateau. They are not all multiples, although they may locally be obscured by shallower-dipping multiples. Indeed, CCP-migrated images are commonly polluted by multiples of the Moho and/or of other crustal interfaces. Typically, such multiples lie at depths ranging between V150 and V400 km depending on the depth of the primary, and of the kind of multiple considered (Ppps or Psps+Ppss). Here, Moho multiples are generally weak beneath the plateau, particularly south of the Bangong suture (BGS). We infer this to be due to the thickness of the Moho, discussed below: seismic wave



Fig. 2. CCP time to depth migration of RRF for Yecheng (A, with station positions projected on pro¢le as red triangles) and Hotien (B, blue triangles) pro¢les. Common origin of sections is near intersection with ATF (black line). Moho conversions are underlined with thin line. Arrows show Moho steps beneath ATF.
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Fig. 3. CCP migration of V1600 low frequency RRFs. Seismograms were band-pass ¢ltered between 0.05 and 0.5 Hz, and standard IASP91 velocity model, corrected for e¡ective changes in crustal thickness, was used. RRFs from all pro¢les are projected on AAP (Fig. 1). Topography is shown above RRF section. Open triangles are projections of station locations on AAP. Note densest coverage in southern Tarim and Kunlun. Image is smoothed horizontally and vertically, using V40 km and V4 km moving windows, respectively. Blue to red colors are negative to positive amplitudes of P to S converted waves. Thin lines at 410 km and 660 km indicate theoretical depths of transition zones (olivine to K-spinel, and L-spinel to perovskite+magnesiowu«stite mineral phase transitions, respectively). Vertical arrows indicate approximate projections of main tectonic features in Fig. 1. Dashed line underlines Moho.



modeling shows that a thick (8^10 km) boundary layer between crust and mantle generates P to S conversions but attenuates re£ections, and thus multiples. Overall, the RRF image of the mantle beneath western Tibet is similar to those obtained under central Tibet [10,18] : the relative £atness of the ‘410’ and ‘660’, and fairly uniform thickness (265 T 10 km) of the transition layer make penetration of lithospheric slabs into it unlikely, but the dipping converters above 400 km suggest subduction under the plateau’s edges.



3. Deepest Tibetan Moho, o¡set by large faults The Moho’s depth and conversion e⁄ciency vary beneath the array (Fig. 4). For 300 km under the Tarim and Kunlun, it is a uniformly strong conversion level, which deepens southwards from Yarkand (V50 km, station 101) to V65 km beneath the Kunlun. A pronounced Moho kink is observed north of the range front under Kokyar. Here, the recent tectonics is characterized by broad, growing anticlines above blind thrust ramps, which likely link de¤collements that trans-
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Fig. 4. (a) Tectonic section, simpli¢ed from [17], and extended using new 2001 ¢eld observations. Cenozoic rocks are shaded yellow. Paleozoic^Mesozoic cover in Tarim, and Mesozoic sediments in Tibet, are light and dark green, respectively. Metamorphic and igneous rocks, including Tarim Proterozoic basement, are pink. Ma¢c^ultrama¢c rocks are purple. Basement, including Paleozoic sediments, of di¡erent Tibetan blocks is shown with distinct ochre shades, as in Fig. 1. (b) High frequency (0.1^1 Hz) CCP-migrated RRF section of lithosphere along AAP, with same color code as in Fig. 1. Note V10 km ‘thick’ Moho beneath certain stations (e.g., 101, 199). (c) Inferred extrapolation at depth of main, likely deep-rooted features of tectonic section, and shallow part of 45‡S-dipping velocity boundary in tomogram of Fig. 9, overlaid on RRF section. Moho is underlined.



fer shortening northwards [17]. The Mazar Tagh ridge, V200 km farther north, marks the most distal, emergent thrust ramp related to such shortening (Fig. 1). Thus, under Kokyar, the Moho is likely o¡set by an even deeper ramp transferring thrust motion into a crustal de¤collement. A 10 km throw restores continuity, suggesting that an unfaulted Moho might have been £exed V25 km down by lithospheric subduction under the Kunlun, in keeping with the dynamic support deduced from the coupled negative^positive gravity anom-



alies [14]. About 100 km south of the range front, the Moho is abruptly interrupted beneath the surface trace of the Karakax branch of the ATF, implying truncation by the corresponding shear zone at depth (Fig. 4). Beneath the plateau, the Moho shows variable conversion amplitudes. Identifying it thus requires special care. In view of its nature, the Moho should be the strongest and laterally most continuous converter detected with RRF in the lithosphere. In the time domain representation of
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Fig. 5. (a) Time domain representation of stacked low frequency RRFs at all stations of combined Yecheng and Hotien pro¢les. Stacks performed without move-out correction are plotted at station projections (numbers on right side). Small black and white arrows indicate Moho Ps conversions and P ¢rst arrivals, respectively. (b) High frequency RRFs at station 102 (in Tarim basin), plotted as a function of epicentral distance (in degrees), averaged over 10‡ windows with 5‡ overlap. Numbers on right side indicate numbers of RRFs used in each window. Moho Ps conversion is V6.8 s after ¢rst P arrival, whose pulse is broadened by basin e¡ect. Open circles and squares correspond to theoretical Moho Ps and Ppps conversions computed for 50 km thick crust, with mean Vp = 6.5 km/s and Vp /Vs = 1.90. (c) Same as panel b but for station 199 (50 km north of BGS). Moho Ps conversion V10 s after ¢rst P arrival is clear. Fainter mid-crustal conversion can also be seen on high frequency output.



Fig. 5a^c, there is little ambiguity on the position of the strongest converter, except perhaps south of the BGS. The Moho position is also clear on the low frequency migration of Fig. 3, where only ¢rst order converters stand out. Finally, both the Ppps multiples and Ps migrations (Fig. 7A) show similar Moho depths. As expected, beneath Tibet, both the thickness of the crust and the nature of the crust^mantle transition di¡er from those observed under the Tarim. Just under the Karakax fault, the Moho deepens abruptly from V65 to V85 km, a staircase step of V20 km which con¢rms that the ATF is a major, steep and deep discontinuity, as observed V1000 km eastwards [9]. Lateral Vp variations in the crust would be insu⁄cient to account for the strong, abrupt change observed in the P-wave travel time residuals across the fault (Fig. 8). The particularly large (2 s) residual amplitude requires a large, sharp change in crustal thickness. Past a smaller step under the Gozha fault, the southern branch of the ATF, the Moho reaches a maximum depth of 90 T 2 km beneath the highest part of the plateau (V5000 m, Longmu Co to Domar, Fig. 1). It is strongly convertive, and 10 km deeper than elsewhere in central or eastern Tibet [10^12,20]. This deepest, ‘thick’ Moho underlies the Qiangtang block, whose continental basement is capped here by relatively thin, shallow marine Mesozoic limestones and sandstones [17]. The continuity of the Moho is interrupted again beneath the BGS, which bounds a more complex southern region where two deep, gently north-dipping conversion levels are visible. The shallower one (V55^60 km) is strong just south of the suture. The deeper one (V70^78 km) is clearest farther south, close to the Karakorum fault, but fainter northwards (Fig. 4). Both levels are vertically o¡set relative to the western Qiangtang Moho, by 30 and 12 km, respectively. This contrasts with the Indepth III image of central Tibet, which shows no Moho o¡set across the BGS [10]. Since large north-dipping thrusts characterize the Late Mesozoic^Cenozoic tectonics between Rutog and Shiquanhe [17], the two conversion levels may be overlapping Mohos, stacked up by crustal-scale, south-vergent overthrusting south of the Qiangtang. This structure is reminis-
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Fig. 6. 3D view of Moho topography deduced from Ps conversions. CCP-migrated image (Fig. 4) is ¢rst sliced into narrow, 40 km wide, north^south strips with 20 km overlap. Within each strip, Moho coherence is then used to better pick Ps conversion depths, which are plotted using only slight horizontal smoothing. Surface relief is from Etopo5 DEM with vertical exaggeration of 4. Red triangles indicate locations of seismic stations. Black arrows point to Moho kink beneath Yecheng.



cent of that seen in the SE Lhasa block [20]. To the north, by contrast, and in the Kunlun, thrusts a¡ecting Cretaceous rocks dip mostly southwards. Such opposite vergences would be expected if Tibet grew outwards by crustal wedge accretion between inward-subducting mantle slabs [8,17,18]. By picking Ps conversions on narrow slices of the CCP-migrated images, it is possible to reconstruct the 3D topography of the Moho (Fig. 6). This shows quite clearly the spatial continuity of the main features described above, particularly the large step beneath the ATF.



4. Continental average, whole-crust Vp /Vs ratios The Vp /Vs ratios were determined by comparison of Ps and Ppps migrations (e.g., [10]) or by grid-search stacking of RRFs at each station [21].



For Ppps migration (Fig. 7A), a constant Vp /Vs ratio should yield identical Ps and Ppps Moho depths where Ppps multiple amplitudes are significant. But such depths di¡er signi¢cantly beneath the Yecheng basin and the BGS (Fig. 7B, top). Reconciling such depths yields the whole-crust Vp /Vs pro¢le shown in Fig. 7B, bottom. Whole-crust Vp /Vs ratios in western Tibet are close to the global continental average (1.75), as elsewhere in central and northern Tibet [10,11]. For stations just north of the Kunlun range, however, they are much greater (1.92 T 0.03). We interpret them to re£ect very slow Vs (2.4 km/s) in the unconsolidated, V10 km thick sediments of the Yecheng £exural basin [22], which produce natural gas at Kokyar (Fig. 4), on top of average (V1.75) Vp /Vs crust. This inference is supported by the lower Vp /Vs values measured elsewhere in the Tarim (Fig. 1): 1.78 at station 101, where the
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sediment cover is half as thick, V1.75 along the Hotien pro¢le, where the average sediment thickness is only 2.5 km, and 1.70 on the basement at Wushi. The Vp /Vs and Moho depth determination using the RRF grid-search stacking method and the Ppps-Ps migrations (Fig. 7B, bottom) give similar values. For example, at station 102 (Fig. 7C), the Vp /Vs ratio and Moho depth obtained are V1.92 and V48 km, respectively. At the same station, Fig. 5c shows that the phase identi¢ed as the Ppps multiple of the Moho has the right slowness and that, consequently, the Vp /Vs ratio determination is reliable. Within the plateau, Vp /Vs values are V1.76 in the Kunlun and between the Karakax and Gozha faults. Between the latter and the BGS, a slightly higher average value (V1.80) is found. In the



north, a mid-crustal converter, 40^50 km deep, similar to that observed beneath the Bayan Har terrane at V99‡E (Gonghe^Yushu pro¢le [12]), may be used to estimate Vp /Vs separately in the upper (Vp /Vs W1.63) and lower (Vp /Vs W1.93) crust. The latter value is high enough to suggest that the thick (40 km) lower crust of the Tianshuihai terrane [17] contains partial melt, in contrast with most regions of northern Tibet probed to the east [11]. Such partial melting ought to be related to the Plio^Quaternary calc-alkaline volcanism observed south of the ATF [23,8] (Figs. 1 and 4); indeed, of all the teleseismic studies performed so far in northern Tibet, the Hotien^Shiquanhe pro¢le is the only one to cross a comparably young volcanic belt. South of the BGS, where the crustal structure is



Fig. 7. (A) CCP time to depth migration performed assuming all RRF amplitudes to result from Ppps multiples, with standard IASP91 velocity model and 1.75 Vp /Vs ratio. Strong, spatially coherent interface at or below 50 km depth corresponds to Moho. (B) top: Moho and mid-crustal converter depths along AAP, determined by migration of Ppps (orange) and Ps (black); bottom: Vp /Vs pro¢les, see discussion in text. (C) Example, for station 102, of Vp /Vs and Moho depth determination by RRF grid-search stacking.



EPSL 6974 25-3-04 Cyaan Magenta Geel Zwart



G. Wittlinger et al. / Earth and Planetary Science Letters 221 (2004) 117^130



125



more complex, and where clear Moho multiples are missing, the Moho cannot be identi¢ed precisely with Ppps, and the whole-crust Vp /Vs ratio is less accurately determined. Nevertheless, this ratio appears to be somewhat higher (between 1.8 and 1.87) than the global continental average (Fig. 7B). Using, as in the north, the 50 km deep converter would yield a normal Vp /Vs ratio (V1.74) in the crust above this converter, and a higher value (V1.90) beneath.



5. South-directed subduction of the Tarim lithosphere beneath the W Kunlun range We used the Aki^Christo¡erson^Husebye (ACH) iterative method [24] to invert 10 212 Pwave travel time residuals (Figs. 8^11). Only Pwave arrival times of events with 10 or more reliable readings were kept (PKP or other phases were excluded). To improve resolution only cells crossed by more than 10 rays were inverted, and are shown here. The imaged zone extends from 30‡ to 40‡N, 75‡ to 82‡E, and 0 to 700 km depth. We used a cubic block model, with eight layers whose thicknesses increase with depth. Hence, in each layer, blocks are of equal size but this size increases with layer depth. Just beneath the stations, cones are used instead of cubic blocks. Inverted velocity perturbations within these cones are not shown since they represent static terms. The resolution is best below 100 km, where rays incoming from all azimuths to stations along the three pro¢les provide good 3D criss-crossing. The starting ray-tracing model was IASP91, as for CCP migration. Travel time residuals were corrected for the important crustal thickness changes deduced from RRF migration, and for thick sedimentary in¢lling in the Yecheng basin (Fig. 7). The variance of corrected travel time residuals (V0.3137 s2 before inversion) drops to V0.0165 s2 after inversion, a reduction of 94%. The ¢nal variance corresponds to a standard error of 0.128 s, only slightly greater than the estimated arrival times picking error (0.1 s). We do not show the deepest layer in Fig. 9 because of signi¢cant vertical smearing (Fig. 11A). The ACH method only retrieves velocity perturbations rela-



Fig. 8. Relative residuals, for three back-azimuth and distance ranges (top of each sub-plot), projected along 80‡E N^ S pro¢le. Blue, red and black circles are uncorrected, corrected (for crustal thickness variations and sediment in¢lling), and post-inversion residuals, respectively. Open circles correspond to Hotien pro¢le. Vertical bars attached to uncorrected residuals correspond to twice the standard error for all residuals in given azimuth and distance range. It is di¡erent from the P-phase picking error, and yields a measure of residual coherence as a function of azimuth and distance. The relatively small dispersion ( T 0.2 s) implies that the deep tomographic structure of western Tibet is fairly simple.



tive to ¢xed average layer velocities (IASP91 velocities), not absolute velocities. Hence, velocity perturbations are only smoothed horizontally within each layer (Fig. 10), but not vertically across layers in section (Fig. 9). Because the gained velocity perturbations are small ( T 2%),
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Fig. 9. (a) 80‡E meridian section of P-wave velocity variations deduced from teleseismic tomography. Relative P-wave velocity variations (32% to +2%) are represented by red to blue colors, respectively. Deepest inverted layer (550^700 km) is not represented. Only slight horizontal smoothing has been applied. Thin contours specify 0.5 and 0.75 iso-values of diagonal term of resolution matrix. Seismic stations close to 80‡E (black triangles) and approximate positions of BGS, GF, and ATF (vertical arrows) are projected on simpli¢ed topographic pro¢le (above). Yecheng basin sediments are shaded yellow. (b) Overlay, on tomogram, of inferred deep features from section of Fig. 4c. Moho is underlined in red. Thick, dashed gray line is 45‡S-dipping interface separating high and low velocity regions in Fig. 4a. White circles, with size proportional to magnitude, are earthquake hypocenters from NEIC catalog (1973^2003), between 76‡ and 82‡E, projected roughly parallel to the ATF. Fault plane solution of 13/2/1980 event [25], also projected, is compatible with thrusting on a deep, steeply south-dipping ramp.



changes in raypaths induced by such velocity variations may be neglected. The large size of the block model precludes detailed inspection of the resolution matrix. To assess the resolution power of our data set, we thus performed synthetic tests. We used spherical cells of 100 km radius (Fig. 11) instead of the customary cubes of checkerboard tests. Perturbations of the IASP91 velocity model vary linearly from 0 to T 5%, from the edge to the center of each spherical cell. This alleviates di⁄culties, due to abrupt velocity changes, of ray tracing through a cubic cell model. Synthetic residuals are computed using



the 10 212 rays of the actual data set. Fig. 11A,B show that the central part of the imaged volume is adequately resolved though some vertical smearing exists below V300 km. Hence, ¢rst order features of the tomographic section in Fig. 9 are unlikely to be artefacts. After correcting for slow sediment velocities in the Kunlun foreland and for the crustal thickness step across the ATF, the P-wave velocity in the crust and upper mantle remains up to V4% higher north of the fault than south of it (Fig. 9). In the crust, the ATF is marked as a sharp, steeply south-dipping boundary between these two con-
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trasting regions. This is in keeping with the interpretation that the Kunlun range is a fast thickening wedge of Precambrian (2^2.5 Ga) thrust slices, scraped o¡ the Tarim craton [17]. Below the Moho, the sharp boundary between fast and slow P-wave velocities continues to dip southwards at about 45‡, to 300 km depth or more. Above 200 km, this 45‡S-dipping planar boundary coincides with the southern limit of the transparent mantle wedge visible on the RRF section. The tomogram thus suggests that the old, cold Tarim lithosphere subducts under the northern edge of western Tibet down to V300 km, V250 km south of the Kunlun (Fig. 9). Projecting the regional seismicity between 76 and 82‡E on the tomographic section supports this conclusion, with events between 100 and
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150 km depth under the Kunlun (e.g., [25]), and a deeper one (V213 km, 13/9/1977) farther south. The occurrence of earthquakes in the crust and mantle north of the range is consistent with thick-skinned overthrusting reaching far into the Tarim foreland (Figs. 1, 4, and 9).



6. Conclusion Imaging velocity variations and interfaces in the crust and mantle beneath the Yecheng^Shiquanhe and Hotien pro¢les brings decisive insight into the deep architecture of NW Tibet. Our results support a large-scale tectonic scenario in which the Tarim lithospheric mantle plunges under the plateau [14,17]. Apparently, it



Fig. 10. Relative P-wave velocity variations in horizontal layers, as deduced from teleseismic travel time inversion. Color scale as in Fig. 9.
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Fig. 11. Synthetic resolution test, using spherical cells. Red and blue circles represent spherical cells, alternatively slow (velocity variations from 0 at edge to 35% at center) and fast (velocity variations from 0 at edge to +5% at center). Lateral resolution remains good down to 400 km depth, while vertical resolution falls below 300 km.



has subducted to 300 km depth at least. The corresponding amount of underthrusting along the western Kunlun would be compatible with V400 km of left-lateral displacement, and an average slip rate of V2 cm/yr in the last V20 Myr, on the VN70‡E-trending ATF (e.g.,



[1,8,26,27]) east of 83‡E. Southward underthrusting of the Tarim plate is thus consistent with the growing body of evidence in support of 400^500 km of Tertiary o¡set on the ATF (e.g., [8] and references therein). Note that, since the age of left-lateral faulting onset remains in dispute, our
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teleseismic imaging results would be equally compatible with a slip rate of V1 cm/yr since V40 Ma (e.g., [28]). But, given the ages of north Tibetan volcanic rocks [23], we ¢nd this alternative scenario less likely. We interpret the relative transparency of the RRF section beneath the Kunlun to re£ect the presence of the plunging mantle slab, which is also the locus of a few intermediate depth earthquakes. This south-dipping slab probably represents a counterpart, east of the Karakorum fault, of that identi¢ed V300 km to the northwest under the Pamirs [15,16,25]. Given its location, the volcanism south of the ATF must result from such ‘continental’ subduction (e.g., [8,17, 23]). The crust reaches record thickness (90 km) under the western Qiangtang, the highest part of the Tibet plateau. As observed along the Gonghe^ Yushu and Golmud^Tangula pro¢les across central and eastern Tibet [11] or in California [13], the Moho is o¡set by sutures (Bangong) and large Tertiary thrust or strike-slip fault zones. The 20 km Moho o¡set beneath the Karakax branch of the ATF is the clearest imaged to date. Down to the mantle, this fault separates the thick, relatively slow crust of the Tibet plateau from the relatively fast crustal thrust wedge of the Kunlun range, built at the expense of the down£exed Tarim plate. As long pointed out [8,17], the western Kunlun is a prime example of slip partitioning, a process characteristic of oblique subduction. A particularly deep, hidden ramp appears to displace the Moho north of the range, penetrating into the uppermost mantle. The corresponding de¤collement has propagated far out into the Tarim, to emerge along the Mazar Tagh, which parallels the western Kunlun range front. The southwestern 200 km of Tarim upper crust is thus probably decoupled from the mantle underneath (Figs. 1 and 4), an observation which ought to be integrated into GPS-based deformation models (e.g., [28]). Upward extrusion of the Kunlun wedge [29] appears to account for half of the Moho step under the ATF. Further work will be needed to investigate the deep structure of SW Tibet and the fate of the Indian plate.
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