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ABSTRACT implying that the Shuang Hu fault has a signifi-
Field mapping in northern Tibet reveals that the normal slip along late Cenozoic north- cant left-slip component. The Shuang Hu fault
south—trending faults is comparable to that estimated for equivalent structures in southern cuts two post-Triassic strike-slip faults and the
Tibet. The orientation of fault striations in two north-south—trending rifts suggests an east- Early Jurassic Falong detachment fault (Kapp
northeast—west-northwest direction of extension in northern Tibet, which in turn implies that et al., 1997; Yin et al., 1998a). We estimate the
northeast-striking active faults in northern Tibet have significant left-slip components. Initia- normal slip across the Shuang Hu fault to be
tion of rifting in northern Tibet postdates the early Oligocene, and possibly occurred after 4 Ma. ~7 km, partitioned between two faults (Fig. 2B),
The broad similarities in the magnitude of slip and the direction of extension for normal faults on the basis of matching a Triassic unit (Trd). The
in both northern and southern Tibet imply that the entire plateau has been extending. This pre- buried eastern fault is required by the distribution
cludes significant eastward extrusion of north Tibet relative to south Tibet and requires a re- of the Trd unit and the Triassic stratigraphy.

gional boundary condition as the cause of east-west extension for the entire Tibet plateau. The Qiagam fault strikes north-northeast in the
north, but makes a sharp turn to strike northeast at

INTRODUCTION south—trending rifts: the Muga-Purou rift neaiits southern end. Although this fault does not

In one of the first papers documenting activ&huang Hu and the Chagd rift near Gangma Ghow clear evidence for Quaternary faulting, it
east-west extension in Tibet, Molnar and Tapi north-central Tibet (Fig. 1). bounds a Quaternary basin, which is suggestive
ponnier (1978) attributed the extension to gravi- of youthfulness. Correlating the blueschist-bear-

tational spreading of its thick crust. England an&huang Hu Area ing metamorphic rocks belonging to the footwall

Houseman (1989) related extension to rapid up- The east-dipping Shuang Hu normal fault syssf the Falong detachment suggests a minimum
lift of the Tibetan plateau caused by convectiveem is along a dramatic topographic front with &lip of 4 km across this fault (Fig. 2B).

removal of the lower mantle lithosphere. Otherelief of ~1.0 km (Figs. 2 and 3A). The fault sys-

workers have argued that east-west extensiontiem offsets alluvial fans and shows prominenBangma Co Area

southern Tibet reflects local boundary conditionfault scarps. Directly below the range-bounding The Gangma Co area is ~500 km west of
such as oblique convergence between India afeult are numerous minor east-dipping normashuang Hu (Figs. 1 and 4), where the west-dip-
Asia (McCaffery and Nabelek, 1998), outwardfaults, which have offsets of tens of centimeterping Chagd fault cuts Quaternary alluvial depos-
expansion of the Himalayan arc (Seeber and a few tens of meters. Striations on these faulits. An east-dipping normal fault is present in the

Armbruster, 1984; Klootwijk et al., 1985; Molnar indicate a slip direction of N50°—65°E (Fig. 3B),south-central study area with N50°E trending

and Lyon-Caen, 1989; Ratschbacher et al., 1994:

Seeber and Pecher, 1998), and eastward ex
sion of north Tibet (Armijo et al., 1986). How-
ever, Yin and Kong (1997) proposed that the le
Neogene extension in Tibet is part of widespre
extension affecting much of east Asia in the pe
10 m.y. (e.g., formation of the Shanxi graben ai
Baikal rift). The ongoing debate about the caus
of late Cenozoic east-west extension in Tibet 1
flects, in part, a lack of information on the timing
and magnitude of rifting in northern Tibet.

FIELD OBSERVATIONS
The presence of north-south—trending rifts

northern Tibet has long been recognized by int
pretation of Landsat images (Ni and York, 197:
Armijo et al., 1986). However, these structure
have never been studied in the field nor doc
mented in any existing geologic maps, althoug
their characteristic rift morphology is evident ii
various topographic or relief maps of Tibet (e.c
Liao, 1990). Here we present the results of d
tailed geologic mapping across two active north=

igure 1. Regional tectonic map of Tibetan plateau and its neighboring regions. Note that Shuang
_— Hu area (see Fig. 2) is located in central part of Muga-Purou rift, whereas Gangma Co area (see
*E-mail: yin@ess.ucla.edu. Fig. 4) is located in southern part of Chagd rift. KIFZ is Karakorum-Jiali fault zone.

Geology;September 1999; v. 27; no. 9; p. 787-790; 4 figures. 787


http://geology.gsapubs.org/

Downloaded from geology.gsapubs.org on August 31, 2012

L, =11 =k Thir
; STREN] s hrusi
ﬂ'l. A Tre i jana farestianl i " ~a__ ¢ dotachmmi Tauli
e —— el
" L ¥ armi | ire ovmad =vn v .|"'
: -\_E- hagih-anple pivmal Thiil .|"';
5, 5= wnke-ship fauk !J
't
i u--_:.;.- = T e Amatt Gang i s |
WETEm) A
Trd Ill‘!-
Sipang M /
! Marti) Fioald .-'J
S f-"’ A
P P
; _.\,-.'\""-l"I
S
r Tl
i, H Tr'
i
" J“r e
-’_.-'n'i- f, oy |lnl:||.|'
- = i I'_E:ll .|t.:\.._!|.|1 Fig JAs
. N L L] -
I
& [ TP Ty — Fukom. Cnsharre Tk m'
" o e disydy Gy r.'l-':‘l J:_._,.._ T g Tra E
: i 0 et T i A | [
: = — I- T frod- - . ; i
i | T T y in 1 a 'r‘-'ll
ot TR chiringc el S . L -Ir.‘ 1 AETT rm) ; 3
Toid ] .". mbrrafios L
i chiloriic hecoa | P LT YT
' ) 13 Il sk in Fip. 3
: B v — A .

Figure 2. A: Simplified geologic map of Shuang Hu region. Locations of both fault scarp profile and kinematic measurements (Fig. 3, A and B) are
indicated. Units: mgn, mylonitic gneisses and schists; mf, mafic intrusives; grl, granitoids below Falong detachment fault; gr2, granitoid above
Falong detachment fault; Qalo, old Quaternary alluvial deposits; Qal, young alluvial deposits. Triassic strata are divided into four units, Tra, Trb, Trc,
and Trd; Trc is divided into four lithologic subunits. Lithologies and approximate thickness estimates of Triassic units: Tra (>350 m thick), dolo-
stone; Trb (~1600 m thick), volcanic sequence consisting of andesite interbedded with shale and siltstone; Trc1 (150—200 m thick), gray limestone;
Trc2 (800—1000 m), conglomerate interbedded with sandstone; Trc3 (400-500 m), fluvial sandstone interbedded with minor conglomerate; Trc4
(200-400 m), conglomerate; Trd (>600 m), red sandstone interbedded with mudstone. KJFZ, Karakorum-Jiali fault zone. B: Geologic cross section
of Shuang Hu region.
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Figure 3. A: Topographic profile across active strand of Shuang Hu fault system: a=12+0.3m, b=tanl0° and 6 = 25° (see text). Note

that lower regional slope below fault scarp is significantly lower than upper regional slope, possibly due to accumulation of materials
eroded from fault scarp. B: Poles of minor east-dipping normal faults and trend and plunge of fault striations measured from Shuang Hu
fault zone.
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striations in the fault zone (Fig. 2). This fault off-extent of the fault scarp in map view is aboutjuake event. The oldest age for the fault scarp
sets the Cenozoic Gangma Gangri thrust systerrkm. The measured profile was selected wheraay be estimated by using a linear diffusion
(Yin et al., 1998b; Kapp et al., 1998), which jux-the terrace offset is maximum. On the basis of ithodel (e.g., Avouac, 1993):

taposes a blueschist-bearing melange complsimple morphological characteristics and the lack

over the early Neogene Kangtuo Formation adf minor branches of terrace offsets, we interpret 4,9 = a b
Cheng and Xu (1986). Exhumation of thethat the scarp was generated by a single earth-

blueschists was related to motion along the Late

Triassic—Early Jurassic Gangma Co detachm

N @

fault (Yin et al., 1998a; Manning et al., 1998)

Because the Chagd fault is poorly exposed,
kinematics cannot be directly determined. Hov
ever, several mesoscopic, east-dipping norn
faults are present in its hanging wall near the ce
tral segment of the Chagd fault. The trend of tl
striations on these faults is N50°-65°E. Becau
the main east-dipping normal fault cuts the eal
Neogene strata and is parallel to the Chagd fa
we infer that the two faults were formed as a cc
jugate set and therefore share the same east-nt
east—west-northwest extensional direction (Fig. -

In the hanging wall of the Chagd normal faul
a thrust juxtaposes a Carboniferous carbon:i
sequence over Tertiary redbeds. It may be c
related with the Gangma Gangri thrust in it
hanging wall because the lithology of the Tertial
redbeds is similar to that in the footwall of bot
thrusts, and both thrusts consist of a similar C:
boniferous carbonate sequence in their hangi
walls (Fig. 4). If this correlation is correct, it
implies that the Chagd fault has a normal slip
~11 km (Fig. 4B). We consider that the 11 km «
normal slip across the Chagd fault is a maximu
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estimate, and favor a smaller displacement, k
cause (1) the Tertiary basin in the hanging wall
the Chagd normal fault appears to be shallow,
suggested by the isolated Carboniferous outcrc
in the hanging-wall basin close to the main fat
(Fig. 4A), and (2) Cretaceous tuffs, dated b
tween 91.9 * 1.4 Ma and 132 + 8.2 Ma b
40Ar/3%r on single sanidines crystal (sample
from Kv3 in Fig. 4A), are preserved in the foot
wall of the Chagd normal fault, suggesting thi
its footwall denudation by faulting and erosio
has been negligible since the mid-Cretaceous.
reconcile these geologic observations, we inte
pret that the offset thrust by the Chagd fault ha
listric geometry, making the inferred normal off
set along the Chagd fault 5—7 km.

AGE AND SLIP RATE OF THE NORMAL
FAULTS
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The ages of Cenozoic normal faults in nortl
ern Tibet are highly uncertain. In the Gangma (
area, normal faults cut the Miocene KangtL
Formation of Cheng and Xu (1986), the lowe
age of which is defined by the underlying Nadi
Formation. The Nadin Formation, expose
~100-150 km south of the study area, consists
~650-m-thick andesitic flows that yield a K-Al
age of 31 Ma (Cheng and Xu, 1986).

We have no constraint on the age of tt
Shuang Hu fault. However, its minimum slip rat
may be determined from a topographic profil.

knpma Clangn thres

across a fault scarp (Fig. 3A). The continuouFigure 4. A: Geologic map of Gangma Co area. B: Geologic cross section of Gangma Co area.
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wheref is the maximum slope angle of the scarg,yon-Caen, 1989), the lack of recognizable right<app, P., Yin, A., Manning, C. E., Murphy, M.,
ais the half scarp offset, andidthe regional slip faults during our field investigation and inter- ~ Harison, T. M., Spurlin, M., Din Ling, and Deng
slope angle. For a fault dip angleddhat we take pretation of Landsat images (Armijo et al., 1989) ;'g#grt'ﬁé }3%?% g%?g:mﬁ;getﬁtﬁfgzsg?r:tsvrggg
to be 60°, the total slip 8= 2dsind. Parameter suggest that left-slip faults may be the only geo-  central Qiangtang, Tibet: Eos (Transactions,
Tis the characteristic time for diffusion, which islogically significant strike-slip structures in the American Geophysical Union), v. 79, p. F794.
defined as = kt (kis the coefficient of mass dif- region. We note that several major rift systems ilootwijk, C. T., Conaghan, P. J., and Powell, C. M.,
fusivity, andt is the age of the fault scarp). Thenorthern Tibet merge with the left-slip Kunlun izﬁtsa‘l ZHE d:"ci?:rl]a%?gcﬁ‘r:; t:;%?r;scglne d(i)%rétlr-
coefficientk is estimated to be 3.3 + 1.Zky~1  fault system to the north. These rifts also make an arc spreading: Earth and Planetarygécience Let-
in southern Tarim north of Tibet (Avouac andabrupt turn from a general north-south trend to a  ters, v. 75, p. 316-319.

Peltzer, 1993; Fig. 1). A higher value foiskex-  northeast trend at their southern end toward théao, K., ed., 1990, Atlas of the Qinghai-Xizang
pected in north-central Tibet, because it has Banggong-Nujiang suture. As implied by our Efgﬁ?ﬁ&?eﬂgﬁ’s’figgte of Geography, Science
higher preC|p|tat|_0n rat_e (=200 mnmyin leet kinematic data, the nort_heast-_trendlng faults in thﬁ anning, C. % Kapb, P.,p\-(in, A., Murphy, M.,
vs. <90 mm yrtin Tarim; see Derbyshire and south would be left slip. This fault pattern for Harrison, T. M., Spurlin, M., Din Ling, and Deng
Goudie, 1997) and is located in a high-altitud@orthern Tibet is in a mirror image to that in Xi-Guang, 1998, Metamorphism and exhuma-
permafrost setting (Liao, 1990). We thus use thedouthern Tibet, where northwest-trending right-  tion of Mesozoic melange in north-central Tibet:
value from southern Tarim as the lower bound faslip faults are either linked with or terminate the Eﬂ% n)(T\:a;;aCt"%‘fé American  Geophysical
that in northern Tibet. This yields about 2 ka fonorth-south—trending rifts (Fig. 1). This overaIIMCcaﬁery, R. and’:l)\'labelei(, J., 1998, Role of oblique
the oldest age of the fault scarp and ~2 mm yrkinematic pattern suggests that the Tibetan convergence in the active deformation of the
for its minimum slip rate. Because we estimatplateau has undergone constrictional deformation ~ Himalayas and southern Tibet plateau: Geology,
the total amount of normal slip across the Shuar{§othery and Drury, 1984; Mercier et al., 1987). V- 26, p. 691-694.

_ T Mercier, J.-L., Armijo, R., Tapponnier, P., Carey-
;—|u|{ault t% b? f7 kr(;l,tth: m't'atllgn ?r?e O;r tIG(ZﬁCKNOWLEDGMENTS Gailhardis, E., and_Han,T. L.,1987, Change_from
ault may be inferred to be no older than " This research is supported by the U.S. National Sci- ~ 1ertiary compression to Quaternary extension in
ence Foundation. We thank Doug Nelson and Lothar southe_rn Tibet during the India-Asia collision:
DISCUSSION AND CONCLUSIONS Ratschbacher for critical reviews. Tectonics, v. 6, p. 275-304.
Armijo et al. (1986) estimated the magnitude Molnar, P., and Lyon-Caen, H., 1989, Fault plane solu-
f slip across major late Cenozoic normal faults ifEFERENCES CITED fions of earthquakes and active tectonics of the
0 E o ] 0 e order of il rmijo, R., Tapponnier, P., Mercier, J. P., and Han, Tibetan plateau and its margins: Geophysical
southern Tibet to be on the order of several kilo-"""1" "1 gg¢’ Quaternary extension in southern Journal Interational, v. 99, p. 123-153.

meters with slip rates of 1-4 mnTyrAn excep- Tibet: Journal of Geophysical Research, v. 91Molnar, P., and Tapponnier, P., 1978, Active tectonics of
tion to this range of slip magnitude is that for the  p. 13,803-13,872. g'k’géi]ogggg' of Geophysical Research, v. 85,
i i . i Avouac, J.-P., 1993, Analysis of scarp profiles: Evalua- : B . . .
Nyaingentanghla rift (>20 krT_l_, Harrison et al., tion of errors in mo}r/ hologic dgtFi)n - Journal of Ni: J.. and York, J., 1978, Late Cenozoic tectonics of the
1995; Cogen et al., 1998). Armijo et al’s estimates . pholog g Tibetan plateau: Journal of Geophysical R h
; : Geophysical Research, v. 98, p. 67456754, ibetan plateau: Journal of Geophysical Research,

are roughly comparable to ours for northern Tibekyquac. J-P. and Peltzer. G.. 1993, Active tectonics of V- 83, P- 5377-5384.
implying that the east-west extension is distrib-  southern Xinjiang, China: Analysis of terrace ris-Ratschbacher, L., Frisch, W, Liu, G., and Chen, C.,

uted rather uniformly across the entire plateau.  ers and normal fault scarp degradation along the ~ 1994, Distributed deformation in southern and

. . . Hotan-Oira fault system: Journal of Geophvsical western Tibet during and after the India-Asia
This precludes explanations such as oblique con- Resear(gh v. 98 p)./21 773-21.807. Py collision: Journal of Geophysical Research, v. 99,
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eastward extrusion of rigid north Tibet relative to pacher, L., 1998, Late Neogene extension in thEOthery, D.A., and Drury, S. A., 1984, The neotectonics
deforming south Tibet as primary causes for initi-  Shuang Hu graben, central Tibet: Eos (Trans- _ °f the Tibetan plateau: Tectonics, v. 3, p. 19-26.
ation and subsequent development of Tibetan actions, American Geophysical Union), v. 79yseeber, L., and Armbruster, J. G., 1984, Some elements

. S p. 794. of continental subduction along the Himalayan
rifts. It suggests, however, that the extension Reng Jiaxiang, and Xu Guozhang, 1986, Geologic _ fTont: Tectonophysics, v. 105, p. 263-278.

Tibet has been either a result of the dynamic con- map of the Gaize sheet: Tibetan Bureau of GeoPeeber, L., and Pecher, A., 1998, Strain partitioning
dition of the entire plateau (Molnar and Tappon-  ogy and Mineral Resources, scale 1:1000000, ~ &/ong the Himalayan arc and the Nanga Parbat
nier, 1978; England and Houseman, 1989) or part ~ 369 p. (in Chinese). _ antiform: Geology, v. 26, p. 791-794.

. L o Gpgan, M. J., Nelson, K. D., Kidd, W. S. F., Wu, C., andYin, A._, anq Ko_ng, _X., 1997,'Spacmg_ of N-S rifts in
of Wldesp!’ead extension in east Asia in the pa Project INDEPTH Team, 1998, Shallow structure Tibet implies lithospheric extension: Eos (Trans-
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north-central Tibet change their strikes abruptly,  midpoint data: Tectonics, v. 17, p. 46-61. Yin, A., Kapp, P., Manning, C. E., Harrison, T. M., Din
from a north-south to east-west and northeaBerbyshire, E., and Goudie, A. S., 1997, Asiia, Ling, and Deng Xiguang, 19983, Extensive expo-

i i i ; Thomas, D. S. G., ed., Arid zone geomorphology:  Sure of Mesozoic melange in Qiangtang and its
strikes (Fig. 2). The kinematic data collected by 5 = 2 <" = - change i% dryIar?ds: l\?gw role in the Cenozoic development of the Tibetan

this study are preliminary, especially when com-  voc 30hn Wiley & Sons, p. 487-506. plateau: Eos (Transactions, American Geophysi-
pared with the large data set available for rifts igngland, P., and Houseman, P., 1989, Extension during ~ ¢@ Union), v. 79, p. F816.

southern Tibet (Mercier et al., 1987; Ratschbacher ~ continental convergence, with application to the' " AH' Kapp, F; /i/-l' "gg%%y’EM: aMannfmgI, M., a”dl
et al., 1994). Nevertheless, if the east-northeast ~Tibetan plateau: Journal of Geophysical Re- ur?(;rtlesr?hnr’us.tin” » Evidence for large-scale
Lo : ! o search, v. 94, p. 17,561~17,579. _ g (>250 km) of Lhasa beneath
slip direction obtained by this study is reglonall>1_|arrison T.M., Copeland, P., Kidd, W. S. F., and Qiangtang during the Indo-Asian collision: Im-
significant, it requires that active east-west—and [ gvera, 0., 1995, Activation of the Nyaingen-  Plications for deep crustal structure in Tibet and
northeast-striking faults in northern Tibet have  tanghla shear zone: Implications for uplift of uplift mechanisms: Geological Society of Amer-

significant left-slip components. This inferenceis  the southern Tibetan plateau: Tectonics, v. 14, 'ca Abstracts with Programs, v. 30, no. 7, p. A152.

) i : p. 658—676. _ _

consistent with the result of a more det.alle app, P.A.,Yin, A., Murphy, M., Harrison, T. M., and Manuscript received January 27, 1999
kinematic study conduc_ted on normal faults in the Ryerson, F. J., 1997, Discovery of a majorRevised manuscript received May 11, 1999
central Muga-Purou rift, 40 km south of our blueschist-bearing detachment fault system iManuscript accepted May 28, 1999

Shuang Hu study area (Blisniuk et al., 1998). the Shuang Hu region of the Qiangtang block,

Although fault-plane solutions of earthquakes northern Tibet: Geological Society of America
in north-central Tibet suggest that conjugate \°S'acts with Programs, v. 28, no. 6, p. A-144.
strike-slip faulting may be important (Molnar and
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