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ABSTRACT

Th-Pb ion microprobe measurements made on 12 monazite grains from the Khula Kangri
granite, Tibet-Bhutan frontier, areinterpreted to indicate that crystallization occurred at 12.5 +
0.4 Ma. Theleucograniteis cut by the Gonto La detachment, part of the Southern Tibet detach-
ment system that hasallowed upper-level, north-directed extension of the Himalayan orogen. Sig-
nificant orogen-normal extension in southern Tibet appear sto have continued 8-10 m.y. later than
previoudy recognized. Thisisthefirst reported crystallization agefor a leucogranite east of the
Yadong cross structure, an apparent 70 km offset of the high Himalaya and Southern Tibet de-
tachment. West of theYadong crossstructure, reliableagesfor high Himalayaevents(major Main
Central thrust dip, granite generation and emplacement, attainment of critical topography, and
major detachment extension) group between ca. 24 and 19 Ma. Weinterpret the west-to-east
change across the Yadong cross structure to be dueto either (1) an abrupt, ~10 m.y. younging of
principal high Himalayan eventsor (2) adeegper (thusyounger) exposed part of thefootwall of the
southern Tibet detachment. Near Khula Kangri, the Southern Tibet detachment is cut by the
highly oblique'Yadong-Gulu rift; amanifestation of Tibet plateau east-west extension. Integrated
estimatesof magnitude, and rate, of detachment displacement suggest that the observed posterys-
tallization north-directed extension lasted for 1-3 m.y., after which timethe Yadong-Gulu rift
formed. Thisinterpretation isconsistent with initiation of east-west extension of Tibet at ca. 8 Ma.

INTRODUCTION

The Himalayan mountains and Tibet are the
prototypica products of continental collision and
have been termed the*roof of theworld” (Le Fort,
1975). Surprisingly, perhaps, two distinctive fea-
tures of this textbook example of collisional tec-
tonics are extensional and represent collapse of
this“roof”; the Southern Tibet detachment system
(Burg et a., 1984; Burchfiel et ., 1992) accom-
modated north-directed Himalayan extension
whereas the north-trending rifts of southern Tibet
accommodated east-west extension (Armijoetd.,
1986; Harrison et d ., 1995a). Knowing thetiming
of both these featuresimproves our understanding
of the India-Asia collision and the evolution of
both the Himalaya and the Tibet plateau.

Arguably the two mgjor Himalayan structures
aretheMain Centrd thrust and the Southern Tibet
detachment, continuous for >2000 km along the
orogen (Gansser, 1981; Burchfiel et al., 1992).
The former probably accommodated between
150 and ~500 km of north-south convergence be-
tween Indiaand Asia (e.g., Schelling and Arita,
1991), whereas the latter allowed north directed
upper Himalayan extension (Burg et al., 1984;
Herren, 1987; Searle et d., 1988; Burchfid et al.,
1992; Edwards et a., 1996). Burg et al. (1984)
first suggested synchronous detachment exten-

sion and Main Central thrust contraction. This
concept is consistent with more recent chrono-
metric data for both structures: the Main Central
thrust between Zanskar and eastern Nepa
(Fig. 1A) probably moved significantly during the
early Miocene, ca. 24-19 Ma (Schérer, 1984;
Hubbard and Harrison, 1988; Coleman and Par-
rish, 1995; Noble and Searle, 1995; Harrison et
al., 1995b). In this same area, dating of plutons
and pods of leucogranite that are prekinematic,
synkinematic, and postkinematic to the basal
Southern Tibet detachment indicatesit was active
fromca 25to 18 Ma(Burgetd., 1984; LeFort et
al., 1987; Coleman and Parrish, 1995; Hodges et
a., 1995; Harrison et al., 1995b; Noble and
Searle, 1995; Searleet d., 1997). Thecrustal ana-
texis (partia melting) responsiblefor these leuco-
granites may well be due to Main Central thrust
motion (Le Fort et a., 1987), north-directed ex-
tenson islikely aresult orogen collapse (Burg et
al., 1984), and there is a marked association be-
tween plutonism, high topography, extremity of
slope, and the detachment system (Burg, 1983;
Molnar et a., 1993; Edwards et d., 1996; Field-
ing, 1996). It is now generally recognized, there-
fore, that the main high Himalayan events in-
volved (1) amagjor period of Main Central thrust
movement, (2) leucogranite generation and em-
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placement, (3) attainment of critical topography
and/or stress in the orogenic wedge, and (4) un-
roofing via significant north-directed extension
that, between Zanskar and eastern Nepal (Fig. 1),
occurred prior to ca. 20 Ma

Between Nepa and Bhutan (Fig. 1, A and B),
both the crest of the high Hima ayaand the South-
ern Tibet detachment are left lateraly offset
>70 km (Burg, 1983; Burchfid et d., 1992; Wu et
al., 1995; Fielding, 1996) by afeature termed the
Yadong cross structure (Burchfiel et al., 1992).
TheMain Centra thrustisnot offset, however, giv-
ing a greater surface exposure of high-grade de-
tachment footwall rocks in Bhutan relative to
Nepa (Gansser, 1981, 1983; Schelling and Arita,
1991). This change across the Yadong cross struc-
ture, and others (e.g., differing generationsof kine-
matic structures), have been noted before (Burch-
fiel etd., 1992, Edwardset ., 1996); however, no
clear constraints hitherto existed for any signifi-
cant geochronologic difference. Existing data for
Bhutan |leucogranitesinclude abroad suite of cool-
ing agesfrom ca. 11to 18 Ma(Dietrich and Gans-
sar, 1981; Debon et d., 1985; Villaand Lombardo,
1986; Maluski et a., 1988; Ferraraet d., 1991),
but no crystallization ages. We report here thefirst
crystallization age for aleucogranite found in the
Tibet-Bhutan high Himalaya, the Khula Kangri
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Tectonic map of area around southern Yadong-Gulu rift system (after Gansser, 1983; Burg, 1983;
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jor peaks.Yadong cross structure is represented by ~70 km offset of high peaks and trace of STDS.
Gulu (at north end of Yadong-Gulu rift) is ~100 km north-northeast of arrow. RZT = Renbu Zedong

thrust.

granite, and show that thereis an abrupt younging
acrosstheYadong cross structure.

LOCAL GEOLOGY

The KhulaKangri graniteis a high Himalayan
pluton >750 km?, located near the Bhutan frontier.
Itisatypicd high Himaayan two-mica (+ tourma
line) leucogranite, truncated by the Gonto La de-
tachment (Fig. 2) that, in dassic fashion (Burchfid
etd., 1992), places Tethyan metasedimentary rocks
over rocks of the Greater Himalayan crystdline se-
quence (Edwards et d., 1996). An ~300-m-thick
horizon of granite mylonite lies directly below the
detachment; strain magnitude decreases downward
(Edwaerds et al., 1996). On the basis of hanging
wall-footwall correlations, the Gonto La detach-
ment accommodated aminimum of 15 km of dis-
placement after emplacement of the Khula Kangri
granite, and probably much more (Edwards et d.,
1996). Taking the Himalayan convergence rate of
10-15 mm/yr (Lyon-Caen and Molnar, 1985) asa
maximum displacement rate, the detachment would
haveremained activefor 1-2 m.y. following granite
emplacement, given the mapped minimum dis-
placement of 15km (Edwardset d., 1996). Detailed
mapping showsthat the Southern Tibet detachment
continues west to whereit is cut by, and henceis
older than, one of the north-trending riftsthet repre-
sent east-west extension of the plateau: theYadong-
Gulurift (Edwardset d., 1996).
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ANALYTICAL TECHNIQUES

We separated monazite from asample (1E-26)
obtained from the lowermost part of the granite
mylonite underlying the detachment (Fig. 2) and
measured 2%8Pb/232Th ages by using the
CAMECA ims 1270 ion microprobe at the Uni-
versity of Cdifornia, LosAngeles. Details of our
analytical methods are summarized elsewhere
(Harrison et al., 1995b). A mass resolving power
of about 4500 is adequate to separate all molecu-
lar interferences (mostly light rare earth element
PO?") in the 204 to 208 mass range, and instru-
mental mass discrimination of Pb isotopesis not
detectable. Ages are determined rel ative to mon-
azite standard 554, which yields a 208Pb/232Th
age of 45+ 1 Ma. The precision of themethod is
not limited by counting statistics but by the re-
producibility of the standard calibration curve
whichistypicaly £1% to 2%. Advantages of this
approach over conventional U-Pb dating of Ter-
tiary monazitesinclude (1) the absence of unsup-
ported 298P, (2) typical radiogenic yields >85%,
and (3) the ability to directly image, and thus
avoid, restitic cores (Harrison et ., 1995b). The
diffusion of Pb in monazite is sufficiently slug-
gish (Smith and Giletti, 1994) at the peak melting
temperatures of Himalayan leucogranites
(680-730 °C; Montel, 1993), to ensurethat crys-
tallization ages are recorded in the cores of
~100-um sized grains.
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Location of sample IE-26

Figure 2. Generalized cross section (X-Y) through Gonto La valley. Plus pattern is Khula Kangri
granite. Darker pattern is general Greater Himalayan crystalline sequence. Lighter pattern above de-
tachment is Tethyan sedimentary sequence. DCF is Dzong Chu normal fault. Location of sample IE-
26 is immediately below ~300-m-thick granite-mylonite horizon that is below Gonto La detachment.
Half-arrows show relative movement direction of fault hanging walls. After Edwards et al. (1996).
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RESULTS

We initially measured 35 26Ph/232Th ages on
12 monazite grains from sample | E-26. For 11 of
these grains, the 26 ages obtained yielded a
weighted mean of 12.5 + 0.15 Ma (20) with a
mean squared weighted deviation [MSWD; x?/
(n—1)] of 6. For thisnumber of ages, an MSWD
of 6 indicates that analytical uncertainty alone
cannot explain the distribution of ages, and ac-
cordingly we have increased the error by
VMSWD to account for the excess scatter, yield-
ing 12.5+ 0.4 Ma. However, mogt of the excessx?
is derived from three measurements (espl, fspl,
kspl) and removing those data reduces the
MSWD by haf (full details of al measurements
areavailablel). Thetwelfth crystal (grainc; Fig. 3)
yielded two clusters, oneat ca. 12 Maand another
between 35 and 21 Ma; this bimodal distribution
weinterpret to reflect arestitic core encompassed
by a magmatic overgrowth. The three youngest
ages, al from one edge of the crystal (csp2,
cp2@1, cxp7), yielded aweighted mean of 12.4
+ 0.4 Ma(MSWD = 0.5), which isindistinguish-
able from the average of that obtained from the
other 11 grains. The other six ages, which vary
from 21 to 35 Ma, are consistent with thisbeing a
restitic monazite grain that formed in the Indian

1 GSA Data Repository item 9730, Th-Pb mona-
zite results for sample |E-26, is available on request
from Documents Secretary, GSA, P.O. Box 9140,
Boulder, CO 80301. E-mail: editing@geosociety.org.
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Figure 3. Map of monazite grain ¢, sample IE-
26, showing locations and ages of individual
spots analyzed by ion microprobe. Results
from first and second analysis set are shown
as solid and dashed ellipses, respectively.
Note proximity of oldest (46 Ma) and youngest
(12 Ma) results (see text). Because old core
likely represents Eo-Himalayan metamor-
phism and youngest age represents time of
anatexis, lack of equilibration over ~10 um dis-
tance restricts time at peak temperature to no
more than ~1 m.y.

basement during Eo-Himalayan metamorphism
(i.e., Le Fort, 1996) of the granite protolith. To
gain further insight into this age distribution, we
repolished the sample and measured eight addi-
tional spots, which yielded ages between 15 and
46 Ma (Fig. 3). The pattern of agesis consistent
withthefirst run (Fig. 3), and weinterpret theold-
est age of 46 Maas a minimum age of the pro-
tolith. The preservation of inherited Pb* in this
grain indicates that the thermal history during
anatexiswasinsufficient to cause diffusive equili-
bration of Pb over length scales of 10-50 um. We
can thusinfer that the age of 12.5 + 0.4 Madates
the episode of magmatism that resulted in theem-
placement of the Khula Kangri granite and that
individual monazite grains did not alow signifi-
cant Pb* losswhile at high temperature.

IMPLICATIONS

KhulaKangri's 12.5 + 0.4 Ma crystallization
age is the youngest reported from the high Hi-
malaya. It is~10 m.y. younger than that of high
Himalayan leucogranites west of the Yadong
cross structure, but it is similar in age to the
Laghoi Kangri belt (also north Himalayan Gran-
itebelt-LeFort et a., 1987). Assuming adetach-
ment displacement rate of 10 mm/yr, our result
suggeststhat north-directed extension accommo-
dated by the Southern Tibet detachment system
in the eastern Himalaya continued until ca.
10 Ma. This date is 8-10 m.y. younger than has
been previoudly suggested for main detachment
activity (Hodges et a., 1992; Coleman and Hod-
ges, 1995; Searle, 1995; Nobleand Searle, 1995).

Two dternative interpretations are possible. In
the first, thereis an abrupt, ~10 m.y. younging of
main Himalayan events across the Yadong cross
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structure. The Main Central thrust did not accom-
modate significant displacement during the ca.
12 MaBhutan Himalaya events as it is not offset
across the Yadong cross structure. The additional
south-directed shortening required in Bhutan, and
the anatexis, migration, and emplacement of the
KhulaKangri granite, may therefore berelated to
motion on alater thrust fault structurally above,
and thus out of sequence with, the Main Central
thrust. The Kakhtang thrust (Fig. 1B), located
midway between the Main Centrd thrust and the
crest of the Himalaya, and documented only in
Bhutan (Gansser, 1983), is a possible proxy for
the Main Central thrust. This hypothesis requires
that the detachment a ong the Bhutan Himdayais
wholly separate from, although mechanically
equivalent to, the detachment west of the Yadong
cross structure. Thisinterpretation is consistent
with interpreted deep seismic reflection profiles
on either side of the Yadong cross structure that
show that the detachment on the Nepal side con-
tinues to ~27 km depth (Hauck and Edwards,
1997), whereas on the Bhutan side, the detach-
ment continues for >100 km at <10 km depth
(Nelson et d., 1996). A west-to-east detachment-
system discontinuity is consistent with changes
across the projection north from the'Yadong cross
structure that include (1) a predominance of
deeper-water facies, (2) possibleleft-lateral offset
of the Laghoi Kangri belt (Fig. 1B), and (3) exci-
sion of the Gangdese thrust, Xigaze Group, and
ophioliticremnants (Burg, 1983; Yinet al., 1994).
If thereis aseparate mechanism for accommodeat-
ing the detachment hanging wall on the east side
of theYadong cross structure, the north-vergent
Renbu Zedong thrust (Fig. 1B) may beinvolved.
This thrust defines the Yarlung Zangpo suture
aong much of itseastern portion (Yinet a., 1994)
and locally accommodated >20 km of dip at ca
18-11 Ma (Ratschbacher et d., 1994; Quidelleur
et a., 1997). This may indicate that there was
some synchronous movement on the two struc-
tures and/or movement on the Renbu Zedong
thrust that allowed sufficient change in the local
stress tensor east of the Yadong cross structure to
trigger north-directed extension at Khula Kangri.
Interpreted deep seismic reflection profiles are
consistent with the two faults connecting at depth
(Nelson et ., 1996).

The second interpretation precludes the first
and assumes that the Southern Tibet detachment
is a single northward-propagating fault whose
surface is continuous across the Yadong cross
structure. In this case, 70 km of offset accompa-
nies the Yadong cross structure because the ex-
posed portion of the Southern Tibet detachment
on the Tibet-Bhutan frontier is 70 km closer to
the propagating tip of the detachment surface
(relativeto Nepal). Detachment footwall anatexis
isthereforeyounger in the north, as evidenced by
the 12.5 + 0.4 MaKhulaKangri granite. Thisin-
terpretation would imply acontinuous portion, or
strip, of the Southern Tibet detachment footwall
along which plutonism is~10 m.y. younger than,

and ~70 km north of, the portion of the detach-
ment exposed along the Nepal high Himalaya.
We note that the Khula Kangri graniteis similar
inage, and cropsout near, the Laghoi Kangri belt
that extends along the arc west of the Yadong
cross structure, 50-100 km north of the Nepal
high Himalaya (Schérer et al., 1986). We can
therefore propose that the two are tectonically
equivalent, although the Khula Kangri granite
has the morphology of a high Himalayan pluton
whereasthe Laghoi Kangri belt comprises diapir-
ically emplaced domes. The morphologica con-
trasts can be explained by the relative depths of
crustal exposure across the Yadong cross struc-
ture; thebasal portions of the KhulaKangri gran-
ite are exposed whereas only the diapirically in-
truding tips of the north Himalayan Granite belt
are currently visible.

Because the Southern Tibet detachment is cut
by the north-trending Yadong-Gulu rift, north-
directed extension must have ceased beforetheini-
tiation of east-west extension. Our data congtrain
detachment system extensonto 12.5+ 0.4 Maand
indicatethet it continued until ca. 10 Ma, requiring
theYadong-Gulurift to beyounger than ca. 10 Ma.
Thisrequirement isconsstent with initial opening
of theYadong-Gulurift at 8 + 1 Ma (Harrison et
d., 19953). Several modelssuggest that the current
east-west extension in southern Tibet reflects a
change in the stress regime within the plateau
caused by attainment of a critical elevation (Tap-
ponnier et a., 1986; Dewey, 1988; England and
Houseman, 1989; Molnar et d., 1993). Harrison et
a. (19953) proposed that this changein the stress
regime occurred at ca. 8 Ma, as opposed to be-
tween 17 and 14 Ma (Coleman and Hodges,
1995). On the basis of our results, we concur.
Other effects possibly related to plateau uplift in-
cludeintensification of the Asian monsoon (Kroon
etal., 1991) and amgjor climatologica shiftinthe
Himalayan foreland (Quade et al., 1989), docu-
mented to have begun a ca. 8 Ma

CONCLUSION

A 12,5+ 0.4 MaTh-Pb monazite date isinter-
preted as the crystallization age for the Khula
Kangri pluton. North-directed extension of the
high Himalayaisclearly |ater than plutonism and
probably continued until ca. 10 Ma, significantly
more recently than previously recognized. The
Yadong cross structure appearsto mark an abrupt
younging in the age of granitesin the Southern
Tibet detachment footwall, allowing two aterna-
tive hypotheses: (1) Main Himalayan orogenic
eventsin Bhutan are~10 m.y. younger than to the
west in Nepal and Zanskar. (2) KhulaKangri is
part of abelt of plutonism in the detachment foot-
wall that is ~10 m.y. younger than, and ~70 km
north of, the detachment exposed along the Nepal
to Zanskar Himalaya. Because the Southern Ti-
bet detachment is cut by theYadong-Gulurrift, the
onset of east-west extension of the plateau must
be much younger than ca. 12 Mg, and probably
younger than ca. 10 Ma. Thisinterpretation is
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consistent with previous geologic and tectonic
datathat indicate that the Yadong-Gulu rift began
toopenat ca. 8 Ma.
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