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INTRODUCTION
The Himalayan orogeny records Eocene to 

Holocene continental collision and convergence 
between India and Asia, and profound crustal 
thickening. However, extension parallel to con-
vergence along the southern Tibetan detachment 
system (STDS) (e.g., Burg and Chen, 1984; 
Burchfi el et al., 1992) (Fig. 1) is an important 
structural element among the structural, ther-
mal, and erosional processes that contribute to 
the development of the Himalayan orogenic belt. 
Gravitational collapse of overthickened, isostati-
cally compensated continental crust was pro-
posed earlier as a mechanism for development 
of the STDS (e.g., Burchfi el and Royden, 1985). 
More recently, southward extrusion of the Greater 
Himalayan sequence, i.e., high-grade metamor-
phic rocks and intrusions exposed in the foot-
wall of the STDS and hanging wall of the Main 
Central thrust (MCT) (Fig. 1), driven by a low-

 viscosity mid-crustal channel, a pressure gradient 
between Tibet and India, and surface denudation 
along the southern fl ank of the high Himalaya, 
has been postulated as the driving mechanism for 
the origin and evolution of the STDS (e.g., Beau-
mont et al., 2001; Hodges et al., 2001).

Geochronologic investigations of high-grade 
metamorphic and intrusive rocks in the Greater 
Himalayan sequence beneath and along the 
STDS indicate that ductile extension and  brittle 
normal slip were ongoing during the early to 
 middle Miocene (e.g., Murphy and Harrison, 
1999; Searle et al., 2003, and references therein). 
These geochronologic data imply that maximum 
gravitational potential energy was reached and/or 
channel fl ow in the middle crust was ongoing by 
early Miocene time. However, the age of onset 
of ductile extension is unknown, yet crucial for 
characterizing the geodynamic evolution of the 
Himalayan orogeny.

The north Himalayan gneiss domes, southern 
Tibet, expose high-grade mid-crustal rocks that 
have undergone ductile extension linked to nor-
mal slip along the STDS (e.g., Chen et al., 1990; 
Lee et al., 2000, 2006; Aoya et al., 2005). In this 
paper we report the fi rst ion microprobe U/Pb 
zircon ages from mid-crustal rocks of Mabja 
Dome (Fig. 1), the results of which constrain 
the onset of peak metamorphism and duration 
of ductile extension. These results have impor-
tant implications for the geodynamics of south-
ern Tibet.

GEOLOGIC SETTING
Mabja is a 25-km-diameter doubly plunging 

antiform cored by migmatitic K-feldspar augen 
biotite orthogneiss and mantled by high-grade 
metapelite, granitic orthogneiss, and sedi-
ment at the highest structural levels (Lee et al., 
2004) (Fig. 2). The orthogneiss and metasedi-
mentary rock sequence were intruded by 
amphibolite dikes, a leucocratic dike swarm, 
and two-mica granites. Core and  mantle rocks 
record two primary penetrative deformational 
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events: an older contractional event, D1, char-
acterized by ~E-W–trending folds of S0 with 
an associated N-dipping axial planar folia-
tion, S1; and a younger vertical thinning and 
horizontal stretching event, D2, character-
ized by a mylonitic foliation, S2, associated 
N-S–trending mineral stretching lineation, and 
units vertically thinned by 50%–10%. Peak 
metamorphism ranged from ~475–530 °C and 
~150–450 MPa in chloritoid-zone rocks to 
705 ± 65 °C and 820 ± 100 MPa in sillimanite-
zone rocks (Lee et al., 2004) (Fig. 2). Meso-
structural and microstructural textures indicate 
that peak metamorphism and generation of 
migmatites occurred post-D1 and syn-D2 duc-
tile extension; emplacement of the leucocratic 
dike swarm was syn-D2 to late D2 deforma-
tion; and emplacement of two-mica granites 
was post-D2 deformation (Lee et al., 2004). 
Zircon U/Pb geochronology on the leucocratic 
dike swarm and one of the two undeformed 
two-mica granites yielded emplacement ages 
of 23.1 ± 0.8 Ma and 14.0–14.5 Ma, respec-
tively (Lee et al., 2006; Zhang et al. 2004), 
indicating that D2 extension was ongoing at 
23.1 Ma and had ceased by ca. 14.3 Ma.

U/PB ZIRCON AGE RESULTS
To determine the age of onset of peak meta-

morphism and duration of the high-strain D2 
event, we completed U/Pb analyses of zircons 
from an orthogneiss, two migmatites, and a two-
mica granite using a Cameca IMS1270 high 
mass resolution, high-sensitivity instrument. 
Sample localities, representative cathodolumi-
nescence (CL) images, and age interpretative 
plots are shown in Figures 2, 3, and 4, respec-
tively; analytical techniques, results of U-Th-Pb 
isotopic analyses, and age interpretative plots 
are given in the GSA Data Repository1.

Orthogneiss
CL images of zircons from sample MD39, 

a D2-deformed biotite + plagioclase + quartz 
+ epidote granodiorite orthogneiss located just 
above the kyanite-in isograd (Fig. 2), show 
bright, low-U (140 ppm on average), oscillatory 
zoned cores grading into dark, high-U (5400 ppm 
on average), concordant homogeneous compo-
sition rims (Fig. 3A). Five core analyses yield 
a concordia age (sensu Ludwig, 1998) of 530 
± 9 Ma and four high-U rims plot discordantly; 
three of them are reverse discordant (Fig. 4A). 
Reverse discordance in high-U zircon may be 
attributed to problems with the U-Pb calibra-
tion that result from high levels of accumulated 

radiation damage (e.g., McLaren et al., 1994), a 
process that does not affect the 207Pb/206Pb ages. 
Normal discordance may refl ect Pb loss, in this 
case probably during Miocene event(s), that 
will lead to a subhorizontal displacement from 
concordia, little affecting the 207Pb/206Pb age. 
These four rim analyses yield a weighted aver-
age 207Pb/206Pb age of 503 ± 18 Ma.

Migmatite
Zircons were analyzed from two D2-

deformed migmatite samples: MD64, a silli-
manite- bearing  biotite + plagioclase + quartz 
+ muscovite K-feldspar augen orthogneiss 
with local partial melt pockets, and MD69, a 
banded  sillimanite- bearing biotite + plagioclase 
+ quartz ortho gneiss (Fig. 2). CL images show 
that MD64 zircons are characterized by bright, 
low-U (450 ppm on average) oscillatory zoned 
cores cut by concentrically to convolutely zoned 
recrystallized or newly grown, high-U (1760 
ppm on average) rims (Fig. 3B). One core analy-
sis yields a 207-corrected age of 734 ± 28 Ma 
and three additional cores may be used to defi ne 
a concordia age of 527 ± 23 Ma (see footnote 1). 
The remaining 20 analyses represent zircon rims 
with high U contents (range 900–4800 ppm), 
low Th/U ratios (all <0.06, most <0.01), and a 
spread in age between ca. 500 Ma and 25 Ma. 
The 207-corrected ages for a prominent group 
of seven rims yield a weighted average of 35.0 
± 0.8 Ma (Fig. 4B). We interpret rims that are 
younger than this to represent Pb loss. Older rims 
are more diffi cult to interpret due to discordance 
(Pb loss), but the oldest near- concordant analy-
ses point to a potential episode of rim growth at 

491 ± 15 Ma, the weighted average 207Pb/206Pb 
age from two grains. In CL images, zircons 
from sample MD69 exhibit bright, low-U (650 
ppm on average) oscillatory zoned cores cut by 
dark, high-U (7080 ppm on average) homoge-
neous to spongy recrystallized or newly grown 
rims (Fig. 3C). Six core analyses yield a con-
cordia age of 470 ± 8 Ma (see footnote 1). The 
19 rim analyses yielded 3 distinct populations: 
(1) a single high-U (~10000 ppm) rim yields 
a 207Pb/206Pb age of 484 ± 8 Ma, overlapping 
within error with the concordia age from the 
low-U cores, suggesting that this event may be 
related to a metamorphic episode somewhat 
younger than core ages for samples MD39 and 
MD64; (2) two low-Th (average Th/U ratio = 
0.004) homogeneous to convolute rims (Fig. 3C) 
yield just overlapping 207-corrected ages of 
ca. 32 Ma (a third low-Th rim appears to yield 
a meaningless mixed age); and (3) 14 higher Th 
(average Th/U ratio = 0.12) spots are on spongy 
rims that have 207-corrected ages between 24.9 
± 0.8 Ma and 19.5 ± 0.8 Ma (Fig. 4C). Selected 
omission of grains from this latter group yields 
a statistically signifi cant (i.e., low mean square 
of weighted deviates) weighted average. One 
rejection criterion assumes that the oldest ages 
are variably affected by overlap onto older 
high-U regions similar to that documented in the 
fi rst population just described, and in this case, 
a subgroup of nine 207-corrected ages yielded 
a weighted average of 21.5 ± 0.4 Ma (Fig. 4C). 
An alternative rejection criterion assumes that 
the youngest ages have had some Pb loss; this 
subgroup of six 207-corrected ages yields a 
weighted average of 22.5 ± 0.6 Ma (Fig. 4C).
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Figure 3. Representative 
cathodoluminescence 
images (CL) of zircons 
from (A) orthogneiss sam-
ple MD39, (B) migmatite 
sample MD64, (C) mig-
matite sample MD69, and 
(D) two-mica granite sam-
ple MD97. Images show 
analyzed spots and cor-
responding 207-corrected 
ages (±1σ).

1GSA Data Repository item 2007018, analytical 
techniques, results of U-Th-Pb isotopic analyses, and 
age interpretative plots, is available online at www.
geosociety.org/pubs/ft2007.htm, or on request from 
editing@geosociety.org or Documents Secretary, 
GSA, P.O. Box 9140, Boulder, CO 80301, USA.



GEOLOGY, January 2007 47

Two-Mica Granite
In CL, zircons from the postdeformation, two-

mica Donggong granite (sample MD97, Fig. 2) 
show bright, relatively low U (1100 ppm on aver-
age), oscillatory zoned to homogeneous cores 
cut by darker, high-U (6110 ppm on average) 
recrystallized or newly grown oscillatory rims 
(Fig. 3D). Of fi ve core analyses, one indicates 
a minimum 207Pb/206Pb age of ~1640 Ma, two 
yield a weighted average 207Pb/206Pb age of 518 
± 36 Ma, and two others are likely younger than 
this but highly discordant. A weighted average of 
the 207-corrected ages from all seven rim analy-
ses yields an age of 16.2 ± 0.4 Ma (Fig. 4D).

INTERPRETATION
Oscillatory zoning and high Th/U ratios 

(>0.1–0.2) in MD39, MD64, MD69, and MD97 
zircon cores indicate that these are igneous in 
origin and xenocrystic (e.g., Vavra et al., 1999; 
Rubatto and Gebauer, 2000). MD39, MD64, 
and MD97 yield equivalent core ages of 530–
518 Ma, similar to the 566–507 Ma age for the 
Kangmar granite (Scharer et al., 1986; Lee et al., 
2000) (Fig. 1), demonstrating that these granite 
orthogneisses were part of an early Paleozoic 
magmatic event preserved in pre-Himalayan 
crust (cf. Miller et al., 2001). Cores from MD69 
zircons yield a somewhat younger early Paleo-
zoic age of ca. 470 Ma, implying two early 
Paleozoic magmatic events.

Zircons from deformed orthogneiss MD39, 
which underwent Barrovian metamorphic tem-
peratures of between 575 ± 50 °C and 620 ± 
51 °C (Lee et al., 2004), do not exhibit newly 
grown or recrystallized rims, suggesting that 
metamorphic temperatures were not suffi ciently 
high for such growth. This interpretation is con-
sistent with observations that zircon does not 
react to metamorphism at temperatures below 
~700 °C and in the absence of anatexis (Vavra 
et al., 1999; Rubatto et al., 2001). The two 
deformed migmatites underwent Barrovian meta-
morphic temperatures of >705 ± 65 °C, began 
to partially melt to form migmatites (Lee et al., 
2004), and exhibit low Th/U ratio (0.004) zircon 
rims, commonly assigned to metamorphic zircon 
(e.g., Vavra et al., 1999; Rubatto and Gebauer, 
2000), demonstrating that these rocks were at 
conditions appropriate for new zircon growth 
or recrystallization during metamorphism. 
We interpret the rim ages of 35–32 Ma from 
these samples as the time of new zircon growth 
or recrystallization during Barrovian metamor-
phism. Peak metamorphic conditions at these 
depths were either prolonged, initiating at 35 Ma 
and continuing to at least 32 Ma, or hydrother-
mal activity reset MD69 zircon rims to 32 Ma. 
Because metamorphism and migmatization 
were synchronous with D2 ductile extension 
(Lee et al., 2004), the 35 Ma age also defi nes the 
onset of this mid-crustal deformation event.

Spongy texture is characteristic of the ca. 22 
Ma zircon rims from migmatite sample MD69; 
such zircon textures have been interpreted as 
forming during hydrothermal fl uid migration 
(e.g., Hoskin et al., 1998). If this interpretation 
is correct, then hydrothermal migration may 
have initiated following emplacement of the 
late-D2 deformation leucocratic dike swarm at 
23.1 ± 0.8 Ma (Lee et al., 2006).

The young zircon rims from the undeformed 
granite MD97 exhibit oscillatory zoning, sug-
gesting new igneous growth at 16.2 Ma on 
older xenocrystic cores after D2 deformation 
had ceased.

DISCUSSION AND CONCLUSIONS
Our new U/Pb zircon ion probe ages, com-

bined with structural, quantitative metamorphic 
petrology, and U/Pb zircon age data from Mabja 
(Lee et al., 2004; 2006), indicate that high-strain 
D2 extension, synchronous with peak metamor-
phism and generation of migmatites, initiated at 
35.0 ± 0.8 Ma, was ongoing at 23.1 ± 0.8 Ma, 
and had ceased by 16.2 ± 0.4 Ma. Our results 
suggest that D2 deformation was prolonged, 
lasting ~12–19 m.y.

To the south of the north Himalayan gneiss 
domes, the Greater Himalayan sequence 
(Fig. 1) is characterized by middle crust com-
posed of strongly deformed late Eocene to early 
Oligocene Barrovian-grade metasedimentary, 
orthogneissic, and migmatitic rocks, and early 
Oligocene to middle Miocene deformed and 
undeformed leucogranites (e.g., Murphy and 
Harrison 1999; Vance and Harris 1999; Walker 
et al., 1999; Simpson et al., 2000; Searle et al., 
2003). The structural, metamorphic, anatectic, 
and intrusive histories in these rocks are similar 
to those recorded in the north Himalayan gneiss 
domes. These similarities suggest that from late 
Eocene–early Oligocene to middle Miocene 
time, high-grade mid-crustal metasedimentary 
and orthogneissic rocks, crosscut by anatectic 
melts and leucogranites, were continuous from 
beneath southern Tibet southward to the high 
Himalaya.

Lee et al. (2000, 2006) argued that, to main-
tain strain compatibility, D2 ductile fl ow in the 
North Himalayan gneiss domes was accom-
modated at shallow crustal levels to the south 
by normal sense (top to north) slip along the 
STDS. Given our new U/Pb age data, and those 
of Lee et al. (2006), this interpretation implies 
that normal ductile shearing in the footwall of 
the STDS and brittle slip along the STDS began 
at 35 Ma, was ongoing at 23 Ma, and ceased by 
16 Ma. Although the 23–16 Ma history of duc-
tile extension in the middle crust of southern 
Tibet is compatible with estimates for the mini-
mum age of normal shear and brittle slip along 
the STDS (Murphy and Harrison 1999; Searle 
et al. 2003, and references therein), an out-
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come of this interpretation is that initiation of 
slip along the STDS is signifi cantly older than 
generally thought. Moreover, no net extension 
across the STDS (e.g., Searle et al., 2003) and 
strain compatibility dictate that mid-crustal 
D2 ductile fl ow in southern Tibet must have 
been accommodated by its southward extru-
sion (e.g., Nelson et al. 1996; Hodges et al., 
2001) since late Eocene–early Oligocene time. 
Exposures of the Greater Himalayan sequence 
have been interpreted as the leading edge of 
this southward-extruding and eroding channel 
of ductile mid-crustal rocks bounded above by 
the STDS and below by the MCT (e.g., Grujic 
et al., 1996; Beaumont et al., 2001). Our ca. 
35 Ma age for the onset of mid-crustal exten-
sion and strain compatibility implies that slip 
along both the MCT and STDS must have initi-
ated at that time.

Our data do not preclude gravitational col-
lapse as an additional contributing mechanism 
driving mid-crustal extension in southern Tibet. 
If gravitational collapse is an important process, 
a potential outcome of our geochronologic data 
is that by late Eocene–early Oligocene time, 
the crust was thickened suffi ciently such that 
southernmost Tibet was at or near maximum 
elevation. Stable isotopic data from sedimen-
tary basins suggest that the southern and cen-
tral Tibetan Plateau has remained at constant 
high elevation (~4–5 km) for at least the past 
35 m.y. (Rowley and Currie, 2006), support-
ing this interpretation. Regardless, our conclu-
sions imply that a dynamic steady state between 
crustal thickening, which increased gravitational 
potential energy, and southward extrusion and/or 
gravitational collapse, which decreased that 
poten tial energy, persisted for at least ~20 m.y. 
in southernmost Tibet.
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