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INTRODUCTION
The Ailao Shan–Red River shear zone is the

most significant geologic discontinuity in South-
east Asia (Fig. 1) and has been repeatedly advo-
cated as an important boundary accommodating
the convergence of India and Asia since early
Cenozoic (e.g., Tapponnier et al., 1982, 1990).
On the basis of stratigraphic and structural corre-
lations, the left-lateral movement along the Ailao
Shan–Red River shear zone occurred from 35 to
17 Ma, resulting in an offset of 700 ± 200 km (for
review, see Leloup et al., 1995). The resultant
southeastward displacement of Indochina rela-
tive to South China, termed continental extrusion
(Tapponnier et al., 1982), has been widely con-
sidered to be responsible for the opening of the
South China Sea (e.g., Tapponnier et al., 1982,
1990; Peltzer and Tapponnier, 1988; Briais et al.,
1993). Previous thermochronological studies
suggested that the onset of extension might have
propagated southeastward at a rate of ~4.5 cm/yr
(for review, see Harrison et al., 1996). However,
this conclusion was drawn mainly on the basis of
data collected from the metamorphic massifs in
southwestern Yunnan, China (e.g., the Diancang
Shan and the Ailao Shan). Only a few studies
(Leloup et al., 1995; Harrison et al., 1996) have
partially investigated the Day Nui Con Voi meta-
morphic massif in northern Vietnam (Fig. 1).

On the basis of correlations with different mag-
matic rock suites, Chung et al. (1997) argued that
the sinistral displacement along the Ailao Shan–
Red River shear zone approximated 600 km. One
piece of magmatic evidence, the late Paleogene
(40–30 Ma) potassic rocks in western Yunnan and
eastern Tibet, led them to suggest that the shear-
ing was active only after ca. 30 Ma and was pre-
ceded by an intraplate extension. The extension,
along with sea-floor spreading in the South China
Sea that commenced ca. 30 Ma, served as two
endpoints for the initiation of the Ailao Shan–Red
River shear zone (Chung et al., 1997). This view
is different from the previously proposed conti-
nental extrusion model of Tapponnier et al. (1982).
In this paper, a thermochronological study of
metamorphic rocks from the Day Nui Con Voi
massif, northern Vietnam, is presented. The re-
sults here show that motion along the Ailao Shan–
Red River shear zone occurred mainly from 25 to
21 Ma. This, in turn, supports the argument by
Chung et al. (1997) and provides valuable insight
to the geologic evolution of Southeast Asia after
the India-Asia collision.

GEOLOGIC SETTING
The Day Nui Con Voi metamorphic massif is

located in the southeastern part of the Ailao
Shan–Red River shear zone (Fig. 1) and is
bounded by the Song Hong fault in the south and
the Song Chay fault in the north (General Geo-
logical Department, 1973). Both faults appear as
high-angle, right-lateral slip faults having normal
components on the margin of the metamorphic

massif. Several Tertiary extensional basins, sur-
rounded by Paleozoic and Mesozoic sequences,
developed along the margin of the shear zone.
Toward the southeast, the shear zone is gradually
submerged and then covered by thick Quaternary
sediments that compose the Red River delta. The
entire fault system is generally believed to have
resulted from large-scale, left-lateral movement
during mid-Tertiary time as a response to the
India-Asia collision. A recent reactivation has
sheared right-laterally since the early Pliocene
(Allen et al., 1984; Leloup et al., 1995). Similar to
its counterparts in Yunnan, southwestern China
(i.e., Xuelong Shan, Diancang Shan, and Ailao
Shan; Fig. 1), the Day Nui Con Voi massif consists
mainly of high-grade metamorphic rocks (mylo-
nitic Middle Proterozoic gneisses and amphibo-
lites) that extend about 300 km in length and have
a width of 10–15 km along the Red River. Most
gneisses and amphibolites show a well-defined
foliation, striking subparallel to the shear zone.
Mainly on the basis of petrological data from the
Ailao Shan region, the peak metamorphic condi-
tions in the Ailao Shan–Red River shear zone have
been estimated to be as high as 710 ± 70 °C and
~7 kbar (Leloup and Kienast, 1993). The meta-
morphic grade is somewhat lower in the Diancang
Shan section (Leloup et al., 1993).

40Ar/ 39Ar DATING RESULTS AND
INTERPRETATION

Gneiss, amphibolite, pegmatite, and leuco-
granite samples were collected from five localities
in the Day Nui Con Voi metamorphic massif,
northern Vietnam (Fig. 1). The latter two rock
types occur as dikes that crosscut or develop along
the foliation of the gneisses and hence are regarded
as products of the mid-Tertiary shear movement
(Tapponnier et al., 1990). Handpicked mineral
separates of amphibole, muscovite, biotite, and
K-feldspar from various rocks were analyzed
using the 40Ar/39Ar step-heating technique at
National Taiwan University. Ages were calculated
relative to LP-6 biotite (127.7 ± 1.4 Ma) (Odin
et al., 1982). Results of 40Ar/39Ar analyses are
plotted in age spectrum diagrams (Fig. 1). Further-
more,36Ar/40Ar vs. 39Ar/40Ar isotope correlation
diagrams were also plotted to examine the possible
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ABSTRACT
In order to explore the timing of strike-slip movement along the Ailao Shan–Red River shear

zone, an 40Ar/ 39Ar thermochronological study of the Day Nui Con Voi metamorphic massif in
northern Vietnam was undertaken. The massif, exposed in the southeastern segment of the Ailao
Shan–Red River shear zone, reveals a rapid cooling in the early Miocene (25–21 Ma) after a very
slow cooling ca. 34–25 Ma. The slow cooling period most likely resulted from a geothermal per-
turbation in the lithosphere owing to the late Paleogene (40–30 Ma) extension in eastern Tibet and
western Yunnan, China. The rapid cooling, consistent with evidence of a wider rapid cooling span
from 27 to 17 Ma compiled from the entire Ailao Shan–Red River shear zone, constrains the dura-
tion of left-lateral shearing, which eventually offset Indochina from South China by about 600 km.
The time constraints we have established reinforce the argument that the onset of the Ailao
Shan–Red River shear zone postdates the opening of the South China Sea that began ca. 30 Ma.
This result highlights the necessity for reevaluating the Cenozoic tectonic models of Southeast Asia.
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disturbances of argon isotopic systems. All
40Ar/39Ar dates in the discussion are plateau dates
that were calculated from the sum total gas from
those steps with dates within 2σ (Tables 1 and 2).1

As shown in Figure 1, almost all the age spectra
display a fairly flat profile. Although several
K-feldspars and amphiboles show anomalous
dates at low- and/or high-temperature steps, per-
haps due to the outgassing of impurities, these
samples still yield acceptable plateau dates having
39Ar gas proportions greater than 48%. Their
plateau dates agree well with intercept dates in the
isotope correlation diagrams (Table 1). Their
40Ar/36Ar intercept values obtained from regres-
sions are not significantly different from the atmo-
spheric composition (40Ar/36Ar = 295.5).

The plateau dates of amphiboles vary from
23.7 to 33.8 Ma (Fig. 1). Even for those from the
same outcrop, there is a significant difference in

amphibole dates from gneiss and associated am-
phibolite samples. This may result from different
argon closure temperatures owing to different
chemical compositions between amphiboles in
various rock types (Onstott and Peacock, 1987).
In contrast, all micas yield uniform plateau dates
from 21.2 to 24.8 Ma. K-feldspars yield a range
of 18.4 to 24.3 Ma that is slightly younger than
micas and amphiboles. We note here that overall
mineral dates from pegmatites and leucogranites
(Fig. 1) are consistent with, or younger than, the
fast cooling age span estimated from the coexist-
ing metamorphic rocks (Fig. 2).

EXHUMATION OF THE METAMORPHIC
MASSIFS

The metamorphic massifs in the Ailao
Shan–Red River shear zone were exhumed as a
consequence of the left-lateral shearing move-
ment (Tapponnier et al., 1990; Harrison et al.,
1992, 1996; Leloup et al., 1993, 1995). Along
with the radiometric dating on pegmatitic and
leucogranitic veins (Schärer et al., 1990, 1994),
thermochronological studies on the metamorphic

rocks have provided important time constraints
regarding the metamorphic exhumation and
sinistral displacement (e.g., Harrison et al., 1992,
1996; Leloup et al., 1993). In general, the Ar
closure temperatures for all minerals analyzed in
this study are significantly lower than the peak
metamorphic temperatures of the Ailao Shan–
Red River shear zone (Leloup and Kienast, 1993;
Leloup et al., 1993). This leads us to interpret the
40Ar/39Ar dates we obtained as recording the time
for these rocks to cool through their closure tem-
peratures during exhumation. Therefore, with
suitable diffusion parameters, the closure temper-
atures for amphiboles and micas are calculated
according to Dodson’s closure temperature
scheme (Dodson, 1973) and then used to con-
struct cooling paths (Fig. 2). Following the multi-
domain diffusion model (Lovera et al., 1991), the
cooling, and hence exhumation, history of the
metamorphic massif can be further constrained.

Figure 2 shows that the Day Nui Con Voi meta-
morphic massif underwent a high-temperature
stage around 500 °C from 34 to 25 Ma, and then
cooled rapidly ca. 25 to 21 Ma. In addition,

888 GEOLOGY, October 1998

100 km

Quaternary

Neogene

Mylonitic Gneisses

Granites (Tertiary)

Volcanic rocks (Tertiary)
Faults

Ton
kin

 G
ulf

Rivers

YUNNAN

BURMA

DIAN
CANG
SHAN

XUE
LONG
SHAN

26oN

24oN

22oN

99oE

101oE

103oE

105oE

99oE

26oN

24oN

22oN

101oE

VIETNAM

YUNNAN

India

Himalaya

Tibet

MongoliaSiberia

South
China

70o 90o 110o 130o

30oN
140oE

20oN
130oE

10oN

0o
120oE

10oS

70o 90o 110o100o80o
0o

10o

20o

30o

40o

50o

500 km

15B:
33.8 ± 0.9Ma

Amphibole

RR15

RR16

RR12

RR13 & RR19

16A:22.7 ± 0.2Ma

16C:23.8 ± 0.2Ma

Biotite

16A:24.1 ± 0.1Ma

0 1.5

16C:23.1 ± 0.1Ma

20

40

0

Amphibole K-feldspar

0

20

40

0

20

40

12A:24.3 ± 0.2Ma

12A:23.8 ± 0.2Ma

12B:24.4 ± 0.2Ma

12B:25.5 ± 0.2Ma

12C:27.4 ± 0.3Ma

0

20

40

60

0

20

40
Amphibole

Biotite

K-feldspar

30.6 ± 0.3Ma

19B:25.8 ± 0.3Ma

19B:23.6 ± 0.1Ma

19B:23.0 ± 0.2Ma

20

40

0

20

40

0

20

40

0

0

20

40

60

13B:23.7 ± 0.2Ma

13A:22.8 ± 0.1Ma

Amphibole

Biotite

K-feldspar

K-feldspar

15A:21.2 ± 0.2Ma

Biotite

20

40

60

0

15A:21.5 ± 0.2Ma

K-feldspar

K-feldspar

0

20

40

0

20

40

0

20

40

0

20

40

Fraction of 39ArK Released

leucogranite and pegmatite

gneiss

amphibolite

13C:18.4 ± 1.3Ma

12D:24.3 ± 0.4Ma

26.8 ± 0.4Ma

AILAO

SHAN

DAY

NUI
CON

VOI

Fraction 

A
p

p
a

re
n

t 
A

g
e

 (
M

a
)

A
p

p
a

re
n

t 
A

g
e

 (
M

a
)

A
p

p
a

re
n

t 
A

g
e

 (
M

a
)

A
p

p
a

re
n

t 
A

g
e

 (
M

a
)

of 39ArK Released
0 .5

1 1.50 .5

1 1.50 .5

19A:

0 1.5

0 .5

16B:

Fraction of 39ArK Released

Fraction of 39ArK Released

16B:24.8 ± 0.2Ma

Muscovite

20

40

0

Lakes Boundary

Figure 1. Simplified geologic map (after Harrison et al., 1996) with sample localities and age spectra for samples from Day Nui C on Voi massif,
northern Vietnam. 40Ar/39Ar apparent ages were calculated on basis of J values obtained from analyses of LP-6 biotite having K-Ar age of 127.7
± 1.4 Ma (Odin et al., 1982). Detailed experimental procedures and age calculations were given by Lo and Lee (1994). Boxes for eac h step extend
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1GSA Data Repository item 9883, Tables 1 and 2,
detailed 40Ar/39Ar data, is available on request from
Documents Secretary, GSA, P.O. Box 9140, Boulder,
CO 80301. E-mail: editing@geosociety.org.
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samples from the southeastern part were exhumed
and cooled earlier than those from the northwest-
ern part, demonstrating a northwestward-young-
ing trend for the fast cooling stage (Fig. 2).
Assuming that cooling rate changes are due to the
onset of shearing, the northwestward propagation
rate of the exhumation front passing through the
400 °C isotherm, caused by the southeastward
shearing movement, is estimated to be around
5 cm/yr. It is consistent with that estimated by
Harrison et al. (1996) (~4.5 cm/yr) on the basis of
results from the Ailao Shan massif. Comparing
thermochronological data available from the
entire Ailao Shan–Red River shear zone (Fig. 3),
it is possible to further infer that there was no sig-

nificant exhumation event recorded prior to
27 Ma in the metamorphic massifs. After ca.
27 Ma, however, a pronounced rapid cooling
took place from the Day Nui Con Voi through
Ailao Shan to the Diancang Shan regions.

A careful examination of the cooling paths
indicates that each segment in the Ailao Shan–
Red River shear zone exhibits somewhat different
temperature ranges, exhumation durations, and
cooling rates. Within the Day Nui Con Voi and
Ailao Shan massifs, the exhumation front propa-
gated northwestward at similar rates. However,
the northwestward-younging trend is not reported
in the Diancang Shan massif (Fig. 3). This obser-
vation has been explained as a result of diachro-
nous initiation of transtension along the shear
zone (Harrison et al., 1996). Based on all available
data, we suggest that each massif has had its own
response to the left-lateral shearing movement.
Both the Ailao Shan and Day Nui Con Voi massifs
had been exhumed from depths corresponding to
about 700 and 500 °C, respectively, to near-
surface levels prior to 17 Ma, as inferred from the
K-feldspar ages. However, the Diancang Shan
had not exhumed to the surface until ca. 5 Ma
(Fig. 3). After a tectonically quiescent period
between ca. 17 and 5 Ma within the entire shear

zone, the Diancang Shan massif underwent a
rapid cooling due to active normal faulting with a
right-lateral component (Leloup et al., 1993).
Overall, owing to the left-lateral shearing, the
metamorphic massifs in the Ailao Shan–Red
River shear zone were exhumed rapidly to various
levels from ca. 27 to 17 Ma. The rapid cooling,
likewise, began slightly earlier in the southeastern
part of each metamorphic massif and propagated
gradually to the northwest through time.

EXTENSION PRIOR TO EXTRUSION
Our 40Ar/39Ar thermochronological results

demonstrate that the Day Nui Con Voi metamor-
phic massif underwent two stages of thermal evo-
lution, i.e., a very slow cooling around ~500 °C
from ca. 34 to 25 Ma and rapid cooling from ca.
25 to 21 Ma (Fig. 2). The latter, together with a
wider rapid cooling age period from ca. 27 to
17 Ma, recorded in the entire Ailao Shan–Red
River shear zone, provides a straightforward time
constraint on the left-lateral displacement of the
shear zone. Furthermore, no rapid cooling older
than ca. 27 Ma has been observed in the meta-
morphic massifs. Before ca. 27 Ma, these high-
grade metamorphic rocks were still residing in
lower crustal levels at relatively high temperatures
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Figure 2. Cooling paths of samples from Day
Nui Con Voi metamorphic massif. Calculations
of closure temperatures for amphiboles and
micas were done using suitable argon diffu-
sion parameters (Onstott et al., 1989, and ref-
erences therein), and half of grain size as dif-
fusion dimension. Continuous cooling curves
from K-feldspar 40Ar/ 39Ar analyses were ob-
tained from experimental data using multidif-
fusion-domain hypothesis (Lovera et al., 1991).
Age spans for associated pegmatites and
leucogranites are also shown by hachured
patterns.

Figure 3. Compilation of thermo-
chronological data for metamorphic
massifs in Ailao Shan–Red River
shear zone. Data are from Leloup et
al. (1993) and Harrison et al. (1996)
for Ailao Shan and Diancang Shan
regions, and from this study for Day
Nui Con Voi massif.
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(down to ~7 kbar and 710 ± 70 °C; Leloup and
Kienast, 1993). We interpret such a geothermal
structure as a consequence of a late Paleogene
intraplate extension that took place in eastern
Tibet and western Yunnan and resulted in wide-
spread potassic magmatism (Chung et al., 1997).
The extension, probably caused by the removal of
thickened lithosphere around eastern Tibet, might
have been associated with a significant perturba-
tion of geothermal structure in the lithosphere
owing to replacement of the basal lithospheric
mantle by a hotter and lighter asthenosphere (Platt
and England, 1993). This study confirms the
notion of Chung et al. (1997) that continental
extrusion along the Ailao Shan–Red River shear
zone was preceded by an intraplate extension in
eastern Tibet and western Yunnan.

The collision of India with Asia since early
Cenozoic time has been generally accepted as
one of the most important processes in the Ceno-
zoic tectonic evolution of East Asia. The resultant
strike-slip movement along the Ailao Shan–Red
River shear zone, for example, has been widely
regarded as the key process responsible for open-
ing the South China Sea (cf. Leloup et al., 1995)
and for shaping Southeast Asia (e.g., Lee and
Lawver, 1995). Pioneered by Tapponnier et al.
(1982), there have been many investigations of
this shear zone and, as summarized by Leloup
et al. (1995), a general consensus has been that
the shearing was active between 35 and 17 Ma.
This time span is nearly identical with that of the
sea-floor spreading of the South China Sea
(ca. 30–16 Ma; Taylor and Hayes, 1983; Briais
et al., 1993; Cande and Kent, 1995), and is thus
consistent with the continental extrusion model,
which advocates a displacement of Indochina
relative to South China to initiate the opening of
the South China Sea (cf. Tapponnier et al., 1982).
Chung et al. (1997), however, argued against this
scenario and proposed that the shearing could
have begun only after ca. 30 Ma, because the
high-K volcanic rocks would imply an intraplate
extensional setting in this area in the late Paleo-
gene time. The time constraints for the move-
ment of the Ailao Shan–Red River shear zone
provided by this study (27–17 Ma) reinforce the
suggestion of Chung et al. (1997) and confirm
that the Ailao Shan–Red River shear zone was
actually initiated later than the onset of South
China Sea opening. Furthermore, these findings
also raise questions concerning the recognition of
the Cenozoic tectonic evolution in Southeast Asia.
The collision-extrusion model and the inter-
actions among all relevant plates in this region
need further examination and reevaluation.
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