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Abstract Laser step heating 40Ar/39Ar analysis of biotite and muscovite single crystals
from a Barrovian type metamorphic belt in the eastern Tibetan plateau yielded consistent
cooling ages of ca. 40 Ma in the sillimanite zone with peak metamorphic temperatures
higher than 600°C and discordant ages from 46 to 197 Ma in the zones with lower peak
temperatures. Chemical Th-U-Total Pb Isochron Method (CHIME) monazite (65 Ma) and
sensitive high mass-resolution ion microprobe (SHRIMP) apatite (67 Ma) dating give the
age of peak metamorphism in the sillimanite zone. Moderate amounts of excess Ar shown
by biotite grains with ages of 46 to 94 Ma at metamorphic grades up to the high-grade part
of the kyanite zone probably represent incomplete degassing during metamorphism. In
contrast, the high-grade part of the kyanite zone yields biotite ages of 130 to 197 Ma. The
spatial distribution of these older ages in the kyanite zone along the sillimanite zone
boundary suggests they reflect trapped excess argon that migrated from higher-grade
regions. The most likely source is muscovite that decomposed to form sillimanite. The zone
with extreme amounts of excess argon preserves trapped remnants of an ‘excess argon
wave’. We suggest this corresponds to the area where biotite cooled below its closure
temperature in the presence of an elevated Ar wave. Extreme excess Ar is not recognized
in muscovite suggesting that the entrapment of the argon wave by biotite took place when
the rocks had cooled down to temperatures lower than the closure temperature of musco-
vite. The breakdown of phengite during ultrahigh-pressure (UHP) metamorphism may be
a key factor in accounting for the very old apparent ages seen in many UHP metamorphic
regions. This is the first documentation of a regional Ar-wave spatially associated with
regional metamorphism. This study also implies that resetting of the Ar isotopic systems
in micas can require temperatures up to 600°C; much higher than generally thought.

Key words: 40Ar/39Ar analyses, Barrovian type metamorphism, closure temperature,
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INTRODUCTION

Potassium-bearing minerals such as biotite
and muscovite are widely used as target minerals
in K-Ar and Ar-Ar geochronology. One of the
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assumptions in applying such methods to metamor-
phic rocks is that above a certain temperature all
the accumulated Ar gas will be released from the
host mineral and dispersed into the surrounding
rocks. After cooling sufficiently, radiogenic argon
will again build up in the host mineral. The fate
of the released gas is also considered in several
studies, particularly in high-pressure metamorphic
terrains (Foland 1983; Scaillet 1996; Kelley 2002;
Sherlock & Kelley 2002). These studies show that
under some circumstances the Ar may be reab-
sorbed into the host mineral resulting in heteroge-
neous Ar distribution on the grain scale. Many
studies have shown an essentially random distribu-
tion of excess argon on a regional scale, but a few
examples of pulse or wave-like patterns of released
(excess or extraneous) argon have been recognized
associated with structural discontinuities (Wanless
et al. 1970; Smith et al. 1994; Shibata et al. 1996)
and in the vicinities of structural discontinuities
or igneous contacts (Hyodo & York 1993). The
reported distribution of Ar could be referred to as
a ‘front’ or a ‘wave’. Here we use the term ‘wave’
following the usage of Hyodo and York (1993).
Regions that preserve the Ar-wave are spatially
limited zones characterized by very old and geologi-
cally anomalous apparent Ar ages.

Hyodo and York (1993) present the clearest
documented example of an Ar wave that is related
to metamorphism. These workers examined the
boundary region between a mafic dyke and its
country rock and showed that it had become
impregnated with ‘excess’ radiogenic argon. The
heat released during the cooling of a mafic dyke
(570 Ma) caused intensive degassing of radiogenic
argon accumulated in the minerals of the 1000 Ma
country rock; the most abundant of these Ar
source minerals is K-feldspar, which also has the
lowest closure temperature. Hyodo and York
(1993) suggest that as a result of this degassing
the local ambient argon partial pressure was
maintained at a high level for a prolonged period.
This excess argon eventually became trapped in
the biotite of the contact aureole. The contact
metamorphism is developed around an obliquely
intruded dyke and the excess argon wave is
most clearly recorded in metamorphic biotite from
rocks that are located within a distance of 8 m
from the upper dyke contact and 20 m from the
lower dyke contact. These regions give anoma-
lously old age estimates with maxima of 1400 Ma
and 1300 Ma, respectively.

Although local examples of excess argon waves
have been recognized, it is as yet not clear if this

phenomenon can take place on larger crustal
scales and if regional metamorphism may also be
related to similar phenomena. Recently, Itaya
et al. (2005) reported that kyanite grains from
river sand, northeast Japan have extremely high
excess argon contents up to 1.7 ¥ 10-3 ccSTP/g, and
yield apparent ages three times older than the
age of the earth. These authors postulated that the
kyanites might have recrystallized in host rocks
under conditions of ultra-high argon pressure
derived from radiogenic argon of potassium-rich
phases such as phengite and released during a
Barrovian type overprint on a higher-pressure
metamorphic event. This type of kyanite may be
the result of regional metamorphism in the pres-
ence of regionally distributed excess argon.

During the systematic 40Ar/39Ar dating of biotite
in the Barrovian type metamorphism of the Danba
region in the Longmenshan Orogen (also known as
the Songpan Ganze Orogen) in the eastern Tibetan
plateau (Burchfiel et al. 1995; Huang et al. 2003a;
Wallis et al. 2003), we recognized a spatially limited
zone within the kyanite zone that yields apparent
biotite Ar ages three times older than the meta-
morphic age found in the high-grade part of the
higher-grade sillimanite zone. Here we report
the results of 40Ar/39Ar analyses of biotite and
muscovite from this region of Barrovian type
metamorphism and demonstrate a spatial rela-
tionship between the excess Ar distribution and
the metamorphic zonation. These results imply the
existence of a regional excess argon wave in the
crust with major implications for the dating of
high-grade Barrovian-type and UHP metamor-
phic belts where temperatures are high enough
to cause break down of phengite. Our results also
suggest the temperature needed to reset the
Ar-isotopic system in previously formed biotite
and muscovite can be significantly higher than
generally thought.

OUTLINE OF GEOLOGY

The Barrovian type metamorphic belt studied is
situated in the Danba area in the central part
of Longmenshan orogenic belt in the east of the
Tibetan plateau. The Longmenshan region con-
sists of Triassic flysch (Songpan Ganze Flysch) and
older sediments deposited on the western fringe of
the Proterozoic Yangtze craton (Burchfiel et al.
1995). The Danba area consists mainly of Sinian
to Triassic metasediments (BGMRSP 1991) and
has undergone Barrovian type metamorphism: the
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pelitic lithology progressively changes from
chlorite-grade slates into sillimanite-K-feldspar
schists (Fig. 1) (Huang et al. 2003a; Wallis et al.
2003) and estimated peak pressure-temperature
(P-T) conditions of the sillimanite zone are ca.
480–630 MPa and 640–680°C (Huang et al. 2003a).
The region has undergone a phase of penetrative
ductile deformation, D1, with a NNW–SSE ori-
ented stretching lineation and a top-to-the-S sense
of shear, local D2 deformation and a stronger
phase of deformation, D3, that formed folds with
subhorizontal north-south-oriented axes and steep
axial planes (Wallis et al. 2003). During D3, a
ductile east–west shortening of 10–50% took place.
Plutonic rocks have also been deformed and meta-
morphosed. Electron microprobe (CHIME) mona-
zite dating in the metapelite and sensitive high
mass-resolution ion microprobe (SHRIMP) U-Pb
dating of apatite in the metamorphosed granodio-
rite both from the sillimanite zone give compatible
ages of ca. 65 Ma. Wallis et al. (2003) interpret this
as the age of sillimanite grade metamorphism.
Wallis et al. (2003) have also recognized the exist-
ence of old rocks in the Danba, Dahebian and
Xinduqiao areas from zircon U-Pb ages (771, 178

and 196 Ma, respectively). These ages suggest that
the Longmenshan orogenic belt consists of diverse
lithologies predating the Barrovian type metamor-
phism (ca. 65 Ma). In contrast, the radiometric
ages reported by Huang et al. (2003b) from the
same area show a great range: 159–195 Ma
for monazite U-Th-Pb ages, 161–166 Ma for titan-
ite U-Pb ages, 138–204 Ma for Sm-Nd garnet
ages, 37–138 Ma for muscovite Rb-Sr ages and
26–118 Ma for biotite Rb-Sr ages. These authors
interpret the oldest U-Th-Pb monazite and Sm-Nd
garnet ages as constraining an early Barrovian
metamorphism (M1) in the interval of 204–190 Ma.
Furthermore, these authors suggest a combination
of U-Th-Pb monazite and titanite and Sm-Nd
garnet ages (168–158 Ma) record a second higher-
grade sillimanite grade metamorphic event (M2).
On the basis of selected Rb-Sr muscovite (138–
100 Ma) and biotite (34–24 Ma) ages these authors
also suggest that the area underwent extremely
slow cooling after M2 over a period of some
150 m.y. Slow cooling over a period in excess of
150 million years is also suggested by Kirby et al.
(2002). More complex thermal histories associated
with partial resetting of earlier established isoto-
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Fig. 1 Simplified geological map (a) of Longmenshan region (after Burchfiel et al. 1995) and geological map (b) of the Danba area, showing the location
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pic ratios are, however, also possible and the
strong clustering of biotite Rb-Sr ages around
30 Ma for the whole Danba region (Huang et al.
2003b) points to the presence of a younger thermal
event such as that proposed by Wallis et al. (2003).
The results presented in this contribution lend
strong support to the idea that there was a wide-
spread Cenozoic thermal event in the Danba area.
Our work highlights the problems of both inher-
ited argon and the previously largely unrecognized
issue of a regional argon wave when applying K-Ar
and 40Ar/39Ar dating to polymetamorphic terranes.

40Ar/39Ar ANALYSES

40Ar/39Ar analyses of 27 biotite and muscovite
grains were carried out with the laser step-
heating. Each grain was placed in a 2 mm drill hole
on an aluminum tray. Grains of the age standard
3g hornblende (Roddick 1983), and standards
for Ca and K corrections (CaSi2 and synthetic
KAlSi3O8 glass) were also set in the same tray.
The trays were subsequently vacuum-sealed in a
quartz tube. Neutron irradiation of the samples
was carried out in the core of a 5 MW Research
Reactor at Kyoto University (KUR) for 8 h using
the hydraulic rabbit facility. The fast neutron flux
density is 3.9 ¥ 1013 n/cm2/s and is confirmed to
be uniform in the dimension of the sample holder
(f16 ¥ 15 mm) as little variation in J-values of
the evenly spaced age standards was observed
(Hyodo et al. 1999). Averaged J-values, potassium
and calcium correction factors are J = 0.02343 �
0.00004, (40/39)K = 0.0291 � 0.0034, (36/37)Ca =
0.000242 � 0.000015 and (39/37)Ca = 0.000580 �
0.000040, respectively.

Each mica grain (ca. 0.5 mm in size) was
stepwise-heated using a 5 W continuous argon ion
laser. Temperatures of samples were monitored
by an infrared thermometer with a precision of
3°C in an area of 0.3 mm diameter (Hyodo et al.
1995). Biotite crystals were heated under a defo-
cused laser beam at a given temperature for 30 s.
In the case of muscovite, heating to temperatures
680–700°C is likely to lead its thermal decomposi-
tion to ‘dehydroxylate’ (Sletten & Onstott 1998).
Major release of radiogenic 40Ar occurs at this
temperature. Heating time at a fixed laser power
was set at 10–20 s. The extracted gas was purified
with a SAES Zr-Al getter (St 101) and kept at
400°C for 5 min. Argon isotopes were measured
using a custom-made mass spectrometer with a
high resolution ([M/DM] > 400), which allows sepa-
ration of hydrocarbon peaks except for mass 36

(Hyodo et al. 1994). Typical blanks of extraction
lines are 5 ¥ 10-14, 3 ¥ 10-14, 3 ¥ 10-14, 3 ¥ 10-14 and
2 ¥ 10-12 ccSTP for 36Ar, 37Ar, 38Ar, 39Ar and 40Ar,
respectively.

Results of integrated ages are shown in Table 1.
Errors of the measurements are expressed at the
1 s level. The age errors of the samples do not
include the errors in the age standard. The age
spectra of representative crystals are shown in
Figure 2, which display plateau-like spectra for
both biotite and muscovite crystals, and major
release (80%) of argon takes place in the mid tem-
perature range with low and uniform Ca/K ratios.
All of the other crystals show similar spectra (see
Appendix), and no correlation of calcium phases
with older ages is observed. In this contribution
we are not primarily concerned with geologically
meaningful absolute ages – most of the apparent
ages reported here do not correspond to any geo-
logical event – and a qualitative assessment of
plateaus is sufficient for our purposes.

Figure 3a shows the integrated age data plotted
along the line shown in Figure 1. This figure
clearly demonstrates that the biotite and musco-
vite grains display consistent ages of ca. 40 Ma in
the sillimanite zone higher than 600°C, which can
be interpreted as cooling ages after a peak at
around 65 Ma. This is also consistent with the ca.
30 Ma biotite Rb-Sr ages of Huang et al. (2003b).
In contrast, micas from the lower-grade zones that
have experienced maximum temperatures less
than 600°C show implied ages varying from 46 to
197 Ma except for one biotite of 28 Ma. In particu-
lar, the high-grade part of the kyanite zone adja-
cent to the sillimanite zone (kyanite-sillimanite
boundary zone in Fig. 3b) shows extremely old
biotite ages, one of which is more than three times
the peak age of the sillimanite zone around 65 Ma.
Muscovite grains also show a significant variation
in ages in the kyanite and lower-grade zones.
Coexisting biotite and muscovite in the kyanite-
sillimanite boundary zone yield ages of 197 Ma
and 64 Ma, respectively (Fig. 2). The presence of
apparent ages three times older than the age of
a peak metamorphism and biotite ages older
than associated muscovite ages clearly show the
presence of large amounts of excess argon in the
sample.

DISCUSSION

The presence of discordant and anomalously old
40Ar/39Ar ages in metamorphic rocks has been
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widely reported. Examples are the Dora Maira
massif, Italy (Arnaud & Kelley 1995; Scaillet 1996),
the Su-Lu and Dabie areas, China (Li et al. 1994;
Giorgis et al. 2000), the Kaghan valley area, Paki-
stan (Tonarini et al. 1993), the Tso Morari
Complex, western Himalaya, India (Gouzu et al.
2006a), the Gourma area, Mali (Jahn et al. 2001),
the Sesia-Lanzo zone, Italy (Ruffet et al. 1995,
1997; Inger et al. 1996), the Tavsanli Zone, Turkey
(Sherlock & Arnaud 1999), and the Betic Zone,
Spain (De Jong et al. 2001). These results are
likely due to the presence of excess 40Ar trapped in
the metamorphic minerals during the metamor-
phism. Many of these examples are from areas of
ultrahigh-pressure metamorphism.

The excess 40Ar may have several origins. De
Jong et al. (2001) show the relationship between
the secondary fluid infiltration and discordant age.
They argued that the excess 40Ar is contained in
submicroscopic illite in the phengites identified by
TEM analyses, though Giorgis et al. (2000) could
not find any apparent interlayer phase in the
phengite showing discordant age relationships. On
the other hand, continental materials like the Dora
Maira massif (e.g. Chopin 1984; Schertl et al. 1991)
have experienced polymetamorphism and to some
extent may retain radiogenic 40Ar inherited from
the protolith; this would produce discordant ages
if there was incomplete degassing and incomplete
resetting of minerals during metamorphism
(Gouzu et al. 2006b). In addition to incomplete

degassing, we suggest there is a problem caused
by the presence of an excess argon wave with
extreme Ar concentrations formed in mica that
cooled below its closure temperature in the pres-
ence of an Ar-wave (Fig. 4). This phenomenon has
not been recognized by these previous researchers
probably because they have not carried out the
systematic sample collection and dating along
traverses from low to high-grade zones in the belt.

The results of our detailed sampling, age deter-
mination, and comparison with metamorphic
grade clearly show the presence of a zone of
trapped excess argon that results in very old
apparent ages. Averaged values of biotite and
muscovite ages for four zones (Fig. 3b), in increas-
ing metamorphic temperature, show a gradual
decrease towards the sillimanite zone. These data
may be accounted for by an overall increase in
degassing and decrease in inherited Ar in the
micas from these regions with increasing meta-
morphic temperature. There is, however, an excep-
tion to this trend shown clearly by the extremely
old biotite ages (130 to 197 Ma; Fig. 3) in the
kyanite-sillimanite boundary zone. In addition, in
this zone, muscovite may record a younger appar-
ent age than biotite in conflict with the generally
observed relationships (Fig. 3b). These relation-
ships cannot be accounted for by progressive
degassing with increasing temperature, because
the biotite ages of 130 to 197 Ma are significantly
older than both biotite ages of lower-grade zones
(46 to 94 Ma) and muscovite ages from the same
kyanite-sillimanite boundary zone (Fig. 3). In our
interpretation, biotite grains with ages of 130 to
197 Ma in the kyanite-sillimanite boundary zone
trapped excess argon derived from an argon wave
zone. This excess argon was probably derived from
the resetting of potassium bearing minerals in the
sillimanite zone. The most likely candidate for a
source mineral is muscovite, which decomposes by
the reactions St + Ms + Qtz = Sil + Grt + Bt + H2O
and Ms + Qtz = Sil + Kfs + H2O. In the sillimanite
zone, muscovite also exists, but its modal pro-
portion decreases from the south to the north
(Huang et al. 2003a), suggesting that the former
reaction proceeded extensively in the sillimanite
zone and the latter one in the higher-grade zone.
We propose that muscovite decomposition in this
region resulted in the release of the contained Ar
and lead to the formation of an excess argon
wave, which migrated to the lower-grade zones at
the structurally higher level than the sillimanite
zone. A similar type of age profile is reported by
Baxter et al. (2002), but in this case it is related to
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Fig. 2 40Ar/39Ar age spectra of representative biotite and muscovite
grains from Barrovian type metamorphic belt in the Danba area, eastern
Tibet.
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Fig. 3 (a) 40Ar/39Ar integrated age data plotted along the line shown in Figure 1(b), in which CHIME monazite age (65 Ma) and sensitive high
mass-resolution ion microprobe (SHRIMP) apatite age (67 Ma) are after Wallis et al. (2003). Corresponding outcrop numbers (1–16; Fig. 1) are also shown
for each datum. (b) Averages of 40Ar/39Ar biotite and muscovite ages calculated for the four zones, lower-grade zones (1–4), kyanite zone (5–10),
kyanite-sillimanite boundary zone (11–13) and sillimanite zone (14–16).

Fig. 4 Schematic diagram showing three stages in the development of the envisaged Ar wave and its preservation in biotite.
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differences in diffusion characteristics in contrast-
ing lithologies. In the Danba region the presence
of the Ar wave does not correspond to any clear
lithological or structural boundary.

Coexisting biotite and muscovite in the high-
grade part of the kyanite zone in the Danba area
give ages of 197 Ma and 64 Ma, respectively. This
suggests that the trapping of argon by biotite in
the excess argon wave took place when the rocks
cooled down to the temperatures lower than the
closure temperature of muscovite but not below
that of biotite (Fig. 4). We suggest biotite (46 to
94 Ma) in the lower-grade zones did not completely
degas during metamorphism and retains moderate
amounts of excess argon inherited from the host
lithologies.

IMPLICATIONS OF PRESENT STUDY

The presence of this type of excess argon wave has
been hitherto unreported and has major implica-
tions for the type of rocks likely to be most
strongly affected by excess argon and, therefore,
unsuitable for Ar-based radiometric dating. Our
work also has implications for estimates of appro-
priate closure (or resetting) temperatures for
biotite and muscovite.

The closure temperatures of biotite and musco-
vite have long been believed to be 300°C and 350°C,
respectively, since the work of Purdy and Jäger
(1976). In the last decade, some geochronologists
have cast doubt on the closure temperatures pro-
posed by Purdy and Jäger (1976) in their argon
analyses of biotite and muscovite (cf., Gouzu et al.
2006a,b). Villa (1998) examined Jäger’s calibration
of the closure (or blocking) temperatures and pro-
posed new closure temperatures of 500°C for mus-
covite and 450°C for biotite. Takeshita et al. (2004)
who studied the resetting temperature of detrital
white micas based on the systematic K-Ar analyses
of phengites in the calcschists along the Chisone
valley in western Alps by Takeshita et al. (1994)
strongly support the new closure temperature pro-
posed by Villa (1998). We also carried out 40Ar/39Ar
analyses of biotites and muscovites from the area
studied as seen in Figures 2 and 3. Coexisting
biotite and muscovite in the sillimanite zone with
metamorphic temperatures exceeding 600°C give
consistent cooling ages of ca. 40 Ma (Fig. 2).
However, biotite and muscovite in the lower-grade
zones with peak metamorphic temperatures below
500°C give discordant ages (Figs 2,3), even if the
‘spike’ of the 40Ar/39Ar apparent ages at the bound-

ary between kyanite and sillimanite zones are
excluded. Diffusion modeling shows large grain
size and rapid cooling can also lead to higher
closure temperatures (Fig. 5). However, to account
for the observed changes in the present study
would require mica grains with a width in excess of
1.2 mm and a cooling rate faster than 1°C/yr. In the
study area the mica grain size is variable, but does
not much exceed 0.5 mm in any of the analysed
samples. In addition, the difference between peak
and cooling ages suggests a relatively slow cooling
of 10-5°C/yr. There is, therefore, no evidence that
grain size or cooling rate played a role in raising
the closure temperature of mica in the present
area. These results suggest that muscovite and
biotite in polymetamorphic terranes, such as in
the present study, require higher metamorphic
temperatures to completely reset the Ar isotopic
system than generally thought.

One approach to successfully estimate the
cooling age of metamorphic rocks using K-Ar and
40Ar/39Ar muscovite and biotite analyses is to focus
on rocks that have a simple metamorphic history
and do not have problems with inherited argon.
Suitable material is likely to be oceanic rather than
continental in origin (Gouzu et al. 2006b).

Selection of rocks with a simple metamorphic
history can assist in obtaining reliable dates from
Ar-based radiometric dating. However, the second
problem highlighted in this study: the presence of
a regional Ar-wave that migrates some distance
through the crust may still pose serious problems.

Fig. 5 Variation of biotite closure temperature (°C), for different grain
sizes and cooling rates based on the diffusion model by Dodson (1973)
using parameters for biotite by McDougall and Harrison (1999). E and D0

denote an activation energy and a frequency factor, respectively. The grain
size is the diameter of a cylindrical grain. This geometry is appropriate for
modeling the diffusion behavior of mica, because of the rapid diffusion
perpendicular to the c-axis.
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Which sort of rock is most likely to be affected?
Our study suggests that an argon wave is likely to
form whenever there is widespread breakdown of
potassium-bearing minerals. The greater the time
difference between the formation of these miner-
als and their breakdown the more time there is for
Ar to build up resulting in a larger Ar wave. The
boundary region between the Kyanite and Silli-
manite zones in Barrovian type metamorphism
and high-temperature zones in low-P/T type meta-
morphism are generally associated with the break-
down of muscovite, a major potassium-bearing
mineral in many rock types. This boundary region
is, therefore, likely to be associated with an Ar
wave in many cases and Ar-dating from this region
should be interpreted with caution.

Many of the reported cases of extreme excess
argon causing problems with Ar-based dating are
in UHP rocks (Tonarini et al. 1993; Li et al. 1994;
Arnaud & Kelley 1995; Scaillet 1996; Giorgis et al.
2000; Gouzu et al. 2006a). Can this phenomenon
also be explained in terms of an Ar-wave? Several
recent studies have suggested that partial melting
has occurred in UHP domains and this may be a
key factor controlling the exhumation of such
rocks (e.g. Hermann et al. 2001; Wallis et al. 2005).
Such melting is likely to involve breakdown of
phengite (e.g. Patiño Dounce & McCarthy 1998),
which will release any trapped Ar. This breakdown
could result in the formation of localized high Ar
contents in the melt and its release to the overlying
rocks may account for the commonly observed
very high amounts of excess Ar and extremely old
apparent ages in many UHP rocks. We speculate
that the extremely high-excess argon bearing kya-
nites reported by Itaya et al. (2005) may have a
similar origin.

CONCLUSIONS

Laser step heating 40Ar/39Ar analysis of single
crystals of biotite and muscovite in the metamor-
phic rocks collected systematically from a Bar-
rovian type metamorphic belt, eastern Tibet,
reveal that the biotites in the kyanite-grade zone
record the presence of an excess argon wave. The
spatial relationship with the metamorphic zonation
suggests this developed after the decomposition
of muscovite in the sillimanite zone. This type of
excess argon wave has been hitherto unreported
and suggests that rocks surrounding a region
that has experienced widespread breakdown of
K-bearing minerals are unlikely to give reliable

age data by Ar dating. In addition, the breakdown
of phengite during partial melting of UHP rocks
could be a key factor in accounting for the very old
apparent K-Ar and 40Ar/39Ar ages seen in many
UHP metamorphic regions. The 40Ar/39Ar analysis
also yielded consistent cooling ages of ca 40 Ma in
the sillimanite zone with peak metamorphic tem-
peratures higher than 600°C and discordant ages
in the zones with peak temperatures lower than
600°C. This suggests the temperatures needed to
reset Ar isotopic systems in micas are significantly
higher than generally thought.
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APPENDIX

40Ar/39Ar age and 37Ar/39Ar ratio spectra of biotite
and muscovite samples in the Danba area, eastern
Tibet. The first number represents the outcrop
listed in Table 1. In some samples, the 37Ar/39Ar
ratio spectra indicate the presence of different
mineral phases other than micas, but they rarely
correlate with the age spectra.
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