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Abstract

The “°Ar/*°Ar stepwise crushing technique is applied for the first time to date garnet from ultra-high-pressure metamorphic (UHPM)
eclogites. Three garnet samples from the Bixiling eclogites analyzed by “°Ar/*°Ar stepwise crushing yield regular, predictable age spectra,
and a clear separation between excess “*Ar and concordant plateau and isochron ages. All three age spectra begin with high apparent
ages followed by step by step decreasing ages, and finally age plateaux with apparent ages in the range from 427 + 20 to 444 + 10 Ma.
The data points constituting the age plateaux yield excellent isochrons with radiogenic intercept ages ranging from 448 + 34 to 459 £ 58
Ma, corresponding to initial “*Ar/>®*Ar ratios from 292.1 + 4.5 to 294.5 + 6.7, statistically indistinguishable from the modern air. The
high initial ages are interpreted to derive from secondary fluid inclusions containing excess “°Ar, whereas the plateau ages are attributed
to gas from small primary fluid inclusions without significant excess “°Ar. The plateau ages are interpreted to approximate the time of
garnet growth during initial UHPM metamorphism. Phengite analyzed by laser stepwise heating yielded a complicated two-saddle age
spectrum with a scattered isochron corresponding to age of 463 4+ 116 Ma and initial *“°Ar/*®Ar ratio of 1843 + 1740 indicative of the
presence of extraneous “°Ar within phengite. These concordant isochron ages measured on minerals diagnostic of eclogite grade meta-
morphism strongly suggest that Dabie UHPM eclogites were first formed in the early Paleozoic, during the same event that caused the
Qinling—Northern Qaidam Basin—Altyn Tagh eclogites.
© 2006 Published by Elsevier Inc.

1. Introduction

The Dabieshan and Sulu terranes in central-eastern
China form the largest occurrence of ultra-high-pressure
metamorphic (UHPM) rocks in the world (Fig. 1) (Xu
et al.,, 1992; Zhang et al., 1995; Ye et al., 2000, 2001,
2002; Xu et al., 2003) and, as a consequence, have become
the focus of intense geological research on the characteris-
tics of UHP metamorphism (Li et al., 1993; Okay et al.,
1993; Hacker and Wang, 1995; Liu et al., 1995; Cao and
Zhu, 1996; Chavagnac and Jahn, 1996; Hacker et al.,
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1998; Yang and Jian, 1998; Cong and Wang, 1999; Yang
et al., 2002).

The pressure-temperature-time (PT?) path of the
UHPM rocks has been constrained by geobarometry and
isotopic techniques. Metamorphic temperatures and pres-
sures of ca. 600-1140 °C and 18-67 kbar were estimated
(Okay, 1993; Zheng, 1993a,b; Zhang et al., 1995; Xiao
et al., 2000). Extremely deep burial is demonstrated by
ubiquitous coesite and local diamond (Xu et al., 1992,
2003; Ye et al., 2001). Subduction depths of greater than
200 km were inferred (Ye et al., 2000). Sm-Nd and
Rb-Sr isochron dating of eclogites from both the
Dabieshan and the Sulu terranes yielded consistent results
of 240-220 Ma (Li et al., 1994; Chavagnac and Jahn, 1996).
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Fig. 1. Sketch maps of simplified geology: (a) Dabie—Sulu Terranes: SKC, Sino-Korean Craton; YTC, Yangtze Craton (please refer Fig. 10 for the latitude
and longitude) (b) Bixiling. Modified after Zhang et al. (1995) (GPS locations of 02BX005 and 02BX019 are 50R0431671-UTM3400149 and 50R0431525-

UTM3400695, respectively).

In contrast, *°Ar/*Ar dating of phengites yielded clearly
older ages than the results obtained by other techniques.
Giorgis et al. (2000) suggested that “’Ar in phengite
may represent argon inherited from the protolith of the
UHP eclogite, rather than excess, i.e., parentless, argon
[nomenclature following McDougall and Harrison
(1999)]. Zircon U-Pb ages span a wide range from 210 to
970 Ma with three groups: 210-240 Ma (Ames et al.,
1996; Rowley et al., 1997; Hacker et al., 1998; Li et al.,
2000; Wan et al., 2005; Xie and Chen, 2005), 420-480
Ma (Jian et al., 1994; Yang et al., 1995; Jian et al., 2000;
Gao et al., 2002; Yang et al., 2005) and 650-970 Ma (Liu
et al., 1995; Cheng et al., 2000; Wan et al., 2005). A few
Early Proterozoic-Late Archean U-Pb ages of 2200-2770
Ma were obtained (Cao and Zhu, 1995, 1996; Liu et al.,
1995). Ages for the Bixiling eclogites, the largest outcrop
area of mafic eclogites in Dabieshan, have been determined
with various isotopic geochronometers. The previous
dating results for the Bixiling eclogites are summarized in
Table 1. Using a SHRIMP II ion microprobe, Jian and
co-workers obtained concordant Caledonian ages of
455 + 4, 452 + 3 and 442 + 2 Ma, respectively, for zircons
from the dark coloured eclogite, light coloured eclogite,
and granitic gneiss of Bixiling (cited in Yang et al., 2002).

Depending on the dating method, estimates of the age of
UHP metamorphism in the Dabie-Sulu terranes range
from Triassic, to early Paleozoic, to Neoproterozoic to
Neoarchean (see discussion in Yang et al., 2002). Undoubt-
edly, the last profound metamorphic event occurred in the
Triassic with local overprinting by post-tectonic granitoids
of Cretaceous age.

1.1. Argon isotope systematics of (U)HP metamorphic
rocks

The purpose of this study was to investigate Ar isotope
systematics of garnet and fluid inclusions in garnet, with
the specific aim of studying excess “°Ar by the “°Ar/*Ar
crushing technique given that age scatter attributed to ex-
cess “°Ar is ubiquitous in the (U)HP metamorphic rocks
of Dabieshan (Li et al., 1994), the Seward Peninsula of
Alaska (Hannula and McWilliams, 1995), the western Alps
(Scaillet et al., 1992; Arnaud and Kelley, 1995; Ruffet et al.,
1995, 1997; Scaillet, 1996), the Holsnoy Island of western
Norway (Boundy et al., 1997), the Pakistan Himalaya
(Tonarini et al., 1993), and the Tavsanli Zone of NW Tur-
key (Sherlock and Arnaud, 1999; Sherlock and Kelley,
2002).

It should be noted, however, that for some of the sam-
ples from the western Alps, Carrapa et al. (2003) argued
that anomalously old ages may be a consequence of inher-
ited argon rather than of excess argon, i.e., as vestiges of
the pre-metamorphic geologic history of these rocks that
survived the last, Eocene-Miocene metamorphic events.
Giorgis et al. (2000) made a similar point for the Sulu
eclogite phengites. The mobility of “°Ar during UHP
metamorphism is still poorly understood (Scaillet, 1996,
1998; Sherlock and Arnaud, 1999; Kelley, 2002; Sherlock
and Kelley, 2002). No convincing evidence has been ob-
tained, so far, on either the timing of incorporation of ex-
cess argon or the processes by which the argon becomes
trapped in the lattice of some minerals. Better understand-
ing of the process will help to improve our understanding
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Table 1
The previous dating results for the Bixiling eclogites
Method Mineral Age type Apparent age (Ma) Reference
U-Pb TIMS Zircon Upper intersection 2774 + 24 Cao and Zhu (1995, 1996)
Lower intersection 452+ 78
Upper intersection 2210 + 39 Liu et al. (1995)
Lower intersection 907 £ 100
Upper intersection 818 £ 163 Liu et al. (1995)
Lower intersection 247 + 68
U-Pb SHRIMP Zircon core 757 +7 Cheng et al. (2000)
Zircon rims 223 +3
Zircon from dark eclogite 455+ 4 Ma
Zircon from light eclogite Weighted mean age 452 4+ 3 Ma P. Jian (cited in Yang et al. (2002))
Zircon from gneiss 442 +2 Ma
Sm-Nd Grt, Omp and WR Isochron age 210 ~ 218 Chavagnac and Jahn (1996)
Seven Grts Isochron age 225+7
Rb-Sr Phg and (WR, Omp or Grt) Isochron age 198 ~ 223 Chavagnac and Jahn (1996)
YOAr/*Ar stepwise heating Phengite Plateau age 528 +7 Wang et al. (2000)
Isochron age 517+ 17
Omphacite Plateau age 321+£5 Wang et al. (2000)
Isochron age 339 £ 15
YOAr/*Ar laser fusing Grt, Omp Isochron age 400 + 18 Hu et al. (1999)

WR, Whole rock; Phg, Phengite; Omp, Omphacite; Grt, Garnet.

of the thermal evolution of UHP continental crustal
rocks.

Our approach in the present study is novel in that it is
the first to document the argon isotope systematics of the
fluid phase encapsulated in metamorphic minerals. In no-
ble gas geochemistry stepwise crushing is a commonly used
technique to distinguish the gas component trapped inside
fluid inclusions and on the grain boundaries of solid inclu-
sions from the component of the gas trapped inside the
crystal lattice. The latter component subsequently may be
liberated by stepwise heating the remaining powder. Since
Kelley et al. (1986) attempted to analyze fluid inclusions
by the “°Ar/*’Ar method using crushing gas-extraction
technique, it has been demonstrated that fluid inclusions
in quartz from hydrothermal deposits can be dated by
crushing in vacuum (Turner and Bannon, 1992; Turner
and Wang, 1992; Qiu, 1996; Kendrick et al., 2001; Qiu
et al., 2002a,b). Concordant “’Ar/*Ar ages of quartz host-
ed fluid inclusions by crushing and those of muscovite and
other K-rich micro-crystals by heating have been reported
in several studies (Qiu, 1996; Qiu et al., 2002a,b).

In this study, we use the stepwise crushing technique in
an attempt to investigate and perhaps date the fluid inclu-
sions in garnets from the Bixiling eclogites in order to shed
further light on fluid mobility during UHP metamorphism.
Unexpectedly, we obtained very interesting *°Ar/*’Ar age
results with plateau ages and good isochrons by the
“OAr/*°Ar progressive crushing technique, which form the
main focus of the present paper. If an old prograde argon
age signal is to be preserved in metamorphic garnet formed
at temperatures in excess of 700-800 °C (see below), then
the diffusion rate of argon in garnet in the HT metamor-
phic domain must be very low. We are not aware of any
information in the literature on the diffusion rate of argon

in garnet. Dunai and Roselieb (1996), however, showed
that the closure temperature for helium in garnet could
be as high as ca. 630 °C. Given the larger size of the argon
atom relative to the helium atom and assuming the same
mechanism for diffusion, it follows that the closure temper-
ature for argon diffusion in garnet may be considerably
higher than 630 °C. Thus, if the host garnet remains stable
during subsequent metamorphic overprinting, it is possible
that primary fluid inclusion ages in garnet may survive high
temperature metamorphism. The data presented in our
work appears to support this notion, which may offer a
new approach to dating metamorphic histories in complex
metamorphic terrains.

2. Petrology and fluid inclusions

The Bixiling mafic-ultramafic metamorphic complex is a
1.5 km? tectonic block within biotite gneiss in the southern
Dabie ultra-high-pressure terrane (Fig. 1). The complex
consists of banded felsic and mafic eclogites that contain
thin layers of garnet-bearing cumulate ultramafic rock. De-
tailed petrological and geochemical studies have been made
by Zhang et al. (1995). All the eclogite samples in this study
are light in colour and rich in kyanite, the same as type (3)
of “foliated kyanite-rich, talc-bearing coesite eclogite™ de-
scribed by Zhang et al. (1995) who distinguished six types
of eclogites in Bixiling. The light-coloured eclogites contain
garnet, omphacite, quartz, kyanite and phengite, along
with minor rutile (Fig. 2). Coesite and its pseudomorphs
occur as inclusions in garnet and omphacite (Zhang
et al., 1995). The minerals show little alteration, deforma-
tion or weathering. Zhang et al. (1995) concluded that
the ultramafic metamorphic assemblages formed at 700—
800 °C and 47-67 kbar, following initial emplacement at
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Table 2a

Microprobe analyses of the Bixiling eclogites (Average)

Sample: DB-1 02BX018

Mineral: Grt Cpx Grt Cpx Grt Cpx Grt Cpx
Spot: 6 6 6 6 3 3 3 3
Positiont: Core Core Rim Rim Core Core Rim Rim

(a) Garnets and clinopyroxenes

SiO, 40.1 56.8 39.9 56.3 40.5 56.3 40.5 55.3
TiO, 0.03 0.04 0.01 0.05 0.03 0.02 0.00 0.03
ALO, 22.7 10.7 22.6 10.1 22.4 10.99 22.5 9.27
Cr,04 0.02 0.06 0.01 0.02 0.01 0.03 0.00 0.01
FeO 17.5 2.50 18.6 2.83 15.2 1.63 17.6 2.19
MnO 0.38 0.02 0.42 0.01 0.31 0.02 0.40 0.01
MgO 9.95 9.23 9.00 9.84 9.30 9.58 9.65 10.54
CaO 9.57 13.77 9.46 14.97 12.12 14.4 9.42 16.1
SrO 0.04 0.02 0.04 0.03
Na,O 0.03 6.75 0.04 6.06 0.03 6.21 0.01 5.25
Total 100.2 99.9 100.1 100.2 99.9 99.3 100.0 98.7
Si 3.00 2.01 3.01 1.99 3.03 2.00 3.04 1.99
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al 2.00 0.45 2.00 0.42 1.98 0.46 1.99 0.39
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe 1.09 0.07 1.17 0.08 0.95 0.05 1.10 0.07
Mn 0.02 0.00 0.03 0.00 0.02 0.00 0.03 0.00
Mg 1.11 0.49 1.01 0.52 1.04 0.51 1.08 0.57
Ca 0.77 0.52 0.76 0.57 0.97 0.55 0.76 0.62
Sr 0.00 0.00 0.00 0.00
Na 0.00 0.46 0.01 0.42 0.00 0.43 0.00 0.37
Cations 8.0 4.00 8.0 4.00 8.00 4.00 8.00 4.00
Charge 24.0 12.00 24.0 11.99 24.0 12.0 24.1 12.0
Fe*'_calc 0.01 0.00 0.01 0.01 —0.04 —0.04 —0.07 —0.01
Fe?t_calc 1.08 0.07 1.17 0.07 0.99 0.09 1.17 0.08
Total_calc 100.2 99.9 100.1 100.2 99.9 99.1 99.8 98.6
Kb 6.82 8.34 9.80 9.04

x&r 0.26 0.26 0.33 0.26

Trw (°C) 790 735 748 714

Txr (°C) 783 723 739 700

TeG (°C) 812 757 769 736

T (°C) at 30 kbar. KR, Krogh (1988). PW, Powell (1985). EG, Ellis and Green (1979).
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Table 2b

Microprobe analyses of the Bixiling eclogites (Average)

Sample: 02BX018 DB-4 DB-6
Spot: 10 4 2

(b) Phengites

SiO, 53.2 49.4 51.0
TiO, 0.22 0.55 0.37
Al,O3 26.9 26.5 24.7
FeO 1.03 2.52 2.70
MnO 0.01 0.00 0.01
MgO 4.04 3.40 4.02
CaO 0.02 0.00 0.06
SrO 0.03 0.05 0.02
Na,O 0.40 0.65 0.24
K,O 10.15 10.25 10.75
BaO 0.36

F 0.03 0.04 0.02
Cl 0.01 0.01 0.00
O_F_Cl 0.01 0.02 0.01
Total 96.4 93.4 93.8
H,O calc 4.57 4.37 4.40
Total _calc 101.0 97.7 98.2
Si 6.95 6.75 6.94
Ti 0.02 0.06 0.04
Al 4.15 4.28 3.97
Fe 0.11 0.29 0.31
Mn 0.00 0.00 0.00
Mg 0.79 0.69 0.81
Ca 0.00 0.00 0.01
Sr 0.00 0.00 0.00
K 1.69 1.79 1.87
Na 0.10 0.17 0.07
Ba 0.02

Cations 13.8 14.0 14.0
OH _calc 3.99 3.98 4.00
(Si/Al) et 6.95 5.47 7.36

(Si/Al)yei: the Si/Al ratio in octahedral sites.

The samples in this study were from a newly exposed
outcrop in the eastern part of Bixiling, east of Qianshui
River (Fig. 1). Compositional data on phengites, garnets,
pyroxenes from the eclogites, carried out on a JEOL
JXA-8800 M® Electronprobe Microanalyzer at the Faculty
of Earth and Life Sciences, Vrije Universiteit Amsterdam,
are listed in Table 2a. The temperatures obtained by the
garnet-clinopyroxene Fe-Mg exchange thermometer (Ellis
and Green, 1979) indicate that the eclogites used for our
studies formed in the range 730 (rim) to 820 °C (core) (cal-
culated at P = 30 kbar), which are similar to temperatures
obtained in previous studies using the same thermometer
(Zhang et al., 1995; Xiao et al., 2000) and by oxygen iso-
tope geothermometers (Xiao et al., 2000). All the white
mica grains from the Bixiling eclogites are phengites be-
cause of their high Si/Al ratios of 3.81-9.96 with an aver-
age of 6.63, much higher than 3, in octahedral sites
(Table 2b). These high Si compositions are consistent with
the interpretation that phengite also formed during UHP
metamorphism.

The fluid phase involved in UHP metamorphism of the
Dabie eclogites at Bixiling and elsewhere was investigated

in several previous studies (Xiao et al., 2000; Fu et al.,
2001, 2002, 2003). Five types of fluid inclusions within Bix-
iling eclogite were distinguished (Xiao et al., 2000): (1) pri-
mary Ca-rich brines in quartz blebs in kyanite; (2) primary
NaCl-dominated high-salinity inclusions in omphacite and
kyanite; (3) primary NaCl-dominated medium- to high-sa-
linity inclusions in matrix quartz; (4) carbonic inclusions in
omphacite and matrix quartz; (5) secondary low-salinity
aqueous (or pure water) inclusions in matrix quartz. Clus-
ters of water molecules in the elongated garnets of Bixiling
were discovered, which indicated the protoliths were able
to carry water into the mantle during the subduction of
continental lithosphere (Su et al., 2002).

Most of the fluid inclusions in the garnets of Bixiling
are primary and small (<3 um) (Fig. 3). Their small size
in combination with the high refractive index of garnet
prevents the determination of their homogenization/
freezing temperatures and chemical compositions using
a conventional heating—freezing stage. Fluid inclusions
in quartz, often much bigger than those in garnet and
some of them containing gas bubbles, are distributed
within tracks, which may indicate that they are second-
ary and formed later than those in garnet. Clearly sec-
ondary fluid inclusions distributed along micro-cracks in
quartz were also observed. In summary, fluids were mo-
bile in the rock during various stages of the metamor-
phic evolution. It could be argued, therefore, that at
least two periods of fluids affected the garnet after its
crystallization in terms of the observations of the fluid
inclusions in quartz.

3. Experimental techniques

Argon isotope ratios were measured on an MAP-215-50
mass spectrometer in the Argon Isotope Laboratory of the
Vrije Universiteit Amsterdam using techniques modified
from those described by Wijbrans et al. (1995). Samples
and monitor standard DRA1 (sanidine with age of
25.26 +0.07 Ma) were irradiated at the Petten HFR reac-
tor using the Cd-lined RODEO pool-side facility for
18 h. Correction factors for interfering argon isotopes de-
rived from Ca are determined by Wijbrans et al. (1995),
the correction factor for K-derived nucleogenic “’Ar was
re-determined when the Cd-lined tube on Rodeo became
operational. The correction factors are: (*’Ar/*’Ar)c, =
6.73x 1074, (P°Ar/*7Ar)c, =2.64x 1074, (*Ar/*Ar)kx =
1.83 x 1072 and (**Ar/*’Ar)x = 1.211x 1072,

In order to obtain J-values for the samples, the monitor
DRAI1 was packed between every five samples in quartz
sample tubes, each tube containing 10 to 15 packets of
DRAI. From each packet containing DRAT five splits
were used to measure the J-values, then taking the weight-
ed mean as the J-value. DRAI is very homogeneous and
replication is usually excellent (Wijbrans et al., 1995).
Based on the J-values and the positions of DRAI in the
sample tube, a regression line of each sample tube was ob-
tained, and then the J-values of the samples were calculated
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by interpolation from the regression line. The J-value
uncertainty of 0.15% (1o) was propagated into the age
calculations.

The crushing experiments were carried out in an in-
house designed crushing apparatus which was connected
to the extraction line. The crusher consists of a 40 cm
long, 4 cm diameter Inconel® tube. The tube has spherical
curvature on the inside base. The base is made of a 10 cm
long — 4cm diameter solid rod of Inconel® that was
welded to the tube. Crushing is achieved by moving a
magnet steel dead-weight, with a machined spherical cur-
vature on the one end, grooves on the side and a threaded
nipple on the top end (for easy removal). The curvature
on the dead-weight is of slightly smaller radius when com-
pared to that of the crusher base, allowing concentration
of powder near the tube central axis during crushing. Pri-
or to analysis, blanks were reduced by heating the whole
apparatus to 150 °C using heating tape and the sample
tube to 300 °C using a furnace for ca. 12 h. The samples
were crushed by repeatedly lifting and dropping the pestle
using an external electromagnet with a frequency of one
time per second (1 Hz) controlled by an adjustable power
supply and pulse generator. The pestle was dropped from a
height of 3 to 5 cm. As it was found that the gas yield de-
creased during the experiment, the number of the pestle
movements for each successive extraction step was increased
to maintain the argon concentration levels high enough for
measurement.

The phengite was analysed using standard single grain
laser incremental heating techniques where the laser power
is increased for each subsequent step (e.g., Wijbrans et al.,
1995). The released gases were purified by a Fe/V/Zr getter
pump operated at 250 °C and a Zr/Al pump operated at
450 °C. The purified gas was then analysed for the argon
isotopes in the mass spectrometer.

We ran aliquots of air to check the mass spectrometer
state at the beginning of experiments. In order to exclude
the blank contributions of the line, a blank was run after
every three or four gas extraction steps. The blank values
are variable but usually blanks on “’Ar were 100-1000
times smaller than the amount of gas derived from the
crushing experiments. Units used for tabulation of beam
intensity data are Volts. Recent calibration using weighed
amounts of HdB1 biotite standard (3.364 x 10~'° mol/g
radiogenic *°Ar content (Lippolt and Hess, 1994) yielded
an average value of 7.2 x 107> moles Ar per Volt for our
mass spectrometer.

4. Results

The “°Ar/*Ar dating results of three garnets DB-1G,
02BX005 and 02BX019 by crushing and a phengite DB-
IMS by laser heating are shown in Table 3, and the age
spectrum and isochron plots for each sample are shown
in Figs. 4-7. The **Ar/*°’Ar dating results are calculated
using the ArArCALC software package (http://earthref.
org/tools/ararcalc/index.html) (Koppers, 2002) which

consists of Visual Basic® routines that operate as “add-
ins” in Microsoft Excel®.

Crushing in vacuum is the accepted technique to release
selectively gas trapped in crystalline material in fluid inclu-
sions and along cracks and cavities in the crystal. Crushing
apparently has very little effect on the gas component that
is trapped within the crystal lattice: the crushing experi-
ment on the Methuen muscovite (Dunlap and Kronenberg,
2001) showed that only ~0.53% of total *’Ar was released
by crushing. Qiu et al. (2002a) indicated that “‘strong differ-
ences between the results of the crushing and heating exper-
iments of two samples imply that the gases released by
crushing were mainly from the fluid inclusions and those
by heating were from the mineral component of the sam-
ples, which was supported by microscopic observations of
the thin sections and the results of EPMA and XRD anal-
yses”” and “‘the gases within the structures of the solid min-
erals are hardly released by crushing.” Therefore, the
results obtained from our garnet samples by crushing
may be interpreted with some confidence as the contribu-
tion of the fluid inclusions trapped inside the crystalline
mass. In Section 5, we will argue the validity of this
assumption from comparison of the *“’Ar/*’Ar results of
garnets with those of phengite.

4.1. Garnet DB-1G, 02BX005G and 02BX019G

The *°Ar/*Ar ratios of garnet DB-1G as determined
from progressive crushing experiments form an age spec-
trum (Fig. 4a) with apparent ages decreasing dramatically
in the first 9 steps and then an age plateau appears from
steps 10-22 corresponding to a plateau age of 427 4+ 20
Ma (taking about 59.5% of the total *°Ar released by
crushing) by correcting the non-radiogenic “°Ar using
the “°Ar/*°Ar ratio of the modern atmosphere (295.5).
On the inverse isochron diagram of AT/ AT vs
P Ar/*Ar, a well-defined isochron is obtained from the
data points of stages 10 to 22 which corresponds to an
isochron age of 448 + 34 Ma, an initial *°Ar/*°Ar ratio
of 2924+ 5 and an MSWD =4.1 (Fig. 4b). This initial
4OAr/3°Ar ratio is within error of that determined for
present-day atmosphere. A plateau age of 449 + 18 Ma
is obtained when applying this ratio to correct the non-ra-
diogenic “°Ar (Fig. 4a), which is in agreement with its iso-
chron age, indicating the time when the primary fluid
inclusions were trapped and therefore the garnet formed
ca. 450 Ma ago.

The “°Ar/**Ar dating results of garnets 02BX005G and
02BX019G by crushing in vacuo also form quite similar
age spectra and isochron diagrams (Figs. 5 and 6) to those
of the garnet DB-1G: (1) Both age spectra show a decrease
in apparent ages in the beginning steps, and these apparent
ages are all much higher than expected, which indicates
that excess “’Ar exists within the bigger, easily crushed, sec-
ondary fluid inclusions. (2) Both garnets reveal age pla-
teaux in the final steps with concordant plateau ages of
450 £+ 31 and 449 + 10 Ma, respectively (when applying
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Table 3
YOAr/*Ar dating results
Step Pestle drop numbers 3ArA T Arc, BAra PArg 40AL" Age + 20 (Ma) 40AL" (%) FArg (%)
(a) Garnet DB-1G by crushing in vacuum, J = 0.004707, wt = 0.03500 g
1# 8 0.02051 0.32774 0.01113 0.03250 11.69307 1787.4 +21.2 65.86 8.48
2% 10 0.00911 0.11076 0.00018 0.00971 4.94388 2206.4 + 64.3 64.75 2.53
3 15 0.00489 0.11089 0.00021 0.00669 3.45820 2226.0 + 84.6 70.54 1.74
4% 20 0.00610 0.11499 0.00026 0.00996 2.88139 1549.9 +55.3 61.53 2.60
5% 30 0.00690 0.15286 0.00006 0.01130 3.79320 1709.9 + 56.0 65.05 2.95
6" 45 0.01037 0.33253 0.00019 0.01712 5.48263 1658.2 +41.0 64.15 4.46
7 60 0.01368 0.36985 0.00008 0.02007 2.49814 831.9 +33.7 38.19 5.23
8 80 0.01382 0.50270 0.00003 0.02276 3.06295 885.3 +15.0 42.87 5.93
9¢ 100 0.01713 0.60414 0.00029 0.02534 2.78876 752.9 +£24.0 35.52 6.61
10 130 0.01873 0.83619 0.00025 0.02897 1.67318 4339+ 11.2 23.21 7.55
11 160 0.05352 1.10641 0.00016 0.03074 1.80648 440.5 +54.9 10.25 8.02
12 160 0.02084 1.03891 0.00028 0.02627 1.35682 392.6 +41.2 18.05 6.85
13 190 0.02592 1.06574 0.00029 0.02696 1.71723 473.0 +31.8 18.31 7.03
14 210 0.02879 1.23637 0.00051 0.02223 1.03150 356.4 4+ 57.0 10.82 5.80
15 210 0.02882 1.07870 0.00000 0.01525 0.53874 277.5+79.5 5.95 3.98
16 210 0.03512 0.96436 0.00014 0.01012 0.37044 286.8 +129.0 3.45 2.64
17 210 0.02584 0.86191 0.00041 0.00874 0.69210 571.7 £ 135.6 8.31 2.28
18 230 0.02925 1.12377 0.00049 0.01180 0.60794 391.8 + 131.6 6.57 3.08
19 240 0.02700 1.09478 0.00031 0.01168 0.66270 427.1 +104.7 7.67 3.05
20 250 0.02574 1.14535 0.00030 0.01100 0.54879 380.4 +48.7 6.73 2.87
21 280 0.03120 1.25977 0.00063 0.01250 0.79675 473.4 +70.2 7.96 3.26
22 300 0.03757 1.31765 0.00044 0.01177 0.53106 347.4 +70.1 4.57 3.07
(b) Garnet 02BX005G by crushing, J = 0.002015, wt = 0.03204 g
1? 100 0.06301 0.80906 0.00000 0.02302 71.76545 3581.8 £41.8 79.40 15.93
2% 100 0.01365 0.32720 0.00057 0.00626 9.65042 2548.8 +-84.8 70.52 4.33
3 250 0.02809 1.04989 0.00067 0.01783 20.69621 21752 +47.7 71.37 12.34
4% 360 0.03155 1.06498 0.00146 0.01539 17.33187 2137.24+29.8 65.02 10.65
5% 540 0.02331 1.35027 0.00000 0.01471 16.48185 2130.9 + 116.7 70.53 10.18
6" 540 0.01574 0.97905 0.00000 0.00787 6.95928 1845.6 +177.9 59.93 5.45
7 540 0.01612 0.93491 0.00000 0.00722 5.07913 1592.9 + 188.4 51.60 4.99
8* 540 0.02501 0.75979 0.00000 0.00534 2.54236 1213.4 +223.1 25.60 3.70
9¢ 540 0.01005 0.67637 0.00000 0.00479 1.36567 818.4 +162.0 31.50 3.32
10* 540 0.01117 0.53113 0.00000 0.00285 0.95198 928.1 +328.4 22.39 1.97
1 540 0.01100 0.45549 0.00000 0.00207 0.61427 846.1 +416.6 15.90 1.43
12 450 0.00615 0.36297 0.00058 0.00384 0.63343 518.2+52.5 25.86 2.65
13 450 0.02787 0.31782 0.00084 0.00333 0.45846 441.7+97.7 5.27 2.30
14 450 0.00689 0.32307 0.00129 0.00264 0.41647 498.5+110.4 16.99 1.82
15 450 0.00435 0.26646 0.00115 0.00283 0.38522 437.6 +94.3 23.06 1.96
16 540 0.00658 0.31933 0.00114 0.00330 0.40274 396.6 + 64.2 17.16 2.28
17 540 0.00855 0.30528 0.00108 0.00245 0.30428 403.0 + 80.1 10.75 1.69
18 540 0.01030 0.29333 0.00113 0.00186 0.29748 504.9 + 145.7 8.90 1.28
19 540 0.00562 0.30840 0.00188 0.00362 0.43673 392.6 +99.9 20.81 2.50
20 540 0.00531 0.31823 0.00197 0.00280 0.46591 521.2 +£105.1 2291 1.94
21 630 0.00563 0.35372 0.00321 0.00436 0.53061 395.8 +71.9 24.19 3.02
22 630 0.00968 0.29725 0.00313 0.00272 0.37411 440.7 +93.4 11.57 1.89
23 630 0.00777 0.33874 0.00326 0.00344 0.43162 407.0 + 82.6 15.83 2.38
(¢) Garnet 02BX019G by crushing, J = 0.002009, wt = 0.03995 g
1# 150 0.04740 0.42108 0.00074 0.02169 21.58763 1981.8 +22.12 60.65 5.81
2% 270 0.03660 0.59102 0.00063 0.02535 10.02876 1055.3 +17.13 48.11 6.79
3 360 0.04845 0.83005 0.00131 0.03481 9.32054 776.6 + 14.68 39.43 9.32
4% 450 0.05005 0.94362 0.00124 0.03844 8.44792 659.8 + 12.66 36.35 10.29
5% 450 0.05098 0.67791 0.00081 0.02710 6.22333 684.3 +13.39 29.24 7.26
6" 450 0.07750 0.48317 0.00061 0.01684 3.56975 640.0 £ 33.19 13.49 4.51
7t 450 0.01935 0.37733 0.00038 0.01246 1.96181 495.7 +22.45 25.55 3.34
8 450 0.01404 0.33323 0.00052 0.00873 1.36383 492.3+27.43 24.74 2.34
9% 450 0.01265 0.34493 0.00157 0.00833 1.32119 499.0 +26.0 26.11 2.23
10* 450 0.01233 0.25015 0.00064 0.00872 1.37262 495.7 + 32.1 27.37 2.34
11# 450 0.01557 0.40263 0.00168 0.01684 3.21513 585.6 +£23.2 41.14 4.51
12% 450 0.01129 0.38702 0.00136 0.01781 2.90071 510.7 £ 15.3 46.52 4.77
13% 540 0.01258 0.50378 0.00109 0.02271 3.80621 523.6 +14.3 50.60 6.08
14 540 0.00995 0.41429 0.00103 0.01615 2.34847 462.3 +22.4 44.40 4.33
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Table 3 (continued)
Step Pestle drop numbers FAr, Y Arc, BArq PArg H0Ar" Age £ 20 (Ma) AL (%) ¥ Arg (%)
15 540 0.01287 0.47995 0.00071 0.01785 2.52624 451.5+17.5 39.92 4.78
16 540 0.01114 0.42407 0.00000 0.01544 2.09985 435.7+20.2 38.94 4.14
17 540 0.01121 0.45696 0.00105 0.01400 1.96597 4484+ 19.0 37.23 3.75
18 540 0.01959 0.42238 0.00038 0.00962 1.26246 422.1+29.9 17.90 2.58
19 540 0.01530 0.49893 0.00112 0.01353 1.75648 4182 +21.2 27.98 3.62
20 540 0.01950 0.37054 0.00051 0.00670 0.87452 420.2 +47.9 13.18 1.79
21 540 0.00951 0.29969 0.00024 0.00312 0.46308 470.7+71.9 14.14 0.84
22 630 0.00987 0.38211 0.00059 0.00422 0.57510 4369 +71.0 16.48 1.13
23 720 0.02474 0.78862 0.00111 0.01298 1.85798 4559+ 179 20.26 3.48
(d) Phengite DB-1MS by laser stepped heating, J = 0.004784
Step Laser powers A1, T Arc, BAre PArg 40AL" Age (Ma) £+ 20 4OAL" (9 0) FArg (¢ 0)
1* 0.15W 0.00105 0.00000 0.00000 0.01444 1.30180 646.8 +-48.0 80.81 0.47
025 W 0.00196 0.00000 0.00000 0.05740 5.40949 671.4+13.8 90.35 1.86
3 0.30 W 0.00115 0.00000 0.00020 0.06319 5.46312 624.54+16.8 94.15 2.04
4% 035W 0.00219 0.03300 0.00034 0.19993 13.40358 501.9 +5.7 95.39 6.46
5 0.38 W 0.00339 0.00068 0.00017 0.35132 26.32682 552.7+3.6 96.33 11.36
6 041 W 0.00258 0.05011 0.00007 0.30335 22.46300 547.1+2.3 96.72 9.81
7 045 W 0.00462 0.00000 0.00027 0.39498 35.93599 651.9 +4.1 96.34 12.77
8 0.50 W 0.00299 0.00000 0.00000 0.19062 18.19797 678.7+3.3 95.36 6.16
9 0.55 W 0.00184 0.02412 0.00000 0.12638 11.16373 6359+ 3.7 95.36 4.08
10 0.62 W 0.00093 0.04381 0.00006 0.06081 4.96927 5953472 94.78 1.97
11 0.70 W 0.00064 0.02521 0.00028 0.08196 6.04376 545.1+7.0 96.95 2.65
12 0.80 W 0.00517 0.00000 0.00000 0.65292 46.66818 530.6 £2.2 96.83 21.10
13? 0.85 W 0.00069 0.00202 0.00049 0.06663 4.25842 481.3+9.2 95.42 2.15
14 0.90 W 0.00017 0.00000 0.00063 0.01826 1.32901 539.0 £37.0 96.44 0.59
15 Fused 0.00409 0.00000 0.00014 0.51159 40.04485 573.8 £2.2 97.07 16.54

The argon isotopes are listed in volt.
@ Steps excluded from the isochron age calculations.

their initial “*Ar/?®Ar ratios from the isochron lines to ex-
clude the non-radiogenic “’Ar). (3) The data points of the
steps contributing to the plateaux yield isochron lines with
concordant isochron ages of 459 4+ 58 and 450 + 22 Ma
corresponding to initial “’Ar/*°Ar ratios of 294.5+ 6.7
and 293.9 + 5.8, respectively, which also indicates that no
excess “’Ar is present within the small primary fluid
inclusions.

In summary, all three garnets yielded similar age spec-
tra, similar initial **Ar/>®Ar ratios and plateau ages point-
ing to formation during the Caledonian period.

4.2. Phengite DB-1MS

The phengite of sample DB-1IMS analyzed by laser
stepped heating yielded a complicated two-saddle-shaped
age spectrum with a total fusion age of 575 + 3 Ma (Fig. 7a).

In the isotope correlation diagram of **Ar/*°Ar—*Ar/*’Ar
based on the “°Ar/*°Ar dating results, the points show an
isochron trend but scatter significantly. An isochron age
of 463 +116 Ma with an initial *°Ar/°°Ar ratio of
1843 4+ 1740 is obtained by excluding three points (blank
square) far removed from the isochron line (Fig. 7b).
Applying this initial ratio to correct the non-radiogenic
“0Ar component, a spectrum corresponding to a lower age
for each step is obtained with a total fusion age of 468 + 6
Ma (the dotted lines in Fig. 7a).

5. Discussion
5.1. Garnet age spectra

The proportions of **Ar defining the age plateaux of the
three garnets show that DB-1G was less profoundly affected
by secondary fluids than 02BX005G and 02BX019G.
The key *°Ar/*’Ar data obtained from the crushing
experiments on the three garnets are listed in Table 4. The
isochron and plateau ages of the three garnets are concor-
dant, which suggests that they are geologically meaningful.

Comparing these new results with the “°Ar/*’Ar dating
results of crushed quartz samples from hydrothermal
deposits that contain excess “°Ar within fluid inclusions
(Qiu, 1996; Qiu et al., 2002a,b), we note that the shapes
of the spectra have features in common. Both types of
experiments show spectra with very high initial ages that
decrease towards a plateau in the final 25-33% of the gas
release. However, the distributions of the data points in
the isochron diagrams are quite different. In the case of
the hydrothermal quartz samples all the points are typically
distributed near the isochron lines with high initial
YOAr/*°Ar ratios showing clearly the presence of excess
4OAr within all fluid inclusions. The argon isotope correla-
tion diagrams show contributions from two reservoirs: (1)
radiogenic “°Ar formed by the decay of “°K within the fluid
inclusions and (2) the initial Ar component trapped in the
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Fig. 4. “*“Ar/*Ar dating results of garnet DB-1G by crushing: (a) age
spectra; (b) inverse isochron. The apparent ages marked by solid and dot
lines are calculated, respectively by applying modern atmosphere
“OAr/*®Ar ratio 295.5 and the initial “°Ar/*®Ar ratios from the isochron
plot to correct the non-radiogenic “°Ar.

fluids. This two sources of argon form a simple two reser-
voir mixing line. In contrast, for garnets DB-1G,
02BX005G and 02BX019G, we observe a clear division
into two separate populations of points. The first group
is characterized by easily liberated gas with an argon iso-
tope composition that shows a scattered distribution in
the isochron diagram and yields anomalously old ages in
the age spectrum. This group shows a typical excess argon
trend but no linear array, suggestive of mixing of at least
three components. The second group comprises gas that
is only released after prolonged crushing and that is char-
acterized by a well-defined isochron with a non-radiogenic
intercept close to modern atmosphere. From these results
we conclude that the argon isotopic signal obtained from
the fluid inclusions of these garnets can be explained in
terms of three reservoirs contributing to the observed ar-
gon release. The first reservoir contributes mainly excess
“0Ar to the initial steps of the experiment, the second con-
tributes an Early Paleozoic radiogenic signal and the third
contributes an atmospheric signal. The radiogenic and
atmospheric argon components form well-defined isoch-
rons. As the release of these two components is apparently
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Fig. 5. “°Ar/*’Ar dating results of garnet 02BX005G by crushing: (a) age
spectra; (b) inverse isochron.

linked, we assume that they are derived from the same
source. One possibility is that excess argon is so much more
abundant in the first steps of the experiments that it may
hide the contribution of radiogenic and atmospheric argon.
More likely, the excess argon resides in a different class of
inclusions that is not linked to the source of the radiogenic
and atmospheric argon.

We assume that in stepwise crushing experiments the
largest, most easily crushed inclusions contribute to the
gas in the initial steps of the experiment. We base this
assumption on the observation that during this stage of
the experiment, large gas intensities are generated by limit-
ed crushing movements (1-10 impacts per step). This gas
fraction is dominated by excess “°Ar which we argue is
hosted in the larger secondary inclusions, most likely incor-
porated into the garnet during a phase of increased fluid
mobility after the peak UHP conditions or even later, after
UHP metamorphism had ended. High concentrations of
excess *’Ar at the grain boundaries are commonly attribut-
ed to the effects of cumulative release of radiogenic *°Ar
from the protolith that degassed during metamorphism
(e.g., Kelley, 2002). Once released from the crystalline res-
ervoir it was dissolved in the fluid phase that was trapped
in rock during UHP metamorphism. Entrapment in the
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Fig. 6. “°Ar/*Ar dating results of garnet 02BX019G by crushing: (a) age
spectra; (b) inverse isochron.

secondary fluid inclusions must have occurred at some time
after crystallization of the garnet, and before this fluid
phase was lost during progressive decompression. We
acknowledge that we cannot distinguish between multiple
groups or generations of excess argon-bearing secondary
fluid inclusions, i.e., during polyphase metamorphism there
may have been several periods favoring a high argon par-
tial pressure in the metamorphic fluid. In the argon data
presented here, they are all grouped together as post-dating
the early signal that is revealed by prolonged crushing.
Only after hundred steps of pestle movements do we ob-
serve gas that is apparently a mixture between atmospheric
and radiogenic argon, without an apparent contribution of
excess *°Ar. Gas from smaller inclusions is progressively
more difficult to release, which is reflected in the observa-
tion that it takes progressively more pestle movements
(>50 per step) to obtain sufficient gas to perform an anal-
ysis. Once we have entered this part of the experiment we
observe the gas component corresponding to the age pla-
teaux that we argue to be the contribution of the primary
fluid inclusions.

The concordant initial “°Ar/>°Ar ratios of 292.1-294.5
found for the three garnets, which are within the analytical
uncertainty equal to the *°Ar/*°Ar ratio of the modern
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Fig. 7. ““Ar/*Ar dating results of phengite DB-1MS by laser stepped
heating: (a) age spectra: The real and dotted line age spectra are obtained
by correcting non-radiogenic *“’Ar, respectively with the modern atmo-
spheric ratio of 295.5 and with the initial **Ar/*®Ar ratio of 1843 + 1740 of
its isochron (b). The grey line shows the ratio of extraneous *°Ar (**Arg)
to the in-situ potassium decay radiogenic *’Ar(**Arg) by
(40Ar*—4°ArR)/4OArR (here YOAr" =OArg + *Arg = “°Ar,,-295.5 x *Ar,,,
m: measured data) in each heating step. (b) inverse isochron.

atmosphere, support the conclusion from oxygen isotope
studies that the protoliths of these eclogites underwent
near-surface interaction with meteoric water before the
high- to ultrahigh-pressure metamorphism (Yui et al.,
1995; Baker et al., 1997; Zheng et al., 1999). If this is the
case, then some atmospheric argon may have been incorpo-
rated into hydrous minerals during the process of surface
water-rock interaction and partly retained in the rock even
during the subsequent prograde phase of high-pressure
metamorphism, i.e., the period before decreased permeabil-
ity of the rock due to high to ultra-high lithostatic pres-
sures. The results of Fourier transform infrared
spectrometer analyses for garnets from Bixiling also dem-
onstrated that all the garnets contain structural water as
hydroxyl (OH) with concentration ranging from 164 to
2034 ppm (H,O wt.) (Sheng et al., 2004).

Within garnet, the most likely present K-rich mineral
inclusion is phengite. If perceivable amounts of gases were
released from phengite inclusions by crushing, and the
phengite trapped inside the garnet is the same as the
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Table 4
The key “°Ar/*Ar data of the garnets by crushing
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Initial ratio of “°Ar/*°Ar

Sample J FAr % in age plateau Plateau age A* (Ma) Plateau age B®(Ma) Isochron age (Ma)
DB-1G 0.004707 59.5 427+ 20 449 + 18 448 + 34 292.1 £4.5
02BX005G 0.002015 27.2 443 + 31 450 + 31 459 £+ 58 294.5 £ 6.7
02BX019G 0.002009 30.4 444 £+ 10 449 + 10 450 £22 2939 +5.8
@ Apply the “°Ar/*°Ar ratio of the modern atmosphere to exclude the non-radiogenic “°Ar.
® Apply the initial “*Ar/>*®Ar ratio from the isochron lines to exclude the non-radiogenic *°Ar, respectively.
phengite that was analysed from the bulk rock, than its 40000
contribution to the signal would have a profound effect
on the shape of the age spectra and on the initial “*Ar/>*Ar
30000 A o o

ratio of garnet. In particular, the last steps of the age
plateaux and the atmospheric initial *°Ar/*°Ar ratios would
never been obtained. Therefore, we argue that the gas
released by crushing must be the contribution mostly from
the fluid inclusions and not from mineral inclusions.

Thus, we suggest that the simplest hypothesis is the most
likely: the garnet fraction of the Bixiling eclogite was
formed during the early Paleozoic, rather than in the Trias-
sic as was implied from previous geochronology. From the
garnet compositional data we argue that the garnet formed
during UHP metamorphism. The age—although somewhat
disturbed—and chemical composition of the eclogite
phengite are consistent with this interpretation.

5.1.1. Correlations between Cl and K derived Ar isotopes

The correlation between CIl- and K-derived Ar isotopes
may help us to identify the different Ar sources in the fluid
inclusions (Kelley et al., 1986; Turner and Bannon, 1992;
Turner and Wang, 1992; Qiu, 1996; Hu et al., 1998, 2004
Kendrick et al., 2001; Qiu et al., 2002b).

5.1.1.1. PArPPdre, vs *Ar'P%4re. The plots of
FArg/BAre vs PAr'/*8Arg based on isotopic analysis
of the three garnets by crushing are shown in Fig. 8. The
data points of the first several steps show high *°Ar"/*®Ar
ratios and scatter, and in the case of 02BX005G, no ¥Arc
is released in steps 5-11. As expected, these data points
contributing to the age plateaux also define correlation
lines with slopes corresponding to ages of 442, 445 and
439 Ma for DB-1G, 02BX005G and 02BX019G, respec-
tively, which are in good agreement with their isochron
ages. These correlation lines suggest that the components
released by crushing are from the fluid inclusions, in other
words, the air-component end member shown in the
isochron plots of *Ar/*’Ar vs *Ar/*’Ar are from the fluid
inclusions with garnets, but not an artefact caused by
release of argon from the metal of the crusher.

“OAr/*Ar crushing experiments on the hydrothermal
quartz (Qiu et al., 2002b) and the UHPM garnet samples
show good correlation lines of PArg/BAre s
YOAr" /¥ Arg corresponding to reasonable ages. Therefore,
the correlation plot of **Ark/*®Arcy vs *°Ar'/*8Ar¢, per-
haps provides another approach for obtaining the K-poor
sample’s ages in crushing experiments.
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Fig. 8. Plots of 3°Arg/*Arc; vs “°Ar’/*®Arc, based on the “°Ar/*°Ar data
of the garnets by crushing. These data points defining the age plateaux ()
also define correlation lines with slopes corresponding to ages of 442, 445
and 439 Ma for DB-1G, 02BX005G and 02BX019G, respectively.
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5.1.1.2. B4rc’Arg vs *Ar'P°Arg. The plots of
BAra/Ark vs “°Ar’/°Ark based on the *°Ar/*Ar data
of the garnets by crushing are shown in Fig. 9. The data
points of the first several crushing steps show high
A" °Arg ratios and scatter, and in the case of
02BX005G, as noted in the previous paragraph, no **Arg
is released in steps 5-11. The “°Ar’/*Arg ratios of these
steps defining of the age plateaux are relatively constant
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Fig. 9. Plots of **Arc/*’Ark vs “°Ar’/*°Arg based on the “°Ar/*Ar data
of the garnets by crushing. The “°Ar"/*Ar ratios of those steps defining
the age plateaux () are relatively constant with respect to the ratios of
BAra/PArk, corresponding to ages of 443, 455 and 442 Ma for DB-1G,
02BX005G and 02BX019G, respectively.

with respect to the ratios of BAra/ Ark. Average values
of “Ar"/*’Arg vyield ages of 443, 455 and 442 Ma for
DB-1G, 02BX005G and 02BX019G, respectively, in good
agreement with the isochron ages.

In cases where the *°Ar"/*’Arg ratios clearly correlate
with *Arq/*®Argratios, the intercepts of “°Ar’/*°Arg will
correspond to reasonable ages (Qiu et al., 2002b).

5.1.2. Application of the *°ArP° Ar crushing technique

Most of the crushed powder particles resulting from
crushing experiments after 3300 pestle drops range in size
from 0.5 to 0.05 pm when measured by SEM. This size range
would suggest that most of the fluid inclusions within garnet
observed by optical microscope should have been extracted
by our crushing apparatus. In our experience, samples
where fluid inclusions were easily found by microscope usu-
ally yielded reasonable *“°Ar/*°Ar isochron ages by crushing.
Because potassium is generally present in the fluid inclusions
with a range in K/*Ar ratios, the data points cover a wide
range on the isochron plots of **Ar/*°Ar vs **Ar/*°Ar. The
initial **Ar/?°Ar ratios may indicate whether excess “’Ar ex-
ists within the fluid inclusions or not. Therefore, the
“OAr/*’Ar crushing technique could be applied to date
hydrothermal and metamorphic K-poor minerals contain-
ing fluid inclusions or to investigate the fluid evolution dur-
ing mineralization or metamorphism. As both “°K and *°Ar
are encapsulated in the inclusion, retention of argon is a
function of the diffusivity of argon in garnet, which we as-
sume is very low. Potassium may well be in solution in these
aqueous fluids, the argon is simply trapped in the inclusion
either in a gas bubble or dissolved in the liquid.

5.2. Phengite age spectrum

The initial *°’Ar/*°Ar ratio of 1840 + 1740 of phengite
DB-1MS is obviously much higher than that of the modern
atmosphere, showing the presence of extraneous *’Ar within
the phengite. We take the isochron age of 448 Ma of the coex-
isting garnet by crushing (Fig. 4b) as its real age to calculate
ratios of extraneous “°Ar (*°Arg) to the in situ potassium de-
cay radiogenic °Ar (*°Arg) by (**Ar"—**Arg)/*°Arg with
A" =4 A1k + PArg = “Ar,,-295.5 x *°Ar,,, m: mea-
sured data.

In total the *°Arg/*’Arg ratio is about 1/3 within the
phengite, and the *°Arg/*’Arg ratios are quite inhomoge-
neous from 0.08 to 0.62 (Fig. 7a, the grey line) in the heat-
ing steps.

Two possible sources of extraneous *°Ar exist: (1) inher-
ited “*Ar from protolith (Giorgis et al., 2000); (2) excess
4OAr in the fluid during retrograde metamorphism incorpo-
rating into the phengite crystal lattice by diffusion. The
inhomogeneous distribution of extraneous “°Ar within
the phengite causes the abnormal high *°Ar/*°Ar apparent
ages and the data point scatter on the isochron diagrams.

In terms of the occurrence of extraneous “’Ar within
garnet and phengite, we infer that excess “’Ar together
with fluid entered the minerals during the retrograde
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metamorphism. High partial pressures of argon in the
metamorphic fluid during (U)HP metamorphism may have
caused “°Ar to diffuse into interlayer sites in the phengite
crystal structure. In contrast, the compact crystal structure
of garnet and its resultant low argon diffusivity prevented
the intake of excess “°Ar into the garnet crystal lattice, with
the exception for argon trapped along micro-cracks where
secondary fluid inclusions are distributed. Thus, the lack
of excess *°Ar that is found within garnet by “’Ar/*Ar
UV-laser ablation analysis (Giorgis et al., 2000) is perhaps
a function of the very low diffusivity of argon in garnet and
the high content of excess argon in phengite is a function of
the higher diffusivity of argon in phengite.

5.3. The age of metamorphism of the Bixiling eclogite

In a recent study using a SHRIMP II instrument, a series
of zircon samples from the Bixiling eclogite and granitic
gneiss were dated using the U/Pb technique. The weighted
mean ages of the SHRIMP zircon U-Pb ages of zircons
from the dark coloured eclogite, light coloured eclogite
and granitic gneiss are 455 +4, 452 + 3 and 442 + 2 Ma,
respectively (cited in Yang et al., 2002). These ages are in
good agreement with each other, and in excellent agreement
with the “°Ar/*Ar isochron age of the primary fluid inclu-
sions of the garnets by crushing found in the present study.
Whereas the U/Pb age of low-U zircons can be determined
with high analytical precision, the link between zircon
growth and the PTr history of the rock is not always
straightforward. Zircon may grow during primary magmat-
ic crystallization, and during subsequent metamorphic
events. As a consequence, pre-Triassic zircon ages until
now could be dismissed as recording various stages of pro-
tolith history. In contrast, with the “*Ar/*Ar technique, age
information is obtained on minerals that define the meta-
morphic assemblage. The phengite ages by themselves are
not strong evidence for an older metamorphic age of Bixil-
ing because of the potential presence of inherited or excess
4OAr. Our garnet results, however, demonstrate that within
the garnets a reservoir is preserved that also records the ear-
lier Paleozoic age, and at the same time due to its isochron
relation can only be interpreted as a mixing line between
radiogenic argon and atmospheric argon. Thus, from our
work we contend that the eclogite mineral assemblage
phengite—garnet formed during the early Paleozoic and
not in the Triassic. This information in combination with
the zircon U-Pb (Yang et al., 2002) and other previous data
in Table 1, represents strong evidence that Bixiling has had
a complex thermal history recording both Paleozoic and
Triassic metamorphic ages.

In summary, we suggest that while the effects of Triassic
metamorphism in the Dabie-Sulu terrain are undeniably
profound, the largest of the Dabie eclogite bodies, Bixiling,
shows evidence that it was formed earlier, with primary
igneous ages perhaps as old as the late Precambrian, and
that the (U-)HP mineralogy first formed in the early Paleo-
zoic, i.e., well before the dominant Triassic (U-)HP event.

On the basis of SHRIMP U-Pb zircon data combined
with mineral and whole-rock Sm-Nd, *°Ar/*’Ar and
207pp/2%%Ph data, Jian et al. (2000) concluded that Xiong-
dian eclogite in northwestern Dabieshan formed between
424 and 480 Ma. Gao et al. (2002) also obtained SHRIMP
U-Pb zircon ages of 461 4 7 Ma for the Yingshan eclogite
and 449 + 14 Ma for the Xiongdian eclogite. Coesite-bear-
ing zircons from a Qinglongshan eclogite in the south Sulu
belt yielded early Paleozoic UHPM ages of 441 +9,
449 + 9 and 442 4+ 9 Ma, whereas the core of a zircon con-
taining plagioclase and apatite inclusions gave a protolith
age of 761 +£13 Ma (Yang et al., 2005). Paleozoic
SHRIMP U-Pb zircon ages of 505-455 Ma were also
reported for the coesite-bearing paragneisses in drill holes
at Donghai, southwestern Sulu terrane (Liu et al., 2005).
In the last decade, ultra-high-pressure and high-pressure
metamorphism in eclogites, gneisses and granulites was
also found along the belt from Dabieshan, Qinling to
northern Qaidam and Altyn Tagh (the Central Orogenic
Belt of China) (Fig. 10). These rocks were all formed dur-
ing a metamorphic event around 450-500 Ma. For the Al-
tyn Tagh eclogites, the Sm—Nd isotopic data yield a whole
rock-garnet-omphacite isochron age of 500 &+ 10 Ma, and
U-Pb zircon ages from the same eclogite show four popu-
lations that are near concordant, giving a weighted mean
age of 504 + 5 Ma (Zhang et al., 2001). For the Altyn Tagh
granitoid gneiss, the SHRIMP zircon ages of 484-491 Ma
were obtained (Zhang et al., 2004). For the eclogites at the
northern margin of Qaidam basin, the weighted mean zir-
con U-Pb age of 495+ 7 Ma, SHRIMP U-Pb ages of
486-488 Ma, and “°Ar/*°Ar isochron age for phengite of
466-477 Ma were obtained (Zhang et al., 2000, 2005). Coe-
site-bearing zircons from a North Qaidam gneiss yielded
UHP metamorphic ages of 452 + 13.8 Ma (Yang et al.,
2005). For the northern Qinling granulite, LA-ICP-MS zir-
con U-Pb age of 485+ 3 Ma was reported (Chen et al.,
2004). Hacker et al. (1998) questioned the prevailing
assumption that the Triassic ages of zircons from Qin-
ling-Dabie formed at ultrahigh pressure and proposed in-
stead that they reflect late retrogression at crustal
pressures following the bulk of exhumation. Hacker et al.
(1998) also agreed with the interpretation of ~480 to 400
Ma as the metamorphic ages occurred in Qinling.

Thus, our new results support an emerging picture that
early Paleozoic (U-)HP metamorphism was widespread in
the Central Orogenic Belt of China.

6. Conclusions

The main new findings from this study are summarized
as follows:

(1) The *°Ar/*’Ar crushing technique has been applied to
garnets from the Bixiling UHPM eclogites. The meth-
od appears to successfully deconvolve argon from dif-
ferent sources within the garnets. Argon released early
in the crushing experiments yields anomalously old
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Fig. 10. Simplified geological map showing the Caledonian ages recently obtained from the eclogites, gneiss and granulite in the Central Orogenic Belt of

China.

ages indicative of excess argon, whereas argon released
in later parts of the experiments yields relatively con-
cordant ages that do not appear to be affected by excess
argon.

(2) Excess argon released early in the experiments are is
interpreted to be sourced from relatively large sec-
ondary fluid-inclusions, which were formed subse-
quent to initial UHP metamorphism and garnet
crystallisation. Radiogenic argon released in later
parts of the experiments in interpreted to derive from
small primary fluid-inclusions trapped during garnet
growth. The “°Ar/*Ar ages derived from these pri-
mary fluid-inclusions are therefore regarded as
approximating the time of garnet growth during
UHP metamorphism. The absence of excess argon
in the primary fluid inclusions indicates that excess
argon was not present during original crystallisation
of the garnets at eclogite-facies conditions, but
entered the garnets during later fluid activity subse-
quent to garnet crystallisation.

(3) The concordant “°Ar/**Ar plateau ages and isochron
ages of ca. 450 Ma of the garnets DB-1G, 02BX005G
and 02BX019G by crushing are in excellent agree-
ment with the SHRIMP zircon U-Pb ages of the Bix-
iling eclogites and granitic gneiss. The geological
significance of these early Paleozoic ages should be
further investigated. However, as these ages were
obtained from eclogite-grade metamorphic garnets,
we contend that we are in fact dealing with a meta-
morphic signal rather than with a signal related to
the protolith of these eclogites.
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