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Abstract The Darongshan-Shiwandashan Indo-Sinian S-type granites from SE Guangxi Province contain abundant metasedimentary
granulite enclaves. The mineral assemblages of spinel + quartz and orthopyroxene + sillimanite + quartz in some granulites indicated
ultrahigh-temperature metamorphism in the region. Using garnet-orthopyroxene geothermobarometry the estimated P-T' conditions for
peak metamorphism are: P =7.5 ~8. Okbar and T=950 ~1000°C  and P =3.2 ~3. 7Tkbar and T =790 ~820°C for retrograde stage.
Combined mineral assemblages and metamorphic reaction textures with P-T calculation the granulite enclaves in the Shiwandashan area
experienced a three-stage metamorphic history. The early prograde metamorphism extended into the stable field of sillimanite; The peak
stage of the ultrahigh-temperature metamorphism was characterized by the mineral assemblages of spinel + quartz and orthopyroxene +
sillimanite + quartz and the retrograde metamorphism was marked by formation of orthopyroxene + cordierite and/or orthopyroxene +
plagioclase symplectites and coronas around garnet suggesting a near-isothermal decompression path. This clockwise P-T" path in
granulites was consistent with the Late Paleozoic to Early Mesozoic crustal evolution including initial crustal thickening subsequent

rapid exhumation and cooling and remelting.

Key words Ultrahigh-temperature metamorphism; Granulite enclaves; Shiwandashan area; South China
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Fig.1 A simplified geological map of the Darongshan-Shiwandashan granite belt and sampling locations
1-granite; 2-granite porphyry; 3-Lower Palaeozoic; 4-Upper Palaeozoic; 5-Mesozoic; 6-Cenozoic; 7-number of granite: (D-Jiuzhou granite (2)-Taima

granite  (3)-Pubei granite; 8-fault; 9-uncomformity; 10-sampling location
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Fig.2 Field characteristics of the granulite enclaves and host granites
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( d) -occurrences of the granulite enclaves and host granites showing that they are closely associated
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Fig.3  Photomicrographs illustrating representative metamorphic reaction textures of the granulite enclaves in the Darongshan—
Shiwandashan area

(a) (b) -ultrahigh-temperature mineral assemblage of orthopyroxene + sillimanite + quartz( —); ( c) -ultrahigh-temperature mineral assemblage of
spinel + quartz ( BSE) ; ( d) -garnet porphyroblast surrounded by cordierite with the ultrahigh-temperature mineral assemblage of spinel + quartz and
coexisting spinel and diaspore in the cordierite ( BSE) ; ( e) -garnet mantled by symplectic coronae of orthopyroxene + cordierite ( —) indicating the
retrograde reaction Grt + Qtz = Opx + Crd; ( f) -garnet mantled by symplectic coronae of orthopyroxene + cordierite( —) indicating the retrograde
reaction Grt + Qtz = Opx + Pl; ( g) -quartz biotite plagioclase and sillimanite inclusions in garnet porphyroblast mantled by symplectic coronae of
orthopyroxene + cordierite indicating the prograde reaction Bt + Sil + Qtz = Grt + L or/and Bt + Sil + Pl + Qtz = Gt + Kf + L; ( h) -peak stage mineral
assemblage of garnet + orthopyroxene + plagioclase + quartz ( —) ; (i) -biotite surrounded by fingerike orthopyroxene ( —) indicating the retrograde
reaction Bt + Qtz = Hy + Kf + H,0; ( j) -biotite with exsoluted needlelike rutile ( —) . Abbreviations: Grt-garnet; Hy-hypersthene; Qtz-quartz; Bt—

biotite; Pl-plagioclase; Kf-Keldspar; Crd-eordierite; Spl-spinel; Sil-sillimanite; Ilm-ilmenite; Rt—utile; Dsp-diaspore
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1 (wt%)
Table I  Representative analyses of garnet in granultite enclaves ( wt%)
060726 060227 07074
Si0, 36.98 36. 68 37.68 38.19 37.07 37.59 37.50 37.40 37.86 37.35
TiO, 0.01 0.07 0.02 0.10 0.11 0.00
Al, 04 21.31 21.39 22.41 22.27 22.06 22.37 21.45 21.67 21.26 21.55
Cr, 04 0.02 0. 06 0.09 0.04 0.03 0.03 0.03
FeO 34.08 34.20 28. 60 28. 06 29.72 30. 07 29.52 30. 56 28.55 33.69
MnO 1.37 1. 66 0.83 0. 81 1.30 1.12 4.29 2.31 3.71 1.55
MgO 5.46 4.76 7.80 8.01 6. 69 6. 65 4.09 5.65 4.70 4.15
Ca0 0.79 0.74 1.58 1.65 1.53 1.48 2.77 1.28 3.23 1.52
Na, O 0.02 0.05 0.37 0.15 0.34 0.15 0. 00 0.08 0. 04 0.02
K,O0 0.02 0.03 0.01 0. 05 0.01
Total 99.99 99.52 99. 51 99.27 98. 80 99. 65 99.76 98. 98 99. 58 100. 02
12
Na* 0. 00 0.01 0. 06 0.02 0. 05 0.02 0. 00 0.01 0.01 0.00
K* 0. 00 0. 00 0.00 0. 00 0. 00 0.00 0. 00 0. 00 0. 00 0.00
Mg?* 0. 65 0.57 0.90 0.93 0.79 0.78 0.49 0. 67 0.56 0.49
Sit* 2.94 2.94 2.93 2.98 2.93 2.95 3.00 2.98 3.01 2.98
Ca®* 0.07 0. 06 0.13 0.14 0.13 0.12 0.24 0.11 0.27 0.13
AR 1.99 2.02 2.05 2.04 2.05 2.07 2.02 2.03 1.99 2.03
Fe?* 2.13 2.17 1.73 1. 81 1.81 1.93 1.98 2.02 1.92 2.25
Fe’* 0.14 0.12 0.13 0.02 0.15 0. 04 0.02 0.00
Ti** 0. 00 0. 00 0. 00 0. 00 0. 00 0.01 0. 00 0. 00 0.01 0.00
Mn?* 0.09 0.11 0.05 0. 05 0.09 0.07 0.29 0.16 0.25 0.11
't 0. 00 0.00 0. 00 0.01 0. 00 0. 00 0.00 0. 00 0. 00 0. 00
4 07QZ4)
Fig.4 Composition profile of the garnet in the granulite enclaves ( Sample 07QZ)
N 12.99% ~22.90%
3h) 64.00% ~ 79.31% 1.89% ~9.74%
2.57% ~9.97 % » (
o 26.75% ~32.10% 4) : MgO.FeO.MnO  CaO
61.28% ~66.41% 4.13% ~5.18% MgO FeO
1.83% ~3.09% o o
1 MgO FeO ( 2 2
o : - 0.05 ~
+ 3e-g) 0. 15¢m 0.2cm lem
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2 (wi%) 3 (wWi%)
Table 2 Representative analyses of orthopyroxene in granultite Table 3 Representative analyses of biotite in granultite enclaves

enclaves ( wt%) (wt%)
06QZ-24 060Z26 06QZ-27 070z 060724 060727
ot Rt Hy Grt Hy
Si0, 48.74 48.29 47.42 47.80 48.41 48.35 46.95 47.75 Si0, 35.14 35.65 34.74 36.26  35.56
TiO, 0.23 0.25 0.22 0.25 0.12 0.01 0.14 0.20 Ti0, 6.08 6.36 5.81 3.41 3.30
ALO; 2.44 2.86 3.41 3.25 4.58 4.58 3.28 2.85 AL, 0; 14.91 15.23 14.82 14.92 15.62
Cr,0, 0.05 0.02 0.14 0.22 0.04 0.25 0.0 Cr, 05 0.08 0.06 0.17 0.07  0.05
FeO 34.18 32.95 35.95 34.58 29.65 29.84 37.27 36.61 FeO 18.49 20.13  20.43 18.09  17.11
MnO 0.77 0.95 0.49 0.68 0.37 0.36 0.49 0.48 MnO 0.04 012 0.13 0.04 - 0.04
MgO 13.88 13.53 11.97 12.47 15.81 15.71 11.65 11.81 MgO 9-51 9.22 9-14 10.84 1175
Ba0 0.11 0.26 0.35
Ca0 0.19 0.21 0.16 0.12 0.11 0.15 0.12 0.18 a0 000 0.00
Na, O 0.01 0.05 0.0 0.25 0.25 0.06 0.04 Nay 0 0.28 0.2 0.20 035 0.53
K,0 0.02 0.01 0.02 0.03 0.03 0.02 0.02 K,0 10.01 8.0 10.20 017 991
Total 100.51 99.08 99.83 99.37 99.37 99.28 100.21 100.04 Total 94. 64 95.37 95.98 04.14  93.87
6 24
Si 1.97 1.99 1.97 1.98 1.99 1.99 1.95 1.97 Si 5.68 5.69 5.62 5.86 5.74
Ti 0.01 0.0l 0.0 0.0l 0.00 0.00 0.00 0.0l ALV 2.32 2.31 2.38 2,14 2.26
AV 0.03 0.01 0.03 0.02 0.01 0.01 0.05 0.03 A 0.52 0.56 0.44 0.70 0.71
AIM 0.08 0.12 0.14 0.14 0.21 0.21 0.11 0.11 Ti 0.74 0.76 0.71 0.42 0.40
Cr 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.00 Fe’* 0.00 0.00 0.00 0.00  0.00
Fe** 0.05 0.01 0.04 0.01 0.0l 0.02 0.08  0.04 Fe?* 2.50 2.69 2.76 2,45 2.31
Fe2* 1.10 1.12 1.21 1.19 1.0 1.01 1.21  1.23 Cr 0.0l 0.01 0.02 0.01 0.0
Mn 0.03 0.03 0.02 0.02 0.01 0.0l 0.02  0.02 Mn 0.01 0.02 0.02 0.0r0.01
Mg 0.84 0.83 0.74 0.77 0.97 0.96 0.72  0.73 Mg 2.29 219 2.20 261 2.83
Ca 0.01 0.01 0.0 0.01 0.00 0.01 0.01 0.0l Ba 0.01 0.02 0.02 0-000.00
Na 0.00 0.00 0.00 0.00 0.02 0.02 0.00  0.00 Ca 000 000 000 0-00 - 0.00
Na 0.09 0.08 0.06 0.11  0.17
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 K 5 07 |65 5 10 510 204
° Ng- Np- ° AlY ( Patifio
N N Douce 1993; Patifio Douce et al. 1993) .
( 3h) *Wo=0.18 ~0.92 En
=40.89 ~53.32 Fs =45.96 ~58.80. 950°C (5.
2
( 3i) 2
:Wo0=0.41 ~0.45 En=41.27 ~41.37 Fs =58.17 . .
~58.32, 4, .
( 3ew) o
:Wo=0.17 ~0.68 En=32.71 ~51.29 Fs =48.04 .
~67.00. Si Mg Fe Fe.Mg
( 6): FeO 6.33% ~8.98% MgO
- 7.31% ~9.04% Mg’ 0.62 ~0.70; FeO
D N N 7.78% ~11.16% MgO 6.10% ~8.59% Mg#
3, 0.51 ~0. 66 0.60, Fe.Mg
Mg 0.35 ~0. 66 TiO,
3.25% ~6.72% ; ( Holdaway and
( 3j) Ti Lee 1977) . 2

Ti
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Fig.5 Correlation between temperature and content of Ti the cordierite in the granulite enclaves
and A1V in biotite
The figure showing that the Ti content is positively correlated with 5 (wt%)
temperature  whereas the A1V content is negative related to Table 5 Representative analyses of spinel in granultite enclaves
temperature. The numbers on the line refer to experimental (wt%)
temperature ( after Patifio Douce 1993; Patifio Douce et al. 1993) 060721 060724 060726 060727 07074
4 (wt%) -
Table 4  Representative analyses of cordierite in granultite 510, 0-08 0-17 002 006 004
TiO, 0.12 0.12 0.06 0.10 0.11
enclaves (%) ALO,  60.02  58.72  60.35  58.91  58.07
06Q7-21 06Q7-26 060727  07Q74 Cr, 05 0.16 0.39 0.07 0.31 0.03
FeO 31.80 32.74 31.32 31.97 36.77
Si0, 48.87  47.67  48.20  47.52  47.21 MnO 0.2 0.22 0.21 023  0.23
Tio, 0.05 0.02 0.01 0.00 MgO 6.31 3.63 5.77 4.86  3.32
ALO; 3216 32.50  32.24 3248  32.45 Ca0 0.00 0.01 0.00 0.00 0.0
FeO 6.71 10.43 9.70 7.45 10.89 Na, 0 0.12 0.08 0.11 0.03
MnO 0.17 0.12 0.26 0.10  0.16 K,0 0.01 0.01 0.01
MgO 8.80 7.41 7.24 8.51 6.88 7n0 0.63 3.04 1.81 2.10 0.51
Ca0 0.03 0.03 0.03 0.10 0.0z Total 99.35 99.17 99.69  98.65  99.10
Na, O 0.15 0.15 0.10 0.41 0.13 32
K,0 0.00 0.00 0.02 0.06  0.00 Git+ 0.00 0.00 0.00 0.00  0.00
Total  96.95  98.32  97.77  96.62  97.74 i+ 0.00 0.00 0.00 0.00  0.00
18 AP 1.97 1.30 1.99 1.98 1.97
Si 5.0 4.96 5.04 499 4.95 o 0.00 0.01 0.00 0.0l 0.00
Al 0.91 1.05 0.96 Lot 1.05 Fe?* 0.74 0.52 0.73 0.76  0.88
A 3.03 2.93 3.00 3.01 2.96 Mn2* 0.01 0.00 0.01 0.01 0.01
Ti 0.00 0.00 0.00 0.00 0.00 Mg? * 0.26 0.10 0.24 0.21 0.14
Fel* 0.59 0.91 0.85 0.65 0.9 Gl 0.00 0.00 0.00 0.00  0.00
Fel* 0.00 0.00 0.00 0.00  0.00 Na* 0.00 0.00 0.00 0.0l  0.00
Mn 0.0z 0.01 0.02 0.01 0.01 K* 0.00 0.00 0.00 0.00 0.00
Mg 1.37 1.15 1.13 1.33 1.08 n+ 0.01 1.38 0.04 0.04 0.01
Ca 0.00 0.00 0.00 0.01 0.00
Na 0.03 0.03 0.02 0.08 0.03
K 0.00 000 000 00l  0.00 ( 3d);
~ (
) 3¢) o 52
FeO 31.32% ~37.37% MgO 3.03% ~6.31% -
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6
Table 6 P-T estimation for the peak and retrograde metamorphic stages for the granulite enclaves
P( kba T(C
X a( Pyr) a( Grs) Xre XMg aEn Xan aAn (Kbar) (°C)
0.32 0.41 0.06 0.51 0.49 0.55 0.44 0.41 7.9 970
0.32 0.42 0.06 0.52 0.48 0.55 0.44 0.41 8.0 997
0.31 0.41 0.05 0.52 0.48 0.55 0.44 0.41 7.5 953
0.19 0.29 0.03 0.62 0.38 0.45 0.42 0.40 3.6 792
0.19 0.30 0.02 0.63 0.37 0.45 0.42 0.40 3.2 818
0.19 0.29 0.03 0.63 0.37 0.45 0.42 0.40 3.7 813
Zn0O Zn0 PT 7.5 ~ 8. 0kbar 950 ~ 1000°C (  6) o
0.38% ~0.76% Zn0 1.05% ~3.04% + +
o Tajemanova et al. (2009) 0
° 6.2 ( )
° +
. +
80% An =
32% ~49% Ab =50% ~66%; An =50% o Bhattacharya et al. (1991)
~68% Ab=31% ~50% N N Grt-Opx-P1-Q
° ° PT 3.2 ~3.7kbar 790 ~820°C (  6) -
Or=75% ~94%
7 P
( 3a b)o
( 39 o )
Fe-Ti Fe-Ti
o MnO 0.49%
~2.57% MgO 0.01% ~0.78%; TiO, ’
U-Pb ( Zhao et al. 2010)
0.045% Cr,0, 0.021%
( 564Ma)
6 21 ~25km
- 6.0 ~ 7. Okbar.
° + + +
900°C ; Ti Al
6.1 950°C .
. N 7.5 ~ 8. 0kbar 950 ~1000°C
+
o Bhattacharya et al. (1991) + 3.2

Grt-Opx-P1-Q

~3. Tkbar 790 ~820°C .
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Hensen and Green ( 1973) . Hensen ( 1987) .

Hensen and Harley ( 1990) \Bertrand et al. (1991)
and Harley ( 1995) .

Qtz = Opx + Crd/Spl/Grt + Kfs + L (

Carrington
Bt + Pl +
Vielzeuf and Montel

1994)

- (21 ~25km) 6.0 ~
7. Okbar ( 1985) -
Fig. 7 P-T path of the ultrahigh-temperature granulite
enclaves

Petrogenetic grids as deduced from the mineral assemblages and
reaction textures combined with the results of geothermobarometric
calculations. The relevant partial petrogenetic grid in the KFMASH
and FMAS systems is based on Hensen and Green ( 1973) Hensen
(1987) Hensen and Harley (1990) Bertrand et al. ( 1991) and
Carrington and Harley ( 1995) . The inset photomicrographs show the
typical mineral assemblages and reaction textures corresponding to
each metamorphic stage. Also shown is the fluid-absent melting
reaction Bt + Pl + Qtz = Opx + Grt/Spl/Crd + Kfs + L ( after Vielzeuf
and Montel 1994) . The numbers on the P-T' path refer to the
reactions discussed in the text. The initial pressure of P-T path is

also based on the thickness of the Cambrian-Permian sediments that

is about 21 ~25km i.e. 6.0 ~7.0kbar ( after BGMRG 1985)

+

pP-T (7

1717

( Chung et al.

1999; Carter et al. 2001; Nam et al.

2001; Lepvrier ef al.

2004; Wang et al. 2007)
(
1999; 2001; 2005;
2006) (
2001; 2005; 20006)
PT
o Zhao et al. (2010)
( ~253Ma)
( ~260Ma e g Xu et al. 2001; Zhou es
al. 2002; Guo et al. 2004)
( 1999;
2001; Zhao et al. 2010, Ti
Zr 760
~840°C 3.5 ~4. S5kbar
( 2010) .
- 230Ma (
2004; Zhao et al. 2010) .
8
(1) -
+ . + +
900%C .
(2) -
+
+ +
+
+ P-T
(3)
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