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ABSTRACT. The Mayuan assemblage in the Cathaysia Block, Southeast China,
consists of felsic paragneiss, pelitic schist, greenschist, amphibolite, marble,
calcsilicate, and quartzite that underwent three episodes of deformation (D;-D5)
and four episodes of metamorphism (M;-M,) in the early Neoproterozoic. The M,
assembla%e consists of mineral inclusions defining an early foliation (S;) within
porphyroblasts, represented by chlorite + muscovite + biotite + plagioclase +
quartz in pelitic schist and actinolite + chlorite + epidote + albite * quartz
enclosed in amphibolite. M, coincides with the development of the regional
schistosity (S,) and represents the formation of the porphyroblasts and growth of
matrix minerals, resulting in development of prograde metamorphic zones
(chlorite-biotite, garnet, staurolite, anE kyanite zones). M; is simultaneous with
the third phase of deformation (D;) and produced sillimanite-bearing mineral
assemblaFes in pelitic schist and hornblende-bearing assemblages in amphibo-
lite. The last metamorphic episode M, gave rise to the retrogressive assemblage
chlorite + muscovite in pelitic rock and actinolite + chlorite + epidote in
amphibolite. The sequence of mineral assemblages and history of metamorphic
reactions built from the petrogenetic grid of pelites suggest a near-isothermal
decompression clockwise P-T path for the Mayuan pelitic schists. Using the
TWEEQU software program, the garnet-biotite thermometer and garnet-
muscovite-biotite-plagioclase barometer yield P-T conditions for M, of 5.5 to 6.0
kb and 450° to 500°C and conditions for the garnet, staurolite, and kyanite zones of
M2 of 6.0 to 7.0 kb and 550° to 600°C, 6.0 to 7.5 kb and 600°C and 11.0 to 11.5 kb and
600°C. The P-T conditions of M; were estimated at 570° to 625°C and 4.0 to 4.5 kb
using the muscovite-biotite thermometer and hornblende-plagioclase geothermo-
barometer. The garnet-chlorite thermometer yields temperatures of 300° to 400°C
for M4, but the pressures of M, cannot be quantitatively estimated because of the
lack of a suitable geobarometer. These P-T estimates also define an near-
isothermal decompression clockwise P-T path, which is involved in initial crustal
thickening followed by rapid exhumation and final cooling, and is related to
amalgamation of the Cathaysia and Yangtze Blocks to form the South China
craton.

INTRODUCTION
The South China craton consists of the Yangtze and Cathaysia Blocks lying to the
northwest and southeast respectively of the Jiangshan-Shaoxing Fault (fig. 1). Models for
the evolution of the craton range from those invoking an autochthonous relationship,
with the two blocks developing on a common basement and the Cathaysia Block
representing a continental marginal arc fold belt to the Yangtze Block (Huang, 1977;
Dong, 1986; He and Zhang, 1989), to those proposing that they represent separate exotic
terranes that collided along the Jiangshan-Shaoxing Fault (Shui, 1987; Hsii and others,
1988, 1990; Jahn, Zhou, and Li, 1990; Chen and others, 1991; Xu, 1992; Zhao, Sun, and
He, 1994a; Li, Zhang, and Powell, 1995, 1996; Zhao and Sun, 1996). These models were
based primarily on regional lithological and structural studies combined with limited
geochemical and isotopic data, and few metamorphic studies have been undertaken on

the major lithotectonic units within the two blocks.
Much of the recent research in metamorphic petrology has shown that modern
field- and thermodynamics-based metamorphic investigations, in combination with
lithological, structural, and geochronological considerations, can be directed toward
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Fig. 1. Outline tectonic map of China showing the major Precambrian blocks and the Late Neoprotero-
zoic and Paleozoic fold belts. Hg—Himalaya fold belt; KL-Kunlun fold belt; JSS-Jiangshan-Shaoxing suture;
QDSL—jSnlin—Dabie—Su—Lu fold belt; QLS-Qiliansham fold belt; TIMD-Tianshan-Inner Mongolia—
Daxinganling fold belt.

understanding of tectonic setting and processes that were operative during the metamor-
phic event (England and Thompson, 1984; Thompson and England, 1984; Bohlen,
1987, 1991; Essene, 1989; Harley, 1989; Brown, 1993; Vernon, 1996). Determination of
P-T paths of metamorphism is of particular importance in this regard because variations
of pressure and temperature that characterize a metamorphic event are considered to be
a function of the tectonic setting and of the heat-generating processes (England and
Thompson, 1984; Thompson and England, 1984; Mezger, Bohlen, and Hanson, 1990;
Sharp and Essene, 1991; Harley, 1989; Brown, 1993; Vernon, 1996). Generally,
clockwise, especially isothermal decompressional, P-T—t paths are considered to de-
velop in continent-continent collisional environments (England and Thompson, 1984;
Thompson and England, 1984; Harley, 1989; Brown, 1993), whereas anticlockwise,
especially isobaric cooling, P-T-t paths are related to the intrusion and underplating of
mantle magma which can occur in continental magmatic arc regions (Wells, 1980;
Bohlen, 1987, 1991), hot spots related to mantle plumes (Hill and others, 1992; Zhao and
others, 1998, 1999), and rift environments (Sandiford and Powell, 1986). Thus, investiga-
tions on the tectonothermal evolution of metamorphism can elucidate the tectonic
setting and evolution of the South China craton.

In this paper, we present metamorphic and structural data for the Mesoproterozoic
Mayuan assemblage which lies along the northern margin of the Cathaysia Block. We
examine metamorphic textures and mineral assemblages to establish the evolutionary
stages of metamorphism, use phase diagram analysis and P-T grid to study the sequence
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of mineral assemblages and reaction history; and apply the TWEEQU technique and
conventional thermobarometry to estimate metamorphic P-T conditions and define the
P-T path, which in combination with structural and geochronological data place
important constraints on the tectonic model of the evolution of the Cathaysia and
Yangtze blocks in the Neoproterozoic.

REGIONAL SETTING

The Yangtze Block—The Yangtze Block of the South China craton consists of a
Paleoproterozoic to Mesoproterozoic metamorphic basement overlain by a Neoprotero-
zoic (Sinian) to Cenozoic cover. The basement is divided into three lithotectonic
assemblages: Kangding, Sibao, and Banxi. The Kangding assemblage is only exposed
along the southwestern and northwestern margins of the Yangtze Block and consists of
supracrustal rock and granitic gneiss metamorphosed to amphibolite, and locally to
granulite, facies. The supracrustal rocks include paragneiss, mica schist, graphite-bearing
sillimanite—garnet pelitic gneiss (khondalite), amphibolite, marble, and quartzite. The
available geochronological data determined by a variety of techniques and of varying
reliability indicate that the assemblage formed at 2500 to 2000 Ma and underwent
metamorphism and deformation at 2000 to 1900 Ma (Yuan, 1985; Li and others, 1987,
Wu, 1988; Yao and Wei, 1994).

The Sibao assemblage crops out over the whole block and is composed of an
arenaceous to argillaceous sedimentary package, with minor volcanic and tuffaceous
rocks. The available Sm-Nd and U-Pb ages of these rocks range from 1772 to 1332 Ma
(Li and Leng, 1987; Han, 1994; Yao and Wei, 1994); suggesting that they formed
between the Paleoproterozoic and Mesoproterozoic. The syn-tectonic granites yielded
Rb-Sr ages of 1063 = 95 and 957 = 64 Ma (Wu, 1979) and a zircon U-Pb age of 1145 *
40 (Yie, 1990), whereas a post-tectonic granite yielded a SHRIMP zircon U-Pb age of
819 += 9 Ma (Li, 1999). These isotopic data suggest the Sibao assemblage underwent
regional metamorphism at the end of Mesoproterozoic (Wang and Qiao, 1984; Wang
and Mo, 1995).

The Banxi assemblage unconformably overlies the Sibao assemblage and itself
formed the basement upon which the younger Sinian to post-Sinian covering rocks were
deposited. The assemblage crops out in a northeast trending belt along the southeast
margin of the Yangtze block and is lithologically similar to the Sibao assemblage,
dominated by flysch and slates but with a proportion of igneous rocks, represented by
ophiolite and glaucophane-jadeite schist (Yang, 1988; Yao and Wei, 1994; Zhang, 1994).
Available isotopic data constrain the protolithic age of the Banxi assemblage to between
1100 to 900 Ma and the metamorphic crystallization and cooling ages to between 870 to
820 Ma (Chen and others, 1991; Xu, 1992; Gan and others, 1993; Ma and Wang, 1994).

The Cathaysia Block—The Cathaysia Block is divided into four unconformity- or
fault-bounded lithotectonic units: Badu, Mayuan, Wuyi-Yunkai, and Pingtan—-Dongs-
han (fig. 2; Zhao, Sun, and He, 1994a). The Badu assemblage constitutes the oldest
basement unit recognized in the block and consists of graphite-bearing pelitic gneiss and
schist, felsic gneiss, magnetite quartzite, amphibolite, calcsilicate rock, and marble, along
with minor pre- and syn-tectonic plutons. Amphibolites from the Badu assemblage
yielded Sm-Nd whole-rock isochron ages of 2199 * 52 and 2059 * 52 Ma, and felsic
gneisses yielded zircon U-Pb ages of 2032 + 16 and 2004 = 10 Ma (Hu, 1991). These
data are interpreted as their protolithic ages (Hu, 1991). The rocks from the Badu
assemblage underwent widespread upper amphibolite facies metamorphism, anatexis,
and polyphase deformation (Zhao, Sun, and He, 1994b) at approx 1800 Ma, which is
constrained by a zircon U-Pb age of 1837 = 52 Ma from syn-tectonic granites and a
Rb-Sr whole-rock isochron age of 1813 * 9 Ma from paragneisses (Shui, 1987; Xu and
Shui, 1988; Hu, 1991).
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Fig. 2. Geological sketch map of the Cathaysia Block showing the spatial distribution of the major tectonic
assemblages and sutures (faults).

The Mayuan assemblage consists of felsic paragneiss, pelitic schist, greenschist,
amphibolite, marble, calcsilicate, quartzite, and meta-keratophyre. Meta-keratophyres
were dated using the conventional zircon U-Pb methods at 1438 = 41 and 1100 = 9 Ma,
and amphibolites were dated using the Sm-Nd whole-rock isochron methods at 1376 =
82 Ma. These ages are interpreted as their protolithic ages. The assemblage underwent
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polyphase deformation and metamorphism at around 850 Ma, defined by a hornblende
K-Ar age of 844 Ma from amphibolites and U-Pb ages of 890 to 860 Ma from
syn-tectonic migmatites and granites (Shui, 1987; Xu and Shui, 1988; Li, 1988, 1989;
Gan and others, 1993).

The Wuyi-Yunkai assemblage consists of graywacke, siltstone, and quartzite, with
minor tuffaceous rock. The unit underwent sub-greenschist facies metamorphism and a
single phase of deformation. The available isotopic data indicate that these rocks formed
between the Neoproterozoic and Early Paleozoic and underwent regional metamor-
phism in the Early Paleozoic at approx 440 to 415 Ma (Li, 1988, 1989; Yang, 1988; He
and Zhang, 1989; Gao, 1991).

The Pingtan-Dongshan assemblage outcrops along the southeastern margin of the
Cathaysia Block (fig. 2) and consists of sandstone, siltstone, argillite, quartzite, and
carbonate (Chen, 1997). Paleontological and geochronological data, along with regional
correlations indicate a Paleozoic and Early Mesozoic age for the rocks with very low
grade metamorphism and a single phase of deformation at approx 170 Ma (Huang,
1989; Gao, 1991; Chen, 1997).

The Jiangshan—Shaoxing Fault—The 2000 km long northeast-southwest trending
Jiangshan—Shaoxing Fault is a major tectonic boundary separating the Yangtze and
Cathaysia blocks (fig. 1). With discovery of large amounts of ophiolites and blueschists
along the fault, it has been interpreted as a collisional suture which welded the blocks
(Shui, 1987; Hsii and others, 1988, 1990; Jahn, Zhou, and Li, 1990; Chen and others,
1991; Xu, 1992). The ophiolites yielded a Sm—-Nd age of 1034 *+ 24 Ma, interpreted as
the protolithic age and predating the timing of suturing (Chen and others, 1991).
Glaucophanes from blueschists along the suture were dated using the K—Ar methods at
866 = 14 Ma, interpreted as the age of the peak metamorphism or the timing of suturing
(Ma and Wang, 1994), and gastalites from the same blueschists yielded the K-Ar age of
799 = 9.2 Ma, which may represent the cooling age of the suture zone.

Although the Jiangshao—Shaoxing Fuault constitutes the Neoproterozoic collisional
boundary between the Yangtze and Cathaysia blocks, it shows evidence for a long and
complex history of movement. The fault also disrupts the Neoproterozoic and post-
Neoproterozoic unmetamorphosed strata in the Cathaysia Block, suggesting that final
movement on the fault postdates assembly of the South China craton. This late
movement possibly accounts for the offset in the highest grade metamorphic rocks in the
Mayuan assemblage from the suture boundary (fig. 3).

STRUCTURAL GEOLOGY

Overprinting relationships allow the recognition of three main deformation events
(Dy, Dy, and D) in the area. The regional structure of the Mayuan assemblage is
characterized by large-scale antiform-synform pairs (figs. 3 and 4) in which the higher
grade metamorphic rocks occupy the antiformal hinge zones (Jianyang-Pucheng re-
gion; fig. 3), whereas lower grade rocks occur in synforms (Hu, 1984; Zhu, 1985; Zhao,
Sun, and He, 1994a). Structural analysis reveals these composite structures developed
during three deformational episodes (D;-Ds), but were mainly shaped by the last episode
of deformation (Dj), which resulted in the folding of the metamorphic isograds devel-
oped during Dy (Hu, 1984; Zhu, 1985; Zhao, Sun, and He, 1994a). D5 has also resulted in
the folding or crenulation of the regional foliation (S,) and the development of a weak
spaced cleavage (S;), and a mineral lineation (L) defined by sillimanite and hornblende
(Zhu, 1985; Zhao, Sun, and He, 1994a).

The D, deformational fabrics are poorly preserved due to overprinting and transpo-
sition by subsequent deformational events. Evidence for this event includes small
rootless intrafolial folds (F;) and an associated early foliation (S;) within garnet, staurolite,
and biotite porphyroblasts in pelitic schist. Dy is characterized by ubiquitous isoclinal
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Fig. 3. Metamorphic isograd map of the Mayuan assemblage.

folds on various scales and a penetrative foliation (S,), along with boudin and mullion
lineation structures (Ly). Also associated with Dy are a series of regional-scale ductile
shear zones with a mylonitic foliation parallel to the regional foliation (S,). D3 antiform-
synform pairs trend northeast-southwest. The main Dy antiform lies in the footwall to,
and is truncated by, the Taining-Congan Fault (fig. 4). The highest grade rocks are
exposed in the core of this structure and envelope an inlier of the Badu assemblage (fig.
3). Final movement on the fault is post-D3. Kinematic data for the Taining—Congan Fault
are not preserved, but relations across it are consistent with a normal sense of movement.

METAMORPHIC ZONES OF THE MAYUAN ASSEMBLAGE
On the basis of mineral assemblages in pelitic schist, the Mayuan assemblage can be
divided into a Barrovian-type facies series of chlorite-biotite, garnet, staurolite, kyanite,
and sillimanite zones (fig. 3). Boundaries between zones are marked by the first
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Fig. 4. Schematic cross section of the Mayuan assemblage.

appearance of the diagnostic metamorphic minerals in pelitic schist (Zhao, Sun, and He,
1994b, 1996), except for the kyanite zone which is separated from the staurolite zone by
ductile shear zones (fig. 3; Hu, 1984; Zhu, 1985; Zhao, Sun, and He, 1994a). East of the
Taining—-Congan Fault there is an overall increase in metamorphic grade from the south
to north. West of the fault, the zones are distributed about a synform (fig. 3). Within the
sillimanite zone there is a fault-bounded inlier of the Badu assemblage which consists of
Paleoproterozoic felsic gneisses (Li, 1988).

Chlorite-biotite zone—This zone mainly outcrops in the southern and western parts of
the area and constitutes the lowest grade rocks of the Mayuan assemblage (fig. 3). It
contains fine-grained biotite porphyroblast-bearing chlorite-muscovite (sericite) schist,
biotite-plagioclase paragneiss, chlorite schist (greenschist), metacarbonate, and quartzite.
Accessory minerals within the pelitic schist and felsic paragneiss include pyrite, pyr-
rhotite, apatite, tourmaline, and graphite.

Garnet zone—East of the Taining—Congan Fault, the first occurrence of garnet is
immediately north of the chlorite-biotite zone in chlorite-mica schist. Garnet-bearing
rocks are also widely distributed along the western side of the fault (fig. 3). The garnet
mica schist that characterizes this zone is interbanded with fine- and medium-grained
biotite gneiss, actinolite—chlorite—epidote—albite mafic schist (greenschist), marble, and
quartzite. The modal abundance of chlorite in mica schist in this zone is less than that in
the chlorite-biotite zone, and is inferred to have been consumed in biotite and garnet
generating reactions. Accessary mineral phases are similar to those in the chlorite-biotite
zone.

Staurolite zone—The staurolite zone is widespread to the east of the Taining—-Congan
Fault. Staurolite occurs sporadically as coarse-grained porphyroblasts in biotite schist
throughout the zone. Associated lithologies include fine- to medium-grained garnet-
bearing or garnet-free felsic paragneiss, actinolite—epidote—albite mafic schist (green-
schist), tremolite—quartz marble, and quartzite. Compared to the garnet zone, chlorite is
a rare phase, and biotite is more abundant. Coarse-grained tourmaline occurs in
association with garnet and staurolite in this zone.

Kyanite zone.—In addition to kyanite-bearing pelitic schist, the rocks in this zone also
include medium-grained felsic paragneiss, phlogopite-tremolite marble, and quartzite.
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Within the zone, staurolite and garnet coexist with kyanite, biotite is widespread, and
chlorite and muscovite are only present in very minor amounts.

Sillimanite zone—The sillimanite zone is exposed in the northern and southern parts
of the area along the eastern and western sides respectively, of the Taining—Congan Fault
(fig. 3). Sillimanite-mica schist occurs in association with medium- to coarse-grained
epidote amphibolite, tremolite—phlogopite marble, and quartzite. Within the zone,
chlorite, garnet, and staurolite are absent in sillimanite-bearing rocks, and kyanite is rare
and occurs as relict crystals. Muscovite is generally a very minor matrix phase, but
clusters of coarse-grained, randomly-oriented muscovite are commonly observed, associ-
ated with sillimanite in mica schist from this zone.

METAMORPHIC STAGES

Based on microstructural relations between mineral phases and deformational
episodes in the Mayuan assemblage, four separate metamorphic stages (M;-M,) have
been interpreted (fig. 5). M, is represented by mineral inclusions within porphyroblasts
and is preserved within all zones in the area. In pelitic schist, the most complete mineral
assemblage identified for the M, stage consists of chlorite + muscovite + biotite +
plagioclase + quartz = garnet (core), preserved within coarse-grained biotite, garnet,
and staurolite porphyroblasts. In mafic rocks, the typical M, mineral assemblage is
actinolite + chlorite + epidote + albite + quartz, enclosed in coarse-grained amphibole
and plagioclase. In most cases, the M, minerals are oriented, defining the internal
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Fig. 5. Metamorphic mineral crystallization-deformation diagram for the pelitic schists, amphibolites and
metacarbonates in the Mayuan assemblage. Symbols are: i, inclusion; m, matrix; m-r, the rim of matrix; p,
porphyroblast; p-c, the core of porphyroblast; }])-r, the rim of porphyroblast; p + m, porphyroblast + matrix; r,
rim; re, retrogressive minerals. Mineral symbols are after Kretz (1983).
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schistosity (S;) within the porphyroblast. S; is oblique to the external matrix foliation (Sy),
suggesting that M, developed earlier than the second phase of deformation (D).

M, represents formation of coarse-grained biotite, garnet (rim), staurolite, kyanite,
and amphibole porphyroblasts and resulted in the development of chlorite-biotite,
garnet, staurolite, and kyanite zones. The characteristic mineral assemblages for pelitic,
mafic, and carbonate rocks from the chlorite-biotite, garnet, staurolite, and kyanite zones
are shown in figure 5. In pelitic schists, no reaction relations between garnet, staurolite,
and kyanite were observed, and as metamorphic grade increases from chlorite-biotite to
kyanite zones, the abundance of chlorite and muscovite decreases, at the expense of
biotite, garnet, staurolite, and kyanite. The chlorite, muscovite, and biotite of M, are
strongly oriented and define the regional schistosity (S,). In addition, garnet and
staurolite porphyroblasts show “snowball structures,” indicating that the M, stage
coincides with the Dy phase of deformation.

M is restricted to, and is characteristic of, the sillimanite zone and is represented by
the formation of a sillimanite + quartz + biotite + muscovite + plagioclase assemblage
in pelite and a hornblende + plagioclase assemblage in amphibolite. Amphibolites occur
as thin layers (0.5-5 m thick) interbedded with sillimanite mica schists. In the same
outcrop, sillimanite in pelitic schist and hornblende in amphibolite show the same
preferred orientation and define the D; mineral lineation (Lj). This suggests that the Mj
stage was synchronous with the D3 phase of deformation.

The last metamorphic stage M, resulted in retrograde assemblages of muscovite
(sericite) + epidote + chlorite, replacing garnet, staurolite, kyanite, and sillimanite in
pelite and actinolite + epidote + chlorite + albite, replacing hornblende and plagioclase
in amphibolite. These retrogressive minerals do not show a preferred orientation,
suggesting that they formed after the final deformational episode (post-Dj).

MINERAL COMPOSITIONS

Mineral compositions were analyzed using an EPM-810Q) electron microprobe.
Analyses were performed with an accelerating voltage of ~15kV, a beam current of 17
to 20 nA, and a spot size of 2 to 10 pm. Natural minerals were used as standards for major
elements with synthetic oxides and silicate minerals used for some minor elements.
Sixteen pelitic schist and five amphibolite samples were chosen as the most appropriate
for characterizing the different stages of tectonothermal evolution, and their locations are
given in figure 3. A representative selection of mineral compositions is included in tables
1to 6.

Garnet—Garnet compositions (table 1) were determined from the cores of large
porphyroblast grains containing the inclusion mineral assemblage (M;), from inclusion-
free rims surrounded by matrix plagioclase or quartz grains from different metamorphic
zones (M), and from rims surrounded by retrogressive chlorite and muscovite (My). All
garnet crystals are essentially almandine, with appreciable amounts of spessartine,
grossular, pyrope, and andradite components. Garnet from the garnet and staurolite
zones shows a core to rim increase in pyrope content, which we interpret as having
developed during the prograde growth of the garnet. A systematic compositional
difference occurs between garnet-zone and staurolite-zone garnet with the latter showing
an increase in pyrope, almandine, and andradite and a decrease in grossular and
spessartine. These variations do not extend to the kyanite zone, in which garnet shows
higher grossular and lower spessartine and pyrope contents than the garnet from the
garnet and staurolite zones. The rim compositions of garnet surrounded by retrogressive
chlorite and muscovite (M,) differ from those of garnet surrounded by matrix plagioclase
and quartz grains with the former having higher almandine and lower spessartine
contents than the latter.
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320 G. Zhao and P. A. Cawood—Tectonothermal evolution

Plagioclase—Analyzed plagioclase grains (table 2) include (1) inclusion-type plagio-
clase enclosed in garnet and staurolite porphyroblasts in pelite (M;); (2) matrix-type
plagioclase from the garnet, staurolite, and kyanite zones in pelite (My); and (3)
plagioclase from amphibolite associated with sillimanite-bearing schist in the sillimanite
zone (Mj). A clear compositional difference exists between the inclusion-type and
matrix-type plagioclase. The inclusion-type plagioclase is andesine with Ang, 35, whereas
the matrix-type plagioclase is oligoclase with An,3 5 (table 2). Matrix-type plagioclase
shows a decrease in anorthite content from the garnet zone (Angy3) through the
staurolite zone (An,395) to the kyanite zone (Aniy5). Plagioclase from amphibolite is
andesine (Anyg.y3).

Biotite and muscovite—Tables 3 and 4 list the representative compositions of inclusion-
type biotite and muscovite surrounded by plagioclase and quartz and enclosed in garnet
and staurolite porphyroblasts, and matrix-type biotite and muscovite from the garnet,
staurolite, and kyanite zones in pelitic schist. Inclusion-type biotite generally has a higher
Xy (Xyg = Mg/(Mg + Fe)) value than matrix-type biotite. The matrix-type biotite from
the kyanite and sillimanite zones shows a slightly higher X, value than that from the
garnet and staurolite zones. There is no distinct compositional variation between the
inclusion-type and matrix-type muscovite or between muscovite from the different
metamorphic zones. All are phengitic, with both celadonite and paragonite contents of
less than 20 mole percent.

Chlorite, staurolite, and hornblende—Two textural types of chlorite were analyzed, the
first defining the S, foliation in the matrix and grown during M,, and the second
replacing garnet and staurolite porphyroblasts during the M, stage (table 5). The former
type of chlorite is clinochlore, whereas the latter is penninite with the retrogressive
chlorite containing higher Al;O3 and FeO, but lower SiOy and MgO than the matrix
chlorite. This results in higher Xy;, and AI'Y but lower Si and Mg in the retrogressive
chlorite. Typical compositions of staurolite in the staurolite and kyanite zones are shown
in table 5. There is no pronounced difference in chemical composition between
staurolites from the two zones, except that staurolite in the kyanite zone has higher Al,O4
contents than that in the staurolite zone (table 5). Hornblende in amphibolite associated
with sillimanite-bearing schist is tschermakitic Ca-amphibole, with AI'V around 1.660 to
1.715 and Na? between 0.449 to 0.598 (table 6).

PHASE RELATIONS AND REACTION HISTORY

The observed mineral assemblages, their textural relations and their chemical
compositions can be used to decipher the reaction history of the studied rocks. Because
the Mayuan pelitic schists invariably contain muscovite and quartz, we will use the AFM
projection (Thompson, 1957) to illustrate phase compatibilities. A HyO-dominant hy-
drous fluid (vapor) phase is assumed to be in excess. MnO is an essential component for
garnet, and, thus, is taken into account in the AFM diagrams (Symmes and Ferry, 1992).
The representative AFM projections for different mineral assemblages recognized in the
Mayuan pelitic schists are shown in figure 6.

Chlorite-biotite zone.—The co-occurrence of biotite + chlorite within this zone is
probably related to the following chlorite- and muscovite-consuming dehydration
reaction:

(Fe-Mg) chlorite + muscovite = biotite + Al-rich chlorite + quartz + H,O (1)

Because of the lack of clear textural relations, however, metamorphic reactions respon-
sible for the transition from M; to M, assemblages in the chlorite-biotite zone cannot be
established accurately.

Garnet-in reactions—The AFM topologies seen in the M, assemblage and garnet zone
(fig. 6) suggest that biotite from the M, assemblage may not have been involved in the
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TABLE 6

Chemical compositions of hornblendes in amphibolites from the Mayuan assemblage

Sample G11-2 83-2 86-3 100-4 107-2 G11-2  83-2 86-3 100-4 1072
SiOp 43.07 42.61 43.39 42.82 43.29 Si  6.330  6.285 6.291 6.290 6.340
TiO2 1.02 1.41 1.33 1.4 1.06 Ti 0.113 0.1 0.145 0.159 0.117
AbO3 14.18 13.19 14.05 13.61 13.55 AIY 1670 1,715 1.709 1.710 1.660
FeO 10.64 10.87 9.60 13.80 9.60 AV 0.787  0.479 0.692 0.647 0.680
MnO 0.04 0.80 0.2 0.04 0.60 Fe¥t 0.419 0.586 0.542 0.285 0.596
MgO 10.90 10.47 11.56 10.00 11.10 Fe?* 1.308 1.341 1.164 1.695 1.176
CaO  11.24 11.09 11.04 11.92 11.12 Mn 0.005 0.100 0.015 0.005 0.074
NapO 1.98 1.70 1.9 2.10 1.58 Mg 2.383 2.301 2.498 2.189 2.423
K20 0.5 0.63 0.59 0.78 0.42 Ca 1.770 1.753 1.715 1.876 1.745

N2 0,210 0.18 0.229 0.124 0.189
Na* 0.354 0.305 0.305 0.474 0.260
K 0.094 0.119 0.109 0.146 0.079
Totals 97.36 98.06 98.55 99.09 97.73 Sum 15.45 15.42 15.41 15.60 15.34

Fe* is derived following the scheme of Droop (1987).

garnet-producing reaction. Therefore, the appearance of garnet in the garnet zone is
most probably related to the continuous Fe-Mn-Mg reaction

chlorite + muscovite + quartz = garnet + biotite + Hy,O (2)

This reaction accounts for the decrease in chlorite and muscovite and increase in biotite
contents within the garnet zone, compared with the chlorite-biotite zone.

Staurolite-in reactions—The incoming of staurolite should be related to biotite-
producing and chlorite- and muscovite-consuming reactions, because the staurolite zone
is marked by a strong increase in the modal abundance of biotite, at the expense of
chlorite and muscovite. AFM-phase compatibilities (fig. 6) suggest that the development
of staurolite may be related either to the continuous FeMg reaction

chlorite + muscovite + quartz = staurolite + biotite + H,O (3)
or to the model discontinuous, garnet-consuming reaction
garnet + chlorite + muscotive + quartz = staurolite + biotite + H,O (4)

The textural relations observed in the rocks incorporate the model reaction (3), because:
(1) the modal abundance of garnet has not been obviously decreased within the staurolite
zone; (2) in thin sections, garnet and staurolite grains show straight mutual contacts, and
no reaction relationship between them was observed; and (3) relict chlorite and
muscovite have been found within staurolite grains.

Kyanite-in reactions—The AFM topologies (fig. 6) suggest that kyanite may have
developed either through the chlorite-consuming reaction

chlorite + muscovite = kyanite + biotite + quartz + Hy,O (5)
or through the garnet-consuming reaction

garnet + muscovite = kyanite + biotite + quartz (6)
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or through the following staurolite-consuming reactions

—

staurolite + muscovite + quartz = kyanite + biotite + H,O (7
staurolite + quartz = kyanite + garnet + Hy,O (8)

However, textural observations do not suggest production of kyanite through reactions
(6), (7), and (8), because garnet, staurolite, and kyanite in the kyanite zone display
equilibrium textures, with regular and planar interfaces. Therefore, the entrance of
kyanite is most probably related to reaction (5).

Sillimanite-in reactions—The AFM compatibilities (fig. 6) allow the following Al,SiO;-
producing reactions to form sillimanite:

chlorite + muscovite = sillimanite + biotite + quartz + H,O 9)
garnet + muscovite = sillimanite + biotite + quartz (10)
staurolite + muscovite + quartz = sillimanite + biotite + H,O (11)
staurolite + quartz = sillimanite + garnet + H,O (12)
kyanite = sillimanite (13)

Microstructural observations in the Mayuan pelitic schists suggest production of silliman-
ite through reactions (10) and (13). These microstructures include: (1) the appearance of
fibrolitic sillimanite + biotite symplectite forming pseudomorphs after garnet porphy-
blasts, in which minor relict garnet crystals have been observed; and (2) presence of relict
kyanite observed as inclusions within biotite crystals, implying the production of
biotite + sillimanite was associated with the kyanite-consuming reaction. Reactions (11)
and (12) may have occurred, but their reaction textures were not preserved.

Retrograde hydration reactions—The retrogressive chlorite and muscovite may have
developed through the following reactions:

garnet + biotite + H,O = chlorite + muscovite + quartz (14)
staurolite + biotite + HyO = chlorite + muscovite + quartz (15)
kyanite + biotite + quartz + HyO = chlorite + muscovite (16)
sillimanite + biotite + quartz + H,O = chlorite + muscovite. (17)

P-T evolution constrained by petrogenetic grids—The petrogenetic (or P-T) grids of
metapelites have been investigated using essentially two different approaches. Some
workers have calculated stable KyO-FeO-MgO-Al,03-SiOy— H,O (KFMASH) system
reactions using experimentally based internally consistent thermodynamic datasets for
the mineral endmembers, combined with estimated solution models (Spear and Cheney,
1989; Powell and Holland, 1990; Powell, Holland, and Worley, 1998), whereas others
have established reaction grids based on repeated occurrences of natural mineral
assemblage sequences, combined with Schreinemakers’ rules (Harte, 1975; Thompson,
1976; Pattision and Tracy, 1991). In this study, the P-T grid of Powell, Holland, and
Worley (1998) is used because it was constructed based on the updated thermodynamic
data and solution models, and more importantly, it agrees well with the sequence of
mineral reactions deduced for the Mayuan pelitic schists.

Figure 7 is a P-T pseudosection of the KFMASH grid of Powell, Holland, and
Worley (1998), but extension for low-temperature domains has been made to take into
account the M4 mineral assemblage observed in the Mayuan pelitic schists. This
KFMASH (+ muscovite + quartz + HyO) grid, built up for a common pelitic AFM
composition (Al,O3 = 41.89, MgO = 18.19, FeO = 27.29, and K,O = 12.63 (in mol)),
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Fig. 7. P-T pseudosectlon for a portion of the KFMASH system (slightly modified after Powell, Holland
and Worley (1998)) showing the qualitative P-T path of the Mayuan metapelitic schists constrained by the
sequence of mineral assemblages. %/Imeral symbols are after Kretz (1983).

shows a prograde sequence of mineral assemblages similar to those observed in the
Mayuan pelitic schists. For example, the domains chlorite + biotite, garnet + biotite +
chlorite, staurolite + garnet + biotite, kyanite + garnet + biotite, sillimanite + biotite
and chlorite, each of which is with muscovite + quartz + HyO in excess, can be used to
show the M1 assemblage, the M2 assemblages of the garnet, staurolite, and kyanite
zones, the M3 assemblage of sillimanite zone, and the M4 assemblage in the Mayuan
pelitic schists, respectively (fig. 7). As seen in figure 7, the equilibrium P-T conditions of
the garnet + biotite, staurolite + garnet + biotite and kyanite + garnet + biotite
domains are higher than that of the chlorite + biotite domain, and thus, the transition
from M1 to M2 represents a P- and T-increasing process. The sillimanite + biotite
domain is characterized by much lower pressure than kyanite + garnet + biotite
domain, but both domains may have a similar temperature range. Therefore, the
transition from M2 to M3 may represent a decompression or near-isothermal decompres-
sion process (fig. 7). The chlorite domain has a wide P-T scope, but the M4 assemblage
of chlorite + muscovite should be located in its lower pressure area (<4 kb), which
defines a relatively low temperature range (<500°C; fig. 7). Taken together, a decompres-
sion-type clockwise P-T path has been qualitatively inferred from the evolutionary
sequence of mineral assemblages of different metamorphic stages in the Mayuan pelitic
schists (fig. 7). The quantitative P-T trajectory cannot be defined from this grid because
of the lack of insufficient critical reactions and compisitional information.
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THERMOBAROMETRY

P-T conditions of M; and M,—Both the M, and M, mineral assemblages in pelitic
schist contain garnet, muscovite, biotite, plagioclase, and quartz, and thus their equilib-
rium P-T estimates were calculated by simultaneous solution of the garnet-biotite
thermometer:

almandine + phlogopite = pyrope + annite,
and the garnet-muscovite-biotite-plagioclase barometers:
almandine + grossular + muscovite = anorthite + annite
and
pyrope + grossular + muscovite = anorthite + annite

using the TWEEQU software package of Berman (1991). TWEEQU incorporates the
internally consistent thermodynamic data of Berman (1988, 1990), Méder and Berman
(1992), and McMullin, Berman, and Greenwood (1991). Activity—composition relations
for garnet, muscovite, biotite, and plagioclase were computed using the models of
Berman (1990), Chattrjee and Forese (1975), McMullin, Berman, and Greenwood
(1991), and Furhman and Lindsley (1988), respectively. Overall uncertainties for the
TWEEQU calculations are difficult to assess quantitatively because they also include
errors in electron microprobe analysis, solution models, and thermodynamic properties.
We adopt a maximum “aggregate uncertainty” for our TWEEQU results of 1.0 kb and
50°C, based on earlier suggestions by Essene (1989) for single thermobarometers. To
minimize the effect of cationic diffusional exchange on mineral compositions and
thermobarometric calculations, P-T estimates of M are based on the inclusion-rich core
compositions of large garnet grains and the compositions of the enclosed plagioclase,
and muscovite and biotite which themselves are surrounded by plagioclase and quartz
inclusions, whereas P-T estimates of M, are based on the inclusion-free rim composi-
tions of garnet and matrix biotite, along with muscovite and plagioclase compositions
from those samples that are devoid of retrogressive chlorite, muscovite (sericite), and
epidote around garnet and plagioclase. The results of P-T estimates for M; and M, are
shown in figures 8 and 9. Six pelitic schist samples display good intersample P-T
compatibility and yield pressures between 5.5 to 6.0 kb and temperature between 450° to
500°C for the M, stage (fig. 8). These P-T estimates might be influenced by undetected
compositional heterogeneity and thus only represent approximate conditions of Mj,
whereas the “real” P-T conditions of M, cannot be constrained because of the lack of
high-resolution mineral compositional mapping. The P-T conditions estimated for the
M, stage are 6.0 to 7.0 kb and 550° to 600°C for the garnet zone, 6.0 to 7.7 kb and about
600°C for the staurolite zone, and 11.0 to 11.5 kb and about 600°C for the kyanite zone
(fig. 9). These P-T conditions can be approx correlated to those constrained by the P-T
grid of pelites (fig. 7). The P-T conditions of the kyanite zone were also computed by
simultaneous solution of the garnet-biotite thermometer and the garnet-kyanite—
anorthite—quartz barometer using the TWEEQU program. The temperatures yielded by
the solution of these two geothermobarometers are also around 600°C, but the pressures
are about 2 kb higher than those yielded by the simultaneous solution of the garnet-
biotite thermometer and garnet-muscovite-biotite—plagioclase barometer (fig. 10). The
relatively high pressures obtained for the kyanite zone are consistent with high grossular
contents analyzed from the garnets and its tectonic contact with the staurolite zone.

P-T conditions of M;—The P-T conditions of the M; assemblages in pelitic schist
cannot be estimated using the above geothermobarometers because of the lack of garnet
in sillimanite-bearing rocks. Instead, the muscovite-biotite geothermometer of Hoisch
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Fig. 8. P-T estimates for the M, stage computed by simultaneous solution of the garnet-biotite thermom-
eter and the garnet-muscovite-biotite—plagioclase barometer using the TWEEQU software package of
Berman (1991).

(1989) was used and gives temperatures ranging from 570° to 610°C (table 7). The P-T
conditions of Mj can also be estimated from epidote amphibolite associated with
sillimanite-bearing schist by using the hornblende—plagioclase thermometer of Holland
and Blundy (1994) and the hornblende-plagioclase geothermobarometer of Plyusnina
(1982). The former yielded a temperature of 590° to 620°C (table 7), whereas the latter
yielded a pressure of 4.0 to 4.5 kb and a temperature of 590° to 625°C (table 7). The
temperature estimates by the thermometers of Holland and Blundy (1994) and Plyusnina
(1982) are similar to those by the muscovite-biotite thermometer of Hoisch (1989). The
relatively low pressure estimated for Mj is consistent with pressure constraints on the M;
phase assemblage in P-T grid of pelites (fig. 7).

P-T conditions of M,—The temperatures of M, can be semi-quantitatively estimated
using rim compositions of garnet surrounded by retrogressive chlorites and the garnet-
chlorite thermometer of Dickenson and Hewitt (1986) combined with garnet activity
models of Hodges and Spear (1982), Ganguly and Saxena (1984), and Berman (1990).
The temperatures calculated using the Berman (1990) correction are consistent with
those calculated using Hodges and Spear (1982) correction and are preferred because
they are based on recent experimental and calorimetric data. The thermometer using the
garnet activity model of Berman (1990) produced a temperature between 335° to 410°C
for the M, stage at a reference pressure of 3.5 kb (fig. 11). The temperature estimates by
the garnet—chlorite thermometers are little influenced by reference pressures because, as
seen in figure 11, the P-T curves of the thermometer are nearly parallel to the Y



330 G. Zhao and P. A. Cawood—Tectonothermal evolution

13
Sample No: 54-1 Sample No: §4-2
127|/p = 7.0 kb
4117 = 6805°C
1071
) Garnet zone Garnet zone
X 97
@
5 8
o
o 7
[«
6
5
4
13 !
Sample No: Z-3
12 P = 6.1 kb
11 T =598°C
10
= o Staurolite zone Staurolite zone | Staurolite zone
o L L
2 8
=S
a
] 7
e s
5
4
13 : - — :
Sample No: 162-2 Sample No: 181-1 Sample No: 181-2
1271P = 11.0 kb [[P=11.5 kb NP = 10.9 kb
11T = 590°C T=597°C ||T = 587°C
3
10 o - 5"6\ F &
. @5"?‘\\ Kyanite zone R xq“ Kyanite zone “\5" =S Kyanite zone
a L oY L x
29 T i ¥, Q‘\%?s\x
@
S8 Y g S -1 Y g
@ * <o < </ d <4
a1 o Yé\ ++ r x@ & +| o+ C ‘?'QQ |+
E | *x /% = g | *® =ie | %/ % E g
6%6‘?9 o< %Srby‘? olg v\_'s‘?? Qg
st/% L
4 r
3 I I ' ' (L ' | ' Lt ' ! ' | ' | | I L L L ' I ¢ L
300 400 500 600 700 800 400 500 600 700 800 400 500 600 700 800
Temperature (°C) Temperature (°C}) Temperature (°C)

Fig. 9. P-T estimates for the My stage computed by simultaneous solution of the garnet-biotite thermom-
eter and the garnet-muscovite-biotite—plagioclase barometer using the TWEEQU software package of
Berman (1991).

(Pressure) axe. The pressure of M, cannot be quantitatively estimated because of the lack
of suitable barometers, but considering the characteristics of the M, mineral assemblage
and the pressure of M3, it should not be more than 4.0 kb.

P-T PATH
Relations between mineral growth and deformational episodes, mineral composi-
tions and thermobarometric calculations for the Mayuan assemblage define a near-
isothermal decompressional clockwise P-T path (fig. 12), which is consistent well with
the P-T path (fig. 7) qualitatively reconstructed based on the sequence of mineral
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Fig. 10. P-T estimates for the M, stage (kyanite zone) computed by simultaneous solution of the

garnet-biotite thermometer and the garnet-kyanite—plagioclase-quartz barometer using the TWEEQU soft-
ware package of Berman (1991).

assemblages and history of metamorphic reactions in the petrogenetic grid of pelites.
Some uncertainties for the P-T estimates of the M3 and late retrograde metamorphic
stages may exist because of the lack of suitable geothermobarometry, but large parts of
the path are well constrained by textural relations and quantitative P-T estimates.

The M, mineral assemblages from different lithological units and the P-T estimates
from pelitic schist suggest that the Mayuan assemblage experienced an early phase of
greenschist-facies metamorphism (M;) during the first deformational episode (D). This
phase of metamorphism may be related to thickening during the initial stage of
orogenesis. Following M;, the Mayuan assemblage underwent peak metamorphism
(M,), resulting in the development of prograde metamorphic zones in the area; chlorite—
biotite, garnet, and staurolite zones developed in the upper part of the crust, whereas the

TABLE 7

P-T estimates for M using the muscovite-biotite thermometer (Hoisch, 1989) and the
hornblende—plagioclase thermobaromers of Holland and Blundy (1994) and (Plyusnina, 1982).

Geothermobarometers  Mu—Bt Hbl-P1 Hbl-P! Hbl-P1
Sample T; (°C) Tu(°C) T3 (°C) P (kbar)
Gl1l-3 589

83-1 578

86-4 609

Gl1-2 597 590 4.4
83-2 614 590 4.2
863 607 625 4.2
100-4 619 595 4.3
107-2 592 615 4.5

T), Hoisch (1989); Ty, Holland and Blundy (1994); Ts/Py, Plyusnina (1982).
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Fig. 11. P-T estimates for M using the garnet—chlorite thermometer of Dickenson and Hewitt (1986) with
garnet activity models of Hodges and Spear (1982), Ganguly and Saxena (1984) and Berman (1990). 1-Dickson
and Hewitt (1986); 2-Hedges and Spear (1982); 3-Gangly and Saxon (1984); 4-Barman (1990).

kyanite zone developed in the lower part of crust. The P-T conditions of 10 to 11 kb and
600°C estimated for the kyanite zone indicate amphibolite to amphibolite-eclogite
transitional facies metamorphism for this zone during My. This implies that the metamor-
phosed crust has been doubly thickened during M,. The relatively high pressure
metamorphism is supported by recent discovery of jadeite-bearing glaucophane blue-
schists along the Jiangshan-Shaoxing suture (Zhang, 1994). The P-T conditions of the
jadeite-bearing glaucophane schists were estimated at 15 to 20 kb and >250°C (Zhang,
1994). Further support is given by the presence of high b0 phengite in the kyanite-
bearing schists from the Mayuan assemblage (Gao, 1991). The P-T conditions of 4.0 to
4.5 kb and 590° to 625°C estimated for M suggest that the lower part of metamorphic
crust (kyanite zone) experienced isothermal decompression after thickening. The isother-
mal decompression indicates rapid exhumation relative to the rate of thermal relaxation
(England and Thompson, 1984). It is uncertain if the chlorite-biotite, garnet, and
staurolite zones also underwent M3 or move directly toward M, conditions. Decompres-
sion was followed by greenschist facies retrogression (M,). Evidence for this regional
retrogression is indicated by a number of hydration reactions, mainly involving the
replacement of garnet and staurolite by chlorite and muscovite, kyanite and sillimanite
by sericite, hornblende by chlorite, and plagioclase by epidote. Considering the relation-
ships between the metamorphic and deformational episodes, the M, stage most likely
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Fig. 12. P-T path of the Mayuan assemblage. The dashed line shows a portion of the P-T path based on
the P-T conditions of the kyanite zone calculated by simultaneous solution of the garnet-biotite thermometer
and the garnet-kyanite-anorthite-quartz barometer using the TWEEQU program.

occurred when the region was being exhumed to a shallow level, and hence, the
pressures and temperatures were decreasing.

TECTONIC IMPLICATION AND DISCUSSION

The sequence of mineral assemblages, metamorphic reaction history, and estimated
clockwise P-T path (figs. 7 and 12) for the Mayuan assemblage in the Cathaysia Block
reflect tectonothermal processes characterized by initial crustal thickening (M; + My),
subsequent rapid exhumation (M3), and final cooling (M,). This sequence of tectonother-
mal processes is consistent with a continent—continent collisional model (England and
Thompson, 1984; Thompson and England, 1984; Brown, 1993). Thus, the tectonother-
mal evolution of the Mayuan assemblage provides new evidence for the tectonic model
that the South China craton developed as a result of the amalgamation of the Cathaysia
and Yangtze blocks.

The collisional event that resulted in the amalgamation of the Cathaysia and
Yangtze blocks was previously considered to be of terminal Mesoproterozoic age (Shui,
1987; Li, Gui, and Yu, 1992; Zhou and others, 1993; Li, X, 1994; Li, Z. X., 1998), which
led Li, Zhang, and Powell (1995, 1996) to correlate it with the Grenville event and to
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suggest that the South China craton was an important part of Rodinia, lying between East
Australia and western North America. Recent isotopic dating, however, suggests a
Neoproterozoic rather than Mesoproterozoic age for this collisional event. An older limit
on the timing of collision is provided by the age of 1034 * 24 Ma for ophiolitic rocks
along the Jiangshan—Shaoxing suture (Chen and others, 1991). The K-Ar age of 866 =
14 Ma for glaucophanes from the blueschists within the collision zone was interpreted as
their peak metamorphic crystallization age (Ma and Wang, 1994). In addition, peralumi-
nous (S-type) granites within the collisional zone have yielded U-Pb zircon ages of
around 825 Ma (Li, 1999), which are considered to represent the timing of exhumation of
metamorphosed terranes because these S-type granites were derived from the decompres-
sional melting of meta-sedimentary rocks during tectonic exhumation following the
collisional thickening (Zhao, Sun, and He, 1994a; Li, 1999). Similar metamorphic
crystallization and cooling ages have also been obtained from the Mayuan assemblage in
the Cathaysia Block. Syn-tectonic granites from the Mayuan assemblage yielded U-Pb
zircon ages of ~868 Ma (Shui, 1987), and hornblendes from amphibolites were dated
using the K-Ar methods at around 844 Ma (Shui, 1987). Li (1989) obtained U-Pb ages of
~868 Ma from metamorphic zircons in paragneisses of the Mayuan assemblage. All
these isotopic data suggest that the amalgamation of the Yangtze and Cathaysia blocks
occurred at around 870 to 820 Ma. Orogenic activity of this age is not known from either
eastern Australia or western North America and argues against placing the South China
craton between these continental segments in any Rodinian reconstruction. Paleomag-
netic data by Zhang and Piper (1997) for the Neoproterozoic Sinian strata from the
Yangtze Block also argue against placing the South China craton between eastern
Australia and western North America.

Auvailable geologic data indicate that although the South China craton did not lie off
eastern Australia, it was connected to Australia. The unmetamorphosed Sinian succes-
sion in the South China craton is similar in age and character to the sequences in the
Centralian Superbasin and Adelaide Fold Belt of central and eastern Australia respec-
tively (Preiss and others, 1993). Li and others (1999) have dated mafic/ultramafic
intrusives into the Sibao Group by U/Pb SHRIMP zircon at 828 = 7 Ma. This is identical
to the age of the basaltic dikes in southcentral Australia (Wingate and others, 1998).
Combining this data with limited paleomagnetic constraints (Zhang and Piper, 1997; Li
and Powell, 1999), we consider South China was located off northern Australia in the
Neoproterozoic. This would place South China along an ocean flanking margin of
Rodinia rather than in an intra-cratonic setting enabling mid-Neoproterozoic collision of
the Yangtze and Cathaysia blocks.

The deformational and metamorphic data along with lithological and geochronologi-
cal considerations allow the development of the following tectonic model for the
amalgamation of the Cathaysia and Yangtze blocks.

1. In the Mesoproterozoic, the Yangtze and Cathaysia blocks were separate conti-
nental fragments. The Yangtze Block consisted of basement of the Paleoproterozoic
Kangding and Mesoproterozoic Sibao assemblages and cover of Early Neoproterozoic
Banxi assemblage, whereas the Cathaysia Block consisted of basement of the Paleopro-
terozoic Badu assemblage and cover of Mesoproterozoic to Early Neoproterozoic
Mayuan assemblage. Separating the two continental blocks was an ocean lithosphere,
represented by the approx 1000 Ma ophiolite suite exposed along the Jiangshan-
Shaoxing suture (fig. 13A).

2. Collision of the Yangtze and Cathaysia blocks occurred in the Neoproterozoic
(870-820 Ma). Initially, the collision caused folding and moderate crustal thickening,
resulting in the first phase of deformation (D;) and greenschist facies metamorphism (M,
fig. 13B).
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Fig. 13. A series of schematic sections showing the suggested tectonothermal evolution for assembly of the
Cathaysia and Yangtz blocks. Abbreviation: BD-Badu assemblage; BX-Banxi assemblage; JSS-Jiangshan-
Shaoxing suture; KD-Kangding assemblage; MY-Mayuan assemblage; SB-Sibao assemblage.

3. The further crustal thickening associated with folding and thrusting of the Banxi
assemblage over the Cathaysia Block along the Jiangshan-Shaoxing suture resulted in
the second phase of deformation (D,) and development of prograde metamorphic zones
(M,) in the Mayuan assemblage: the chlorite-biotite, garnet, and staurolite zones in the
upper level of the crust, whereas the kyanite zone in the lower level of crust (fig. 13C).
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4. Following the prograde metamorphism (M,), the thickened crust underwent
rapid exhumation, represented by isothermal decompression metamorphism (Mj) and
D deformation, which resulted in folding of both the prograde metamorphic zones and
the Jiangshao—-Shaoxing suture (fig. 13D). Minor ophiolites have been reported from
some other faults that extend in parallel to the Jiangshan—-Shaoxing suture in the Yangtze
Block (for example the Jingdezheng-Yifeng Fault; Yang and Fan, 1994). These faults
may represent either different parts of the same folded Jiangshao-Shaoxing suture (fig.
13D) or secondary faults within the suture zone.

5. Finally, retrogressive cooling (M,) occurred with the further exhumation of the
metamorphosed crust to a shallow level (fig. 13E).

Following the amalgamation of the Cathaysia and Yangtze blocks, the South China
craton underwent a rifting event (Li, 1999; Li and others, 1999), which resulted in a
widespread intrusion of mafic to ultramafic dikes at around 830 to 820 Ma (Li and others,
1999) followed by basin subsidence in the South China craton for the remainder of the
Neoproterozoic and early Paleozoic (Li, 1999). This rifting with associated magmatic
activity may have been driven by post-collisional extensional collapse (Dewey, 1988) or
mantle plumes (Li and others, 1999). With the further development of the rifting, the
Cathaysia and Yangtze blocks (South China craton) rifted away from Northern Australia
and then drifted with East Gondwana to amalgamate with West Gondwana by mid-
Cambrian to form the Gondwana supercontinent (Zhao and others, 1996). The Early
Paleozoic deformation and metamorphism within the South China craton (for example
Wuyi-Yunkai assemblage) may be related to this tectonic event, whereas the Jurassic
metamorphism and deformation within the craton (for example Pingtan-Dongshan
assemblage) may be related to the breakup of Gondwana or/and the final assembly of the
major China cratonic blocks (Metcalfe, 1996; Zhao and others, 1996).
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