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Abstract-Progressive localization of strain within the Songpan-Garz& Fold Belt, at the eastern margin of the 
Tibetan Plateau, has resulted in the formation of the Wenchuan-Maowen Shear Zone and preservation of 
excellent overprinting relationships between three major phases of ductile and semi-ductile deformation. These 
relationships show that deformation in the eastern Songpan-Garz& Fold Belt evolved from crustal thickening 
during SW-directed compression (0,) to localized sinistral transcurrent shear (4) and finally to increasingly 
localized high temperature (L$) and retrograde (&) reverse shear in response to SE-directed compression. 
Both D2 and D3 deformations weie co-planar and reactivation of the S, foliation led to the formation of a 
composite S,_, fabric. However, inclusion trails in garnet porphyroblasts preserve evidence of a transition 
between these strike-slip and reverse shear end members, indicating that 4 and 017 were part of an episode of 
progressive transpressional shear. Metamorphic grade increases from chlorite to kyanite zone within the 
Wenchuan-Maowen Shear Zone, reaching syn-D,, peak conditions of -600°C and 10 kbar. The &,, and 4, 
reverse shears were responsible for tectonic exhumation of the shear zone and resulted in the formation of 
retrograde D3r high strain zones along the margins of the Xuelongbao Granite and adjacent to the Wenchuan- 
Maowen Fault. 

INTRODUCTION 

Localization of deformation in ductile shear zones is a 
common crustal feature related to either syntectonic 
processes and/or the superposition of later deformation 
episodes into a zone of pre-existing deformation. Along 
the margins of the Tibetan Plateau, i.e. in the Hima- 
layan Mountains and Longmen Shan (shan = moun- 
tains), these localized zones of deformation may be 
several kilometers wide (Butler & Prior 1988, Burg & 
Chen 1984, Dirks et d. 1994). In attempting to deduce a 
plausible structural history for these multiply deformed 
zones of localized strain, it is necessary to determine the 
nature and orientation of early formed fabrics which 
have since been destroyed by the progressive defor- 
mation. A useful technique for gathering such infor- 
mation is to study the microstructures developed in 
strain shadows adjacent to relatively rigid bodies such as 
porphyroblasts and quartz boudins and, more specifi- 
cally, the relationship between internal foliations pre- 
served in porphyroblasts and the external foliation in the 
surrounding matrix. Numerous recent studies using such 
methods have highlighted the progressive nature of 
deformation in erogenic belts and the importance of 
processes such as the reactivation of early fabrics and the 
formation of composite foliations (Meneilly 1982, Bell 
& Rubenach 1983, Tobisch & Paterson 1988, Bergh & 
Karlstrom 1992, Davis 1993,1994, Davis & Forde 1994). 
In this paper, we present field data from the central 
Longmen Shan of China (Fig. l), where progressive 
localization of deformation, with time, has resulted in 
the excellent preservation of overprinting relations be- 
tween several generations of fabrics. This localization 
has enabled us to investigate the roles of deformation 

partitioning, fabric reactivation and composite foliation 
development in the formation of the observed macro-, 
meso- and microscopic structures and illustrate the im- 
portance of recognizing such processes when attempting 
to reconstruct the structural history of erogenic belts. 

GEOLOGICAL FRAMEWORK 

The Songpan-GarzC Fold Belt occupies a large 
portion of the eastern Tibetan Plateau and is separated 
from the major hydrocarbon-producing Sichuan Basin 
to the east by the Longmen Shan Thrust-Nappe Belt 
(Fig. 1; Chen et al. 1995). The fold belt and Sichuan 
Basin are both underlain by crystalline Proterozoic base- 
ment (Chen et al. 1995) but have distinctly different 
Phanerozoic sedimentary and structural histories. Com- 
posed of a Palaeozoic-Mesozoic sequence of predomi- 
nantly deep water shale, fine sandstone and extensive 
turbidites (Fig. 2), the Songpan-GarzC Fold Belt was 
deformed and metamorphosed during the Late Triassic 
(Norian-Rhaetian) Indosinian Orogeny (Hu 1987, Hu 
& You 1991, Dirks et al. 1994, Chen et d. 1995). 
Extensive S- and I-type granite magmatism (Liu et al. 
1984, Yuan et al. 1991) accompanied and outlasted the 
orogeny. Granite plutons cross-cut stratigraphy and 
early deformational fabrics, and generally have contact 
metamorphic aureoles up to 24 km in width (Dirks et al. 

1994). 
The Sichuan Basin remained stable throughout most 

of the Indosinian Orogeny and subsequently the Sinian- 
Upper Triassic (T:) stratigraphy is dominated by shall- 
ow marine, platform carbonates. However, in the final 
stages of the orogeny, the Longmen Shan Thrust-Nappe 
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Fig. 1. Simplified geological map of the central Longmen Shan, illustrating the relationship between the Songpan-Garze 
Fold Belt (SGFB), Longmen Shan Thrust-Nappe Belt (TNB) and Sichuan Basin (SB). These tectonic units are bounded by 

the symbols: NCB = North China Block, YZC = Yangtze Craton, QFB = Qiling Fold Belt, 

Belt was initiated and propagated eastward onto the 
western Sichuan Basin. This resulted in the formation of 
the Western Sichuan Foreland Basin with sporadic ter- 
restrial deposition from Late Triassic ( 7’sx) to Quatern- 
ary (Chen et al. 1994). 

Three principal episodes of ductile to semi-ductile 
Indosinian deformation have been recognized in the 
eastern Songpan-GarzC Fold Belt (Wilson et al. 1994, 
Worley et al. 1995, Chen et al. 1995). The accumulation 
of differential strain along the eastern margin of the fold 
belt resulted in partitioning of deformation into the 20- 
25 km wide Wenchuan-Maowen Shear Zone (Fig. 3; 
Dirks et al. 1994, Worley et al. 1995). NE-trending 
structures, developed in the shear zone during D, as the 
result of sinistral shear, are partially overprinted by co- 
planar D, structures formed during uplift of the 
Songpan-Garze Fold Belt in response to SE-directed 
compression. 

The Songpan-GarzC Fold Belt has, as a whole, under- 
gone lower greenschist facies (chlorite zone) metamor- 
phism, while localized high strain zones along the 
margins of the belt, i.e. the Wenchuan-Maowen Shear 
Zone and Diexi Fault (Fig. 1; Dirks et al. 1994), experi- 
enced upper greenschist-amphibolite facies conditions. 
Peak metamorphic conditions reached kyanite grade 
within the Shapai region of the Wenchuan-Maowen 
Shear Zone, adjacent to the Xuelongbao Granite (Fig. 
3). The granite cross-cuts Palaeozoic sediments and 
deflects tectonic fabrics associated with the development 
of the shear zone (Fig. 3) but, unlike the other granites in 

the fold belt, there is no contact metamorphic aureole 
preserved. 

DEFORMATION HISTORY OF THE 
WENCHUAN-MAOWEN SHEAR ZONE 

Macro- and mesoscopic structures within the 
Wenchuan-Maowen Shear Zone and other regions of 
the eastern Songpan-GarzC Fold Belt can be described 
in terms of three main ductile to semi-ductile deforma- 
tional episodes (DI, D, and D3). We appreciate the 
timing problems outlined by Tobisch & Paterson (1988) 
and do not infer that deformation occurred as three 
temporally discrete events. Rather, we use this nomen- 
clature to relate the different structures to major 
changes in deformation style or orientation, which in a 
particular area or outcrop (but not necessarily over the 
orogen) maintain consistent overprinting relations. The 
preservation of the overprinting relationships is in part 
due to progressive localization of deformation into the 
Wenchuan-Maowen Shear Zone. 

Dl 

Upright-inclined F, folds (Fig. 4a) are developed 
throughout the Songpan-Garze Fold Belt. Rheological 
contrasts have resulted in a large range of lithologically 
dependent fold styles. The fold shapes range from open 
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Fig. 2. Schematic log illustrating the Palaeozoic-Mesozoic stratigra- 
phy of the Songpan-GarzC Fold Belt. The Palaeozoic sequence is 
dominated by greywacke and shale with the Triassic composed of 

turbiditic sediments. 

in thick psammitic units to isoclinal in carbonate, shale, 
and turbiditic lithologies. In regions of low post-D, 
strain (i.e. the central portions of the fold belt), F, folds 
have shallow plunging axes and a pervasive NW-SE- 
striking, axial planar slaty cleavage (S,), defined by an 
alignment of white mica, chlorite and elongate quartz; 
Si dips 60-90” to either the southwest or northeast (Fig. 
3). As the Wenchuan-Maowen Shear Zone is 
approached and the fold belt is increasingly affected by 
D2 strain, the D, structures have been progressively 
rotated into a northeast-southwest orientation (arcuate 
zone of Chen et al. 1995), and transposed into the S2 
fabric. Therefore, D, structures are not preserved in the 
high D2 strain regions of the fold belt. 

Limb thrusts and duplex structures are commonly 
associated with isoclinal F, folds. These structures, in 
conjunction with a consistent down-dip mineral 
elongation lineation, defined by elongate oxidation 
spots and quartz pressure shadows around pyrite 
porphyroblasts, indicate a general top-to-the-northeast 
sense of shear. Thrusting and folding during D, have 
resulted in greater than 50% shortening and hence 
thickening of the fold belt (Wilson et al. 1994). 

D2 

Structures attributed to the D2 event are spatially and 
temporally associated with the development of the 

Wenchuan-Maowen Shear Zone. Throughout the cen- 

tral portions of the Songpan-Garze Fold Belt, D2 struc- 
tures are rarely developed, occurring only locally as 
regions of intense crenulation cleavage development 
and local refolding, adjacent to granite intrusions and in 
smaller high strain zones along the margin of the fold 
belt such as the Diexi Fault (Fig. 1). 

The northwestern margin of the Wenchuan-Maowen 
Shear Zone is gradational, with D, strain increasing 
toward the southeast. The D, deformation is first evi- 
denced by a sub-vertical, E-W-striking (Fig. 3) spaced 
crenulation cleavage (S,) which is associated with 
steeply plunging, open F, folds (Figs. 4b & c). From 
northwest to southeast across the Wenchuan-Maowen 
Shear Zone, S2 evolves from a spaced crenulation cleav- 
age (cleavage seams <lOOpurn in width) into a domainal 
crenulation cleavage (with mica-rich cleavage domains 
up to 10 mm in width) and finally into a pervasive slaty 
cleavage or schistosity, depending on metamorphic 
grade (Figs. 4c-e). Coincident with the evolution of the 
S2 cleavage, F2 folds are progressively tightened and 
assume a consistent sinistral asymmetry (Figs. 4d and 6). 
This evolution of the S2 fabric is an excellent mesoscopic 
example of a complete cycle of schistosity development 
via a crenulation cleavage as proposed by Bell & Rube- 
nach (1983) and can be attributed to increasing D2 strain 
across the shear zone. At the microscopic scale, parti- 
tioning of deformation is more complex and in many thin 
sections four or more stages of Bell and Rubenach’s 
cycle can be recognized in areas of less than 100 mm’. At 
low strain, and low metamorphic grade (chlorite zone), 
deformation is strongest at the contacts between mica- 
rich and quartz-rich schist (Fig. 4b). Initial localization 
of the deformation is thus most likely the result of 
partitioning of strain from the more competent quartz- 
rich layers into the immediately adjacent mica-rich 
layers. Deformation has then been progressively local- 
ized along the limbs of asymmetric folds resulting in 
formation of thick cleavage seams (cl in Fig. 4b) and the 
preservation of stages 1 (no deformation) to 4 (differen- 
tiated crenulation cleavage with crystallization of new 
mica) of Bell and Rubenach’s cycle. Thinning and trunc- 
ation of quartz-rich layers by the cleavage seams indi- 
cates that quartz removal by pressure solution was an 
important deformation mechanism during crenulation 
cleavage formation under these conditions. 

At higher metamorphic grades (garnet zone) and 
higher strain, partitioning of the deformation has once 
again resulted in the preservation of a range of S2 fabrics 
(Figs. 4f and 6). A n important factor controlling the 
extent of S2 development is the thickness of mica-rich 
layers. In very fine mica-rich layers (2 in Fig. 4f), S, has 
been crenulated, and while S, micas exhibit kinking 
there is no evidence of new mica crystallization parallel 
to the axial surface of the microfolds (stages 2-3). In 
slightly thicker mica-rich layers (4 in Fig. 4f), the cleav- 
age has reached stage 4 with crystallization of unde- 
formed D, muscovite parallel to Sz. Crenulated Si 
muscovite is kinked and quartz commonly exhibits 
undulose extinction and sub-grain formation indicating 
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Fig. 3. Composite structural and geological map of the Xuelongbao region. All stereonets are lower hemisphere equal area 
projections, contour intervals arc 2.0% per 1% area. Location of this area is indicated on Fig. 1 and cross-section A-A’ is 

shown in Fig. 9. 

the importance of crystal plastic deformation mechan- the S2 cleavage varies from open crenulations with no S, 

isms such as dislocation creep. Partitioning of strain muscovite crystallization to a penetrative schistosity. At 
around a garnet porphyroblast has resulted in the crenu- a slightly coarser scale (i.e. Fig. 6), a similar range in 
lation cleavage evolving to stage 5 (5 in Fig. 4f) and stage crenulation cleavage development is exhibited, with 
6 (6 in Fig. 4f). Therefore, within a distance of <5 mm, cleavage intensity increasing. toward a long limb of an 
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Fig. 5. Meso- and microscopic structures from the Wenchuan-Maowen Shear Zone. (a) Schematic block diagram of garnet-biotite schist with 
rotated garnet porphyroblasts indicating the position of the orthogonal thin sections. (b) Photomicrograph of a rotated garnet porphyroblast cut 
perpendicular to Sz_s and perpendicular to L3p (h-section). Note how the internal foliation (Si) has a smooth sinusoidal shape and is continuous 
with the external foliation (S, - .S*_s). (c) Photomicrograph of a rotated garnet porphyroblast cut parallel to .I$_, and parallel to Lsp (I-section). 
(d) Photomicrograph of a rotated garnet porphyroblast cut perpendicular to Sz-s and parallel to L+ (v-section). (e) Asymmetric 5, folds from a 
retrogressed Dxr high strain zone adjacent to the Wenchuan-Maowen Fault. (f) Staurolite-garnet-biotite schist from the west of Shapai. Main 
fabric is an Sz_s composite foliation resulting from the reactivation of Sz during D,,. The porphyroblast-rich nature of the schist during the D3, 
shear has resulted in significant microscopic strain partitioning. This has led to crenulation of the fabric (cr) in porphyroblast pressure shadows 
and the development of a planar high strain Sz_s foliation elsewhere. Symbols: (gt) = late garnet porphyroblast, (st) = staurolite porphyroblast 
wrapped by Sz-3. (g) The S-C’ fabric at the western margin of Proterozoic basement, near Shapai. Photograph is taken looking toward the north 

and shear sense is west-over-east. 
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Fig. 6. Sketch of a microscopic F2 fold in garnet-biotite schist. The fold exhibits sinistral asymmetry and the axial surface S, 
crenulation cleavage intensifies toward the long limb of the fold. The stages of the crenulation cleavage development are 
after Bell and Rubenach (1983). Many of the garnet and biotitc porphyroblasts preserve earlier stages of the cleavage 
development as crenulated inclusion trails with axial surfaces parallel to S2. The Ds,, deformation is represented by a 

discrctc S,,, crenulation cleavage oblique to S2 and exhibiting a reverse shear sense. 

asymmetric FL fold. In this example, the extent of the 
partitioning is less extreme than in the lower grade 
metamorphic rocks. This may be due to the predomi- 
nance of crystal plastic deformation mechanisms at 
upper greenschist facies conditions compared to fluid 
controlled mechanisms such as pressure solution oper- 
ating at lower metamorphic grades (Gray & Durney 
1979). 

The orientation of S2 varies systematically across the 
shear zone, with strike rotating from east-west to 

northeast-southwest with increasing strain (Fig. 3). 
However, the S2 fabric is deflected around the Xuelong- 
bao Granite and is generally parallel to the margin 
within l-2 km of the pluton. This change in the geometry 
of Sz with respect to the margins of the shear zone is 
similar to that observed in many mesoscopic ductile 
shear zones where the foliation originally develops per- 
pendicular to the principal finite shortening direction or 
at 45” to the shear direction (Ramsay & Graham 1970). 
This fabric is then progressively rotated into the shear 
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Fig. 7. Sketches of mesoscopic field relationships from the Wenchuan-Maowen Shear Zone. (a) Semi-schematic block 
diagram of an outcrop showing the horizontal boudinaging of quartz veins during D 2 and the weakly developed, conflicting 
L3p mineral elongation lineation. This relationship is typical of many outcrops in the western half of the Wenchuan-  
Maowen Shear Zone. (b) Semi-schematic block diagram of an outcrop which has experienced relatively high D 3 strain. The 
L3p lineation is much stronger than in (a) and boudinaging of the quartz vein is apparent in both the horizontal (D2) and 
vertical (D3p) sections. (c) Field sketch of a strongly asymmetric Fsp folded quartz vein in staurolite grade schist to the west 
of Shapai. The $2_ 3 is strongly developed in the pelites as a result of lithologically dependent partitioning of the D3p strain. 
(d) Field sketch of kyanite grade schist with sub-horizontal F3p folds preserved between mesoscopic D3p high strain zones 
represented by the intense $2_ 3 foliation. Preservation of the S 1 fabric indicates that these folds developed in a region where 

S 1 and S 2 were not parallel, i.e. the hinge zone of a macroscopic F 2 fold. 

direction, i.e. parallel to the margins of the shear zone, 
in this case northeast-southwest.  

At high D 2 strain, quartz veins in competent lithologi- 
cal (i.e. psammitic) layers are commonly boudinaged in 
a subhorizontal direction (Fig. 7a). The sub-horizontal 
boudinage and steeply plunging F 2 fold axes indicate a 
sub-horizontal extension or shear direction, i.e. trans- 
current shear. A sinistral shear sense during D 2 is 
evidenced by the consistent sinistral asymmetry of meso- 
and microscopic F2 folds (Figs. 4b-d and 6) and boudins 
(Fig. 7a) and the macroscopic sinistral rotation of So, $1 
and $2 from the fold belt into the shear zone. A down- 

dip mineral elongation lineation (Fig. 4g) which is devel- 
oped throughout much of the shear zone is inconsistent 
with the kinematic history indicated by the other D2 
structures (Fig. 7a). Consequently, this lineation is 
attributed to reactivation of the $2 fabric during D3 
deformation. 

D3 

The third phase of deformation (D3) encompasses a 
range of co-planar and co-linear ductile to semiductile 
structures which developed in response to reverse shear 
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within the Wenchuan-Maowen Shear Zone. Despite the 

similar orientation and kinematics of D3 structures, they 
are further sub-divided into two distinct groups on the 
basis of the metamorphic conditions during formation. 
Ductile folds and fabrics associated with prograde-peak 
mineral assemblages are defined as D,, structures, 
whilst Dsr structures are ductile-semi-ductile in nature 
and associated with retrogression of the peak paragene- 
sis. 
D,, structures include a spaced cleavage, defined by 

the alignment of sub-parallel muscovite and biotite 
(S,,), which crenulates S, (Figs. 4h and 6)) but progress- 
ive overprinting as observed with the Dz crenulation 
overprinting of S, is not recorded. In fact, parallelism of 
the bulk shear plane between D2 and D,,, apparently 
controlled by the margins of the shear zone and particu- 
larly the steep orientation of the Wenchuan-Maowen 
Fault, has resulted in ubiquitous reactivation of S2 and 
the formation of a composite foliation referred to here- 
after as S2_3. Due to the reactivation and formation of a 
composite fabric, it is not possible to distinguish be- 
tween D, and D, deformation on the basis of overprint- 
ing foliations; instead, variations in the style and 
orientation of the linear structures are used. The Dzr 
deformation, also co-planar to D,, and D,, was re- 
stricted to localized high strain zones. While D,, shear 
within these high strain zones continued to be accommo- 
dated by the S, fabric, semi-ductile structures such as 
S-C’ fabrics and kink folds were also developed. 

L3 line&ions. The down-dip mineral elongation linea- 
tion (L+,), developed throughout much of the shear 
zone, is variably defined by elongate quartz ribbons and 
aligned muscovite, biotite and staurolite, depending 
upon metamorphic grade. This lineation first appears in 
relatively low D3, strain regions where it is orthogonal to 
the extension direction indicated by sub-horizontal bou- 
dinage of quartz veins (Fig. 7a). However, with increas- 
ing D3, strain, the L,, lineation increases substantially 
in intensity and boudinage of quartz veins becomes 
increasingly apparent in vertical as well as horizontal 
sections. Within the D,, high strain zones the lineation 
(L3,.) is further intensified, but is now defined by 
elongate quartz, oxidation spots or by an alignment of 
muscovite and chlorite. 

Four principal F3 fold styles have developed in re- 
sponse to variations in temperature, strain and the 
orientation of pre-existing fabrics. The first three fold 
styles are F+ folds developed during the prograde D,, 
deformation, while the fourth set are F3r folds related to 
D3r high strain zones. 

F3pfoZds. These are similar in appearance to F2 folds, 
but can be confidently identified, even when overprint- 
ing relations are not observed, by the consistent sub- 
horizontal orientation of the axes (cf. the steep plunge of 
F2, Fig. 3). Although rare, there are three styles of folds 
which developed during the prograde D,, deformation, 
all of which exhibit a consistent asymmetry 

indicating reverse shear, equivalent to the quartz bou- 

dins. 
(1) Asymmetric microfolds associated with the dis- 

crete S, crenulation cleavage. These folds are restricted 
to the low strain, western portion of the Wenchuan- 
Maowen Shear Zone, and are specifically developed 
where S, is steeply dipping to the southeast and is 
therefore not in a favourable orientation for reacti- 
vation. 

(2) Strongly asymmetric fold hinges in quartz veins 
(Fig. 7~). These are predominantly preserved in psam- 
mites and are the result of partitioning of the D3, shear 
strain into the pelitic layers. Where S0/S11S2 are parallel 
to the margins of the shear zone, and hence the bulk 
shear plane, they have been reactivated to form the 
composite S, foliation. However, D, or early D,, 
quartz veins within more competent lithologies, which 
are not completely transposed into the early fabrics, are 
involved in this style of folding. 

(3) Tight to isoclinal meso- to macroscopic folds with 
axial surfaces parallel to the overall S,, orientation. 
Once again, these folds are mainly developed in quartz 
veins, but occasional tight folding of So/S1 is observed 
(Fig. 7d). Such folds are developed in regions where 
So/S1 and Sz are not parallel (i.e. in the hinge zones of 
macroscopic F2 folds). 

F,, folds. These are asymmetric, semi-ductile kink 
folds with axial surfaces dipping steeply to the E (Fig. 3) 
and are common in the D,, high strain zones, particu- 
larly in the Silurian schist adjacent to the Xuelongbao 
Granite and Wenchuan-Maowen Fault (Fig. 5e). 

The nature of the F3 folds, extensive distribution of 
the mineral lineation and co-planarity of D, and D3 
indicate the importance of the partitioning of D, shear 
strain and reactivation of the S2 foliation at a mesoscopic 
scale during D, deformation. These processes have also 
been significant at a microscopic scale resulting in the 
formation of a characteristic range of microstructures. 

Garnet inclusion trails 

In garnet-biotite schist, with a strong L,, mineral 
lineation, garnet porphyroblasts exhibit smooth sinus- 
oidal inclusion trails (Si) which are continuous with the 
external foliation (S, = &) (Figs. 5a-d). The signifi- 
cance of such inclusion trails and the question of whether 
they indicate rotation of porphyroblasts relative to an 
external reference frame has been a topic of intense 
debate over recent years (see Bell et al. 1992 and 
Passchier et al. 1992 for summaries of both sides of the 
rotation debate). Recognition of the co-planarity of D, 
and D3 deformation leads to the unequivocal conclusion 
that sinusoidal inclusion trails which are continuous with 
the S2_3 fabric are the result of rotation of the porphyro- 
blasts rather than rotation of micaceous matrix during 
orthogonal deformations. In addition, non-rotation of 
the matrix means that the shear sense determined from 
the rotated garnets is with respect to an external refer- 
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ence frame, rather than simply relative rotation with 
respect to the rotating matrix (cf. Visser & Mancktelow , 
1992). Orthogonal sections cut perpendicular to S, and 
L,, (Fig. 5b), parallel to S2_s and L3r (Fig. 5c), and 
perpendicular to &_s and parallel to L3r (Fig. 5d) were 
examined. Garnets from all three sections show evi- 
dence of rotation which allows us to place some con- 
straints on the nature and direction of shear during 
garnet growth. 

Horizontal sections cut perpendicular to Sz_s and L,, 
(h-sections, Fig. 5b) exhibit relatively smooth sinusoidal 
inclusion trails from core to rim indicative of sinistral or 
anticlockwise rotation. Garnets from sections perpen- 
dicular to S, but parallel to Ljr (v-sections, Fig. 5d) 
typically have straight inclusion trails in their cores but 
distinctly sinusoidal trails in the outer half of the 
porphyroblasts. Many garnets from sections parallel to 
both S2_s and Lsr (Z-sections, Fig. 5c) do not exhibit 
inclusion trails, but the significant number which do, 
have long straight inclusion trails in their cores curving 
into the S, orientation toward the outer margins of the 
porphyroblasts. The curvature of inclusion trails from v- 
and l-sections indicate a component of dextral or clock- 
wise shear in both cases. The only assumption necessary 
for interpreting the three-dimensional geometry of the 
inclusion trails and subsequently the kinematics of shear 
during garnet growth has already been justified, i.e. that 
due to the co-planar nature of D, and D, the external 
foliation in the matrix was not rotated during garnet 
growth. Following this assumption, the situation can be 
envisaged as similar to the classical case of shear- 
induced rotation of a porphyroblast overgrowing a fixed 
external foliation as originally documented by Powell & 
Treagus (1969, 1970) and Rosenfeld (1970) and more 
recently by Gray & Busa (1994). In these previous 
studies, the porphyroblast rotation axis (R) maintains a 
constant orientation parallel to the plane of shear and 
perpendicular to the shear direction. However, in the 
case described here, sinusoidal inclusion trails indicating 
rotation are present in h-, v- and l-sections, and garnet 
growth is thought to have occurred during two progress- 
ive coplanar but non-co-linear deformations. Hence, it 
is important to determine if R and the garnet also rotated 
on an axis perpendicular to the plane of shear. 

To evaluate the significance of the three-dimensional 
geometry of the observed inclusion trails, we will discuss 
firstly the inclusion trails predicted for three possible 
deformation-time (D-t) paths which are based on meso- 
scopic observations of the foliations, folds, lineations 
and boudinage development. It is also necessary to 
consider two endmember scenarios of how the 
porphyroblast and rotation axis R rotate perpendicular 
to the shear plane. Scenario (a): in response to changes 
in the external shear direction, the entire garnet 
porphyroblast and R rotate simultaneously on an axis 
perpendicular to the shear plane, so that the porphyro- 
blast itself remains coaxial to the deformation. Scenario 
(b): where R rotates in response to the changing shear 
direction but the garnet does not, resulting in rotation of 
R relative to the garnet’s frame of reference. 

Deformation-time path (i). The deformation takes the 
form of two distinct co-planar but orthogonal phases of 
shear, D, = sinistral and D3 = reverse. Rotation sce- 
nario (a) is not relevant to this situation, as it involves 
orthogonal overprinting phases of deformation and the 
porphyroblast is only likely to rotate around an axis 
perpendicular to the shear plane in response to a pro- 
gressive rotation of the shear direction. Rotation sce- 
nario (b) would produce trails with straight cores and 
sinusoidal rims in sections parallel to the direction of 
final shear, e.g. v-sections, while sections parallel to the 
early shear direction (h-sections) will have sinusoidal 
trails in the cores, truncated by straight trails in the rims 
(Fig. Sa). Sections parallel to the shear plane will also 
have sinusoidal cores and straight trails in the rims, but 
the final geometry visible in these sections will be 
strongly dependent upon the amount of rotation during 
the final shearing event. 

Deformation-time path (ii). Garnet growth occurred 
during a single period of oblique shear which was sub- 
sequently overprinted by a phase of reverse shear during 
which the down-dip lineation developed. As for D-t 
path (i), the first rotation scenario is not applicable to 
this situation. Rotation scenario (b) will result in in- 
clusion trails from all three sections having sinusoidal 
geometries from core to rim, but rotation of the garnets 
parallel to the lineation direction, following cessation of 
their growth, means that in all cases Si will be truncated 
by S, (Fig. 8b). 

Deformation-time path (iii). The sinistral and reverse 
shear of D, and D, are end members of a progressive 
transpressional episode of deformation during which the 
shear direction, and hence R, rotated through approxi- 
mately 90” parallel to the shear plane. Rotation scenario 
(a) is plausible for this D-t path; however, if the 
porphyroblast remains coaxial to the deformation, then 
sinusoidal inclusion trails would be visible only in sec- 
tions parallel to the last direction of shear (i.e. v- 
sections). For rotation scenario (b), where R has been 
rotated in response to a progressive change in the shear 
direction, porphyroblasts from all three sections will 
exhibit sinusoidal inclusion trail geometries. However, 
trails from sections cut parallel to the lineation should 
include straight portions in the core of the porphyro- 
blasts and the proportion of straight to sinusoidal trail 
will increase from v- to l-sections (Fig. 8~). 

The observed inclusion trail geometries (Figs. 5a-d) 
bear a remarkable resemblance to those predicted by 
rotation scenario (b) and for D-t path (iii) (Fig. 8c), 
indicating that garnet growth occurred during an epi- 
sode of progressive transpressional deformation of 
which D, strike-slip and D3 reverse shear are end mem- 
bers. It also shows that while the garnet porphyroblasts 
only rotated about a single axis (R), this axis progress- 
ively rotated within the shear plane to remain perpen- 
dicular to the shear direction. 

Microscopic partitioning of D, strain is evident par- 
ticularly in high strain, porphyroblast-rich, staurolite 
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Fig. 8. Cartoons illustrating inclusion trails in garnet porphyroblasts predicted for different deformation-time paths 
(i)-(iii). (a) Two co-planar but orthogonal phases of shear with the rotation axis (R) parallel to either a horizontal (h) or 
vertical plane (v). (b) Garnet growth during oblique shear overprinted by post-porphyroblast growth reverse shear. (c) A 
progressive change from sinistral shear (parallel to h) to reverse shear (parallel to v). See text for detailed discussions of the 

deformation-time paths. 

and kyanite grade schists to the southwest of the Xue- 
longbao Granite. An extremely anisotropic mica-rich 
matrix contains a complex mosaic of porphyroblasts, 
crenulations and planar foliations which have developed 
in response to partitioning of the strain (Fig. 5f). Micro- 
scopic crenulations of $2_3 (cr in Fig. 5f) with axial 
surfaces at a low angle to the overall fabric have devel- 
oped in the pressure shadows of some porphyroblasts 
while in adjacent regions a relatively planar, high strain 
foliation ($2_3) is evident. Staurolite porphyroblasts 
have distinct pressure shadows and are commonly 
wrapped by the high strain $2-3 fabric (st in Fig. 5f), 
$G 18:4-B 

while garnet growth appears to be relatively late in the 
deformation history and has had little effect on the 
partitioning of deformation in the matrix (gt in Fig. 50. 

PROGRESSIVE LOCALIZATION OF D 3 STRAIN 
AND THE DEVELOPMENT OF D3r HIGH 

STRAIN ZONES 

Although the D 3 event has affected a zone approxi- 
mately 15-20 km wide (as illustrated by the extent of the 
down-dip stretching lineation), progressive localization 
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of the deformation has resulted in the formation of 
sub-planar D,, high strain zones up to 1.3 km in width. 
The most commonly developed folds in these high strain 
zones are the Fsr asymmetric semi-ductile kink folds 
(Fig. 5e) described earlier. Within many of these high 
strain zones, especially in mica-rich lithologies and in the 
margins of the Xuelongbao granite and granites of the 
Proterozoic basement, discrete shear surfaces have 
formed at an angle of 30-45” to the S2_s foliation (Figs. 
5g and 9). Although the history of this S-s fabric is 
complex, including reactivation during progressive co- 
planar deformations, its parallelism to the margins of the 
shear zone and hence bulk shear plane means that it has 
accommodated the majority of the strain and is hence 
essentially equivalent to the high strain CS fabric of 
Berthe et al. (1979). In contrast, only minor movement 
appears to have occurred on the discrete shear surfaces 
and these are interpreted as C’-surfaces (Blenkinsop & 
Treloar 1995) equivalent to extensional crenulation 
cleavage of Platt and Vissers (1980). The combined 
structure, termed an S-C’ fabric after Blenkinsop & 
Treloar (1995), is useful as a kinematic indicator in the 
same way as a classical S-C fabric. In all of these high 
strain zones, the sense of shear from the S-C’ fabrics is 
reverse or West-over-East. The S-C’ fabric in the Xue- 
longbao Granite is transitional into a high temperature 
mylonitic foliation which is observable for up to 2 km in 
from the granite margins. This high temperature defor- 
mational fabric then decreases in intensity toward the 
centre of the intrusion which is essentially undeformed 
and exhibits a weak magmatic foliation. 

METAMORPHISM 

The greater part of the Songpan-Garze Fold Belt is 
composed of a thick sequence of Triassic turbidites 
metamorphosed to lower greenschist facies. Typical 
assemblages include white mica + chlorite + quartz + 
albite + pyrite + graphite. Upper greenschist- 
amphibolite facies schists are confined to the high strain 
regions at the margins of the fold belt, such as the 
Wenchuan-Maowen Shear Zone and the Deixi Fault, 
described by Dirks et al. (1994). Within the central 
Longmen Shari, regional metamorphic biotite, garnet, 
staurolite and kyanite isograds are generally sub-parallel 
to the boundaries of the Wenchuan-Maowen Shear 
Zone, but are locally deflected by the Xuelongbao 
Granite and cross-cut by the DSr high strain zones (Fig. 
10). Highest grades of metamorphism were reached in 
the kyanite zone, to the southwest of the Xuelongbao 
Granite. Average pressure-temperature calculations 
(Powell & Holland 1994) using the thermodynamic data 
set and THERMOCALC program of Powell & Holland 
(1988) and comparisons with published petrogenetic 
grids (Powell & Holland 1990, Xu et al. 1994) indicate 
that peak kyanite + staurolite + plagioclase + biotite + 
muscovite + graphite assemblages equilibrated in the 
upper limits of the staurolite + biotite field in KFMASH 
at approximately 600°C and 10 kbar. 

Across the Wenchuan-Maowen Shear Zone, there is 
a progressive relationship between regional metamor- 
phic porphyroblastesis and foliation development. At 
the western margin of the shear zone, where D, strain is 
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phic aureoles and retrograde Dir high strain zones. 

relatively low, St is defined by fine-grained (<l mm) 
muscovite which is overgrown by a coarser (~2 mm) 
phase of muscovite and biotite, which define &. Straight 
and sinusoidal inclusion trails of quartz and graphite, at 
a high angle to SZ, within these biotites indicate growth 
during progressive crenulation of S1 (Bell & Rubenach 
1983). In high D2 strain regions, biotite, garnet and 
occasionally plagioclase porphyroblasts preserve quartz 
and graphite inclusion trails indicative of porphyroblast 
growth during stages 4-6 of schistosity formation via a 

crenulation cleavage (Figs. 4f and 6), and S, (where 
present) is locally defined by biotite. To the north of the 
Xuelongbao Granite, garnet porphyroblasts occasion- 
ally overgrow D, crenulations while others record evi- 
dence of a progressive D2-D,, transpressional 
deformation (Figs. 5a-d). In the staurolite and kyanite 
zones to the south of the granite, the index minerals 
variably overgrow microscopic crenulations of S2_s and 
are wrapped by the same &_a fabric (Fig. 5f). Timing 
relationships between porphyroblast growth and the 
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development of the various tectonic fabrics are illus- 
trated in Fig. 11. In summary, the high-grade metamor- 
phism characterized by garnet + biotite and kyanite + 
staurolite assemblages post-dates the original crustal 
thickening event (Di) with peak conditions occurring 
from late D, to D,,. The kinematics of D,, shear suggest 
that peak metamorphism is coincident with the initiation 
of tectonically driven exhumation. These relative timing 
relationships are characteristic of Barrovian-type meta- 
morphic terranes, where heating is considered to be the 
conductive response of the lithosphere to deformation 
[i.e. tectonic burial (D,)]. In such cases, peak metamor- 
phism is separated from the thickening event by a 
timespan corresponding to the lengthscale of the equili- 
brating lithosphere, typically on the order of tens-one 
hundred million years (England & Thompson 1984), 
and uplift is an erosion driven isostatic response to the 
lithospheric thickening (England & Richardson 1977). 

Stratigraphic constraints in the Longmen Shan and 
Western Sichuan Foreland Basin (Chen et al. 1994, 
1995, Dirks et al. 1994, Worley et al. 1994) indicate that 
significant uplift and erosion of the Songpan-Garze Fold 
Belt was underway by the end of the Late Triassic 
(Rhaetian). This suggests that tectonic exhumation was 
initiated and peak metamorphic conditions obtained 
within < 15 Ma of the initiation of the Indosinian 
Orogeny. Therefore, although the metamorphism 
within the Wenchuan-Maowen Shear Zone appears to 
have been a Barrovian-type, either a contribution from 
an advective heat source is required or the timescales for 
conductive thermal equilibration are much shorter than 
the numerically derived results of England & Thompson 
(1984) indicate. 

RETROGRESSION ASSOCIATED WITH D, HIGH 
STRAIN ZONES 

The Fe-Mg aluminosilicate phases in the regional 
metamorphic assemblages are partially to completely 

retrogressed to an assemblage of muscovite + chlorite + 
biotite in the Dxr high strain zones (Fig. 10). The strong 
alignment of mica and quartz in the down-dip stretching 
lineation developed on the S2_s fabric illustrates that 
recrystallization was synchronous with the D3r reverse 
shear. This D3,. thrusting in the margin of the fold belt 
has been equated with the initiation of the nappes within 
the Longmen Shan Thrust-Nappe Belt at the end of the 
late Triassic ( Tsx) (Chen et al. 1995). 

The kinematics of the D3r high strain zones and their 
extensive retrogression to lower greenschist facies indi- 
cates that reverse shear along these zones resulted in 
tectonic exhumation of the Wenchuan-Maowen Shear 
Zone. Localisation of retrogressing fluids into the high 
strain zones during tectonic exhumation suggests two 
likely fluid sources: (1) they could represent hydro- 
thermal circulation cells set up in response to the ther- 
mal perturbation caused by rapid exhumation of hot, 
mid-lower crustal rocks in the hanging wall of the 
Wenchuan-Maowen Shear Zone (cf. Koons 1987); (2) 
the high strain zones may have behaved as fluid conduits 
during tectonic exhumation of the fold belt, for fluids 
originating from lower crustal dehydration reactions 
during ongoing orogenesis. This implies that defor- 
mation and metamorphism of the fold belt was continu- 
ing at depth during tectonic exhumation, a situation 
similar to that proposed by Koons (1990) and Norris et 
al. (1990) for the transpressional Alpine Fault orogen in 
the South Island of New Zealand. 

THE XUELONGBAO GRANITE 

Clear contact metamorphic aureoles occur around all 
of the Indosinian granites in the fold belt, apart from the 
Xuelongbao Granite (Fig. 10). Typical contact meta- 
morphic porphyroblasts in these aureoles include bio- 
tite, andalusite and cordierite, but not sillimanite; 
migmatites are not developed. Dirks et al. (1994) suggest 
that pressure was approximately 3-4 kbar and tempera- 
ture did not exceed 650°C during the formation of the 
aureoles. Although the maximum regional metamor- 
phic conditions within the shear zone are spatially 
associated with the Xuelongbao Granite, there is no 
evidence of a contact metamorphic aureole associated 
with this intrusion. In fact the contact between the 
Xuelongbao Granite and the schists is a D3r high strain 
zone, affecting both the granite and schist, where the 
regional metamorphic assemblages have been retro- 
gressed to the chlorite zone. The recognition of this zone 
of high strain and retrogression at the margins of the 
granite brings into question the age and significance of 
the Xuelongbao Granite with respect to the structural 
and metamorphic evolution of the shear zone. 

Historically, the Xuelongbao Granite has been 
mapped as a fault-bounded Proterozoic basement com- 
plex (Li et al. 1975a,b, Long 1991). This conclusion was 
probably based on the deformed nature of the granite 
margin and lack of a contact aureole. However, detailed 
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observations of the highly strained western margin of the 
granite (Fig. 12) reveal that large rafts of the Palaeozoic 
sedimentary sequence were entrained during emplace- 
ment. Hence intrusion of the Xuelongbao Granite must 
at least post-date the deposition of these sediments 
(Ordovician). Development of D,, high strain zones 
along the granite margin, including a mylonitic foliation 
within the granite parallel to Sz_s in the country rocks 
and D3 folding (up to 50 m wavelength) and boudinaging 
of quartz veins, constrains the minimum age of the 

emplacement to pre-Ds,.. 
Partitioning of Djr strain along the granite-schist con- 

tacts resulting in the ubiquitous formation of retro- 
gressed Dxr high strain zones means that any contact 
metamorphic aureole associated with the Xuelongbao 
Granite, and hence the essential timing relations pre- 
served herein, have been destroyed. It is therefore 
extremely difficult to constrain accurately the timing of 
intrusion and the majority of evidence available at this 
stage is relatively circumstantial. The numerous other 
granite plutons intruded at high levels in the Songpan- 
GarzC Fold Belt cross-cut D, structures and have radio- 
metric ages ranging from --205-150 Ma (Zhang et al. 
1991), indicating a general relationship between the 
Indosinian Orogeny and granite magmatism. 

With a timing of Xuelongbao Granite emplacement 

coincident with progressive D2-D3p deformation, it is 
important to consider the resulting thermomechanical 
effects of granite emplacement on the shear zone. Once 
again, direct observation of these effects is complicated 
by post-emplacement D3r shear, as the amphibolite 
facies rocks have probably been emplaced into their 
present position relative to the intrusion from lower 
crustal levels. However, migration of large quantities of 
granite magma up through the transpressional shear 
zone is likely to result in the introduction of advective 
heat. Two possible effects of additional advective heat 
are: (1) increasing the thermal gradient to enable the 
attainment of peak metamorphic conditions ~15 Ma 
after the onset of orogenesis; (2) thermal softening and 
subsequent partitioning of deformation into the region 
experiencing elevated temperatures. Evidence of this 
effect may be the high D, strain evident in the staurolite 
to kyanite grade rocks near Shapai. The granite con- 
tinued to control the partitioning of deformation within 
the shear zone during D,, exhumation. Following crys- 
tallization, the strength of the granite would be signifi- 
cantly greater than that of the foliated schist, hence 
resulting in the intrusion behaving as a relatively rigid 
body during exhumation. Hence, D,, shear would be 
partitioned into the granite-schist contact leading to the 
formation of the D3r retrograde high strain zones. 
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CONCLUSIONS 

(1) Indosinian deformation in the Wenchuan- 
Maowen Shear Zone evolved from SW-directed com- 
pression (crustal thickening during Di) through sinistral 
transcurrent shear (accommodation of differential strain 
between the fold belt and Yangtze Craton; Dz) to 
SE-directed compression (tectonically driven uplift; 
0s). Structures developed during D3 tectonic exhuma- 
tion are sub-divided into those associated with the 
prograde-peak mineral paragenesis (D+) and a second 
set of co-planar and co-linear structures developed dur- 
ing retrogression of the regional metamorphic assem- 
blages. Progressive localization of deformation from D1 
to D,, resulted in the preservation of overprinting re- 
lationships within the Wenchuan-Maowen Shear Zone. 

(2) Co-planarity of the D2 and D3 deformations led to 
reactivation of the favourably oriented S2 fabric. This 
resulted in the formation of a composite S2_s foliation 
with a strong down-dip stretching lineation (Ls) during 

D3. 

Growth of garnet porphyroblasts during the co-planar 
deformations (D2 and D3p) indicates that the sinusoidal 
inclusion trails are the result of porphyroblast rotation. 
The three-dimensional geometry of these sinusoidal 
inclusion trails suggests that D, and D,, are the strike- 
slip and reverse end members of an episode of progress- 
ive transpressional deformation. 

(3) Peak metamorphic conditions in the Wenchuan- 
Maowen Shear Zone of -600°C and 10 kbar were 
reached in the Shapai region to the southwest of the 
Xuelongbao Granite. Syn-D,,, growth of kyanite and 
staurolite indicates that peak metamorphism was coinci- 
dent with the initiation of tectonically driven exhuma- 
tion of the shear zone, less than 15 Ma after the original 
D1 thickening event. 

(4) Intrusion of the Xuelongbao Granite is post- 
Ordovician and pre-Ds,., but an accurate estimation of 
the timing relative to D2 and D, is not possible as 
retrograde DSr high strain zones along the granite mar- 
gins have destroyed any contact aureole which might 
have existed. The partitioning of deformation into the 
granite-schist margins indicates that the granite was 
crystalline and behaved as a rigid body during Djr 
exhumation. Similar high strain zones also developed 
along the Wenchuan-Maowen Fault as this structure 
represents a pre-existing zone of weakness. 

(5) Retrogression associated with D,, high strain 
zones indicates that they acted as fluid conduits during 
the tectonically driven exhumation. The fluids are prob- 
ably either hydrothermal or metamorphic in origin and 
are late in the tectonic evolution of the shear zone. 
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