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a b s t r a c t

The northward subduction and subsequent exhumation of the Sulu ultrahigh-pressure metamorphism
terrane exposes a tilted coherent crustal section of the overriding North China Block (NCB), providing
an opportunity to study three-dimensional structures of the subduction/collision process. Detailed geo-
logical mapping and structural measurements on the Liaodong peninsula, located at the southern margin
of the NCB, reveal that the Neoproterozoic to Permian sedimentary cover of the NCB experienced Triassic
northward-decreasing crustal shortening, displayed in variable fold interference patterns. The interfer-
ence patterns are characterized by: (1) irregular distribution of domes or basins and non-cylindrical folds
with curvilinear trends, without systematic interference geometry; (2) amoeboid and hair-pin outcrop
patterns; and (3) folds with variable plunges and aberrant relationships to the axial plane cleavage. These
features are consistent with the criteria for structures produced by constrictional deformation, suggesting
the overriding plate experienced simultaneous orogen-normal and orogen-parallel shortening during the
Sulu continent–continent collision. Such a strain and structural pattern may suggest that the Sulu
continent–continent subduction/collision was transpressional with significant lateral sliding.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

The Qinling–Dabie–Sulu collision belt formed during the
Permo–Triassic subduction of the Southern China Block (SCB) be-
neath the overriding Northern China Block (NCB) in response to
the Indosinian orogenic event related to the closure of the eastern
parts of the Paleo-Tethys Ocean. This collisional event created the
Dabie-Sulu ultrahigh-pressure (UHP) terrane, the largest presently
known UHP terrane in the world (Wang and Liou, 1991). While
UHP rocks are the petrologic evidence of deep continental subduc-
tion in the Dabie-Sulu belt, the structural/tectonic processes of that
collision are less well constrained.

Detailed structural study of the two collided plates may provide
positive constraints on the collision processes. All collisional belts
result from relative motion of two or more spherical plates over
the surface of the Earth. Such motion, which can be described
applying the Euler spherical geometry theorem, results inevitably
in a spatially-changeable relative linear velocity vector between
the plates (Moores and Twiss, 1995; Doglioni et al., 2007). A corol-
lary of this is that most, if not all collisional belts have a curved
geometry with variable deformational history and strain pattern
along its different segments; transpression must be a widespread
ll rights reserved.
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mechanism in some segments of a curved collisional belt. Dias
and Ribeiro (1994) have established a close relationship between
prolate (constrictional) strain and transpressional movement along
a fault in the western branch of the Ibero-Armorican arc, western
Europe. Their numerical modeling results suggest that transpres-
sion with lateral escape will result in constrictional strain pattern.
However, constrictional strain has rarely been emphasized in colli-
sional belts (Kirkland et al., 2006) although the idea of lateral
escape has been widely accepted.

Most previously published studies of constrictional strain dealt
with strain pattern (strain ellipsoids) via finite strain analysis at a
microscopic scale (Dias and Ribeiro, 1994 and reference therein).
Ramsay and Huber (1987) and numerous others have pointed
out that single phase constrictional deformation may give rise to
outcrop- or region-scale interference pattern. Ghosh et al. (1995)
corroborated this notion by analog experiments. Currently, how-
ever, there are very few geometrical analyses of naturally occurring
fold interference by constrictional deformation, either at the mes-
oscopic or macroscopic scales (Chetty and Rao, 2006). This is partly
because of the absence of a set of clear-cut criteria by which inter-
fering folds produced in constrictional deformation can be distin-
guished from those produced by superposed deformations
(Ghosh et al., 1995).

Here we report a natural case study from the overriding plate of
the Sulu continent–continent collision belt, eastern China, to show
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the fold interference pattern results from constrictional deforma-
tion. In this study, we use the spatially-variable structural patterns
to identify the overall deformational behavior of the overriding
plate during subduction that created/unroofed the UHP terrane
and discuss the tectonic implications.
2. Geology of the Liaodong peninsula

The subduction and subsequent exhumation of the Sulu UHP
terrane exposes a titled coherent crustal section of the overriding
plate of the Sulu subduction/collision zone. The Liaodong peninsula
and the northern parts of the Shandong peninsula (the Jiao-Liao-Ji
terrane), and the northern Korean peninsula are part of the NCB
(Li, 1975). This contribution focuses on the structures of the
Liaodong peninsula.

The Liaodong peninsula is about 100 km north of the Shandong
peninsula across a narrow strait connecting the Bohai and Yellow
Seas. The Liaodong peninsula consists of two main units (Fig. 1):
(1) a lower crystalline basement, consisting of a Neo-Archean
migmatite complex and Paleo-Proterozoic high-grade metamor-
phic rocks (Li et al., 2006). This basement is overlain unconform-
ably by (2) a ca. 8 km sequence of weakly to unmetamorphosed
Late Proterozoic to Permian sedimentary cover (BGMRLP, 1997).

In general, the cover contains three sequences separated by
depositional hiatuses that lack exposed unconformities: (1) Early
Neoproterozoic (1000–800 Ma) shallow marine clastic rocks, con-
sisting mainly of sandstone and shale with minor limestone; (2)
Late Neoproterozoic (Sinian, ca. 800–600 Ma) through Ordovician
rocks containing mostly platform-shelf carbonates with minor
shale and sandstone; and (3) Carboniferous to Permian shallow
marine clastic rocks alternating with terrigenous coal-bearing clas-
tics. The sequences were deformed en masse and are overlain
unconformably by Jurassic to Cretaceous terrigenous clastics. A
Fig. 1. Tectonic framework of eastern central China, showing tectonic units, the
collision belt between the northern and Southern China Blocks (NCB and SCB), and
location of study area.
detailed stratigraphic column showing all formations is shown in
Fig. 2.

Our study area is located in southern half of the Liaodong pen-
insula (Fig. 1). In the northwestern study area, a basal conglomer-
ate (the Yongning Formation) marks the unconformable contact
between the basement and sedimentary cover (Figs. 3 and 4). In
the central east, an elongated dome cored by the crystalline base-
ment is bounded by the Liaonan Detachment, below which is a
ductile shear zone at least several hundred-meters wide that
moved during the Jurassic and Cretaceous (Yin and Nie, 1996;
Liu et al., 2005). Both the fault and the shear zone have a top-to-
the-W or -NW sense-of-shear with E–W or NW-trending slicken-
lines or stretching lineations (Yin and Nie, 1996). Liu et al. (2005)
and Lin et al. (2008) interpreted the structures as the Liaonan
Metamorphic Core Complex (MCC). A Jurassic to Cretaceous sup-
radetachement basin developed along the western segment of
the detachment fault with its western and northern boundaries
unconformable over folded Neoproterozoic to Late Paleozoic rocks
(Fig. 3). Lin et al. (2008) analyzed the MCC-related structures in
detail and concluded that the development of the MCC has not
modified the pre-MCC structures except that the pre-MCC fold axes
are slightly tilted westward. Our geologic mapping reveals that the
tilting rapidly decreases to the west. Apart from the main suprade-
tachement, two small Jurassic volcanic basins were identified west
of the detachment fault, that developed unconformably on the
folded sequences (Figs. 5 and 6). The volcaniclastics in the basins
are rarely deformed except for a minor brittle dextral fault along
the western boundary of one small basin (Fig. 6).
3. Structures in the sedimentary cover of the Liaodong
peninsula

Geological mapping reveals that the structures of the sedimen-
tary cover of the Liaodong peninsula are characterized predomi-
nantly by folds, with rare thrust faults that repeat Neoproterozoic
to Paleozoic units. The geometry of the folds changes from north
to south and we divide the study area into three domains based
on fold patterns (Fig. 3). Because fold patterns vary gradually be-
tween adjacent domains, their boundaries are approximate.

3.1. Domain I

The northern half of Domain I is defined structurally by the
areal distribution of coarse sandstone and conglomerate without
any apparent structures. The southern half of Domain I contains
equant or elongate gentle to open dome and basin structures with
a rare thrusts and upright open folds with curvilinear trends. These
fold-traces lack a preferred orientation (Fig. 4a). The equal-area
stereonet projection of the poles to bedding shows that the poles
plot in the center of the projection (Fig. 7a) with no clear great
or small circles defined.

3.2. Domain II

Overturned folds with curvilinear trends characterize Domain
II, seen in the distributions of the Sinian to Carboniferous strata
and local bedding reversal (Fig. 5). Although locally disrupted by
brittle normal faults (especially in the area adjacent to the western
segment of the Liaonan detachment), detailed mapping demon-
strates several kilometer-scale folds with sinuous hinge lines and
a few small dome or basin structures (Fig. 5). Mesoscopic folds
are common in Domain II: At the outcrop scale, folds are inclined
to overturned, with angular to rounded hinges and open to tight
interlimb angles. Axial plane cleavage is well-developed and is
sub-parallel to the axial surfaces. The strike direction of the axial



Fig. 2. Stratigraphic column showing sedimentary features of the stratigraphy of the Liaodong peninsula.
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surface or the axial plane cleavage varies within the domain, and is
consistent with the sinuous hinge lines on the geologic map. At the
outcrop level, variation in the dip angle of fold hinge lines is com-
mon with a consistent strike, indicating these folds are non-cylin-
drical; interestingly, folding of adjacent layers results in sub-
cylindrical folds (Fig. 8a), displaying a disharmonic geometry be-
tween folds of the adjacent layers.
3.3. Domain III

The structural patterns of Domain III are clearly expressed by
variation in bedding dip, and the distribution of the sedimentary
formations, particularly the third member of the Qiaotou Forma-
tion and the Ganjingzi Formation (for lithology, see Fig. 2), which
are used as field marker units (Fig. 6a). The distribution of the mar-



Fig. 3. Regional geologic map of the Liaodong peninsula. The locations of structural domains discussed in the text and detailed in Figs. 4a, 5, and 6a are shown.
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ker strata shows a complex and spatially variable interference pat-
tern, and based on the spatial variation in the interference pattern,
three sub-domains are suggested:

3.3.1. Domain III1

Distribution of the formations and overturned bedding in Do-
main III1 reveal two kilometer-scale overturned anticlines alternat-
ing with two kilometer-scale overturned synclines with low
plunge angles (Fig. 6a). The southern syncline is somewhat unclear
due to poor exposure. At the outcrop scale, overturned folds com-
monly developed with a steeply-south-dipping axial plane, angular
to rounded hinge, and interlimb angle (<45�); axial surfaces strike
about 80–90�. Axial plane cleavage is well-developed and is paral-
lel to the axial surfaces.

The equal-area projection of the poles to bedding defines a ver-
tical great circle (Fig. 7b), indicating the folds are cylindrical with
horizontal, 80–90� striking hinge lines.

3.3.2. Domain III2

Domain III2 differs from Domain III1 in that mapping shows an
upright, elongate open dome with a NE-striking elongate segment
in the southern part of the sub-domain. Alternatively in the north-
ern half, the distribution of the field marker strata displays a com-
plex interference pattern despite disruption by thrusts and later
dextral brittle faults (Fig. 6a). The structural patterns in Domain
III2 appear to be associated with the lithology of the deformed sed-
imentary rocks. Two thick, weaker stratigraphic segments, e.g., the
slate or shale of first member of the Qiaotou Formation and the
Changlingzi Formation, have very different structural patterns
from those developed in the well-bedded sandstone of the 2nd,
3rd, 4th, and 5th Members of the Qiaotou Formation. Several dome
structures and two layer-parallel cleavage-concentrated zones
(CC-zones) occur within the two weaker stratigraphic segments.
Conversely, the competent layered sandstone and the dolomite-
limestone have complex curvilinear distributions with many over-
turned beds (Fig. 6a). Structural analysis identifies three folded
slices that are separated by the two CC-zones. Field mapping re-
veals the CC-zones are developed exclusively within Domain III2.

In map view (Fig. 6a), the traces of the two CC-zones roughly
follow the curvilinear stratigraphic boundaries between the Qiao-
tou and Nanfen Formations, and the Changlinzi and Nanguanlin
Formations, respectively. Sedimentary rocks within the CC-zones
experienced apparent bedding sub-parallel shear strain demon-
strated by a pronounced cleavage. Cleavage planes are often
slightly sinuous with a small angle to the bedding. No mineral
stretching lineations were identified due to the absence of a suit-
able strain marker and low deformation temperatures (i.e., no
new prismatic minerals grew). Alternatively, shallowly-plunging



Fig. 4. (a) Geologic map of Domain I. (b) Cross-section A and B through Domain I. Restoration of the cross-section reveals the average N–S shortening ratio is ca. 15% in
Domain I. Location of map is shown in Fig. 3.
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slickenlines commonly occur on the cleavage planes, which are
commonly oriented in the dip direction of the slickensides.

In cross-sections parallel to the slickenlines and perpendicular
to the cleavage, all sense-of-shear criteria such as C0-fabrics
(Fig. 9a and b) or cleavage trajectories (Fig. 9c), asymmetric boudi-
nage, and small-scale asymmetric folds (Fig. 9d) indicate a top to
the northwest, -north, and -northeast sense-of-shear depending
on their locations.

The equal-area projections of poles to cleavage in the CC-zones
(Fig. 7c) are concentrated in the southern half of the stereonet,
demonstrating that the cleavage is gently and sinuously north-
dipping. Slickenlines (Fig. 7d) are distributed along a peripheral
girdle, representing variable orientation.

The lower folded slice crops out in a very limited area as the
core of the elongate upright, open dome (Fig. 6a). In outcrops,
thinly-layered siltstone and sandstone are folded with a well-
developed axial plane cleavage resulting in meter-scale, tight,
and upright antiforms or synforms.

The middle folded slice contains three members of the Qiaotou
Formation. Repetition of the members gives rise to several kilome-
ter-scale folds and an isolated, crescent-shaped small dome
(Fig. 6a). Mapping reveals variation in the dip of the axial planes



Fig. 5. Geologic map of Domain II showing kilometer-scale folds with sinuous linear trends. Location of map is shown in Fig. 3.
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and hinge lines of these folds (Fig. 6b), and appears as an amoeboid
shape in map view (Fig. 6a). There is no clear spatial relationship
between the folds and domes and several thrusts striking NE devel-
oped strictly within this fold slice.

The upper folded slice is a decameter-thick dolomite layer of
the Ganjinzi Formation (easily identifiable in the field) forming
kilometer-scale overturned or recumbent folds with well-devel-
oped axial plane cleavages. In map view, these folds display a ‘W’
shape without a preferred plunge direction (Fig. 6a). Stromatolite
layers in a biolithite (reef limestone) are clear top indicators and
identify reversed bedding. At the outcrop scale, folds are over-
turned or recumbent as well with apparent curved hinge lines
(Fig. 8b). Mesoscopic folds are mainly non-cylindrical.

In the lower parts of the upper and middle folded slices, which
are adjacent to the CC-zones, numerous sheath folds occur in the
thin-bedded layers with shallow dipping. Most of them are
bull’s-eye folds (Fig. 10a and b), where the cross-sectional elliptic-
ity of the inner-most ring is less than that of the outer-most ring
such that overall ellipticity decreases toward the center (Alsop
and Holdsworth, 2006).

3.3.3. Domain III3

Two kilometer-scale overturned anticlines alternating with two
overturned synclines comprise Domain III3. The hinge lines of folds
are curved (convex to the NW) displaying crescent-shaped interfer-
ence patterns (Fig. 6a). Axial plane cleavage is well-developed and
is sub-parallel to the curved axial planes. A dome structure occurs
in the southeast of the sub-domain. Later lateral-sliding faults cut
across the folds and dome. It is worthy pointing out that no later
stage cleavage was identified to cut across the curved axial plane
although the apparent refolding is very intensive (see Fig. 6a).

The equal-area projection of the poles to bedding shows the
poles are distributed over a wide area (Fig. 7e); no great circle or
small circle was identified, indicating the folds in the sub-domain
are non-cylindrical although crescent-shaped interference patterns
are apparent.



Fig. 6. (a) Geologic map of the southern Liaodong peninsula (Domain III), showing the structural sub-domains (location in Fig. 3). The distribution of marker units, i.e., the 3rd
Member of the Qiaotou Formation and the Ganjinzi Formation show variable interference patterns. (b) 3D sketch diagram shows the variation in hinges and axial plane of the
fold interference pattern that has an amoeboid outcrop appearance.
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4. A new interpretation of Liaodong deformation

The aforementioned geological mapping and structural mea-
surements demonstrate that the sedimentary cover of the
Liaodong peninsula has irregular interference patterns with the
following features: (1) domes or basins and non-cylindrical folds
with linear trends defining the major structures in the Liaodong
peninsula with increased folding to the south; (2) no clear align-
ment of domes or basins; (3) most folds have curvilinear hinge
traces, with local strongly arcuate (hair-pin-like) fold traces; (4)
fold hinge lines and axial planes do not have any preferred orien-
tation (Fig. 7f and g), and locally, appear amoeboid at the outcrop
scale; and (5) only one stage of axial plane cleavage development
was identified despite clear fold interference.



Fig. 7. Equal area stereonet projections of structural data for the Liaodong peninsula. See text for details.

Fig. 8. Photographs and corresponding 3D sketch diagrams (right) showing morphologic features of outcrop-scale folds under constrictional strain. (a) Non-harmonic folds
that developed in limestone layers. Note that the folds of one layer are non-cylindrical while folds in the adjacent layer are sub-cylindrical (Domain II); (b) curved hinge lines
of recumbent anticlinorium (sub-domain III2).
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Fig. 9. Photographs showing the structures in the CC-zones. (a and b) C0-fabric developed in the lower and upper CC-zones respectively indicating top-to-WNW sense-
of-shear; (c) Overturned fold of a sandstone interlayer in the lower CC-zone; siltstone and mudstone between the two adjacent folds are strongly sheared; and (d)
Asymmetrical fold of a thin limestone layer within sheared marl indicating a top-to-the-north shear sense in the upper CC-zone.
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Similar interference patterns were previously interpreted as a
result of superposition of two stages of folding (Wang et al.,
2000; Yang et al., 2003). However, our geological mapping does
not identify any systematic fold interference pattern. Furthermore,
if the interference pattern resulted from the superposition of two
stages of folding, a second cleavage should have developed at least
in Domains II and III where, based on the fold geometry, the com-
pression in two directions is high enough for cleavage develop-
ment (see Figs. 5 and 6a).

Field observations and structural measurements also reveal that
the fold trends are quite variable (Figs. 6b and 7g) even at outcrop
scale (Fig. 8) giving rise to aberrant folds. Ramsay (1979) suggested
that aberrant folds may have resulted from rotation of fold hinges
during progressive shortening. His detailed numerical modeling
further demonstrates that the degree of rotation depends on initial
axial plunge and bulk shortening. The aberrant fold in this study
area cannot be caused by rotation due to progressive deformation,
because:

(1) It is not easy to estimate the original plunges of fold hinges,
neither parasitic minor folds nor their immediate host folds;
thus we cannot directly evaluate the influence of the initial
plunges on the rotation of fold hinge. But cylindrical folds
with shallow plunges did develop locally, such as in Domain
III1. The folded strata in the Liaodong peninsula are inferred
to have deposited in a platform-shelf; the rock type and
thickness distribution is quite homogeneous across the
study area (BGMRLP, 1997). Thus we suggest that the initial
plunge of the folds in the Liaodong peninsula is not
significant.
(2) Crustal shortening increases southward, but no evidence
suggests a southward increase in degree of rotation of the
fold hinges.

(3) More importantly, the fold hinge rotation due to progressive
deformation would develop within a constant axial plane; a
significant consequence of such rotation is that the fold axes
would fall along a great circle in a stereo-projection diagram
displaying no maximum (Ramsay and Sturt, 1973). A sys-
tematic variation in plunge of fold hinges is totally absent
(Figs. 6b and 7g), even at the scale of an individual outcrop
(e.g., Fig. 8a) in the Liaodong peninsula.

Ramsay and Huber (1987) showed that the interference pat-
terns in constrictional deformation should display diverse fold
trends and that the folds should have a less systematic interference
geometry compared to a case of superposed folds. Alsop and Holds-
worth (2006) demonstrated that bulls-eye folds are consistently
(>90%) associated with constrictional deformation. Ghosh et al.
(1995) completed a series of experiments of folding formed during
simultaneous shortening in two directions (pure constriction,
k2 = k3 < 1; or general constriction, 1 > k2 > k3) and concluded:
‘‘the interference pattern produced by general constriction can be
recognized by: (1) the association of domes and basins with non-
plane, non-cylindrical folds; (2) by the occurrence of hair pin bends
of hinge lines of open folds; (3) by the occurrence of amoeboid out-
crop patterns; and (4) by the absence of a consistent overprinting
relation among different sets of folds”. The interference pattern
features of the Liaodong peninsula are consistent with these crite-
ria for constrictional deformation. Thus, we suggest that the inter-
ference pattern seen in the sedimentary cover rocks on the



Fig. 10. Photographs showing Type B sheath fold (bull’s-eye-fold) of (a) thin-bedded
limestone, lower part of the upper folded slice, and (b) thin-bedded sandstone, lower
part of the middle folded slice; Domain III2. Such folds are consistently associated
with constrictional deformation (Alsop and Holdsworth, 2006).
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Liaodong peninsula can be produced by a single phase of constric-
tional deformation.

The variation in structural interference patterns from the south
to the north over 180 km in the Liaodong peninsula are comparable
to those developed at different stages of the Ghosh et al. (1995)
experiments with increasing bulk shortening:

(1) Domain I is characterized structurally by upright, gentle to
open folds with curvilinear trends and domes and basins
(Fig. 4a). The sinuous or zigzag axial surfaces of the upright
open folds that do not display two distinct, intersecting rows
of dome and/or basin in Domain I suggest that they result
from ‘‘simultaneous shortening in two directions”, i.e., con-
strictional deformation. Comparing these field data to the
experimental results of Ghosh et al. (1995), the interference
patterns in Domain I likely result from moderate constric-
tional shortening (�15–20%). Restoration of the Domain I
cross-section shown in Fig. 4b suggests that the NWN–SES
directed shortening is ca. 15%.

(2) Domain II is characterized by overturned folds and a few
domes or basins (Fig. 5). Overturned folds are tight with sin-
uous axial surfaces and the domes or basins are elongate
without a clear preferred orientation. Some divergent folds
connect in smooth arcs or connect at an elongate dome or
basin. Such interference patterns are similar to experimental
results of constrictional deformation and suggest a gradual
replacement of domes or basins by tight folds with increas-
ing constrictional deformation (Ghosh et al., 1995).
(3) With increased constrictional deformation, most domes or
basins disappear, resulting in interference patterns charac-
terized by F-folds (defined in Section 5.2) with diverse
trends and axial plane cleavage, and a few f-folds with an
amoeboid outcrop appearance (Fig. 6a and b).

The CC-zones are located at the base of competent layers, under
which are incompetent ones. We suggest that they may have re-
sulted from layer parallel flexural slip during folding. The wide-
spread occurrence of bull’s-eye folds (Fig. 10) in the lower parts
of the folded slices which are located just above the CC-zones sug-
gest they formed by constrictional strain.
5. Discussion

5.1. Timing of deformation: temporal relation with the Sulu
continental collision

Due to the lack of mineral growth during deformation, it is not
possible to directly date the time of the constrictional deformation
with commonly-used radiometric dating methods, but the ages of
the youngest deformed and the oldest undeformed sedimentary
layers help to bracket the time of deformation. Using this method,
Yin and Nie (1996) inferred a Triassic age for contraction in Lia-
odong cover strata. The youngest sedimentary rocks that experi-
enced constrictional deformation, and that are documented in
this paper, are the Upper Carboniferous to Permian sandstone,
shale, and coal-bearing mudstone. No Triassic sedimentary rocks
have been identified in this area (BGMRLP, 1997) and there is an
angular disconformity between the Jurassic to Cretaceous sedi-
ments and the underlying folded rocks. The bedding of the Jurassic
to Cretaceous sedimentary rocks remains sub-horizontal except
when slightly tilted adjacent to a few basin boundary paralleled
normal faults. These features indicate that the constrictional defor-
mation of the sedimentary cover on the Liaodong peninsula oc-
curred after the Permian, but before the Jurassic, i.e., between
250 and 200 Ma.

Our field observations demonstrate that the pluton in the
southwestern-most part of the Liaodong peninsula (Fig. 6a) is
younger than the constrictional deformation because it intruded
folded cover strata. Wang et al. (2000) reported single zircon U–
Pb TIMS crystallization ages of 214.3 ± 1.5 and 208.8 ± 1.3 Ma for
gabbro and syenite from this pluton, respectively, suggesting that
constrictional deformation occurred before 214 Ma. Zircon SHRIMP
U–Pb analyses (Yang et al., 2004) for the syn- or slightly post-
deformation diabase gave early Late Triassic (220–211 Ma) ages.

In summary, geological field evidence, single zircon U–Pb dating
of post-deformation plutons, and zircon U–Pb SHRIMP analyses of
syn-deformation diabase demonstrated that the constrictional
deformation of the cover sequences of the Liaodong peninsula
developed after the Permian but before 215 Ma, i.e., 250–215 Ma.

Based on a summary of most published high-temperature geo/
thermochronology for Sulu and for the Hong’an-Dabie areas, Leech
et al. (2006) suggested that the UHP metamorphism took place at
ca. 230–220 Ma in the Sulu area. It is reasonable to temporally link
this constrictional deformation of the Liaodong peninsula to the
Sulu subduction.
5.2. ENE-striking main fold (F): spatial relation with the Sulu
continental collision

According to the analog modeling results of Ghosh et al. (1995),
under general constriction (k2 < k3 < 1), fold geometry is character-
ized by main non-plane non-cylindrical folds (F-fold) with sinuous
hinge lines and smaller folds (f-fold) expressed by curving of the
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hinge lines of the main folds. The Ghosh et al. (1995) experiments
also demonstrated that the hinge traces of F are generally perpen-
dicular to k2. In Domains I and II, a main fold direction is not clear,
suggesting the structures may result from pure constriction
(k2 ffi k3 < 1). In Domain III, the distribution of strata indicates a
clear F-fold that is strongly sinuous. The map view of the curvilin-
ear hinge trace of the F-fold direction (Fig. 6a) suggests a NWN-ori-
ented k2, which is sub-normal to the ENE-striking Sulu continental
convergent belt, while the k3 is sub-parallel to the convergent belt.

5.3. Dynamic implications for the Sulu continental subduction

This structural study demonstrates that the southern margin of
the NCB experienced constrictional deformation at least locally
during the Sulu continent–continent collision suggesting orogen-
parallel shortening in addition to orogen-normal shortening. This
dynamic link between the constrictional structures on the Lia-
odong peninsula and the Sulu belt suggests that the Liaodong
and Shandong peninsulas belonged to a single pre-Mesozoic ter-
rane, the Jiao-Liao-Ji terrane (Li, 1975; Huang et al., 1977)
(Fig. 1), and is supported by evidence presented in recent publica-
tions below:

(1) Both the Liaodong and Shandong peninsulas have the same
Archean to Paleoproterozoic crystalline basement (Lu et al.,
2004; Hacker et al., 2006; Jahn et al., 2008) and Neoprotero-
zoic to Late Paleozoic cover (Song and Wang, 2003); the lat-
ter preserves the same seismic event records (Qiao et al.,
2001).

(2) The Bohai Sea that separates the two peninsulas is a faulted
or pull-apart basin of Mesozoic–Cenozoic age (Tian et al.,
1992). Yu et al. (2008) estimated the amount of extension
across the basin based on reconstruction of balanced cross-
sections and concluded that the west–east and the north–
south extension ratios are �23% and �30%, respectively,
since the Cenozoic. Although few data are currently avail-
able for the Mesozoic extension, it is reasonable to believe
that the two peninsulas belonged to a single block prior to
Mesozoic; their coastlines are quite conformable (Fig. 1).

Thus the Liaodong and Shandong peninsulas likely represent
the overriding plate during the Sulu continent subduction/colli-
sion. According to the numerical modeling results of Dias and Ribe-
iro (1994), the Triassic constrictional structures of the Liaodong
peninsula suggest that the Triassic Sulu continent–continent sub-
duction/collision was transpressional with significant lateral slid-
ing, consistent with a spherical plate movement over the surface
of the earth.
6. Conclusion

The Liaodong peninsula was likely part of the overriding plate
during the Triassic Sulu continent–continent subduction/collision.
Such a grand subduction/collision resulted not only in ultrahigh-
pressure metamorphism in the subducted Sulu terrane, but also
caused complex constrictional deformation of the overriding plate.
The Triassic structure of the Liaodong peninsula suggests the Sulu
subduction/collision was transpressional.
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