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Exhumation of ultrahigh-pressure continental crust in east central
China: Late Triassic-Early Jurassic tectonic unroofing

Bradley R. Hacker,! Lothar Ratschbacher,2-3 Laura Webb,4’5 Michael O. McWilliams, 4
Trevor Ireland,* Andrew Calvert,! Shuwen Dong,6 Hans-Rudolf Wenk,’

and Daniel Chateigner’-8

Abstract. The largest tract of ultrahigh-pressure rocks, the Dabie-Hong’an area of China, was
exhumed from 125 km depth by a combination of normal-sense shear from beneath the hanging
wall Sino—Korean craton, southeastward thrusting onto the footwall Yangtze craton, and orogen-
parallel eastward extrusion. Prior to exhumation the UHP slab extended into the mantle a downdip
distance of 125-200 km at its eastern end, whereas it was subducted perhaps only 20-30 km at its
far western end ~200 km away. Structural reconstructions imply that the slab was >10 km thick.
U/Pb zircon and “°Ar/*Ar geochronology indicate that exhumation up to crustal depths occurred
diachronously between 240 and ~225-210 Ma, reflecting a vertical exhumation rate of >2 mm/yr.
The upper boundary of the slab is the Huwan shear zone, a normal-sense detachment that
reactivated the plate suture. The lower boundary is represented by the Lower Yangtze fold—thrust
belt. NW-trending stretching lineations, NE-vergent, WNW-ESE trending <a> folds, dominant
top-NW shear, and conjugate, but overall asymmetric, shear band fabrics, document that
exhumation was accomplished by updip and orogen-parallel extrusion accompanied by layer-
parallel thinning. The orientation and shape of the folds, and a change from SE to SW flow
directions, imply that the slab rotated clockwise about a western pivot during exhumation; this
rotation was likely caused by the eastward increasing depth of subduction mentioned above,
combined with a possible marginal basin and a weak eastern plate boundary. Exhumation of the
slab produced considerable shortening in the Lower Yangtze fold—thrust belt, perhaps producing

the foreland orocline.

1. Signiﬁcance of the Study

This paper documents the early deformational and pressure—
temperature (P-T) history of the exhumation of the world’s largest
known tract of ultrahigh-pressure (UHP) rocks, the Dabie-
Hong’an area, using new structural, geochronological, and
petrological data; the Cretaceous-Recent contribution to the
exhumation is detailed by Ratschbacher et al. [this issue] The
principal question this paper addresses is as follows: How were
these unusual rocks exhumed from depths of 100-150 km? We
argue that exhumation was accomplished principally by
lithosphere-scale normal shear between 240 and 225-210 Ma.

2. Dabie-Hong’an Area

The Dabie and Hong’an areas comprise part of a 2000 km long
orogen formed chiefly in the Triassic by attempted north-directed
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subduction of the Yangtze craton or a microcontinent before or
during collision with the Sino-Korean craton (Figure 1).
Investigation of UHP tectonics initially focused on the Dabie Shan
because of the wide variety of continental crustal rocks
metamorphosed under a complete range of low to ultrahigh P, but
work later shifted to include the Hong’an area, where exhumation
structures are better preserved. From south to north, the main rock
units in Dabie (Figure 2) are the Lower Yangtze fold-thrust belt,
blueschist, high-pressure (HP) amphibolite, quartz eclogite,
coesite eclogite, Northern Orthogneiss unit, Luzhenguang Group,
and Foziling Group. All are intruded by voluminous Cretaceous

plutons, and units on the margins of the mountains are overlain by
Cretaceous and younger sedimentary and volcanic rocks. The
coesite- and diamond-bearing eclogites indicate subduction of
continental crust to >120 km [Liou et al., 1996]. The appellations
of these units are somewhat misleading, as mafic or ultramafic
rocks with the diagnostic HP parageneses constitute only ~5 vol %
of an otherwise mostly felsic and chiefly paragneissic sequence.

In the Hong’an area (Figures | and 2), blueschist-facies rocks
are more widespread, and a distinct eclogite-retrogressed-to-
amphibolite unit has been mapped, in addition to quartz eclogite
and coesite eclogite. Also, a wider variety of Paleozoic
metamorphic rocks crop out in E-W trending fault-bounded units
at the northern limit of the range (i.e., the Qinling through
Erlangping Groups in the NW corner of Figure 2). Many of these
units are best known in the Qinling area (Figure 1) [Xue et al.,
1996; Zhai et al., 1998].

3. Ultrahigh-Pressure Petrology

The rock suite in Dabie and Hong’an is chiefly a paragneiss
with less granodioritic~tonalitic orthogneiss; the paragneiss
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Figure 1. Triassic collisional orogen in central China, after Ministry of Geology and Mineral Resources [1991], Yin

and Nie [1993], and Ree et al. [1996].

contains ~5 vol % boudins of eclogite or eclogite retrogressed to
garnet amphibolite and epidote-biotite amphibolite. The highest T
and P attained in the coesite- and, locally, diamond-bearing [Xu
and Su, 1997] eclogites were 825°-850°C and 3.3-4.0 GPa
[Carswell et al., 1997] (Figure 3). The coesite-free eclogites
reached somewhat lower peak conditions of 625°-700°C and 2.2—
2.4 GPa in the Dabie Shan [Okay, 1993; Liou et al., 1996,
Carswell et al., 1997] and have been divided into kyanite-bearing
and kyanite-absent eclogites in Hong’an, with estimated physical
conditions of 550°-650°C, 1.6-2.5 GPa and 450°-550°C, 0.8-1.2
GPa, respectively [Eide, 1993]. The amphibolite unit is a
hornblende-rich orthogneiss; peak P and T estimated from one
locality are >1.0 GPa and <650°C [Liu and Liou, 1995].
Blueschists reached conditions of only 400-800 MPa at 350°-
450°C [Eide, 1993; Eide and Liou, 2000]. While most of the UHP
thermobarometry derives from mafic blocks within the felsic
paragneiss, the paragneiss also locally contains unambiguous
indications of metamorphism at similar P and T, such that the
eclogites clearly were metamorphosed in situ [Liou et al., 1996];
the same may not hold true for ultramafic blocks, some of which
record recrystallization pressures >4 GPa [Okay, 1994; Hacker et
al., 1997; Liou and Zhang, 1998]. The coesite-eclogite and quartz-
eclogite units experienced strong recrystallization at amphibolite-
facies conditions, typified by the stability of hornblende +
plagioclase + sphene in mafic rocks and muscovite + biotite +
epidote + plagioclase + orthoclase + quartz + garnet in the
quartzofeldspathic gneisses; likewise, the amphibolite unit
underwent an albite-epidote-amphibolite facies retrogression.

We discovered one new eclogite in the NE part of Hong’an
(locality D228, Figure 2) that has important structural implications

detailed in section 4. Fe-Mg exchange between garnet and
included omphacite crystals suggests a peak T of 725°C, using
either the Ellis and Green [1979] or Ravna [1998] formulations,
while rims of adjacent garnet and omphacite matrix grains
indicate 625°C. Pressures, calculated for Mg-tschermak exchange
among muscovite, garnet, and clinopyroxene using Thermocalc
[{Holland and Powell, 1998], are 1.5 GPa for both the inclusion
suite and the rim compositions, just greater than minimum P
calculated for the jadeite component of omphacite (1.4 and 1.5
GPa).

4. Structural Geology

4.1. Overview

The HP to UHP rocks of the Dabie Shan are essentially a
structural homocline with SE to SW dipping foliation, SE
plunging lineation, and overall top-to-NW flow that includes
significant coaxial stretching (Figure 4). This same general
structure is also present in Hong’an, with two important
differences. Most significantly, in northern Hong’an the south
oriented structures roll over through horizontal into N(W) dipping
foliations, N(W) plunging lineations, and N(W) directed sense of
shear. The distribution of metamorphic rocks in Hong’an also
reflects this antiformal structure. The pseudostratigraphy of the
Hong’an area also defines a series of kilometer-scale NW trending
synforms and antiforms that are overturned to the north in central
Hong’an, and are upright to south facing in southern Hong’an.
The coesite-bearing eclogite unit forms the core of the
northernmost antiform; the lowest-P rocks, blueschist, are present
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only on the south limb of this orogen-scale fold. The presence of
quartz eclogites in the Sujiahe Group [Liu et al., 1996] and in NE
Hong’an (our locality D228, Figure 2) is key to recognizing this
structure because it affirms that quartz eclogites crop out north
and south of the coesite eclogites. The westward decrease in peak
metamorphic pressures reveals that the antiform plunges west; the
east edge of the antiform is truncated by the Tan—Lu fault.

The structures visible in Hong’an are not seen in Dabie because
of strong Cretaceous magmatism and extension [Ratschbacher et
al., this issue]. Briefly, the Dabie Shan underwent NW directed
extension at ~140-120 Ma approximately coeval with the
intrusion of gabbroic through syenitic plutons. The largest
structure associated with this extension is the Xiaotian-Mozitang
fault, a north dipping sinistral transtensional fault (Figure 2). The
Cretaceous plutonism was so extensive that it formed a large
‘Northern Orthogneiss complex that obliterated nearly all the UHP
rocks in the northern half of the Dabie Shan [Ratschbacher et al.,
this issue; Tsai and Liou, 2000]. To aid in understanding the
Triassic—Jurassic evolution of the study area, Figures 10 and 12
use the pre-Cretaceous palinspastic restoration of Hacker et al.
[1998], which is based on ~100% (70 km) extension along a 325°
trend.
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Our structural data supporting this overview are detailed in the
remainder of this section and are summarized in Figures 4-9 and
Table 1. In four field seasons we characterized on a regional scale
the internal deformation and contacts of each of the main rock
units by studying the relative amount of deformation, the sense of
displacement or shear, and the P and T of deformation. The latter
were judged by assessing which minerals or melts formed before,
during, or after structures observed at the outcrop to electron
microscope scale. The amount of deformation was judged from
the shape of deformed objects such as xenoliths or crystals, the
discrete displacement or distributed shear of markers such as
dikes, the thickness and spacing of deformed zones, and the
degree of grain-size reduction. Sense of shear was established in
the field and in thin section by criteria such as offset markers, G
clasts, & clasts, shear bands, asymmetric boudinage, schistosité-
cisaillement (S-C) fabrics, and lattice preferred orientation
(texture) measurements of calcite and quartz. In particular, we
used quartz textures extensively for deformation path and flow
temperature interpretations; these interpretations are based on
comparisons with textures from deformation zones worldwide
where the path and the temperature have been established by
independent criteria, and with textures derived from polycrystal
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Figure 2. Map of the Dabie Shan and Hong’an areas, drawn from our fieldwork in 1991-1995, Regional
Geological Survey 'of Anhui [1987], Regional Geological Survey of Henan [1989],
Regional Geological Survey of Hubei [1990], and Okay et al. [1993]. Coesite/quartz and eclogite locations are from
our work plus that of Eide [1993], Zhou et al. [1993], Cui and Wang [1995], Liou et al. [1996], and Liu et al.
[1996]. Locations of hornblende and K-feldspar “CAr/*9Ar samples are shown with D prefix. Diffuse shear zone
between Northern Orthogneiss and coesite eclogite units is shown schematically; see Ratschbacher et al. [this issue]
for detail. Gray shading emphasizes different units.
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Figure 3. Peak P and T for Dabie-Hong’an rock units [Eide,
1993; Okay, 1993; Liu and Liou, 1995; Liou et al., 1996; Carswell
et al., 1997]; P gaps within the sequence are not shown. Numbers,
3.30-3.55, show number of Si atoms per formula unit of phengite
within paragneisses dated in this study (compare Figure 11b).
“Amphibolite-facies overprint” refers to retrogression of eclogite
units; “ab-ep-amph” refers to late albite-epidote-amphibolite-
facies overprint of amphibolite unit. Depths are computed
assuming 40 km crust of 2.7 g/cm3 overlying mantle of 3.3 g/cm3.

plasticity models and experimental data. To understand the
kinematics of fault arrays, we applied “stress” inversion
techniques to mesoscopic fault slip data. We refer the reader to
Passchier and Trouw [1996], Angelier [1994], and Twiss and
Unruh [1998] for recent, comprehensive summaries and critical
discussions of these methods.
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4.2, Central Eastern Dabie

Along the northern margin of the coesite-eclogite unit in Dabie,
the foliation dips 25°-45° toward 120°-160°; lineations plunge
10°~50° down the dip of the foliation (Figures 4 and 5).
Deformation was penetrative, regionally homogeneous, and high
strain. Foliations are locally (e.g., locations D63-D69 and D93-
D96) bent around Cretaceous plutons. Outcrop-scale isoclinal,
recumbent folds with axes subparallel to the stretching direction
(<a> folds, Malavieille [1987]) are mostly north vergent. Shear
bands, ¢ clasts, S-C fabrics, and quartz ¢ and a axis textures
indicate a top-NW sense of shear at all localities where sense of
shear could be determined. When the rocks passed through the
ductile-brittle transition, coaxial stretching and top-SE backflow
occurred locally (e.g., D73-D74, D86). The kinematic history
began in the garnet stability field and extended down temperature
to the youngest, brittle—ductile, chlorite-bearing veins. Spectacular
outcrop-scale, asymmetric boudins with <20 cm thick, partly
mylonitized, quartz-biotite-K-feldspar + hornblende-filled necks
developed during late-stage amphibolite- to greenschist-facies
conditions. The well-developed foliation and, in particular,
lineation, qualitatively indicate plane to constrictional strain. In
zones of lower amphibolite to upper greenschist facies
retrogression, strain is heterogeneous, with both L and S fabrics,
the latter are exemplified by local boudinage in YZ sections
(X=2Y2Z; principal strain axes).

Quartz textures also record the top-NW shear during high-T
flow. Prismatic a slip, indicated by a ¢ maximum parallel to Y,
reported from amphibolite-facies rocks worldwide [e.g, Schmid
and Casey, 1986], was dominant in quartz of the coesite-eclogite
unit. Some rocks have evidence of ¢ and a prism glide (Figure 5):
DS102 and DS158, both typical plagioclase + biotite + garnet
hornblende UHP paragneisses, the latter from an eclogite—
paragneiss intercalation, show a ¢ axis maximum parallel to the
stretching lineation and a consistent weak a axis girdle normal to
the ¢ maximum, in addition to the texture typical for prismatic a
slip (¢ axes parallel to Y and several a maxima distributed in a
great circle around Y). Prismatic ¢ slip occurred exclusively in the
UHP rocks of central Dabie and was not observed outside the
coesite-eclogite unit. Mainprice et al. [1986] and Blumenfeld et al.
[1986] inferred that high-T (>650°C) and hydrous conditions are
required for prism c slip, on the basis of natural observation and
experiments [Linker et al., 1984].

Table 1. Location of Stations and Parameters of the Deviatoric Stress Tensor

Site Lithology N Latitude E Longitude Method Measurements o) (o) 03 F R
D35b-d  marble, basement* 31°18.01  116°30.25 P-B-T 22/22 183 44 03341 289 15

D35b NDA 16/16 25227 082 62 344 04 18 0.7
D36 orthogneiss* 31°16.7 116°48.7 P-B-T 717 064 29 280 55 169 14

D73-74 paragneiess and orthogneiss* 30°40 116°27 NDA 18/18 295 87 026 01 116 03 09 0.5
D86-87-1 orthogneiss 30°44.27  116°01.13 P-B-T 17/17 004 24 154 62 273 14

D86-87-2 ‘ P-B-T 11/13 31332 071 37 19235

D236-237 paragneiss 31°30 114°40 P-B-T 22/22 12075 27515 005 05

D2550ld  paragneiss* 31°28.24  114°07.63 NDA 25126 231 66 121 09 027 22 26 04
D255you NDA 1920 10762 23417 33121 22 0.8
D283-1 limestone 30°06.91  116°02.99 P-B-T 717 004 15 18375 296 06

D284-1 limestone 30°11.71  116°06.39 P-B-T 22/22 348 21 21163 086 16

D2850ld  limestone 30°15.66  115°23.34 NDA 11/11 354 04 201 85 084 02 19 0.5
D2870ld  limestone 30°37.36  117°51.72 P-B-T 10/10 31107 088 80 24309

Method: P-B-T, pressure—tension axes [Turner, 1953]; NDA, numerical dynamic analysis [Spang, 1972]. Measurements: number of data used
and total number of data. Here 61, 07, and 03,are azimuth and plunge of major, intermediate, and minor stress axes. F, fluctuation, is the average
angle between the measured slip direction and the orientation of the calculated shear stress. R, stress ratio, is (62—03)/(01—03), where 1 is uniaxial

extgnsion, and 0 is uniaxial shortening.
Corresponding age(s) given in Table 3.
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4.3. Southern Dabie

Foliation in this domain has typical dips of 30°~70° toward
180°-225°; considerable bending of the foliation resulted from
folds that parallel the stretching lineation (Figures 4 and 6). The
southern part of the coesite-eclogite unit contains a single
lineation that plunges 0°-30° toward 130°-150°, but the quartz-
eclogite and amphibolite units contain two lineations. The first,
defined by competent phases such as garnet and hornblende, with
strain shadows locally filled by oriented phengite, is often barely
visible, and plunges 0°-45° toward 125°-160°; anastomosing
shear zones around eclogite boudins show locally coaxial
stretching along this lineation, but an overall top-NW sense of
shear is indicated by the asymmetry of the anastomosing pattern.
The second lineation postdates a relatively static amphibolite-
facies recrystallization, and developed during cooling through
lower amphibolite to greenschist-facies conditions, marked by the
growth of albite, muscovite, epidote, and chlorite. The second
lineation is defined by stretched quartz grains, visible in quartz,
quartz + chlorite, and quartz + K-feldspar + magnetite +

tourmaline veins, and plunges 15°-40° toward 240°-260°. The
sense of shear is top-NE, imparting an apparent sinistral sense of
motion on the foliation. Although the lineations cluster around
two maxima, they form a continuum from early SE plunging
through late SW plunging directions. As in central Dabie, folds
with axes parallel to the first lineation and NE vergence are
widespread.

The SW margin of Dabie contains amphibolite-facies biotite-
plagioclase-quartz + hornblende gneisses retrogressed to
greenschist facies. The foliation dips are dispersed at all angles
(though mostly steep) in a girdle from 040°-220° by lineation-
parallel folds (Figures 4 and 6). Stretching lineations developed in
the bulk rock at amphibolite-facies conditions and in biotite +
epidote + quartz + chlorite veins, plunge 0°-20° toward 130°-
150° and 310°-330°. Where well developed, the sense of shear is
also top-NW. L tectonites are particularly common in the
southwest.

Quartz textures show that prismatic a slip was confined to the
coesite eclogite unit (e.g., D75), whereas basal a slip was
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predominant in the amphibolite unit (e.g., D113). These quartz
textures are associated with the first stretching lineation, even in
outcrops where the first lineation is nearly erased by the second
lineation (e.g., DS126). Both the planar shear criteria (shear zones,
shear bands, and S-C fabrics) and the quartz textures demonstrate
a more heterogeneous, and distinctly more coaxial, deformation in
southern Dabie than in the UHP rocks of central eastern Dabie.
Overall, shear was top-NW; however, conjugate shear bands,
shear zones, and orthorhombic quartz textures are common.
Locally, top-SE backflow dominated (e.g., D114).

4.4. Northern Dabie

The Foziling and Luzhenguang “Groups” crop out north of the
Cretaceous sinistral transtensive Xiaotian-Mozitang fault as the
leading north edge of the Yangtze craton [see Hacker et al., 1995,
1998; Ratschbacher et al., this issue]. Restoring the Cretaceous
extension and Triassic normal shear along the eastern
prolongation of the Huwan shear zone (section 4.6) places these
units at a middle to upper crustal level. At the few localities where
we examined these units, the foliation and stretching lineation are
highly variable, probably because of multiple, particularly
Cretaceous, refolding [Ratschbacher et al., this issue]. The

foliation generally dips NE and SW (Figures 4 and 7), the
stretching lineation plunges NE to NW, but probably mostly north
before refolding. Sinistral shear zones, containing low-T quartz
mylonites with <a> folds and breccia formed under high fluid
pressure, were encountered at two localities. The Foziling overlies
the Luzhenguang along a refolded low-angle shear zone that
shows movement of the hanging wall down to the NW-NE.
Deformation started at high T in the Luzhenguang with dominant
prismatic a slip in quartz (samples DS53 and DS44) and continued
into low-T plasticity with similar but complex kinematics (calcite
texture of sample DS44 and faulting at stations D35-D36). The
overall pattern is similar to the northern margin of the Hong’an
area (section 4.6), i.e., top-north normal shear, but deformation
was more distributed and heterogeneous.

4.5. Southern Hong’an

Exposures in Hong’an (Figures 8 and 9) define the orogen-
scale antiform mentioned in section 4.1. The southern limb of the
antiform dips southward at ~30°, whereas the northern limb dips
more steeply northward at ~70° (Figure 2).

Outcrops along the better-exposed southern side of Dawu dome
provide examples of the deformation style exhibited from the thin-



HACKER ET AL.: EXHUMATION OF ULTRAHIGH-PRESSURE ROCKS

section to the orogen scale, i.e., boudinage resulting from high-
strain extension along the mineral lineation. The dome has a core
of unretrogressed, two-mica orthogneiss rimmed by
heterogeneously and strongly deformed metasedimentary rocks.
We interpret the dome as the result of vertical flattening and
megaboudinage produced by subhorizontal, N-S extension during
dominantly coaxial flow. The boudinage is particularly well
illustrated in the metasedimentary rocks by conjugate shear zones
with interplanar angles as small as 20° (D253-D255), indicating
extreme flattening. The low temperature of the deformation and
the young mineral cooling ages [~200 Ma, Webb et al., 1999]
indicate that this doming developed late in the exhumation history.

The blueschist rocks of Mulan Shan (stations D249-D252)
developed out of acid to intermediate volcanic rocks widespread
on the Yangtze craton [Ernst et al., 1991]. A first deformation
(D1) produced a foliation that is folded into SW and NE dips
around folds whose axes are subparallel to a generally NNW
trending stretching lineation; the lineation in general has a more
northerly trend than the fold axes. The folds are distinctly NE

b d
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vergent and are associated with a second foliation and stretching
lineation, both inclined to the SW. The sense of shear changed
from top-NW to top-NE during this progressive deformation (D1
to D2), which was all within the glaucophane stability field. The
quartz c axis texture of D249b reflects basal+prismatic a slip
during both D1 and D2; the extension direction defined by the c-
axis-free area and the normal to the YZ girdle is intermediate
between the first and second lineations measured on the sample.
Stations D239-D245 investigate one of the overturned,
isoclinal, NW plunging domes of central Hong’an (Figure 9). The
western side of the plunging dome is a retrogressed L tectonite
orthogneiss with spectacular, late-stage plagioclase growth. The
low-T quartz c axis texture (D239a) suggests top-NNE flow late in
the deformation history. A strongly retrogressed eclogite—
paragneiss association along the south side of the dome (D240-
D241) includes a low-T quartz ribbon mylonite. During cooling
within the biotite and chlorite stability fields, flow changed from
early top-WNW to late top-north. The early WNW plunging
lineation parallels the lineation in the relict eclogite. Early flow

116°30°E
30°40N-

coesite eclogite

Figure 6. Structural data from southern Dabie. See caption of Figure 5.
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was probably close to simple shear (single-girdle quartz texture of
D240b [c.f. Schmid and Casey, 1986]), and late brittle-ductile
shear zones (D241) testify to coaxial stretching within the
foliation and parallel to the stretching lineation. The northern,
inverted limb (D244-D245) shows similar structural geometry
and kinematics. Mica ages of ~235 Ma place this deformation
early in the exhumation history.

The NW trending southern boundary of the eclogite —
amphibolite unit in south central Hong’an is a zone of enhanced
retrogression (albite + epidote + phengite + quartz, and extensive
quartz veining) associated with top-north to top-NE vergent
folding and shear, i.e., apparent thrusting. It has been mapped
discontinuously by Webb et al. [2000] from central Hong’an to
eastern Tongbai. At nearly all stations along this zone (D242-
D243, D244-D255, and D248), early top-(W)NW flow along SW
dipping foliations was subparallel to spectacular <a> folds,
indicating apparent dextral transpression. During cooling the
mineral lineation progressively rotated from a north into a local
NE trend, normal to the fold axes and imposing apparent sinistral
transpression. Local second foliations dip always slightly more
westward than the first foliation, and associated folds have a
distinct north to NE vergence.

Stations D233-D238 characterize deformation in the coesite-
and kyanite-eclogite units and reveal structural geometries and
kinematics identical to the UHP rocks of Dabie. Deformation
proceeded from amphibolite facies (in retrogressed eclogite) to
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upper crustal conditions (shear zones along late quartz + biotite +
K-feldspar veins) with the same top-north kinematics. Stations
D234-D237 present an analysis of the northernmost, large-scale
dome, which constitutes the lowest structural level of the Hong’an
antiform, where the predominantly south inclined structures south
of the dome roll over into north inclined structures to the north.
Structural data from UHP paragneiss and orthogneiss and mica
schist document folding of the stretching lineations across the NW
trending dome axis and the large-scale boudinage typical of the
UHP rocks.

4.6. Northern Hong’an

Along the northern limb of the Hong’an antiform, foliation dips
north, and lineation plunges north to NE (Figures 4, 7 and 9). The
northern edge of the Hong’an block is marked by the Huwan shear
zone, a ~5 km thick, amphibolite-greenschist facies, normal-sense
shear zone separating eclogite-facies rocks in the footwall from
greenschist-facies rocks in the hanging wall [Rowley and Xue,
1996; Webb et al., 2000]. The shear zone contains strongly
retrogressed eclogite boudins (e.g., station D231, the low-T quartz
textures are from a sheared quartz vein in an eclogite-bearing
micaschist). The Huwan shear zone can be followed, with
interruptions by Cretaceous plutons, into northern Dabie (Figures
4 and 7), where it is truncated by a large Cretaceous pluton and a
strand of the Cretaceous Xiaotian-Mozitang fault zone.
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Figure 7. Structural data from northern Dabie. See caption of Figure 5.
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Figure 8. Structural data from southern Hong’an. See caption of Figure 5. Unlabeled data are from Webb et al.

[2000].

Ratschbacher er al. [this issue] speculate that the Xiaotian—
Mozitang fault zone exploited the crustal heterogeneity imposed
by the Huwan shear zone to localize large-scale Cretaceous crustal
extension.

4.7. Dabie Foreland: The Lower Yangtze Fold-Thrust Belt

We collected a large data set on Triassic-Jurassic faulting and
folding in the Lower Yangtze fold-thrust belt, which constitutes
the foreland of the Dabie Shan. A few of these data and their
interpretations from stations close to Dabie are plotted in Figure 4
and summarized in Table 1; see Schmid er al. [2000] for a
complete evaluation. The mesoscale faults demonstrate overall
N(W)-S(E) subhorizontal contraction. Extension directions are
also subhorizontal and indicate along-strike lengthening of the
fold belt. Contraction directions in the foreland are thus similar to
the stretching lineations in Dabie-Hong’an. We interpret the
N(W)-S(E) contraction to be Middle to Late Triassic [Schmid et
al., 2000].

4.8. Folds of Hong’an-Dabie

The major train of NW trending, NE overturned folds mapped
by Chinese geologists [see references in Figure 2] constitute the
most striking feature of Hong’an; such folds are also characteristic

of Dabie but are less well mapped. Our deformation analysis
shows that folding on all scales most likely occurred during
progressive top-NW shearing and the fold axes developed
subparallel to the shear direction.

Lineation-paralle] folds may either be sheath folds [Cobbold
and Quinquis, 1980] or straight, so-called <a> folds oblique or
parallel to the regional stretching direction [Mattauer, 1975;
Malavieille, 1987]. Mechanisms suggested for the formation of
<a> folds are as follows: (1) local or regional constrictional strain
[Mattauer, 1975; Ratschbacher and Oertel, 1987], (2) rotation of
folds from an initial high-angle to final low-angle divergence from
the extension direction [e.g., Sanderson, 1973], and (3) shearing
of initially dipping competent layers, i.e., the existence of an angle
between the layers and the intermediate shortening axis (Y) of
finite strain [e.g., Watkinson, 1975]). Froitzheim [1992] extended
the latter case to show that folds with variable but generally
stretching-parallel axes can form during extension with
contemporaneous development of normal faults and extensional
shear zones.

Reorientation of formerly stretching-perpendicular folds seems
unlikely in Hong’an-Dabie, because a range of axis orientations
has not been observed. Local constriction probably explains some
stretching-parallel folds, but our qualitative evaluations indicate
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Figure 9. Structural data from northern Hong’an. See caption of Figure 5. Unlabeled data are from Webb et al.
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flattening, plane, and constrictional geometries. Furthermore, local
or regional constriction of a subhorizontal, layered slab does not
provide a simple explanation for the consistent NE fold vergence.
We propose that the large-scale Hong’an-Dabie folds resulted
from progressive northwestward shearing of a layered crustal slab
that initially dipped north. The folds thus formed parallel to the
flow direction under overall plane strain and with a NE vergence
due to the dip of the slab. We further propose that this folding, a
result of shearing of initially dipping competent layers, was
amplified by orogen-perpendicular contraction coeval with
exhumation. The exhuming slab experienced an overall
transpression and an overall constrictional strain.

4.9. Kinematics

The emplacement of the UHP-HP rocks of Hong’an—Dabie
occurred by top-NW motion during penetrative strain. Such large-
scale deformation has been interpreted commonly in terms of
isochoric plane strain, i.e., ideal simple shear and pure shear.
Vorticity analysis in various tectonic environments, however,
indicates that these ideal strain regimes are rare in nature. If
exhumed under a general shear with the shortening axis of the
pure shear component subperpendicular to the simple shear plane,
the UHP-HP slab could have elongated parallel to the shear plane,
thinned vertically, and stretched along the shear plane.

Extensional shear bands, asymmetric boudinage, and foliation-
breaking shear zones are ubiquitous in Hong’an-Dabie (Figures
4-9), and formed during and after the development of the regional
foliation. The development of shear bands is still not completely
understood, but they generally occur in anisotropic rocks and
partition flow into domains dominated by either coaxial or
noncoaxial flow [e.g., Platt and Vissers, 1980; Platt, 1984]. In
isotropic rocks, two sets of conjugate shear bands/zones are
expected in a general flow field. In a general noncoaxial
deformation one of the shear band sets makes a smaller angle with
the foliation than the other, and both the material anisotropy (i.e.,
the mylonitic foliation) and the rotation into an unfavorable
orientation for continued slip inhibit or weaken the development
of the steeper set. If the rock between the shear bands is relatively
rigid during shear band/zone formation (as is common during late-
stage deformation), it rotates antithetically while the shear-zone

wall rock extends parallel to the zone [e.g., Passchier and Trouw,

1996].

The development of conjugate shear bands/shear zones and
symmetrical boudinage in the Hong’an-Dabie rocks demonstrates
that the flow was partitioned by normal shear zones that thinned
the rocks vertically and extended them parallel to the movement
direction; this interpretation is supported by the presence of
documented pressure gaps within the metamorphic sequence
[Carswell et al., 1997]. The predominance of single sets of shear
bands/zones, the dominance of top-NW shear and asymmetric
boudinage, suggests that flow partitioning did occur, and that the
flow was intermediate between pure and simple shear. In any case,
the presence of these structures in Hong’an-Dabie indicates that
the shortening direction must have been relatively steep with
respect to the overall deformation zone and that this zone
underwent extension along the movement direction.

5. Geochronology

Important constraints on the history of the UHP rocks are
provided by U/Pb zircon dating and *CAr/°Ar dating of
hornblende, K-white mica (henceforth “muscovite™), biotite, and
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K-feldspar. Our earlier geochronologic work in the Dabie area
was reported by Hacker and Wang [1995] and Hacker et al.
[1995, 1998], and work in Hong’an was presented by Webb et al.
[1999].

5.1. U/Pb Zircon Ages

New U/Pb zircon ages were obtained on five samples (Figure
10 and Table 2; complete data are available from the World Wide
Web server for the Department of Geological Sciences, University
of California,  Santa Barbara, node at
http://www.geol.ucsb.edu/~hacker/suppleData/UHPTriassic)
using the sensitive high-resolution ion microprobe (SHRIMP) II at
Australian National University, following procedures of Muir et
al. [1996]. Previous SHRIMP and thermal-ionization mass
spectrometry (TIMS) [Ames et al., 1996; Rowley et al., 1997; Xue
etal., 1997, Hacker et al., 1998] identified that most zircons from
Dabie have Precambrian cores that range from ~625 to 800 Ma,
the two most precise such ages are 756.6 + 0.8 Ma [Xue et al.,
1997] and 772.5 + 9.5 Ma [Rowley et al., 1997]. Four of the
samples dated in this study also have Precambrian cores or are
wholly Precambrian. Specifically, nine of ten grains from
orthogneiss DS253 yielded a mean age of 778 + 7 Ma, and two
grains from DS236 have a mean age of 779 + 12 Ma. DS43 and
DS337 yielded a broader range of ages, with peaks at ~660 Ma
and ~735 Ma, similar to zircons analyzed by Hacker et al. [1998].
Such rocks were likely derived from the Yangtze craton, which
has a distinctive ~750 Ma signature [Rowley et al., 1997; Hacker
et al., 1998]. This provides further support to the idea that the
exhumed Yangtze craton extends as far north as the Luzhenguang
and Foziling Groups in Dabie and the Huwan Formation in
Hong’an [Hacker et al., 1998].

Many Dabie-Hong’an zircons have yielded Triassic ages,
either SHRIMP ages from rims or TIMS lower intercept ages.
Precise (26 < 2.5 Ma) Triassic TIMS ages from four Dabie
eclogites or associated UHP gneisses are all 218.5 Ma [Ames et
al., 1996; Rowley et al., 1997]. Eclogites from two localities have
given Sm/Nd ages concordant with this, at 225 = 7 Ma
[Chavagnac and Jahn, 1996] and 221 = 5 Ma [Li et al., 1993].
Together, these data have been taken to imply that the UHP
metamorphism happened at 218.5 Ma. Eight of ten grains from
our sample DS347B have a mean age of 215 = 5 Ma (20),
concordant with the 218.5 Ma TIMS ages. However, in the five
samples studied by SHRIMP that have yielded Triassic ages
[Hacker et al., 1998; Maruyama et al., 1998], there is a peak in
ages around 218.5 Ma, but the ages actually cover a broad range
from 205 + 5 Ma to 248 + 7 Ma (histogram in Figure 10). We
[Hacker et al., 1998] proposed that the 218.5 Ma event might
reflect post-UHP zircon growth and that the UHP event might be
as old as ~240 Ma, on the basis of these data and two Sm/Nd ages
from Dabie of 246 + 8 Ma (garnet—clinopyroxene (gar—cpx)
eclogite, Okay et al. [1993]) and 244 + 11 Ma (gar—cpx—whole
rock pyroxenite, Li et al. [1993]). The data collected in this study
do not refute this hypothesis, and also serve to emphasize the
possibility of zircon growth as young as 205 Ma.

The implications of zircons as old as ~240 Ma affect an area
broader than the Dabie Shan. For example, the Songpan-Ganze
flysch (Figure 1) is considered to have been derived from the
Dabie Shan, beginning in Anisian and continuing through the
Norian (~240-210 Ma, Nie et al. [1994] and Zhou and Graham
[1996]). Bruguier et al. [1997] tested this hypothesis by dating
detrital zircons from the Songpan—-Ganze flysch; they concluded
that the absence of 219 Ma zircons in the Songpan—Ganze flysch
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Table 2. Geochronology Sample Descriptions and Locations

Sample  Stop Rock N Latitude E Longitude
DS1 Dl granite cobble in Upper Cretaceous Sanjanpu Formation sediment 30°41.65'  115°54.05'
D32 D32 detrital ksp Upper Cretaceous Xiafugiao Formation red bed 31°21.53"  116°22.17
DS43 D30  gar-bio schist in Foziling 31°21.53"  116°22.17
DS48 D35  mus schist in Luzhenguang 31°18.01'  116°30.15'
DS51 D36  gabbroic gneiss in Luzhenguang 31°16.42"  116°28.22
DS52 D36  deformed granitic dike in Luzhenguang 31°16.42"  116°28.22'
DS54 D36  weakly ductilely and brittlely deformed gabbrodiorite 31°15.55'  116°27.38'
DS84 D67  UHP paragneiss near Wuhe 30°49.19"  116°13.32'
DS99 D74  mus segregation in UHP paragneiss west of Qianshan 30°40.04'  116°29.13'
DS101 D74  qtz-bio-ksp vein in UHP paragneiss west of Qianshan 30°40.04' 116°29.13'
DS105 D74  mus segregation in UHP paragneiss west of Qianshan 30°40.04'  116°29.13'
DS106 D75  bio-ksp-qtz segregation in UHP gneiss NW of Shima 30°32.48'  116°17.01'
DS108 D75  mus segregation in UHP paragneiss NW of Shima 30°32.48"  116°17.01'
DS109 D75  mus segregation in UHP eclogite NW of Shima 30°32.48' 116°17.01
DS110 D75  UHP bio paragneiss NW of Shima 30°32.48'  116°17.01'
DS120 D76  bio-ksp-qtz-sph-ep vein in UHP gneiss 30°29.33"  116°18.14'
DS123 D79  granitic orthogneiss south of Queyeling 30°24.18'  116°07.16'
DS129 D79  micaceous quartzite south of Queyeling 30°24.18'  116°07.16'
DSI35 D81  qtz-bio-mus veins in amphibolite 30°21.44"  115°59.29'
DS136 D82  qtz-bio-mus veins in amphibolite 30°21.80' 115°59.75'
DS137 D83  gar amphibolite 30°21.02"  116°00.28'
DS138 - D84  HP paragneiss 30°20.42"  116°00.29'
DS220a D220  detrital ksp Paleocene Hongqiao Formation red beds 31°28.38"  116°34.75'
DS236 D236 bio quartzofeldspathic orthogneiss 31°30.09"  114°39.62'
DS244b D244  bio quartzofeldspathic vein 31°14.06"  114°38.45'
DS247a D247 orthogneiss in SW Dabie 30°49.27"  114°56.13'
DS253 D253  mus quartzofeldspathic orthogneiss 31°28.70"  114°06.55'
DS337 D337 bio quartzofeldspathic orthogneiss 31°4520"  114°47.90'
DS347B D347 bio quartzofeldspathic orthogneiss with mafic layers 32°00.60' 113 43.60'

Here, bio, biotite; ep, epidote; gar, garnet; mus, K-white mica; qtz, quartz; and sph, sphene.
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implies that the Dabie Shan cannot have been the source.
However, they did find two zircons with U/Pb ages of 233 + 1 and
231 = 1 Ma, within the range of our new zircon ages, implying
that the Dabie Shan probably was the source of the flysch after all.

5.2. 90Ar/¥Ar Ages

Our new “0Ar/39Ar spectra are presented in six plots in Figure
11; data are summarized in Table 3 and given in detail at
http://www.geol.ucsb.edu/~hacker/suppleData/UHPTriassic, and
analytical procedures are given by Hacker et al. [1996]. Only
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three spectra yielded plateau ages, while two additional spectra are
flat but not strictly plateaux (Figure 1l1a). Four spectra are
staircase shaped (serially increasing step ages) (Figure 11b). The
majority of the spectra show excess “OAr (Figures 11c-1le)
typical of HP rocks [Scaillet, 1998].

5.3. “°Ar/*%Ar Hornblende Ages

All hornblende spectra that we have collected (locations in
Figure 2), other than DS51 and DS54, show inhomogeneously
released excess “OAr; this is most clearly evident in high-precision
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Figure 11. New 4CAr/39Ar spectra. (a) Spectra with plateau ages. (b) Staircase-shaped spectra, interpreted as the
result of slow cooling or reheating. (c—e) Spectra influenced by excess 40Ar, (f) Spectra showing circa 750 Ma
Precambrian ages. WMPA, weighted mean plateau age; WMA, weighted mean age; TFA, total fusion age.
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Table 3. Summary of “°Ar/*9Ar Data

Sample Mineral J Weight, Grain Size, Interpretation
mg um
D32 ksp  0.004518 9.0 400 117-128 Ma and Triassic
DS52 ksp  0.004613 6.5 400 180 + 10 Ma cooling
DS101 ksp  0.003610 12.7 400 initial cooling prior to 175 Ma; reheating and cooling at 140 + 10 and 90 = 10 Ma
DS106 ksp  0.003628 11.0 400 initial cooling prior to 170 Ma; reheating and cooling at 90 + 20 Ma
DS120 ksp  0.003593 85 400 initial cooling prior to 190 Ma; reheating and cooling at 90 = 10 Ma
DS123 ksp  0.004615 2.7 400 initial cooling at ~205 Ma; reheating at 150 = 10 Ma and cooling at 90 + 10 Ma
D220a ksp  0.004550 7.0 400 117-128 Ma and Triassic
D244b ksp  0.004561 7.3 400 initial cooling at >170 Ma; reheating and cooling 150 + 20 Ma and 120 + 10 Ma
D247a ksp  0.004565 8.4 400 initial cooling prior to 150 Ma; reheating and cooling at 135 + 15 and 95 = 10 Ma
D249¢ ksp  0.004592 5.8 400 initial cooling at >170 Ma; reheating and cooling 130 + 5 Ma
Sample  Mineral J Weight, Grain Size, TFA, 1A, MSWD “OAr3%Ar  WMPA, Steps %39 Ar
mg um Ma Ma Ma Used Used
DS1* mus  0.004611 2.5 400 202519 na na na 180 — 205 na na
DS43 mus  0.003699 2.7 400 218.0£2.1% na na na na na na
DS43 hbl  0.004494 12 175 279.5 +2.67 na na na na na na
DS48 mus  0.004610 1.9 75 241.9 +2.3% na na na na na na
DS51 hbl  0.004529 25 200  789.1+6.4 na na na 770 £ 101 26-31/31 69
DS54* hbl  0.004183 8.6 200 749213 na na na 742 £ 5% 18-62/62 78
DS84 mus  0.003669 2.7 400 348.8 +0.37 na na na na na na
DS99 mus  0.004612 3.1 400 1834+ 1.7 na na na 1833 + 1.77% 8-24/27 74
DS105 mus  0.004606 2.2 350 1755+ 1.7 na na na 120 — 190t na na
DS106 bio  0.003622 2.0 300 2004=x1.9 na na na 199.3 £ 1.9%% 2-26/26 99
DS108 mus  0.004601 1.8 400 1947+18 1946+18 1.0 303+ 19 194.6 £ 1.87 9-15/16 55
DS109 mus  0.004609 2.1 300 264.9 £2.5v na na na na na na
DS110 bio  0.003717 1.7 200 2149+20 2157x20 048 344x20 216.0x2.07 4-13/18 84
DS120 bio 0.003588 2.6 200 194.7+18 1952+1.8 1.0 28917 1952 + 1.87 7-18/21 71
DS129 mus  0.004604 2.6 400 196.0 £ 1.9t na na na 1959 + 1.9% 5-25127 96
DS135 bio  0.003655 4.3 400 278526t 2693+32 1.0 1641 +£591 na 4-23/27 92
DS136 bio  0.004605 33 100 195.1 +1.9 na na na 155 — 200+ na na
mus  0.004599 35 175 206.3 £ 1.97 na na na 208 = 1% na na
DS137 bio 0.004594 1.3 150 249.5 £2.3F na na na na na na
hbl 0.004598 11.3 150 3739 +£3.47 na na na na na na
mus  0.004605 1.5 100 2104 +2.0 210720 1.7 274+7 2104 = 1.7%% 5-15/25 63
DS138 mus  0.004597 2.0 175 1893+ 1.8 na na na 190 — 200t na na
D247a mus  0.004042 0.9 200 2346 +£2.2 na na na 2342 +£22%% na na

Hbl, hornblende; bio, biotite; mus, K-white mica; J, irradiation flux parameter; TFA, total fusion age (uncertainty reflects only analytical precision);
IA, isochron age; MSWD, mean square weighted deviation [Wendt and Carl, 1991] which expresses the goodness of fit of the isochron [Rodd:ck 1978];
WMPA, weighted mean plateau age. Arrows indicate range of ages, as discussed in text. IA and WMPA are based on steps and fraction of 39Ar listed in
the last two columns. Complete 6Ar/ Ar data are available from the World Wide Web server for the Department of Geology, University of California,

Santa Barbara, node at http://www.geol.ucsb.edu/~hacker/suppleData/UHPTriassic.
* Samples run at University of California, Santa Barbara (others run at Stanford University).

1 Preferred age.

1 Not a plateau age, but a weighted mean age whose quoted uncertainty reflects our assessment of the spectrum quality (generally encompassing the

range in ages of nearly concordant steps).

spectra such as DS137 (Figure 11e). The spectra are not hump or
saddle shaped, but crankshaft shaped, and are not amenable to
isochron analysis. All hornblende “CAr/3°Ar ages published for
Dabie by other authors either are not accompanied by spectra
[Mattauer et al., 1991] or are based on low-precision spectra with
few steps [Cao and Zhu, 1995; Chen et al., 1995]; because all our
hornblende spectra include excess Ar, it is likely that these lower
precision spectra published by other workers do as well. Thus no
40Ar/39Ar or K/Ar hornblende ages from Dabie HP or UHP rocks
are reliable. In contrast, samples DS51 and DS54, while not
yielding plateau ages, yield high-precision spectra that suggest
closure near ~750 Ma (Figure 11f). Both of these samples come
from metaplutonic rocks of the Luzhenguang Group, and their
~750 Ma hornblende ages indicate that (1) these samples were
derived from the Yangtze craton, and (2) temperatures
subsequently remained below 500°-600°C.

5.4. “°Ar/3%Ar Muscovite Ages

More 40Ar/3%Ar ages from Hong’an-Dabie~Sulu UHP rocks
have been obtained on muscovites than any other phase; hence an

understanding of their meaning is critical. At first blush, the
spectra are complicated, and the geographical distribution of
different ages is overwhelming (Figure 12a). To make sense of
this, we divide our muscovite spectra, and those of Eide et al.
[1994], into four categories (Figures 12a and 12b): flat spectra
with plateau ages, staircase spectra, hump-shaped spectra with
excess “OAr, and crankshaft-shaped spectra with excess *Ar. Note
that no eclogite from Hong’an-Dabie has yielded an interpretable
“OArA9Ar spectrum of muscovite or any other mineral,
presumably because radiogenic “CAr in minerals in these low-K
rocks is swamped by Ar derived from the enclosing K-rich gneiss.
All interpretable spectra come from rocks other than eclogite.

The interpretation of flat spectra is straightforward, and we
follow other workers in interpreting the low-age ends of hump-
shaped spectra as maximum ages for the most recent episode of
Ar loss. Staircase spectra are more difficult to interpret. Grove
[1993] argued that staircase spectra can reflect “Ar gradients in
muscovite crystals if H2O loss in vacuo occurs by diffusion and
not by recrystallization or delamination. Staircase spectra might
thus, in favorable cases, result from (1) faithful in vacuo degassing
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of 40Ar zoning produced by protracted crystal growth, (2) faithful
in vacuo degassing of “OAr zoning in crystals produced by
diffusive loss in:Earth, or (3) differential in vacuo degassing of a
population of mixed younger, less retentive (e.g., smaller) grains
or domains and older, more retentive (e.g., larger) grains or
domains.

In support of case 1, extremely fine grained (2-6 um)
neocrystallized muscovites from the basal mylonite of the Morcles
nappe, Switzerland, yielded staircase spectra whose low- and
high-T step ages match independent determinations of the
duration of thrusting [Kirschner et al., 1996]. In support of case 2,
Grove and Bebout [1995] found that Catalina Schist muscovites
coarser than 250 pm yielded plateaux while finer grained
muscovites yielded staircase spectra whose high-T age steps are
similar to the plateaux ages; the absence of
growth/recrystallization textures in the fine-grained mica led
Grove and Bebout to interpret these gradients as the result of
diffusive loss. In favor of case 3, Hames and Cheney [1997] used
laser spot ages to show that a 425°~525°C metamorphic overprint
produced new fine-grained muscovites with ages reflecting the
time of the overprint and caused Ar loss in older porphyroclasts
only where the porphyroclasts were recrystallized; bulk heating of
muscovites from such a rock could yield staircase spectra.

Which, if any, of these interpretations might be correct for the
muscovites from Dabie and Hong’an? Figure 12b shows
compositions we determined for muscovites with different types

of spectra. The different Si and Ti compositional types (labeled A,
B, C, D, and E in inset to Figure 12b) are interpreted to represent a
metamorphic sequence from HP, high-Si crystals (type A) to low-
P, low-Si crystals (type E), following the white mica
compositional variation detailed by Guidorti and Sassi [19981.
Each of these compositional types is now discussed in detail. Two
blueschist samples contain only type A unzoned high-Si
phengites; both of these spectra are staircase shaped, but span < 5
m.y. The low metamorphic T (350°-450°C) for these samples
suggests that the staircase spectra reflect protracted growth at
220-227 Ma below the closure temperature. Type B muscovites,
from three samples of the eclogite — amphibolite unit, all have
high Si contents; some of the crystals are zoned. Temperatures in
this unit were at least partly above closure, and we interpret the
low-T end of both spectra to reflect final closure at 212-215 Ma.
Type C muscovites, in four samples, show an extensive range of
Si contents, with all crystals showing zoning. Three of these
samples experienced peak T in excess of closure temperature, and
two of those show a range of ages from 185 to 205 Ma, which we
interpret as closure ages. Four samples from the coesite-eclogite
unit have type D unzoned high-Si muscovites and unzoned low-Si
muscovites; these low-Si crystals are also the first with high Ti.
These features indicate two periods of growth, and the spectra
from these samples must be a mixture of the two sets of grains.
Tentatively, we assume that the HP event is >198 Ma and the low-
P event is <189 Ma. Two samples contain only type E muscovites
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low in Si, suggesting that vestiges of any HP event have been
erased. Again, the HP event is probably >203 Ma, and the low-P
event is <180 Ma. In summary, the oldest samples we probed
show unzoned high-Si, low-Ti muscovites and imply protracted
growth at 220-227 Ma. The youngest samples have unzoned low-
Si, high-Ti crystals, and probably closed by 180 Ma. Intermediate
samples have intermediate ages, but it is hard to assign specific
meaning to them. These data demonstrate that spectrum shape is a
poor indicator of meaning, but that compositional data aid in
interpreting the spectrum shapes from HP and UHP muscovites.

Muscovite data from the Dabie-Hong’an area can thus be
placed in seven groups, based on age and spectrum type (Figure
12a). The oldest samples form a group (group 1) with ages from
230-235 Ma; four of these samples are located along the Huwan
shear zone along the northern edge of Hong’an, which was thus
the first part of Hong’an to cool below 400°-500°C (muscovite
closure temperatures inferred by Kirschner et al. [1996] and
Hames and Cheney [1997]. The next younger group of ages
(group 2), ~225 Ma, occur only within the blueschist and
amphibolite units and, at least within the blueschist unit, represent
crystallization ages. Within the amphibolite unit, spectra are
staircase shaped or flat (group 3) suggesting final closure at 210-
215 Ma. Three samples from Dabie and four from Hong’an
comprise a distinct group (group 4) of staircase spectra with high-
T ages of 200-205 Ma and low-T ages of 180-~185 Ma. If the Si
and Ti data presented above can be generalized to this entire
group, the 200-205 Ma ages are minima for HP recrystallization,
the 180-185 Ma ages are maxima for low-P recrystallization, and
the two groups represent the closure of less and more retentive
domains respectively. A similar interpretation applies to samples
with ages of 190-195 Ma (groups 5 and 6), which are restricted to
the coesite-eclogite unit. The 180-185 Ma, low-T ages of group 4
are a subset of a larger group of geographically widespread
samples (group 7).
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5.5. 40Ar/Ar Biotite Ages

There are 10 pre-Cretaceous biotite “CAr/39Ar ages from Dabie
and Hong’an (Figure 13). The two spectra with oldest ages do not
yield plateaux (one is crankshaft shaped and from a pegmatitic
vein (PRC104b), the other is hump shaped and from amphibolite
(DS137)), and we disregard them. Of the remaining, relatively
flat, spectra from paragneisses, five are between 190 and 200 Ma,
while the others are 216, 229, and 279 Ma. The coherence among
the 190-200 Ma ages, combined with the muscovite ages just
discussed, implies that at least the 279 Ma age (DS135) is the
result of excess Ar.

5.6. **Ar/>*Ar Metamorphic K-Feldspar Ages

Metamorphic K-feldspars (locations in Figure 2) were analyzed
to constrain low-T thermal histories. Only two samples yielded
spectra suitable for full diffusion-domain analysis [after Lovera,
1992] (Figure 14a). DS123 was well fit by histories dominated by
initial cooling at ~200 Ma, followed by reheating near 130 Ma.
D247a was not well fit by calculated thermal histories but is a pre-
Cretaceous rock reheated near 90 Ma. Two K-feldspars, DS106
and DS244B, were not amenable to diffusion-domain analysis
because of complexities in their spectra (Figure 14b). Four other
samples, DS52, DS101, DS120, and DS249C, were modeled with
qualitative cooling histories because the furnace temperature
during degassing was not well known.

Most of the spectra have inflections indicating cooling below
~200°C near 170 Ma, though DS106(?), DS120, and DS123 may
have been this cool as early as 190 Ma. The spatial distribution of
these ages indicates that a large part of Dabie-Hong’an was
relatively cold at 170 Ma, and DS123 is particularly important in
showing that local areas were cold as early as 200 Ma. Thermal
histories for five samples suggest reheating at 130-140 Ma, and
histories for four indicate reheating at ~90 Ma (by Cretaceous
plutons, Ratschbacher et al. [this issue]).
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Figure 13. Biotite “?Ar/%Ar ages (Ma) from Dabie-Hong’an. Superscripts indicate sources (Figure 12 caption).
Vertical axes are apparent age (Ma), and horizontal axes are cumulative 3°Ar released.
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5.7. “9Ar/3%Ar Detrital K-Feldspar Ages

On the north side of Dabie Shan, two red bed localities (D32
and D220a; locations in Figure 2) with detrital K-feldspar grains
were sampled to determine the time at which UHP detritus
reached the red beds. Neither locality exhibited visible
metamorphism, thus we interpret the ages of the grains to date
final cooling prior to sedimentary transport. Dozens of centimeter
to millimeter size grains were handpicked from the sediment at the
outcrop. Five grains from each locality were selected for
40Ar/3%Ar analysis (Figure 15). To ensure that complex release
spectra did not bias our interpretation, each crystal was broken
into two fragments and step heated separately with a 6W Ar laser.
The expectation was that we would be able to match each crystal
half to another half, and, indeed, the isotopic fingerprints of the
various grains are relatively distinct. Detrital K-feldspars from
locality D32 indicate a maximum depositional age for the red bed
of 119 = 1 Ma, compatible with the assigned depositional age of

HACKER ET AL.: EXHUMATION OF ULTRAHIGH-PRESSURE ROCKS

Late Cretaceous. The source terrane appears to have been
dominated by Cretaceous rocks of 123 = 1 to 119 = 1 Ma.
Relatively low radiogenic yields for some of these feldspars are
likely the result of diagenesis. The D220a locality has a maximum
depositional age of 123 Ma (middle Early Cretaceous) that also
does not conflict with the assigned depositional age of Paleocene.

The abundance of Cretaceous plutonic rocks immediately south
of these red beds leaves little doubt as to the source of the
Cretaceous grains. Both red bed localities also contain older grains
that, in general, yield spectra that begin with ages of 190-220 Ma
and climb to ages of 250-280 Ma. Such spectra are compatible
with the presence of excess “OAr, and/or age gradients produced
by slow cooling, both are attributes of K-feldspars from the
metamorphic core of the orogen (Figure 14). These data do not
contain geologically meaningful isochrons, but their isotopic
ratios (Figure 15) are compatible with Triassic ages, and the
grains were surely derived from the metamorphic core of the
orogen.
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Figure 15. Inverse isochron diagrams [Roddick, 1978] for detrital K-feldspars from molassic sediments north of
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apparent age and excess “CAr as multiples of the atmospheric value, respectively.
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6. Discussion

Investigations of the Dabie-Hong’an area are now mature
enough to formulate a constrained and testable tectonic model for
the exhumation of the UHP rocks.

6.1. Architecture of the UHP Orogen

The unusual shape of the Qinling-Dabie-Sulu suture, with an
apparent sinistral offset along the Tan-Lu fault (Figure 1), has
been the subject of debate. The suture extends in an ESE arc
through the Qinling and then swings more toward the SE in the
Dabie area, where the UHP-HP rocks form an eastward widening
wedge of progressively higher P rock that is abruptly truncated by
the Cenozoic Tan-Lu fault [Ratschbacher et al., this issue]. NE of
the belt of Triassic blueschist in the Zhangbaling area the suture
has a consistent NE trend defined by UHP rocks in Sulu and HP
rocks in the Imjingang belt of Korea [Ree et al., 1996]. Restoring
the NW-SE extension across the Hehuai basin, which has up to 8
km of mostly Cretaceous—Paleogene sediments [Han et al., 1989],
probably results in a more E-W trending suture in the Qinling—
Dabie area, but likely does not bring the Dabie and Sulu structural
trends into coincidence. We propose that the southern, passive
margin of the Sino-Korean plate was convex toward the SE prior
to collision. Yin and Nie [1993] explained the left-lateral offset
along the Tan-Lu fault as the result of Late Permian and Early
Triassic indentation of the Sino-Korean craton by the Yangtze
craton. Gilder et al. [1999, p. 15,385] have criticized this idea
because of a “lack of significant folding of Phanerozoic
rocks...north of the Sulu belt” and proposed that the Sino~-Korean
craton indented the Yangtze craton in the Early to Middle Jurassic
instead, leading to paleomagnetically recorded bending of the
Yangtze craton fold belt, formation of the Tan-Lu fault, and 70°
of relative rotation between the Sino—Korean and Yangtze cratons
[Zhao and Coe, 1987]. While there is evidence of Cretaceous and
Cenozoic strike-slip and normal faulting [Ratschbacher et al., this
issue], no well-documented structural data support these ideas of
transcurrent Triassic or Jurassic motion along the Tan-Lu fault. In
the eastern Dabie foreland, Schmid et al. [2000] documented mid-
Triassic NW-SE contraction and Late Triassic-Early Jurassic N—
S contraction; such deformation implies sinistral shear along a
Triassic-Jurassic Tan-Lu fault.

6.2. Exhumation Rate and P-T Path

The P-T history of Dabie~Hong’an rocks during exhumation is
partially constrained by the P-T data summarized in Fig 3 and by
the thermochronology enumerated in section 5. The UHP rocks
were at 825°-850°C and 3.3-4.0 GPa at ~240 Ma and cooled
through muscovite closure, probably at crustal depths, by ~200
Ma; they experienced subsequent, perhaps repeated, reheating at
amphibolite-facies temperatures and crustal pressures until ~180
Ma. The lower P eclogites along the Huwan shear zone cooled
through muscovite cldsure at 230-235 Ma, the bulk of the quartz
eclogites closed by 210-215 Ma, and the blueschists last
recrystallized at 220-225 Ma. Such P-T paths, with concomitant
decompression and cooling, are only possible if exhumation was
rapid or the slab was refrigerated by deeper-level subduction
[Hacker and Peacock, 1995; Ernst and Peacock, 1996]. We can
only crudely constrain the rate of exhumation to an order of
magnitude rate of >2 mm/yr, a rate that permits a 10 km thick slab
to significantly exchange heat with its surroundings. The
Barrovian amphibolite-facies overprint was 30-50 m.y. younger,

13,359

most plausibly reflecting not simple conductive reequilibration
following one-stage decompression of the UHP rocks, but
subsequent crustal thickening.

6.3. Size of the UHP Slab

Specific bounds can now be placed on the extent of the UHP-
HP slab. The UHP-HP rocks, as currently exposed, span ~125 km
across strike and ~250 km along strike. Prior to Cretaceous
extension these dimensions were closer to ~100 and 200 km,
respectively, and updip and along-strike stretching during
exhumation means that these are maxima. The present structural
thickness of the HP-UHP section in Hong’an, where it can be best
assessed, is ~10 km (Figure 2); as argued in section 6.4, this
thickness is a minimum because of substantial thinning of the slab
during exhumation. No extensive ultramafic rocks have been
found at the structurally deepest levels in Dabie or Hong’an,
implying that the basal detachment was at or above the Moho.
Determining an accurate constraint on the downdip length of the
slab hinges on knowing the dip during subduction and the strain
during exhumation. Figure 16c shows that a dip of ~45° and
downdip length of ~200 km are required if the slab did not thin
during exhumation. Because we argue for substantial thinning of
the slab during exhumation, 200 km is a maximum; the minimum
is constrained by a vertically dipping slab that must reach depths
of ~125 km to form diamond.

6.4. Rotation and Deformation of the UHP Slab

Unfolding the “Hong’an antiform”, the orogen-scale fold
trending NW-SE across Hong’an-Dabie, yields a north dipping
lithospheric slab with coesite eclogite in the north and lower P
rocks progressively farther south and closer to the interior of the
Yangtze craton. The upper boundary of the slab is the Huwan
shear zone (Figures 2 and 9), which is immediately south of the
suture between the Sino—Korean and Yangtze cratons, implying
that it is essentially a plate boundary reactivated as a lithosphere-
scale, normal-sense shear zone. The UHP-HP rocks were drawn
or driven out from beneath the Sino—Korean craton, imparting a
roughly NW-SE stretching lineation and NE-vergent, WNW-ESE
trending folds (Figure 16). The UHP-HP rocks comprise the
extrusion channel itself and probably underwent a strong coaxial
flow component, implying transport-parallel and orogen-parallel
elongation within the channel. Strain compatibility requires that
the boundaries of the channel were stretching faults [Means,
1989]. ,

The westward decrease in depth of exhumation is most easily
reconciled with a clockwise rotation of the exhuming slab around
a pivot located on the Yangtze craton west or south of Tongbai.
This rotation may also be reflected in the clockwise rotation of the
stretching lineations within Hong’an and Dabie. The wedge shape
of UHP-HP outcrop and the apparent rotation during exhumation
imply that the Yangtze craton was subducted to relatively shallow
depths in the west and progressively greater depths toward the
east.

6.5. Dynamic Exhumation Model

Assume that a Florida-like promontory (Figure 16b) (or a less
complex shape; Figure 16a) of the Yangtze craton was subducted
beneath the Sino-Korean craton. At some point, the buoyant,
subducted continental crust tore away from the oceanic part of the
plate and began to rise within the channel between the two cratons
(Figure 16c, a la Chemenda et al. [1995]). The tear began at the
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Figure 16. Exhumation of UHP rocks. (a) Subduction of wedge-shaped continental promontory; arrows show
pivoting of slab during exhumation. (b) Subduction of Florida-like continental promontory (shaded) attached to
oceanic crust (open). (c) Two-dimensional representation of subducted continental crust, with detached sliver
beginning to exhume. (d) Two-dimensional representation of continental crust exhumed by buoyancy. () Cut-away
view of continental promontory exhuming from UHP depths. Strain partitioning induces bulk deep oblique
stretching, shallow updip stretching, and slab-orthogonal thinning, along with discrete zones of dextral shear and

apparent shortening. Muscovite “°Ar/3Ar ages are shown.

deepest point of subduction of buoyant slab and ripped upward
along the promontory. The shape and orientation of the subducted
crust, combined with the dependence of buoyancy on depth below
the Moho, mean that the promontory pivoted about its shallow
end, producing an extruded wedge on top of the rest of the
Yangtze plate, which could have been continental Yangtze craton
(Figure 16¢,d) or a marginal basin (Figure 16b). The E-W trend of
the southern margin of the Sino-Korean craton in the Qinling—
Dabie area, coupled with the observed motion within the extrusion
channel, implies that the UHP slab was extruded eastward along
the plate margin during exhumation (Figure 16e). We suggest that

this occurred toward an eastern reentrant in the plate margin that
~ imposed a weak constraint on the extruding lithosphere (Figure 1).

This extrusion geometry requires a complex displacement
gradient across the extruding wedge and into its southern and
eastern foreland (Figure 16e). The most northerly and most deeply
subducted UHP rocks experienced the largest amount of vertical
and lateral displacement, which progressively diminished
southward and westward toward the lower P units; the plate-
margin oblique motion imposed a dextral displacement gradient
within the exhuming slab. The vertical shortening, the north dip of
the subducting slab, the dextral displacement gradient, and the
ongoing shortening due to Yangtze-Sino—Korean plate
convergence probably all contributed to the formation of the <a>
folds and their northward overturning; the angular divergence
between the NW plunge of the stretching lineation and the WNW
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Figure 16. (continued)

plunge of the <a> folds is compatible with the inferred dextral
displacement gradient. Lineations in Hong’an-Dabie that swing
from an early SE plunge through a late SW plunge mean either
that the component of lateral (SE directed) flow diminished with
time and became mostly updip, that contraction across the plate
margin increased with time, or that the slab rotated clockwise.

Deformation in the Lower Yangtze fold—thrust belt was driven
by deformation in the orogen core. SE directed extrusion of the
UHP rocks must have induced equivalent shortening at the tip of
the extruding wedge. The dominantly SE directed extrusion and
the wedge shape of the extruded slab caused shortening in the
foreland SE of Dabie and dextral transpression south of Dabie
(Figure 4 and Schmid et al. [2000]). Moreover, the oroclinal bend
in the foreland, from its NE trend east of Dabie to its east trend
south of Dabie, is at least partly a reflection of this along-strike
change in deformation mode (orthogonal to dextral transpressive
shortening).

The footwall beneath the extruding slab might initially have
been oceanic (promontory model, Figure 16b) and only later
continental crust now comprising the Lower Yangtze fold-thrust
belt. The shape of such a (speculative) marginal oceanic basin
would have had paramount influence on the exhumation process
because an extruding continental slab is always buoyant relative to
oceanic lithosphere, whereas a continental crustal slab is only
buoyant below the Moho in continental lithosphere. In other
words, the slab should have thrust preferentially over oceanic
rather than continental footwall. A weakness of our model is that
we cannot identify a sole thrust along the southern and eastern
edges of Dabie~Hong’an. The southern edge is buried beneath the
sediments of the Yangtze river. Along the eastern edge such a
fault could be covered by the ubiquitous younger sedimentary
rocks, but one of the characteristics of the Triassic/Jurassic
foreland deformation east of Dabie is upright folding and a
combination of hinterland- and foreland-directed thrusting
[Schmid et al., 2000] with relatively moderate shortening. To
explain the apparent lack of the megathrust and the distinctive
structural style, we postulate that the leading edge of the UHP-HP
rocks forms a wedge that is buried beneath the cover strata of the
foreland. This implies that the crust of the foreland was detached

at middle to upper crustal levels and thrust northwestward onto the
crystalline core (Figure 16d; note, however, that this section is at a
high angle to the transport direction).

In this scenario the oldest Triassic zircon ages at ~240 Ma
(Middle Triassic) reflect recrystallization at peak pressure, and the
oldest muscovites in the Huwan shear zone preserve initial
exhumation at 230-235 Ma (also Middle Triassic). This
interpretation is consonant with the sedimentary record [Han et.
al., 1989; Sun et al., 1989; Wang et al., 1989; Zhang et al., 1989].
Sedimentary rocks north and south of the suture show shallow
marine sedimentation through the Permian. Nonmarine
sedimentation ended along the southern margin of the Sino-
Korean craton in the Early Triassic. In contrast, although
collision-related(?) shortening began in the Early to Middle
Triassic in Sichuan and Zhejiang, the change to nonmarine
sedimentation on the Yangtze craton was delayed until the Late
Triassic, when it affected the entire northern margin of the craton.
Throughout the Triassic the Songpan-Ganze flysch accumulated
[Nie et al., 1994, Zhou and Graham, 1996]. Unconformities in the
basins surrounding the orogen document deformation at the
Triassic/Jurassic, Early/Middle Jurassic, Middle/Late Jurassic, and
Late Jurassic/Early Cretaceous boundaries. This deformation is
recorded in the orogen core, as muscovite and zircon ages, only
through ~170 Ma, indicating that by the Middle Jurassic the
orogen core was cold. '

7. Conclusions

The orogen-scale structure of the Dabie-Hong’an area is an
antiform. The north limb has north dipping foliation, north
plunging lineation, and top-north shear sense formed as the
footwall UHP-HP rocks were drawn southeastward out from
beneath the low-grade hanging wall. The south limb carries
similar structures that have been rotated through horizontal to
southward inclinations. Both limbs carry NE-vergent kilometer-
scale folds that are oblique to the stretching lineation, which on
the south limb rotated from an early SE trend to a late SW trend,
revealing clockwise rotation of the slab about a southwestern
pivot during exhumation. We propose that these features resulted



13,362

from subduction of an asymmetric continental fragment or
promontory whose buoyancy with respect to the mantle varied
along strike. Cross sections and recqnstructions indicate that the
continental slab had a downdip extent >150 km, an along-strike
extent >150 km, and a thickness $»10 km. U/Pb zircon and
“OArA%Ar muscovite and K-feldspar ages imply that the
exhumation terminated diachronously in different units, from
~230 to 210 Ma. Widespread younger isotopic ages record
deformation and amphibolite-facies refrograde metamorphism at
crustal depths as a result of continued convergence between the
Sino-Korean and Yangtze cratons.
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