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ABSTRACT

New U-Pb sensitive high-resolution ion microprobe (SHRIMP) dating of zircon
from the ultrahigh-pressure Sulu terrane, eastern China, records three events in the
evolution of the orogen. Peak ultrahigh-pressure and retrograde metamorphism in
the Middle to Late Triassic (ca. 230-200 Ma) is recorded in zircon mantles and rims;
cathodoluminescence imaging, grain morphology, and U-Th-Pb and rare earth ele-
ment chemistry cannot distinguish between ultrahigh-pressure and retrograde zircon
growth. Comparison of high-temperature thermochronology for the Sulu and
Dabie-Hong’an areas suggests that peak ultrahigh-pressure metamorphism in Sulu
took place at ca. 230 Ma, postdating Dabie—-Hong’an by 10 m.y.; this age disparity has
implications for collision-subduction-exhumation models for the entire Qinling-
Hong’an—Dabie—Sulu orogen and suggests that Sulu was a separate ultrahigh-pressure
slab that was never adjacent to Dabie. Relict zircon cores and mantles preserve proto-
lith ages between 700 and 790 Ma, reflecting the Yangtze craton affinity of the Sulu
terrane and supporting other evidence indicating that the suture between the Yangtze
and Sino-Korean cratons lies along the Yantai-Qingdao-Wulian fault zone. Late
Jurassic to Early Cretaceous ages from a pegmatite vein near the suture probably
reflect early melting related to a widespread magmatic event that affected the north-
ern margin of the Dabie-Sulu belt.
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INTRODUCTION TO THE
QINLING-HONG’AN-DABIE-SULU OROGEN

The Sulu terrane (Fig. 1), the eastern extension of the
larger Qinling—Hong’an—-Dabie—Sulu orogen, was the one of
the first ultrahigh-pressure (UHP) subduction zone complexes
shown to contain microdiamond, requiring UHP metamorphism
at pressures in excess of 3.2 GPa at >130 km depth (Sobolev

and Shatsky, 1990; Xu et al., 1992). Ultrahigh-pressure meta-
morphism occurred during the Triassic northward subduction of
the Yangtze craton beneath the Sino-Korean craton (e.g., Liou
et al., 1996; Hacker et al., 2000, 2004; Chen et al., 2003). Min-
eralogical evidence for Early to Middle Triassic UHP metamor-
phism is found in minor eclogite and garnet peridotites, and
their host quartzofeldspathic gneisses, that all followed the
same pressure-temperature-time (P-7-f) path during subduction
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Figure 1. General geologic map of the Sulu terrane, part of the Shandong Peninsula, eastern China (after Wallis et al., 1999; Webb et al., this vol-
ume). Sample numbers for U-Pb sensitive high-resolution ion microprobe (SHRIMP) dating are shown in bold (Appendix 1 contains complete
U-Th-Pb data). Weighted mean ages (in Ma) summarize age data for each sample. The Qinling—Hong’an—Dabie blocks are shown on the inset
map in medium gray (Dabie is labeled, the Qinling and Hong’an blocks are further west). UHP—ultrahigh pressure.
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and exhumation (e.g., Xu et al., 1992; Liou et al., 1996, and ref-
erences therein; Tabata et al., 1998). Conditions for UHP meta-
morphism in the Dabie and Sulu areas were ~600-800 °C and
from to 3.0-4.0 GPa (W.G. Ernst, 2005, personal commun.).
Exhumation of these UHP rocks to middle- to upper-crustal
levels was complete by the latest Triassic to Early Jurassic (e.g.,
Hacker et al., 2000; Ratschbacher et al., 2000; Webb et al.,
1999, this volume), and likely proceeded during coeval detach-
ment faulting/shearing and gneiss dome formation (Webb et al.,
2002, this volume; Leech et al., 2003). The northern part of the
orogen experienced extensive magmatism in the Early Creta-
ceous (Hacker et al., 1998; Ratschbacher et al., 2000; Grimmer
et al., 2002) and later oblique sinistral offset along the Tan-Lu
fault (Fig. 1).

An extensive collection of 40Ar/39Ar ages for the Hong’an,
Dabie, and Sulu areas (e.g., Hacker et al., 2000, and references
therein; Webb et al., 1999) documents synexhumation cooling
of the UHP rocks to the middle to upper crust, but the precise
timing of UHP metamorphism across the orogen remains elu-
sive. Various workers have used high-temperature thermo-
chronometry (U-Th-Pb, Sm-Nd, and Rb-Sr) to address this
issue, but many individual attempts are plagued by large ana-
lytical errors, a lack of sufficient data, age ranges spanning both
peak and retrograde metamorphism, and assumptions about the
~2000 km orogen having a uniform subduction-exhumation
history. Here we present new U-Pb SHRIMP (sensitive high
resolution ion microprobe) dating of zircon for the Sulu terrane,
compare this new data to the existing body of dating for the
UHP metamorphic event, and discuss the implications for an
orogenic model with UHP metamorphism taking place in the
Sulu area ~10 m.y. after UHP metamorphism in the
Dabie-Hong’an area.

NEW U-Pb SHRIMP DATING FOR SULU

Samples of UHP quartzofeldspathic gneiss (host rocks to
eclogite) from three different areas in the Sulu terrane, and a
mylonitized gneiss and pegmatite vein from near the Yantai-
Qingdao-Wulian fault were collected to establish the timing of
UHP metamorphism, retrograde metamorphism and exhumation-
related deformation, and later magmatism, respectively.
Quartzofeldspathic lithologies were chosen for the relative
abundance of zircon that could be extracted for U-Pb SHRIMP
dating; zircon can record a long history of growth recorded in
relict internal parts of zircon grains, can record higher-temperature
events (~1000 °C) than other thermochronometers (Cherniak
and Watson, 2003), making dating peak metamorphic condi-
tions more likely, and can record lower-temperature events dur-
ing recrystallization. Three of these samples (SU29, SU33, and
SU45) are the same samples from which other mineral phases
were extracted for dating by the 40Ar/3°Ar method in Webb et
al. (this volume), the results of which are summarized in the fol-
lowing section.

Sample Preparation and Analytical Technique

A total of 143 zircon U-Pb SHRIMP analyses were com-
pleted for five samples (Fig. 2; see Appendix 1 for U-Th-Pb data
for all analyses). Zircons were separated and mounted using stan-
dard sample-preparation methods for ion microprobe analysis
(Williams, 1998), and U-Pb SHRIMP analyses, data reduction
using Squid, and plotting using Isoplot followed standard tech-
niques (Williams, 1998; Ludwig, 1999, 2001). No morphologic or
color differentiation was made during handpicking for the sample
mount. Separated zircons include euhedral, subrounded, and irreg-
ularly shaped grains that display clear core-mantle-rim zoning
relationships under cathodoluminescence (CL) imaging (Fig. 3).
SHRIMP analyses targeted rims that appeared to be metamorphic
based on CL imaging (i.e., lack of zoning, rounded grain mor-
phology); analysis of zircon mantles and cores was done for age
comparison with metamorphic rims and to establish different
growth domains within the zircons. Pb/U ratios were calibrated
with reference standard R33 (419 Ma; Black et al., 2004), which
was analyzed after about every fourth unknown analysis. Zircons
were analyzed using the SHRIMP-RG (reverse geometry) at the
Stanford—U.S. Geological Survey Microanalysis Center. U-Th-Pb
data for each ~30 um spot were collected in five scans.

Descriptions of Dated Samples

All five samples dated in this study came from the UHP Sulu
gneiss unit (Fig. 1). Figure 2 shows Tera-Wasserburg concordia
diagrams for all analyses from all five samples; these concordia
plots include some discordant data and display mixing trends and
discordance due to common Pb (all concordia plots [Figs. 2, 4, and
5] show data uncorrected for common Pb). All ages (single-grain
or weighted mean ages [95% confidence level]) described for
dating in this study are 207Pb-corrected 200Pb/238U ages from con-
cordant data or data within 1%—2% of concordance (see ages listed
with concordia plots in Figs. 4 and 5); high U, high common Pb,
and discordant analyses were excluded from age calculations.

Sample SU19

Sample SU19 is a quartzofeldspathic gneiss from the cen-
tral part of the UHP Sulu terrane within the core of the large
gneiss dome structure (locality 19: 35°10'N, 119°14’E; Fig. 1).
Relict Proterozoic zircon domains in sample SU19 yield ages
between 702 and 767 Ma; two distinct populations within that
range give weighted mean ages of 727 + 15 Ma (3 grains) and
755 + 12 Ma (5 grains) from concordant analyses. These Protero-
zoic domains are generally bright cores and mantles with oscil-
latory zoning in cathodoluminescence (CL) imaging and have
relatively high Th/U ratios between 0.6 and 1.7 (Figs. 2A, 3,
and 4). Concordant Late Triassic analyses yield weighted mean
ages for two age groups at 207 + 3 Ma (5 grains) and 214 + 4
Ma (4 grains); these ages result from uniformly nonlumines-
cent, rounded metamorphic rims and have very low Th/U ratios
(<<0.1) (Figs. 5 and 6; Appendix 1).
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Figure 2. Tera-Wasserburg concordia diagrams for all zircon analyses from all samples (data uncorrected for common Pb; error ellipses are 26).
A and C include intercept lines that show mixing for discordant data between Proterozoic and Mesozoic analyses for samples SU19 and SU32
(intercept ages are not used for interpretation—see weighted mean ages in Figs. 4 and 5). E shows a projection to common Pb ratio (207Pb/206Pb =
0.86 based on Cumming and Richards, 1975) for six discordant analyses from sample SU45. N is the number of zircons analyzed for each sample.

MSWD—mean square of weighted deviates.
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Figure 3. Cathodoluminescence (CL) images of representative analyzed zircons from each sample. Analysis number with corrected 206Pb/238U
age and spot locations (dashed circles) correspond to those listed in Appendix 1. Streaking is due to charging on nonzircon grains.
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Figure 5. Histogram and probability density curves for (A) summary of Late Permian to Early Cretaceous age data; and (B—E) individual samples
SU19, SU32, SU33, and SU45. Samples SU19, SU32, and SU45 record 238U/206Pb ages corresponding to ultrahigh-pressure (UHP) and retro-
grade metamorphism; sample SU33 records melting associated with a later magmatic event. Tera-Wasserburg concordia diagrams show only con-
cordant and near-concordant analyses (data uncorrected for common Pb; error ellipses are 26); weighted mean ages for multiple age groups in
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Age groups delineated by weighted mean ages were determined based on weighted mean age plots of concordant data (data weighted by 2¢ data-

point errors; analyses high in common Pb were excluded).
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Figure 6. Th-U data for all zircons yielding Mesozoic ages (samples
SU19, SU32, SU33, and SU45). This plot shows U-Th data for all
Mesozoic data points and includes analyses excluded in weighted
mean ages (see discussion in text).

Sample SU29

Sample SU29 is a mylonitized quartzofeldspathic biotite
gneiss also from near the central part of the Sulu terrane (locality
37:35°31'N, 119°08’E; Fig. 1). All U-Pb analyses from sample
SU29 yield Late Proterozoic ages between 738 and 786 Ma
(concordant analyses only); two subpopulations yield weighted
mean ages of 757 + 10 Ma (4 grains) and 779 + 6 Ma (7 grains)
(Figs. 2B, 3, and 4). The zircon grains are bright with oscilla-
tory zoning under CL, and have Th/U ratios between 0.6 and
2.5 (Appendix 1); later metamorphic zircon growth appears to
be absent in this sample. Biotite from SU29 yielded a 40Ar/3Ar
weighted mean age of 136 + 1 Ma (Webb et al., this volume).

Samples SU32 and SU33

Quartzofeldspathic gneiss (SU32) and granitic pegmatite
vein (SU33) samples are from the Haohung-Taolin area (locality
40: 35°50'N, 119°32°E) near the Yantai-Qingdao-Waulian fault zone
along the NW flank of the central dome structure in Sulu (Fig. 1).
Samples SU32 and SU33 both record Proterozoic and Mesozoic
histories (Figs. 2C-D, 3, and 4). Five concordant Proterozoic
analyses from SU32 fall between 701 and 764 Ma, comprising
two age groups with weighted mean ages of 704 = 13 Ma
(2 grains) and 760 + 12 Ma (3 grains). These relict domains are
composed of luminescent cores and mantles with oscillatory zon-
ing in CL, and have Th/U ratios between 0.7 and 1.2 (Appen-
dix 1). SU32 gives five concordant analyses with a weighted
mean age of 208 + 3 Ma (2 analyses) and single-grain analyses at
215 + 2 Ma, 222 + 3 Ma, and 232 + 2 Ma (Fig. 2C, 3, and 5).
Th/U ratios for the Triassic data fall between 0.01 and 0.04, and
come from dark, rounded zircon rims (Fig. 6; Appendix 1).

Sample SU33 yields two concordant ages at 718 + 17 Ma
and 749 + 14 Ma; these analyses are from a luminescent core
and mantle (external to an irregular core) with oscillatory zon-

ing and have Th/U ratios between 0.7 and 1.8 (Figs. 2D and 4;
Appendix 1). Late Jurassic to Early Cretaceous spot ages from
SU33 yield weighted mean ages of 140 = 2 Ma (5 grains) and
149 + 2 (8 grains); these data have Th/U ratios <<0.01 and
come from both luminescent rims and nonluminescent cores
with oscillatory zoning (Figs. 3, 5, and 6; Appendix 1). White
mica from SU33 yields a 40Ar/3Ar weighted mean age of 128 +
1 Ma (Webb et al., this volume).

Sample SU45

Sample SU4S5 is a quartzofeldspathic biotite gneiss from an
island outcrop near Weihai on the Shandong Peninsula (locality
48: 37°31’N, 122°01’E; Fig. 1). Apart from one Early Protero-
zoic age, this sample yields only Mesozoic data for both lumi-
nescent oscillatory-zoned cores and mantles, as well as
uniformly nonluminescent, rounded rims (Figs. 2E, 3, and 5).
These Mesozoic data have weighted mean ages of 211 + 2 Ma
(3 grains), 215 + 6 Ma (18 grains), and 219 = 1 Ma (8 grains)
and unusually high Th ratios (0.01-1.2) compared to other
metamorphic zircons in this study (Fig. 6; Appendix 1). Biotite
from sample SU45 produced a “0Ar/3°Ar weighted mean age of
70 £ 2 Ma (Webb et al., this volume).

RARE EARTH ELEMENT ANALYSES
OF TRIASSIC ZIRCON DOMAINS

Rare earth element (REE) data were collected using the
SHRIMP-RG in the same analysis spots for which U-Pb dating
was done in an attempt to distinguish between eclogite-facies
zircon growth and lower-grade metamorphic zircon growth.

Analytical Technique

The lack of well-characterized zircon crystals for REE cal-
ibration standards requires calibration to other REE and zircon
standards. For our analyses, we calibrated to NIST SRM 611
and NIST SRM 613 (REE-spiked) glasses; SL13 standard zir-
con (REE concentrations based on SL13-LA-CH in Hoskin,
1998); and CZ3 (U-concentration standard). NIST glasses and
SL13 zircon were analyzed at the beginning and end of the
SHRIMP session. Rare earth data were collected in three scans,
with the CZ3 standard repeated after every twelfth analysis;
multiple CZ3 and SL13 standards were run before and after
each sample. Details of data reduction were as described by
Hoskin (1998); data were normalized to the chondrite values of
McDonough and Sun (1995).

Summary and Interpretation of REE Data

Three samples analyzed for REEs (SU19, SU32, SU45)
show consistent patterns of depleted light (L) REEs, with pro-
nounced positive Ce anomalies and enriched heavy (H) REEs
with respect to middle (M) REEs (Fig. 7). Figure 7 shows REE
patterns for zircons yielding Triassic ages in core-mantle and
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Figure 7. Chondrite-normalized (McDonough and Sun, 1995) rare earth element (REE) patterns of zircons yielding Mesozoic U-Pb ages for
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dashed black lines show typical patterns for magmatic zircon and eclogite-facies zircon, respectively (from Rubatto and Hermann, 2003).
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rim growth domains (see also Fig. 3). In general, core-mantle
analyses give a broader range of LREE values and a smaller
range of HREE values, whereas rim analyses show a smaller
range of LREEs and a broader range of HREE values.

A single-rim analysis for sample SU19 shows a pro-
nounced Eu anomaly, whereas core-mantle analyses show only
a slight Eu anomaly; both core-mantle and rim analyses have
an enriched HREE signature compared to the MREEs (two
analyses with negative Ce anomalies and very different REE
patterns were ignored because these analyses may have sam-
pled inclusions within zircon). Rim analyses for SU32 lack a
Eu anomaly and show enrichment in HREEs. Despite the rela-
tively high Th/U ratios for SU45 (resulting from relatively high
Th concentrations; Fig. 6 and Appendix 1), the REE patterns for
this sample are comparable to SU19 and SU32. In sample
SU45, the core-mantle analyses lack a negative Eu anomaly,
while rim analyses show only a slight negative Eu anomaly.
Ages corresponding to these zircon core-mantle and rim
domains span the entire period of metamorphism from ca. 230
to 200 Ma; i.e., rim ages are not systematically younger than
mantle ages and have no apparent correlation to any particular
age group (see following).

Zircon growing in the presence of garnet should show a
depleted HREE pattern, because garnet preferentially incorpo-
rates HREEs (see example from Rubatto and Hermann [2003]
in Fig. 7). In contrast, magmatic zircon grown in the presence
of plagioclase should have elevated HREEs and a negative Eu
anomaly (example in Fig. 7; Hermann et al., 2001; Rubatto,
2002; Rubatto and Hermann, 2003).

Our age and REE data for zircons are from quartzofelds-
pathic gneisses that have abundant feldspar and only rare to
minor garnet, consequently, the REE patterns are generally con-
sistent with zircon growing in association with feldspar. These
REE patterns do not rule out zircon crystallization at eclogite-
facies conditions in a largely garnet-free rock, but may in fact
reflect zircon growth at amphibolite-facies conditions based on
our interpretation of the age data for these samples.

DISCUSSION OF NEW U-Pb SHRIMP DATING

Zircon records a long history of events during the evolution
of the Sulu terrane. Relict zircon domains preserve protolith
ages (Fig. 4), and newer zircon growth and recrystallization
record metamorphism from UHP conditions during retrogression
(Figs. 5 and 8), and mark the early stages of melting (Fig. 5)
during a widespread magmatic event.

Proterozoic Protolith Ages and Yangtze Craton Affinity

The location of the suture between the Yangtze and Sino-
Korean cratons has been a matter of significant debate, and U-Pb
dating of zircon is helping to piece together the Precambrian his-
tory of this region (e.g., Hacker et al., 1998; B.R. Hacker, 2005,

215 220 225

190 200 210 220 230 240 250 260
Age (Ma)

Figure 8. Histogram and probability density curve for all concordant
single-grain ages between 250 and 200 Ma from samples SU19, SU32,
and SU45. Major age groups recorded in zircon fall around 220 Ma
and 215 Ma.

personal commun.); Faure et al., 2001, 2003; Grimmer et al.,
2003; Wu et al., 2004; Zheng et al., 2004a; Ratschbacher et al.,
this volume; B.R. Hacker (2005, personal commun.). The pre-
dominance of ages between 650 and 850 Ma is used to identify
the Yangtze craton, and the absence of these ages (locally the pres-
ence of 400480 Ma ages) signifies a Sino-Korean craton affinity
(Hacker et al., 1998). Zircon cores and mantles from four different
samples in this study produced ages between 700 and 790 Ma
(Fig. 4; Appendix 1), strengthening earlier interpretations that the
Sulu gneiss belongs to the Yangtze craton. In the Sulu area, the
location of the suture has conventionally been placed along the
Yantai-Qingdao-Wulian fault, based on the differences in the geol-
ogy to the southeast and northwest of the fault, where the UHP
Sulu gneiss marks the northern extent of the Yangtze craton
(Fig. 1). Faure et al. (2001, 2003) more recently suggested that the
suture lies northwest of the Yantai-Qingdao-Wulian fault, based
on similarities in deformational style, the presence of migmatites,
and a granulite-facies overprint across the fault. New dating (Wu
et al., 2004; B.R. Hacker (2005, personal commun.) supports this
by showing that some high-grade rocks northwest of the Yantai-
Qingdao-Wulian fault do have ca. 750 Ma ages. B.R. Hacker
(2005, personal commun.) interpreted this to mean that the Sulu
area northwest of the Yantai-Qingdao-Wulian fault is part of the
Qinling microcontinent, which rifted from the Yangtze craton
(Ratschbacher et al., this volume) during the breakup of Rodinia
and was not subducted during the Triassic UHP orogeny.

Cretaceous Magmatism
Dating of a pegmatite vein (sample SU33) near the Yantai-

Qingdao-Wulian fault zone yields weighted mean ages between
ca. 140 and 150 Ma using concordant single-grain ages from
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138 + 2 Ma to 155 + 3 Ma (Fig. 5). These ages slightly overlap
the 137-126 Ma ages of undeformed igneous rocks in northern
Dabie (Ratschbacher et al., 2000), and may reflect an early
stage of related melting.

Triassic UHP and Retrograde Metamorphism

Concordant single-grain ages for this study range from
ca. 240 Ma to 200 Ma, with probability density curve peaks at
ca. 225 Ma, 220 Ma, and 215 Ma (Fig. 8); there were an insuf-
ficient number of spot analyses older than 220 Ma (Appen-
dix 1) to define distinct age groups apart from what is seen in
the probability density curve in Figure 8. These age groups are
indistinguishable on the basis of their U-Th-Pb concentra-
tions, Th/U ratios, grain morphology, CL images, or REE pat-
terns. The age of UHP metamorphism in the Sulu terrane has
been estimated between ca. 220 and 230 Ma, based on dating
of coesite-bearing domains in zircon (Yang et al., 2003; Liu
et al., 2004b), a disparity of 10 m.y.; combining all the indi-
vidual attempts to date UHP metamorphism (Fig. 9), instead
of relying on a single “best” study, may reveal a more reliable
date. Based on the distribution of all Sulu ages shown in Fig-
ure 9, the ages in this study all date synexhumation retrograde
metamorphism—apart from a few single-grain ages ca. 230
Ma that may record UHP metamorphism. This interpretation
is further supported by the 40Ar/3°Ar dating presented in Webb
et al. (this volume), suggesting amphibolite- to upper green-
schist—facies metamorphism at ca. 213 Ma in some of the
same samples. Many of the ages reported from high-tempera-
ture thermochronometry for the Hong’an-Dabie and Sulu
areas span both peak and retrograde metamorphism (Fig. 9;
Appendices 2 and 3). In fact, the distribution of ages seen in
Figure 9 suggests that it is perhaps more accurate to describe
these ages as recording a period of metamorphism beginning
with peak P-T conditions and continuing through the initial
exhumation.

There are many examples of low- to intermediate-tempera-
ture zircon crystallization, including amphibolite-facies zircon
growth in UHP rocks from the Kokchetav Massif (Hermann
et al., 2001). Hermann et al. (2001) showed that UHP eclogite-
facies zircon (identified by the presence of coesite and dia-
mond) have U-Th-Pb concentrations and cathodoluminescence
that are identical to upper amphibolite— to granulite-facies zir-
con. Metamorphic recrystallization of zircon rims at post-peak
amphibolite-facies conditions may result from dehydration
reaction—derived fluids during exhumation (Hermann et al.,
2001; Leech, 2001); the intermittent presence of these fluids
could allow zircon (re)crystallization during exhumation during
changing P-T conditions.

Yang et al. (2003) and Liu et al. (2004b) produced
weighted mean ages for coesite-bearing domains in zircon
(mantles) of 221 + 12 Ma for eclogite in peridotites and 231 +
4 Ma for host gneisses, respectively, and interpreted these ages

as the time of UHP metamorphism. Liu et al. (2004b) compared
those ages with ages from quartz-bearing zircon rims and cal-
culated a weighted mean age of 211 + 4 Ma for the amphibolite-
facies overprint. We have not identified coesite and/or diamond
within our dated zircon that would enable interpretations like
Yang et al. (2003) and Liu et al. (2004b), but the Th/U ratios for
our zircons are on par with metamorphic zircons from other
Sulu gneiss samples (e.g., 0.01-0.8 from Liu et al. [2004b]
compared to <<0.01-1.2 from this study). While this is an
excellent approach, the data of Yang et al. (2003) and Liu et al.
(2004b) suffer from some problems that we discuss in the fol-
lowing; a better approach is to look at all dates for Sulu as a
whole (Fig. 9).

Timing of UHP Metamorphism in the Dabie-Sulu Orogen

Results of U-Pb SHRIMP dating of zircon from the Sulu
gneiss in this study are representative of all the high-temperature
thermochronology for Sulu (compare Figs. 8 and 9A). Figure 9
compares all published high-temperature geochronology (U-Pb,
Pb-Pb, Pb-Th, Sm-Nd, and Rb-Sr) for both the Sulu (including
this study) and Hong’an—Dabie areas that attempt to date UHP
metamorphism (details of the data included in Figure 9 are in
Appendices 2 and 3); 40Ar/3Ar analyses have been specifically
excluded, because these dates record cooling through tempera-
tures well below UHP conditions (e.g., ~350 °C for muscovite
and ~450 °C for phengite; MacDougall and Harrison, 1988).
Histograms of these ages in Figures 9A (Sulu) and 9E
(Dabie-Hong’an) span similar ranges (broadly 260-200 Ma),
but the probability density curves for each data set define dif-
ferent age populations. The dominant age groups for analyses
from Sulu fall around 229 Ma, 219 Ma, and 207 Ma, while they
are ~10 m.y. older in the Dabie—Hong’an areas (240 Ma, 228 Ma,
and 216 Ma).

Outliers in the data displayed in the histograms in Figure 9
may be explained in several ways: A few of the older ages
come from analyses of zircons from ultramafic rocks or eclogite
within ultramafic rocks that may not have experienced the
same P-T-t history as the UHP rocks within the Sulu gneiss
(e.g., 242 + 8 Ma from zircons in dunite from Sulu; Zhao et al.,
this volume); several are concordia intercept ages with large
uncertainties (e.g., 258 + 25 Ma; Zheng et al., 2004b); several
are lower intercept ages from very discordant data (e.g., the
228 + 29 Ma date of Yang et al., 2003); and some are weighted
mean ages with high mean square of weighted deviates
(MSWD) values (e.g., 2.2 for a 208 + 4 Ma age for a paragneiss
from Liu et al., 2004b).

Based on the summary of the dating for both the Sulu and
Hong’an-Dabie areas shown in Figure 9, and taking into
account the problems described above, we suggest that UHP
metamorphism took place at ca. 230 Ma in Sulu and at ca.
240 Ma in Hong’an—Dabie area, and that all younger dates rep-
resent retrograde metamorphism during exhumation.



12 M.L. Leech, L.E. Webb, and T.N. Yang

14a A uaE

Sum of all Sulu dating
Al Al

12 207 219 229 12 216 228 240
UHP UHP

10 = 10 =

Sum of all Dabie/Hong'an dating

180 200 220 240 260 180 200 220 240 260

Number

180 200 220 240 260 180 200 220 240 260
‘1G
Sm-Nd
2 =
u 1 0 T T
180 200 220 240 260 180 200 220 240 260
4 - D =
Rb-Sr
2 - /\/\
0 n n L] 'IJ L | L] L] a
180 200 220 240 260 180 200 220 240 260

Age (Ma) Age (Ma)

Figure 9. Histograms and probability density curves for all high-temperature thermochronometry for the Sulu and Dabie—-Hong’an areas repre-
senting Triassic ultrahigh-pressure (UHP) to Early Jurassic retrograde metamorphism. A and E summarize all ages for Sulu and Dabie, respec-
tively; B and F show only U-Pb ages (with a few Pb-Pb and Th-Pb dates); C and G show only Sm-Nd data; and D and H contain Rb-Sr data. Age
groups from multiple chronometers marked with gray bands show that the Dabie-Hong’an area experienced UHP metamorphism at ca. 240 Ma,
as much as 15 m.y. earlier than the Sulu area. Ages that have error estimates <+30 m.y. from all published high-temperature geochronology for
the Hong’an, Dabie, and Sulu areas between 260 and 200 Ma are included (the likely age range for peak and retrograde metamorphism). Data
include published weighted mean ages, lower intercept ages on concordia plots, and single-grain ages where the weighted mean ages or intercept
ages were not available; weighted mean ages were calculated when possible for large numbers of published single-grain ages (e.g., Wallis et al.,
2005) to avoid weighting single-grain ages too heavily. Isoplot was used to produce the histograms and probability density curves from the data
presented in Appendices 2 and 3. Data for Sulu are from Li et al. (1993, 1999); Ames et al. (1996); Rumble et al. (2002); Zheng et al. (2002,
2004b); Yang et al. (2003); Liu et al. (2004a, 2004b); Wallis et al. (2005); Yang et al. (2005); Zhao et al. (2005); B.R. Hacker (2005, personal
commun.); Zhao et al. (this volume); and this study. Data from the Dabie—-Hong’an areas are from Ames et al. (1993, 1996); Li et al. (1993,
1999); Okay et al. (1993); Chavagnac and Jahn (1996); Bruguier et al. (1997); Rowley et al. (1997); Hacker et al. (1998, 2000); Maruyama et al.
(1998) cit. in Hacker and Wang (1995); Ayers et al. (2002); Chen et al. (2003); Grimmer et al. (2003); Zheng et al. (2003, 2004b); Li et al.
(2004); and Liu et al. (2004c).



Diachronous histories for the Dabie-Sulu orogen from high-temperature geochronology 13

REVISED MODEL FOR COLLISION, SUBDUCTION,
AND UHP METAMORPHISM

There are significant implications for orogen-scale devel-
opment if UHP metamorphism occurred in the Dabie-Hong’an
area 10 m.y. before Sulu reached UHP conditions. Models like
B.R. Hacker (2005, personal commun.) that assume uniform
timing of UHP metamorphism in the Dabie and Sulu areas are
potentially flawed in light of evidence from this study, which
suggests that they may have had separate, though related, oro-
genic histories.

Traditionally, it has been assumed that reversing strike-slip
motion along the Tan-Lu fault would restore Sulu to its original
orogenic position adjacent to Dabie and that UHP metamor-
phism took place simultaneously east and west of the Tan-Lu
fault. Assuming therefore that structures in both the Hong’an—
Dabie and Sulu areas would be parallel if they had a common
history, Webb et al. (2002) described a model whereby Sulu
must have rotated ~25° counterclockwise during offset along
the Tan-Lu fault. These simplified views contrast with more
complex models: Hacker et al. (2000, 2004) described a
detailed model for subduction and exhumation of the
Dabie-Hong’an area based on paleomagnetic data, which sug-
gest 60° of clockwise rotation during exhumation of a sub-
ducted wedge-shaped or Florida-like promontory. But this
model did not account for differences in the timing of UHP
metamorphism and exhumation in the Sulu area.

The tectonic evolution of the Dabie-Sulu belt is greatly sim-
plified if we use a model that does not require contiguity between
Sulu with Dabie and allows a 10 m.y. time difference for UHP
metamorphism in Sulu and Dabie; both are more consistent with
the rotational exhumation model of Hacker et al. (2000, 2004).

Dabie-Hong’an and Sulu were certainly part of the same deeply
subducted leading edge of the Yangtze craton, but perhaps they
were not adjacent parts of the Yangtze craton (see Figure 5 in
Hacker et al., 2004). The summary of the dating from the two
areas shown in Figure 9 suggests that the Dabie area was the first
to be subducted to UHP depths; this may have resulted from the
irregular shape of either or both of the Sino-Korean or Yangtze
cratons. In order to honor the rotational exhumation model sug-
gested by paleomagnetic data, Dabie may have resided at UHP
depths until ca. 230 Ma, when a crustal delamination/slab break-
off event (Leech, 2001; Leech et al., 2005) or a buoyancy-induced
tear between oceanic and continental crust (Hacker et al., 2000,
2004) beginning in the east in Sulu triggered exhumation. Alter-
natively, rotational exhumation of Dabie-Hong’an began first,
entirely separate from Sulu, and different exhumation processes
for the two areas were not linked (i.e., Sulu did not participate in
the clockwise rotational exhumation and was a separate UHP slab
returned to the surface). Some of the ~25° of rotation required to
restore structures in Sulu parallel to Dabie may not be due to rota-
tion during translation along the Tan-Lu fault, but rather can be
explained by a separate collision-exhumation history.
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Diachronous histories for the Dabie-Sulu orogen from high-temperature geochronology

APPENDIX 2. SUMMARY OF ALL HIGH-TEMPERATURE GEOCHRONOMETRY FOR THE SULU AREA

Age Error Dating Type of age # of MSWD Rock Reference

(Ma) (xMa) method analyses type

U-Pb

217 9 U-Pb Intercept 6 N/A Eclogite Ames et al., 1996

202 13 U-Pb Intercept N/A N/A Unknown Lietal., 1999

223 2 U-Pb IMP Single-grain 1 N/A Gneiss Rumble et al., 2002

220 1 U-Pb IMP Weighted mean 2 0.6 Garnet peridotite Rumble et al., 2002

233 2 U-Pb IMP Single-grain 1 N/A Garnet peridotite Rumble et al., 2002

221 12 U-Pb IMP Probability curve 9 47 Peridotite Yang et al., 2003

228 29 U-Pb IMP Intercept 24 1.3 Eclogite Yang et al., 2003

231 4 U-Pb IMP Weighted mean 16 1.8 Gneiss Liu et al., 2004b

208 4 U-Pb IMP Weighted mean 6 2.2 Gneiss Liu et al., 2004b

213 5 U-Pb IMP Weighted mean 6 1.7 Gneiss Liu et al., 2004b

228 5 U-Pb IMP Weighted mean 14 1.1 Gneiss Liu et al., 2004b

247 5 U-Pb IMP Single-grain 1 N/A Eclogite Zheng et al., 2004b

219 8 U-Pb IMP Single-grain 1 N/A Eclogite Zheng et al., 2004b

241 5 U-Pb IMP Single-grain 1 N/A Eclogite Zheng et al., 2004b

217 3 U-Pb IMP Single-grain 1 N/A Eclogite Zheng et al., 2004b

215 6 U-Pb IMP Single-grain 1 N/A Eclogite Zheng et al., 2004b

231 7 U-Pb IMP Single-grain 1 N/A Eclogite Zheng et al., 2004b

229 7 U-Pb IMP Single-grain 1 N/A Eclogite Zheng et al., 2004b

226 7 U-Pb IMP Single-grain 1 N/A Eclogite Zheng et al., 2004b

227 3 U-Pb IMP Single-grain 1 N/A Granitic gneiss Zheng et al., 2004b

258 25 U-Pb IMP Single-grain 1 N.A Eclogite Zheng et al., 2004b

224 14 U-Pb Intercept 5 4.0 Granitic gneiss Zheng et al., 2004b

218 16 U-Pb Intercept 5 6.5 Granitic gneiss Zheng et al., 2004b

224 27 U-Pb Intercept 6 7.9 Granitic gneiss Zheng et al., 2004b

207 1 U-Pb IMP Weighted mean? 11 0.8 Dike Wallis et al., 2005

222 2 U-Pb IMP Weighted mean* 14 1.3 Dike Wallis et al., 2005

215 5 U-Pb IMP Weighted mean 13 N/A Quartz syenite Yang et al., 2005

237 8 U-Pb IMP Weighted mean 30 N/A Eclogite Zhao et al., 2005

217 4 U-Pb* Weighted mean 9 0.4 Granitic gneiss .R. Hacker, 2005, pers. comm.
228 2 U-Pb* Weighted mean 14 0.6 Granitic gneiss .R. Hacker, 2005, pers. comm.
224 5 U-Pb* Weighted mean 3 0.1 Augen gneiss B.R. Hacker, 2005, pers. comm.
216 2 U-Pb* Weighted mean 5 0.2 Granitic gneiss B.R. Hacker, 2005, pers. comm.
202 3 U-Pb* Weighted mean 6 0.2 Granitic gneiss B.R. Hacker, 2005, pers. comm.
226 5 U-Pb* Weighted mean 2 2.3 Granitic gneiss B.R. Hacker, 2005, pers. comm.
205 3 U-Pb* Weighted mean 6 N/A Granitic gneiss B.R. Hacker, 2005, pers. comm.
219 2 U-Pb* Weighted mean 7 0.7 Granitic gneiss B.R. Hacker, 2005, pers. comm.
220 2 U-Pb* Weighted mean N/A 0.8 Granitic gneiss B.R. Hacker, 2005, pers. comm.
226 2 U-Pb* Weighted mean N/A 0.6 Granitic gneiss B.R. Hacker, 2005, pers. comm.
203 3 U-Pb* Weighted mean 7 N/A Granitic gneiss B.R. Hacker, 2005, pers. comm.

(continued)
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APPENDIX 2. SUMMARY OF ALL HIGH-TEMPERATURE GEOCHRONOMETRY FOR THE SULU AREA (continued)

Age Error Dating Type of age # of MSWD Rock Reference

(Ma) (xMa) method analyses type

U-Pb

218 2 U-Pb* Weighted mean 8 0.0 Granitic gneiss B.R. Hacker, 2005, pers. comm.

210 8 U-Pb* Intercept N/A 1.1 Granitic gneiss B.R. Hacker, 2005, pers. comm.

210 5 U-Pb IMP Weighted mean 12 1.7 Granitic gneiss Liu et al., 2004a

228 5 U-Pb IMP Weighted mean 17 1.8 Granitic gneiss Liu et al., 2004a

242 8 U-Pb IMP Single-grain 1 N/A Dunite Zhao et al., this volume.

232 7 U-Pb IMP Single-grain 1 N/A Eclogite Zhao et al., this volume

208 3 U-Pb IMP Weighted mean 2 0.7 Granitic gneiss This paper

222 3 U-Pb IMP Single-grain 1 N/A Granitic gneiss This paper

215 2 U-Pb IMP Single-grain 1 N/A Granitic gneiss This paper

232 2 U-Pb IMP Single-grain 1 N/A Granitic gneiss This paper

207 3 U-Pb IMP Weighted mean 5 0.1 Granitic gneiss This paper

211 2 U-Pb IMP Weighted mean 3 0.1 Granitic gneiss This paper

214 4 U-Pb IMP Weighted mean 4 0.0 Granitic gneiss This paper

215 6 U-Pb IMP Weighted mean 18 0.5 Granitic gneiss This paper

219 1 U-Pb IMP Weighted mean 8 0.1 Granitic gneiss This paper
Sm-Nd

221 6 Sm-Nd Isochron - min 2 N/A Eclogite Lietal, 1993

209 31 Sm-Nd Isochron - min 4 N/A Eclogite Lietal., 1993

228 6 Sm-Nd Isochron N/A N/A Unknown Lietal., 1999

226 4 Sm-Nd Isochron - min/WR 4 0.9 Eclogite Lietal., 1999

226 5 Sm-Nd Isochron - min/WR 4 N/A Eclogite Zheng et al., 2002

221 18 Sm-Nd Isochron - min 2 N/A Eclogite Zheng et al., 2002

211 6 Sm-Nd Isochron - min 2 N/A Eclogite Zheng et al., 2002

208 15 Sm-Nd Isochron - min 2 N/A Eclogite Zheng et al., 2002
Rb-Sr

219 2 Rb-Sr Isochron - min/WR 3 N/A Eclogite Lietal., 1999

224 2 Rb-Sr Isochron - min/WR 3 N/A Eclogite Li et al., 1999

Note: Notation for type of ages: Intercept, lower intercept age on concordia diagram; probability curve, peak on cumulative probability curve;
weighted mean, weighted mean age of multiple analyses; single-grain, either age from a single grain or single spot age from ion microprobe analy-
sis; isochron, isochron age for either Sm-Nd or Rb-Sr dating (min, mineral; WR, whole-rock). IMP, ion microprobe analysis; U-Pb, may be age from
various methods, including ICP-MS, conventional isotope dilution, etc. N/A, not available in original publication or not applicable. When omitted from
original publications and possible from data presented, MSWD was calculated from original data; the number of analyses were calculated or esti-
mated from original data when not explicitly stated in original publications. Errors reported are 16. MSWD, mean square of weighted deviates.

*Combination of ion microprobe and ICP-MS U-Pb analyses.

*#Weighted mean age calculated for individual analyses reported in Wallis et al. (2005).
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APPENDIX 3. SUMMARY OF ALL HIGH-TEMPERATURE GEOCHRONOMETRY FOR THE DABIE-HONG’AN AREA
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Age Error Dating Type of age # of MSWD Rock Reference
(Ma) (xMa) method analyses type

U-Pb/Pb-Pb/Pb-Th
209 2 U-Pb Intercept 3 N/A Eclogite Ames et al., 1993
212 11 U-Pb Intercept 4 N/A Eclogite Ames et al., 1993
218 2 U-Pb Intercept 3 N/A Eclogite Ames et al., 1996
218 2 U-Pb Intercept 3 N/A Eclogite Ames et al., 1996
214 10 U-Pb Intercept 3 N/A Eclogite Ames et al., 1996
227 22 U-Pb Intercept 4 N/A Gneiss Ames et al., 1996
233 1 U-Pb Single-grain N/A N/A Sandstone Bruguier et al., 1997
231 1 U-Pb Single-grain N/A N/A Sandstone Bruguier et al., 1997
225 4 U-Pb Intercept 6 N/A Eclogite Rowley et al., 1997
218 2 U-Pb Intercept 15 N/A Gneiss Rowley et al., 1997
225 4 U-Pb IMP Probability curve 8 N/A Gneiss Hacker et al., 1998
236 3 U-Pb IMP Probability curve 12 N/A Gneiss Hacker et al., 1998
224 9 U-Pb Unknown N/A N/A Unknown Maruyama et al., 1998, cit. in

Hacker and Wang, 1995

236 2 U-Pb Single-grain N/A N/A Unknown Lietal, 1999
238 1 U-Pb Single-grain N/A N/A Unknown Lietal., 1999
215 5 U-Pb IMP Weighted mean 8 N/A Granitic gneiss Hacker et al., 2000
230 3 U-Pb IMP Weighted mean 26 0.7 Eclogite Ayers et al., 2002
236 32 U-Pb IMP Intercept 11 7.0 Quartzite Ayers et al., 2002
238 3 U-Pb IMP Weighted mean 6 0.7 Quartzite Ayers et al., 2002
223 1 Pb-Th IMP Intercept 6 N/A Quartzite Ayers et al., 2002
209 4 Pb-Th IMP Isochron 25 0.7 Clinopyroxenite Ayers et al., 2002
213 3 U-Pb Intercept N/A 2.7 Quartzite Chen et al., 2003
205 12 U-Pb Intercept N/A 1.1 Granitic gneiss Chen et al., 2003
217 4 Pb-Pb Single-grain N/A N/A Sandstone Grimmer et al., 2003
226 10 Pb-Pb Single-grain N/A N/A Sandstone Grimmer et al., 2003
228 12 U-Pb Intercept 4 N/A Granitic gneiss Zheng et al., 2003
226 8 U-Pb Intercept 6 N/A Granitic gneiss Zheng et al., 2003
222 4 U-Pb IMP Weighted mean 3 0.1 Eclogite Li et al., 2004
242 3 U-Pb IMP Weighted mean 8 2.1 Eclogite Li et al., 2004
254 30 U-Pb IMP Intercept 7 2.9 Eclogite Li et al., 2004
229 12 U-Pb IMP Weighted mean 8 N/A Eclogite Liu et al., 2004c
213 5 U-Pb IMP Weighted mean 13 N/A Eclogite Liu et al., 2004c
229 22 U-Pb IMP Intercept 5 0.7 Granitic gneiss Liu et al., 2004c
213 4 U-Pb* Intercept 5 1.1 Gneiss Zheng et al., 2004b
222 6 U-Pb* Intercept 5 0.4 Granitic gneiss Zheng et al., 2004b
201 14 U-Pb* Intercept 5 29 Granitic gneiss Zheng et al., 2004b
262 28 U-Pb* Intercept 5 7.4 Granitic gneiss Zheng et al., 2004b

(continued)



20

M.L. Leech, L.E. Webb, and T.N. Yang

APPENDIX 3. SUMMARY OF ALL HIGH-TEMPERATURE GEOCHRONOMETRY FOR THE DABIE-HONG’AN AREA (continued)

Age Error Dating Type of age # of MSWD Rock Reference

(Ma) (xMa) method analyses type

Sm-Nd
229 3 Sm-Nd Isochron - min/WR 4 N/A Grt-Bt gneiss Lietal, 1993
244 11 Sm-Nd Isochron - min/WR 3 N/A Eclogite Lietal, 1993
224 20 Sm-Nd Isochron - min 3 N/A Eclogite Lietal., 1993
221 5 Sm-Nd Isochron - min 4 N/A Eclogite Lietal, 1993
246 8 Sm-Nd Isochron - min/WR 2 N/A Eclogite Okay et al., 1993
246 8 Sm-Nd Isochron N/A N/A Unknown Lietal., 1999
226 3 Sm-Nd Isochron - min/WR 4 0.3 Eclogite Lietal., 1999
226 3 Sm-Nd Isochron - min/WR 6 0.1 Gneiss Lietal., 1999
210 9 Sm-Nd Isochron - min/WR 3 0.3 Eclogite Chavagnac and Jahn, 1996
214 7 Sm-Nd Isochron - min/WR 3 0.4 Eclogite Chavagnac and Jahn, 1996
211 4 Sm-Nd Isochron - min/WR 3 0.6 Eclogite Chavagnac and Jahn, 1996
213 3 Sm-Nd Isochron - min/WR 2 N/A Eclogite Chavagnac and Jahn, 1996
215 5 Sm-Nd Isochron - min/WR 3 0.5 Eclogite Chavagnac and Jahn, 1996
218 4 Sm-Nd Isochron - min 2 N/A Eclogite Chavagnac and Jahn, 1996
210 7 Sm-Nd Isochron - min/WR 3 0.0 Peridotite Chavagnac and Jahn, 1996
225 7 Sm-Nd Isochron - min 7 0.7 Garnets Chavagnac and Jahn, 1996
236 4 Sm-Nd Isochron - min 4 1.4 Eclogite Li et al., 2004

Rb-Sr
240 2 Rb-Sr Isochron - min/WR 2 N/A Eclogite Okay et al., 1993
236 3 Rb-Sr Isochron - min/WR 2 N/A Eclogite Okay et al., 1993
212 5 Rb-Sr Isochron - min/WR 2 N/A Eclogite Chavagnac and Jahn, 1996
223 13 Rb-Sr Isochron - min/WR 3 7.4 Eclogite Chavagnac and Jahn, 1996
214 6 Rb-Sr Isochron - min/WR 3 2.0 Eclogite Chavagnac and Jahn, 1996
212 19 Rb-Sr Isochron - min 4 2.5 Phengites Chavagnac and Jahn, 1996
214 6 Rb-Sr Isochron - min/WR 4 N/A Eclogite Lietal., 1999
223 13 Rb-Sr Isochron - min/WR 3 N/A Eclogite Lietal., 1999
230 Rb-Sr Isochron - min 3 1.9 Eclogite Li et al., 2004
225 34 Rb-Sr Isochron - min/WR 3 24 Eclogite Liu et al., 2004
212 7 Rb-Sr Isochron - min/WR 5 16 Eclogite Liu et al., 2004
216 10 Rb-Sr Isochron - min/WR 4 27 Blueschist Liu et al., 2004

Note: Notation for type of ages: Intercept, lower or upper intercept age on concordia diagram; Probability curve, peak on probability density

curve; Weighted mean, weighted mean age of multiple analyses; Single-grain, either age from a single grain or single spot age from ion microprobe
analysis; Isochron, isochron age for either Sm-Nd or Rb-Sr dating (min, mineral; WR, whole-rock). IMP, ion microprobe analysis; U-Pb, may be age

from various methods including ICP-MS, conventional isotope dilution, etc. N/A, not available in original publication or not applicable. When omitted
from original publications and when possible from data presented, MSWD was calculated from original data; the number of analyses were calculated
or estimated from original data when not explicitly stated in original publications. Errors reported are 16. MSWD, mean square of weighted deviates.

*Combination of ion microprobe and ICP-MS U-Pb analyses.
#Weighted mean age calculated for individual analyses reported in Wallis et al. (2005).
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