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Abstract

Investigation of an eclogite xenolith, discovered in a Cretaceous granite from the Central
Domain of the Dabieshan massif in eastern China, yields new petrological insights into the
high to ultrahigh-pressure metamorphism, experienced by the Qinling-Dabie orogen. Prior to
inclusion as a xenolith in the granite during the Early Cretaceous, this eclogite xenolith had
recorded a complex metamorphic evolution that complies with subduction and exhumation
processes experienced by the continental crust of the South China Block. Well-preserved
mineral parageneses substantiate the prograde and retrograde stages revealed by inclusions in
porphyroblastic garnet and zoned minerals such as garnet, omphacite and amphibole in the
matrix. The relatively low P/T re-equilibration during a late metamorphic stage was textually
inferred by the presence of aluminous and calcic-subcalcic amphiboles such as katophorite,
edenite, taramite and pargasite as main matrix phases. According to our U/Pb, Rb/Sr and new
Y Ar/*° Ar geochronological results, namely109 + 1 and 112 + 2 Ma plateau ages for muscovite
and amphiboles, respectively, two successive but distinct cooling stages account for the
thermal history of the granite—migmatite gneiss dome that forms the Central Dabieshan
Domain. We argue that prior to the Cretaceous doming, the Central Dabieshan Domain
experienced a tectono-metamorphic evolution similar to that observed in the high-pressure to
ultra high-pressure units developed in the Southern Dabieshan Domain and Hong’an massif.

Keywords : Eclogite xenolith - Mesozoic granite - Radiometric ages - Exhumation model -
Dabieshan - China



Introduction

Eclogite xenoliths, classified as “A-type” eclogites (Coleman et al. 1965; Carswell 1990),
included in volcanic rocks are common worldwide, and most of them are lower crustal or
mantle mafic rocks, scavenged by magma ascending from the mantle (Nixon 1987; Griffin et
al. 1990). Conversely, eclogite xenoliths in post-collisional granitoids are rare. Nevertheless,
these rocks provide excellent probes of middle to lower crust for understanding intraplate
processes and the tectonic course of exhumation of high-pressure (HP)—ultrahigh-pressure
(UHP) metamorphic rocks. HP to UHP metamorphic rocks derived from continental or
oceanic protoliths are now commonly found in convergent zones (Carswell 1990; Ernst and
Liou 1999; Coleman and Wang 1995). They usually record HP and relatively low temperature
equilibria and are believed to have been buried at lower crust or mantle depths in a subduction
zone setting. In most collisional zones, HP and UHP metamorphic rocks crop out as boudins
in gneiss or as coherent structural unit (i.e. nappes or klippen). Moreover, these HP and UHP
metamorphic rocks underwent rapid exhumation in order to preserve HP or UHP assemblages
up to the Earth’s surface. However, eclogitic xenolith included in late to post-orogenic plutons
are rarely described, probably due to the fact that heat and fluid migration associated with
magmatism lead to a complete retrogression of the UHP or HP assemblages into amphibolite
or even greenschist facies assemblages.

In eastern China, the Qinling-Dabie Belt corresponds to the collision zone between the North
China block (NCB) and the South China block (SCB) (e.g. Mattauer et al. 1991; Okay et al.
1993; Cong and Wang 1994). Since the discovery of UHP metamorphic rocks containing
coesite at the end of 1980s, research in the Dabieshan has been very intense (e.g. Cong and
Wang 1999 and enclosed references). In spite of these petrological and geochemical
advances, structural and tectonic investigations of the Dabieshan remain rare. Knowledge of
the regional tectonic framework of the HP-UHP metamorphism, based on structural field
surveys and understanding of the geodynamic setting of the UHP metamorphism inferred
from geological data of the eclogites, are far from complete. Granulitic (Zhang et al. 1996)
and eclogitic xenoliths (sensu lato) included in ultramafic complex (Tsai and Liou 2000; Xiao
et al. 2001) have been rarely reported from other localities in the northern Dabieshan Domain,
moreover, their petrogenesis is not well understood yet.

In this study, we report the petrology of an eclogite xenolith discovered within a Mesozoic
granite in the Central Domain of the Dabieshan massif, and discuss new *’Ar/*’Ar mineral and
previous U/Pb, Rb/Sr ages of the host granite that place chronological constraints for the
dome building in Early Cretaceous times. Garnet inclusions and zonal structures of garnet and
amphibole well preserve the mineral parageneses related to the prograde metamorphic stage.
These petrological and mineralogical features allow us to argue that the Central Dabieshan
Domain experienced a tectonic evolution similar to the HP-UHP units of the Southern
Dabieshan Domain and Hong’an massif (Fig. 1) before the formation of the Cretaceous
migmatitic dome

Geological setting

On the basis of several years of fieldwork, we consider that the Dabieshan massif can be
subdivided into three parts: the Southern, Central and Northern domains (Fig. 1). The
Southern Dabieshan Domain forms a southward dipping stack of tectonic units including,
from bottom to top, an eclogite-free gneiss unit, an UHP eclogite nappe, a HP metamorphic



unit developed from Proterozoic protoliths, and a sedimentary cover ranging in age from Neo-
Proterozoic to Early Triassic (Faure et al. 1999, 2003). The Central Dabieshan Domain was
previously considered as an “eclogite free unit” (Cong and Wang 1996) and was variously
interpreted as a thermal overprinted subduction complex (Wang and Liou 1991; Okay and
Sengor 1992), a metamorphic ophiolite mélange (Xu et al. 1992, 1994), an andean-type
margin magmatic arc complex (Zhai et al. 1994) or a Cretaceous magmatic belt called the
Northern Orthogneiss Unit (NOU, Hacker et al. 1998). Moreover, the lack of ophiolites along
the Xiaotian-Mozitan fault, which is the northern boundary of the Central domain (Fig. 1),
shows that this fault does not correspond to a plate boundary (Hacker et al. 1998). The
Beihuaiyang complex, which consists of the Foziling and Luzhenguan complexes, forms the
real north part of the Dabieshan massif (Okay et al. 1993; Lin et al. 2005a, b). Consequently,
we prefer to label this unit “Central Dabieshan Domain” instead of Northern Orthogneiss Unit

(NOU).

Geometrically, the Central Dabieshan Domain is a 100-km-scale dome, mostly occupied by
migmatite and plutonic rocks (Figs.l, 2). In the dome, two types of migmatites are
distinguished. The central part of the dome consists of diatectic migmatites with a relatively
weakly developed foliation marked by schlieren, and a weakly preferred orientation of
metamorphic xenoliths (Fig. 3a). Conversely, along the dome margin, the migmatites are
gneissified under subsolidus conditions and develop mylonitic to ultramylonitic fabrics. The
gneissic migmatites exhibit conspicuous foliation and lineation structures (Fig.3b). Systematic
measurements of the migmatitic foliations allow us to decipher the geometry of this
migmatitic dome, which is well exposed around Luotian city (Fig.1). This dome is
asymmetric and its southern and southeastern boundaries are wider and dip more gently than
the northern and western ones (Fig.2). Developments of nebulitic structure, contorted
leucosomes and common occurrences of augen gneiss unmelted parts of the metamorphic
protolith with K-feldspar megacrysts and mafic blocks argue for an origin of the migmatites
by partial melting of previous metamorphic rocks. The plutonic rocks in the Central
Dabieshan Domain are granodiorite, tonalite and gabbro, which locally show a porphyritic
texture. Some of these plutons usually have a foliated core and a gneissic or mylonitic border
(BGMR-Anhui 1987; BGMR-Hubei 1990). In the field, due to their conspicuous foliation, the
granitic plutons are not easily distinguished from the anatectic granitoids coeval with the
migmatite. Radiometric U/Pb and **Ar/*°Ar datings of the granitoids indicate Cretaceous ages
(ca 140-130 Ma, Eide et al. 1994; Xue et al. 1997; Hacker et al. 1998). Moreover, xenoliths
of amphibolite are frequently included in these Cretaceous plutons. The well-preserved
eclogite xenolith described in this paper was discovered within granitic rocks in the Central
Dabieshan Domain in the north of Luotian city (Fig.1). In this unique granitic outcrop of
about 5 m” only one single eclogitic block was present among several dozen of metabasite
xenoliths that are mostly amphibolite (Fig.3c).

Petrography

The eclogite xenolith included in granite is a few centimeters in size, and is petrologically and
mineralogically similar to the typical “cold eclogite (HP eclogite)” of Okay et al. (1993). It is
medium-coarse grained and contains major matrix phases of garnet, omphacite, glaucophane,
barroisite, epidote, rutile and quartz (Fig.4). Garnet contains epidote, rutile and quartz as
major inclusions and chlorite as a minor phase. Barroisitic amphibole and omphacite are
rarely found as inclusions in the core and mantle parts of garnet, respectively. Glaucophane is
rimmed by winchite/barroisite (Fig. 4). The zoned sodic-subcalcic amphiboles in the matrix
are partly mantled (Fig. 4) or veined (Fig. 5) by katophorite and less silicic amphiboles. The
matrix omphacite contains needle-like lamellae of quartz and minor amounts of rutile (Fig. 6).



During exhumation or later stages of heating, matrix omphacite was partly replaced by
barroisite/edenite and albite along cleavages or around rims. Garnet is mantled by pargasite.
Epidote occurs both as inclusion in garnet and as a matrix phase. Titanite retrogressively rims
prograde rutile.

In the figures and tables, abbreviations for minerals and end-members follow Kretz (1983)
and Miyashiro (1994), other are Ae (Aegirine), Bar (barroisite), Kat (katophorite) and Tar
(taramite). Mineral formulae used for description of reaction relations follow Holland and
Powell (1998). Abbreviations for element-sites for amphibole are: [6], octahedral M2-sites;
[B], decahedral B-sites; and [A], 10-coordinated A-site.

Mineral chemistry

Quantitative analyses and X-ray mapping were carried out using a JEOL JXA-8800R
electron-probe microanalyzer (EPMA) with Wave-dispersive-spectrometry (WDS) and
Energy-dispersive-spectrometry (EDS) systems at the Petrological Laboratory of Nagoya
University. Accelerating voltage, specimen current and beam diameter for quantitative
analyses were 15 kV, 12 nA on the Faraday cup and 2-3 um, respectively. Well-characterized
natural and synthetic phases were used as standards. The ZAF method was employed for
matrix correction. For garnet, all iron was assumed to be ferrous and its end-member
proportion (X i) was calculated as i/(Fe + Mn + Mg + Ca). The ferric iron content of sodic
pyroxene was estimated as Fe’"=Na — Al assuming a negligible amount of tschermakite
substitution due to low-temperature estimates for the peak metamorphic stage such as
discussed in the following section. Thus the end-member proportions of sodic pyroxenes were
calculated as follows: X jg=AlL X 4= Fe** and X ag =1 — (Al + Fe3+). Amphibole
nomenclature follows Leake et al. (1997). Fe*/Fe®" ratios of amphiboles were calculated with
total cations =13 excluding Ca, Ba, Na and K (O =23). This is based on the fact that
(Fe*™ + Mn + Mg) in the octahedral M(4) sites of sodic amphiboles is usually low in HP/LT
metamorphic rocks (Deer et al. 1997).

Garnet

Garnet shows weak but bell-shaped chemical zoning in the spessartine component, which
decreases in abundance from core towards the rim (Fig.7). Almandine and pyrope contents
and [Mg# = Mg/(Mg + Fe)] value increase all outwards and, the garnet can be interpreted to
have formed during the prograde stage. Grossular content is fairly constant in the garnet core
and decreases at crystal margins, and thus garnet is divided into Ca-rich core and relatively
Ca-poor mantle parts. Compositional ranges of the garnet are X 4,0.56-0.65, X ;,;,0.04-0.16,
X r50.21-0.33 and X 4,0.01-0.08 (Fig.8, Table 1). TiO, contents are less than 0.2 wt%.

Sodic pyroxene

Most of the sodic pyroxenes in the matrix show a zonal structure with increasing X ;¢ and
decreasing X ,. from core to mantle (Fig. 9). The zoned grains are sometimes mantled by a
relatively jadeite-poor outermost rim. The matrix sodic pyroxenes have a relatively wide
compositional range of X j40.29-0.43, X 4,30.43-0.56, X 4 0.05-0.20 (Fig. 10). Their Mg#
value is also variable from 0.78 to 0.91. Sodic pyroxenes included in the mantle part of garnet
are almost homogeneous, and have composition ranges of X ;40.38-0.41, X ,,,0.44-0.52, X
2¢0.07-0.17 and Mg# = 0.81-0.82, which overlap those of jadeite-richer rims of matrix phases
(Fig. 10, Table 1). TiO, and MnO contents are less than 0.3 and 0.1 wt%, respectively.



Amphibole

Amphiboles in the matrix occur as distinct composite grains showing wide compositional
ranges reaching from sodic, through subcalcic, to calcic amphiboles (Fig. 11, Table 2). The
glaucophane core of the composite grains is weakly zoned with decreasing Al and increasing
Fe and Ca outwards, and its Y 5 [=Al/(YAl + Fe’™)] and Mg# are 0.76—0.88 and 0.77-0.85,
respectively (Fig. 11b). The winchite/barroisite mantle mostly shows compositional ranges of
Si =7.31-7.73 per formula unit (pfu), ®Na = 0.72-1.03 pfu and "*J(Na + K) = 0.12-0.34 pfu.
Si-poor amphiboles that occur at the outermost rim of the composite amphibole (Fig. 4d) and
the interface between garnet and barroisite (Fig. 5) have Si=6.05-7.08 pfu, ®Na = 0.42—-
1.01 pfu and "(Na + K) = 0.44-0.86 pfu. Later stage amphiboles after garnet and omphacite
show distinct compositional ranges of pargasite [Si= 5.85-6.29 pfu, "*!Na=0.27-0.42 pfu
and "(Na+K)=0.81-0.94 pfu] and barroisite/edenite [Si= 6.14-6.96 pfu, "Na=0.45-
1.01 pfu and “(Na + K) = 0.44-0.86 pfu], respectively.

Amphiboles included in garnet are compositionally variable from barroisite/katophorite to
taramite. They are grouped into Si-rich (Si> 7.1 pfu) and Si-poor (Si < 7.1 pfu) phases on the
basis of composition and texture. The former-type inclusions are relatively large grains of
200-300 um in length and have limited compositional ranges of Si=7.12-7.39 pfu,
(BINa = 0.83-0.96 pfu and "“J(Na + K) =0.17-0.28 pfu. The Si-rich inclusions show similar
Si, ®!Na and "(Na + K) contents to barroisitic mantle of matrix amphiboles, and their Mg#
(0.63—0.74) is distinctly lower than that of the matrix barroisite (0.68-0.86). The Si-poor
inclusions occur as small grains of 10-30 um in diameter and have scattered compositional
ranges of Si=6.09-7.04 pfu, "®'Na =0.43-1.02 pfu and “J(Na + K) = 0.34-0.78 pfu which
are similar to those of the Si-poor outermost rim of zoned matrix amphibole. Such a Si-poor
amphibole also occurs as rims around the Si-rich large inclusions. Cracks commonly develop
in the host garnet around amphibole inclusions. Thus (1) the Si-poor parts of amphibole
inclusions are interpreted as those recrystallizing coevally with the formation stage of matrix
katophorite/edenite/taramite, and (2) the Si-rich barroisitic cores of large inclusions possibly
preserve amphibole compositions of the prograde stage.

Epidote

Y re [=Fe’"/(Fe*™ + Al + Cr)] of epidote included in garnet is variable from 0.19 to 0.30 (0.24
in average). The matrix epidote is slightly Al-richer (Y g.=0.18-0.26 and 0.21 in average)
than the inclusion epidote (Table 1). The vein epidote is distinctly Al-poorer (0.35-0.36) than
other epidotes.

Metamorphic evolution of the eclogitic xenolith

The eclogite xenolith well preserves the textural and compositional characteristics suggesting
reaction relations of minerals and a P—T path during HP metamorphism. Table 3 summarizes
the evolution of mineral parageneses during the prograde and retrograde evolution stages
which are related to subduction and exhumation, respectively.

Subduction stage

The zonal structure of garnet with increasing X ,, and decreasing X s, from core to rim may
suggest a prograde formation of garnet (Fig. 7). The garnet core includes epidote, chlorite and



barroisite, and the Mg-rich and Ca-poor mantle characteristically contains omphacite
inclusions. The garnet mantle contains rare inclusions (see Fig. 7), and it is difficult to
identify stable amphibole during the garnet mantle formation. The comparison between
amphibole included in garnet core and zoned amphibole in the matrix, however, implies that
sodic amphibole was possibly stable during the later stages of garnet crystallization. These
facts suggest that during garnet formation metamorphic conditions shifted from the high-P
greenschist/low-P blueschist facies to blueschist/low-T eclogite facies, and the assemblage of
garnet + omphacite + glaucophane + rutile + epidote + quartz was stable at later subduction
stage and/or peak metamorphic stages. The compositional change of amphibole from
winchite/barroisite to glaucophane during prograde stage is well documented in glaucophane-
eclogites from some HP metamorphic belts such as the Western Norway (Krogh 1980), NW
Himalaya (de Sigoyer et al. 1997) and Sanbagawa (Aoya et al. 2003). The Sanbagawa
example has recorded a very steep subduction-stage P—T path with dP/dT > 0.7 GPa/100°C
(Aoya et al. 2003).

Temperature conditions were estimated using the garnet—clinopyroxene Fe-Mg
geothermometer as following Powell (1985), Krogh Ravna (2000), Nakamura and Hirajima
(2005), and Ellis and Green (1979) calibrations with activity models of Holland (1990) for
clinopyroxene and of Berman and Aranovich (1996), Ganguly et al. (1996) and
Mukhopadhyay et al. (1997) for garnet. The calculated T conditions range from 415 to 515°C
at P=1.5 GPa for average compositions of garnet outermost rim and jadeite-rich parts of
omphacite (X jg=0.4) depending on the employed calibrations. Coexisting glaucophane,
epidote, omphacite and quartz other than garnet were stable at the peak metamorphic stage,
and thus the minimum and maximum pressure conditions of this stage can be defined by the
following reactions, respectively:

albite = jadeite + quartz (Holland 1980)
and

omphacite + lawsonite = clinozoisite + glaucophane + quartz + H,O (Evans 1990;
Miyazaki et al. 1996).

The assemblages of the right-hand sides for these two reactions were stable at the peak
metamorphic stage. Thus the minimum and maximum pressure conditions are estimated at 1.1
and 1.9 GPa at T = 500°C, respectively, for the average compositions of glaucophane, matrix
epidote (Y re =0.21) and jadeite-rich parts of omphacite using Thermocalc 3.2 and AX2.2
(Holland and Powell 1998). The combinations of the garnet—clinopyroxene Fe-Mg
geothermometer and these net transfer reactions give possible P-T ranges of 0.9-2.1 GPa and
400-530°C (Fig. 12) for the peak subduction stage, which is consistent with the stability field
of a glaucophane + epidote + quartz + H,O assemblage simulated for an idealized basaltic
system (Evans 1990).

Exhumation stage

The compositional evolution of amphibole during exhumation is summarized as
glaucophane — winchite/barroisite — katophorite/edenite/taramite. The initial replacements
of glaucophane by subcalcic amphibole are frequently described for HP metamorphic rocks
suggesting a lower P/T eclogite, epidote—amphibolite and/or higher-P greenschist facies
overprint during exhumation (e.g. Krogh 1980; de Sigoyer et al. 1997; Matsumoto et al. 2003;
Ota et al. 2004). This replacement was possibly related to the reaction:



glaucophane + jadeite + garnet + quartz + H,O = barroisite (Ota et al. 2004).

Thin bands of katophorite and less silicic amphiboles occur (1) around winchite/barroisite
composite grains (Fig. 4), (2) at the interface between garnet and barroisite and (3) in veins
(Fig. 5). These amphiboles are distinctly richer in Ca-tschermakite and edenite components
than winchite/barroisite formed at the earlier stage of exhumation. This mineralogical
succession suggests that the studied sample has experienced a relatively high temperature
metamorphic event under epidote—amphibolite and/or amphibolite facies conditions at the
latest stage of exhumation. Pargasite pseudomorphs after garnet also show a similar event. It
seems that this process can be compared to that of the eclogitic xenoliths described in the
ultramafic Raobazai complex of the Central Dabieshan Domain. Thus, reequilibrium under
the epidote—amphibolite or higher-grade conditions were overprinted on these eclogites
during the late phase of metamorphism (Tsai and Liou 2000; Xiao et al. 2001; Fig. 1).

Chronological constraints

Several metamorphic and magmatic samples from the Central Dabieshan Domain were
collected in order to place age constraints on the tectono-metamorphic and cooling evolution
of the rocks. These samples, located in Fig. 1, include two granites (samples DB122 and DB
135) and a decameter-sized marble restite in the non-foliated migmatite (DB121), which crops
out near the Mesozoic granite. The sample DB 135 is a biotite-hornblende granite which
encloses the above studied eclogite xenolith. Earlier U/Pb and Rb/Sr dating on primary
magmatic titanite and biotite from a felsic part of granodiorite, such as that shown in the
photograph of Fig. 3, were undertaken to confirm the timing of the granite formation (Faure et
al. 2003). The five identical titanite U/Pb analyses yielded a mean age of 118.1 £ 1.9 (26) Ma
and six biotite + K-feldspar fractions define a Rb/Sr isochron age of 102.4 +2.2 (26) Ma,
yielding a Sr; of 0.70684 + 0.00003.

The samples of DB121 DB122 were selected for *’Ar/*’Ar population dating. Whole rocks
were crushed, sieved and individual grains of biotite, muscovite and amphibole were chosen
under binoculars. All separates were irradiated, in a single irradiation, at the Ford Nuclear
reactor at the University of Michigan in position L 67. The analytical device and procedures
used in the *Ar/*’Ar laboratory of the University of Blaise Pascal of Clermont-Ferrand are
similar to that described in Faure et al. (2003). The age spectra are shown in Fig. 13.

Cretaceous ages have been obtained whether the analyzed minerals come from the pluton or
from the marble restite in the migmatite. In most cases, the good plateaus suggest geologically
significant ages. The ages from 109 to 112 Ma seem significant with amphiboles (DB122) and
muscovite (DB121) (Fig. 13) but the inverse isochrons suggest that excess argon may be
present in both of those samples, suggesting younger ages of ca. 106 Ma, thus tightening the
cluster of ages. Finally, the DB122 biotite spectrum appears highly scattered and geologically
meaningless. This is probably an effect of partial alteration rather than a thermal loss, as
suggested in the complex but correlated K/Ca pattern (Fig. 13). Analytical data are
represented in Table 4.



Discussion
Metamorphic P-T conditions/thermobarometric constraints

Petrological results show that the eclogite xenolith had recorded a wide spectrum of
metamorphic conditions that comply with subduction and exhumation processes. The
prograde formation of garnet and its inclusions (Figs. 7, 8) show the prograde metamorphism
corresponding to subduction process (Fig. 12). The peak metamorphic stage is estimated at
0.9-2.1 GPa and 390-530°C by mineral composition. The progressive evolution from
glaucophane — winchite/barroisite — katophorite/edenite/taramite indicates a subsequent
reequilibrium during exhumation. The zoned amphiboles imply two possible P—T paths of the
eclogite xenolith as follows. The first model is a simple clockwise path involving a long
thermal reequilibration under epidote—amphibolite facies or higher-grade conditions during
exhumation like the south Dabieshan “cold” (HP) eclogite zone of Zhujiachong (Castelli et al.
1998) and Huangzhen (Franz et al. 2001) area. In this model, the subcalcic and calcic
amphiboles around glocophane core are considered to have formed during adiabatic
exhumation (Fig. 12, P-T path (1)). The second model emphasizes (1) the formations of
winchite/barroisite prior to those of katophorite/edenite and less silicic amphiboles (Fig. 4),
(2) the occurrences of taramite and pargasite at the interface between garnet and barroisite and
as vein phase (Fig. 5), and pargasite pseudomorph after garnet. These textural and chemical
characteristics of the matrix amphiboles imply a possibility that the eclogite xenolith has
experienced temperature increase at later stage of exhumation (Fig. 12, P-T path (2)). This
interpretation is quite similar to the case of blueschist facies rocks in the Tinos Island of the
Agean domain (Parra et al. 2002). We have no definite evidence to evaluate which model is
appropriate for exhumation P—T path of the xenolith. However, the second model of P-T path
is more likely, and the inferred temperature increase at the latest stage of exhumation is likely
associated to the regional migmatization which is a typical feature of the Central Dabieshan
Domain based on the following lines of evidence: (1) the main deformation related to
exhumation occurred before the migmatization and granitization, as discussed in the
following chapter and (2) the inferred temperature increase at the latest stage of exhumation is
typical in the Central Dabieshan Domain, and is absent in the South Dabieshan Domain which
records no evidence of migmatization (Tsai and Liou 2000; Xiao et al. 2001; Liu et al. 2001).

Through the detailed analysis of the eclogite xenolith in the Mesozoic granite, we can
describe a possible metamorphic trajectory consisting of relatively steep subduction stage P—T
path followed by a relatively high temperature metamorphic event at the latest stage of
exhumation. This allows us to propose a comprehensive tectonic evolution of Central
Dabieshan Domain.

Thermal history of the gneiss dome in Central Dabieshan
Domain

Since titanite is a primary magmatic phase in the felsic granitic rocks, the 118.1 + 1.9 Ma age
can be interpreted to date crystallisation of the felsic magma, whereas the Rb/Sr age of
102.4 + 2.2Ma dates the time at which the solid rock cooled below 250°C. The Sr; of 0.7068
defined by the K-feldspar-biotite isochron indicates that the protolith gneisses were derived
either from crustal material having a few hundred million years of crustal residence time or by
the mixing of mantle melts with crust of much older, possibly Paleoproterozoic in age. Given
the fact that the *’Ar /*’Ar ages free of excess *’Ar lie between the 118 Ma U/Pb and 102 Ma
Rb/Sr ages, simple cooling during exhumation seems to be the most plausible explanation for



the age spectra. This is also consistent with the general assumption that Ar closure
temperatures for amphiboles and white micas lie between roughly 530 and 300°C, being
higher than that of Rb/Sr closure at ~250°C in biotite, yielding actually the youngest age
(Harrison 1981; Dahl 1996). Given the entire set of Cretaceous ages from Central Dabieshan
Domain (Fig. 1), the 118 Ma age for granite is significantly younger than 135-126 Ma zircon
ages determined for the emplacement of gabbroic to granitic bodies within the gneissic part of
the dome (Hacker et al. 1996, 1998; Xue et al. 1997; Xiao et al. 2001). Early intrusions (135—
130 Ma) are deformed, whereas younger bodies such as our 118 Ma granodioritic pluton
exhibit perfectly preserved and undeformed magmatic mineral assemblages, strengthening the
view that intrusion occurred essentially after regional ductile deformation or at its very end.
This confirms the structural observation that magmatism occurred prior to, as well as after,
main ductile deformation, lasting for a considerable period of time, i.e., at least between 135
and 118 Ma. The presence of eclogite xenoliths in the felsic part of the granodiorite suggests
that melts may have been formed in medium crustal levels, from where they migrated into the
presently exposed level of country gneisses.

Figure 14 shows two different cooling stages in the thermal history of the gneiss dome
derived from our dating results from Central Dabieshan Domain. To construct the path, a
minimum blocking temperature of 650°C was used for the U/Pb system in titanite (Zhang and
Schirer 1999), 530°C for the K—Ar chronometer in amphiboles (Harrison 1981; Dahl 1996),
350°C for muscovite (Purdy and Jiager 1976), and 300°C for Rb/Sr in biotite yielding a
smooth cooling rate of 22°C per million years. High temperatures in excess of minimum
melting conditions of crustal rocks must have governed the thermal regime prior to 118 Ma,
lasting at least from 135 to 118 Ma, to explain gabbro to granite emplacement during this
period of time. The presence of gabbro plutons also shows that mantle derived basaltic
magmas intruded into the gneiss complex, which is a strong argument favoring a magmatic
underplating in relation to continental rifting causing migmatization and dome formation.

Tectonic significance of the survival eclogite xenolith in a
Cretaceous granite

Our results show that HP metamorphic rocks extended far to the north of the present
exposures of the HP-UHP metamorphic unit of Dabieshan massif. It is likely that the entire
Central Dabieshan Domain experienced the HP-UHP metamorphism before migmatization
and emplacement of the Mesozoic granite. As described in the petrology section, the eclogite
xenoliths in the granite pluton of the Central Dabieshan Domain were strongly hydrated under
the epidote—amphibolite facies and higher-metamorphic grade. This fact demonstrates that the
Central Dabieshan Domain underwent an exhumation process similar to the HP-UHP
metamorphic units of the South Dabieshan Domain and implies that these two domains of the
Dabieshan massif have the same geodynamic background characterized by a HP or even an
UHP metamorphic evolution. This conclusion is derived not only from the trajectory of the P—
T path of eclogites but also from the architecture and tectonic evolution of the Dabieshan
massif (Faure et al. 2003; Lin et al. 2005a, b).



Conclusions

The petrological and mineralogical data of the eclogite xenolith, together with the
geochronological results for its host granite, indicate that the eclogite has recorded prograde
and retrograde metamorphic processes during subduction and exhumation stages prior to its
trapping by an ascending granitic pluton in Early Cretaceous times. We can conclude that the
Central Dabieshan Domain experienced the same regional HP-UHP eclogitic metamorphism
and subsequent exhumation as the Southern Dabieshan Domain. However, conversely to the
Southern Domain, in the Central Dabieshan Domain, these early evolutions are almost
completely erased by the crustal melting that gave rise to migmatization and granite
emplacement. A tentative geodynamic model (Fig. 15) based on the above presented
petrological and geochronological works of the eclogitic xenolith and our previous structural
data (Faure et al. 1999, 2003) exhibits a more reasonable tectonic evolution of the Dabieshan
massif:

(a) Continental subduction: According to the paleomagnetic and palacogeographic results
(Lin et al. 1985; Enkin et al. 1992), collision between the NCB and SCB occurred in the Late
Permian-Early Triassic. This convergence led to the closure of the Paleo-Qinling Ocean and
northward subduction of the SCB under the NCB. During the Triassic, the continental
subduction between the NCB and SCB commenced (Gilder and Courtillot 1997) with the slab
subduction partly descending more than 100 km (Xu et al. 1992; Ye et al. 2000). During the
Late Triassic continental subduction, the SCB crust was sliced along the south directed thrusts
(Fig. 15a, SZ and XMF) (Fig. 15a).

(b) Syn-convergence exhumation: Contemporaneous with the subduction of the SCB, the HP
and UHP metamorphic rocks were steadily exhumed to the subsurface. As convergence
proceeded with southward thrusting in the south part of the Dabieshan, the earlier thrust
zones, such as the Xiaotian-Mozitan fault, were reworked as normal faults. This event took
place between 240 and 218 Ma (Okay et al. 1993; Hacker et al. 1996; Rowley et al. 1997)
(Fig. 15b).

(c) Syn-convergence exhumation and Doming: Accompanying the continental subduction,
the HP and UHP metamorphic rocks exhumed to the surface and the central part of the
Dabieshan massif developed a domal structure. The eclogitized continental crust widely
occupied the Central and South Domain. During the exhumation, the HP and UHP eclogite
experienced the regional retrograde metamorphic overprint (Fig. 15c¢).

(d) and (e) Migmatization and plutonism: This final architecture of the Dabieshan massif
was completed during the Cretaceous extensional event. Some of the older ductile low-angle
normal faults (e.g., Xiaotian-Mozitan and Shangma faults, Fig. 1) were reworked under brittle
conditions to form the border faults of half-grabens filled by continental red beds. At the same
time, a huge mass of migmatite developed in the Central Dabieshan Domain (Fig. 15d).
Crustal melting, possibly assisted by fluid circulations, dominantly took place at the expense
of Al-rich rocks such as orthogneiss and their metasedimentary host-rocks (Fig. 15d, e).

The emplacement of the granodioritic plutons corresponds to the well-known Yanshanian
event in Eastern China (Fig. 15e). The widespread development of syntectonic plutons, lava
flows, extensional graben or half graben continental basins and more rarely, metamorphic
core complexes in many parts of the Eastern margin of Eurasia is interpreted as due to a large-
scale continental extension (e.g., Ren et al. 2002; Meng et al. 2003 and enclosed references).
Although very important in the building of the eastern margin of the Eurasian continent, the
geodynamic setting of this world-class magmatic province is not well understood yet.
However, it might explain the origin of heat advection and fluid transfer from mantle to lower
crust, necessary to trigger the Cretaceous magmatism, crustal softening and continental break
up. A detailed discussion of these models is beyond the scope of this paper. In the present



state of knowledge, we consider that additional investigations are necessary in order to reach a
satisfactory understanding of the geodynamic significance of the continental-scale Mesozoic
extension in East Asia.
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Fig. 4 Textural relationships of major phases in an eclogite xenolith from the Central Dabieshan Domain. a
Back-scattered electron image showing the textural relationships among major constituent minerals. b NaKa, ¢
CaKa, d AlKa and e FeKo X-ray mapping images of zoned glaucophane-barroisite-katophorite grain. Brighter
shades indicate higher concentrations of element
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vein phase
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Fig. 8 Chemical composition of garnet in an eclogite xenolith from the Central Dabieshan Domain

Fig. 9 a Step scanning analyses and b NaKoa, ¢ AlKa and d FeKo X-ray mapping images of zoned sodic
pyroxene in an eclogite xenolith from the Central Dabieshan Domain. Brighter shades indicate higher
concentrations of element
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Fig. 10 Chemical compositions of sodic pyroxene in an eclogite xenolith from the Central Dabieshan Domain
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migmatite (DB 121), biotite and amphibole from that granodiorite (DB 122) which includes the eclogitic
xenolith described in this paper. The samples coming from the Central Dabieshan Domain are located in Fig. 1.
In spite of poorly defined plateau for the biotite, Cretaceous ages are indicated by muscovite and amphibole
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Fig. 14 Late Mesozoic thermal history of the Central Dabieshan Domain. The first stage from 135 to 118 Ma
indicates high temperature conditions coeval with crustal melting and migmatization. The second part from 118
to 100 Ma corresponds to the slow cooling rate of 22°C/my. Temperature of 650°C was used for the U/Pb
system in titanite (Zhang and Schirer 1999), 530°C for the K—Ar chronometer in amphiboles, 350°C
for muscovite (Purdy and Jager 1976), and 300°C for Rb/Sr in biotite



[a} Eunﬁgantal subduction (Ca, 250 Ma)

Ib] Continental subduction and Syn-convergence exhumation (240 Ma-218 Ma)
M

(c)

(d)

(e)

Fig. 15 Tentative geodynamic model of the Dabieshan with emphasis on the basis of the eclogite xenolith in the
Mesozoic granite of Central Dabieshan Domain, the convergence between North and South China Block leads to
oceanic (a) and continental subduction (b). ¢ During the convergence and exhumation, the doming forms in the



Central domain. The eclogitized continental crust occupied the area corresponding to the Central and South
Domain. d, e the final architecture of the Dabieshan massif was completed during the Cretaceous through
migmatization and plutonism. The Moho offsets below the suture and the southern boundary of the Dabieshan
orogen were inferred from the geophysical surveys (Yuan et al. 2003; Dong et al. 2004) (Triangle and star-shape
symbol show different situations and eclogite during the plate subduction; BC Beihuaiyang Complex, CDD
Central Dabieshan Domain, SDD South Dabieshan Domain, SZ Suture Zone, XMF Xiaotian-Mozitan fault)



Tables

Table 1 Representative analyses of garnet, omphacite and epidote in an eclogite xenolith from
the Central Dabieshan Domain

Garnet Omphacite

Minetal mode Epidote matrix

Core Mantle Rim inc Matrix

wt%

Si0O, 37.8 379 380 552 559 37.7
TiO, 0.18 0.08 0.01 0.09 0.04 0.09
ALO; 212 212 215 942 9.75 25.6
Cr,0; 0.00 0.00 0.00 0.00 0.00 0.02
Fe,05° 10.1
FeO® 256 282 27.6 6.50 5.40

MnO 3.64 025 034 0.01 0.04 0.12
MgO 097 276 4.03 8.14 836 0.05
CaO 10.83 9.18 7.63 129 129 1229
Na,O 0.00 0.00 0.00 731 [7.11 0.00
K,0 0.00 0.00 0.00 0.00 [0.00 0.00
Total 100.22 99.57 199.11 99.57 99.50 96.58
Formulae

Si 3.01 3.01 3.01 198 2.00 3.00
Ti 0.01 0.01 0.00 0.00 0.00 0.01
Al 199 198 2.01 04 041 2.40
Cr 0.00 0.00 0.00 0.00 0.00 0.00
Fe** 0.11° 0.08" 0.61¢
Fe*'? 170 1.87  |1.83 0.09° |0.08"

Mn 025 0.02 0.02 0.00 0.00 0.01
Mg 0.12 033 048 044 045 0.0l
Ca 092 0.78 0.65 0.50 0.49 1.95
Na 0.00 0.00 0.00 0.51 [0.49 0.00
K 0.00 0.00 0.00 0.00 [0.00 0.00

inc inclusion in garnet mantle
*Total iron as FeO
®Calculated values (see text)
“Total iron as Fe,05



Table 2 Representative analyses of amphiboles in an eclogite xenolith from the Central
Dabieshan Domain

Mode inc (Core) Matrix (Rim) omp Grt
Mineral Bar GIn  Win Bar Kat Tar Ed Prg
wt%

SiO, 509 57.8 543 51.8 46.8 433 454 389
TiO, 0.16 0.01 (0.09 0.07 0.12 0.30 0.10 0.00
ALOs; 835 11.0 6.83 8.07 12.6 [15.0 12.0 19.2
Cr203 0.01 0.00 0.04 0.00 0.00 0.02 [0.00 0.03
FeO* 148 7.52 104 10.6 12.5 21.0 11.8 19.8
MnO (0.16 0.01 0.03 0.04 0.06 0.10 0.00 0.04
MgO [11.8 125 [14.1 144 119 569 [13.0 5.70
CaO 7.15 134 742 |7.52 851 7.18 |10.2 9.82
Na,O 4.02 7.03 3.82 4.11 439 538 3.80 4.27
K>0 0.06 0.04 0.02 0.05 0.09 0.04 0.03 0.06
Total 97.41 97.25 97.04 96.62 96.98 98.05 96.29 97.82

Formulae
Si 727 |7.85 7.66 (734 6.76 |6.44 |6.65 5.84
Ti 0.02 0.00 |0.01 |0.01 |0.01 |0.03 |0.01 |0.00

Al 141 1.76 1.14 |1.35 2.15 2.63 2.07 3.40
Cr 0.00 [0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe*™®  10.69 029 1022 0.54 0.40 0.57 0.32 0.50
Fe*'® 1.08 0.57 [1.01 0.71 [1.11 2.05 1.12 1.98
Mn  0.02 0.00 0.00 0.01 0.01 0.0l 0.00 0.01
Mg 251 253 297 3.04 2.56 126 2.84 1.28
Ca 1.10 020 1.12 1.14 1.32 1.15 1.60 |1.58
Na 1.11 [1.85 1.05 1.13 1.23 1.55 |1.08 1.24

K 0.01 0.01 0.00 0.01 0.02 0.01 0.01 0.01

inc inclusion in garnet, omp pseudomorph after omphacite, grt pseudomorph after garnet, Bar
barroisite, GIn glaucophane, Win winchite, Kat katophorite, Tar taramite; Ed edenite, Prd pargasite
Total iron as FeO

®Calculated values (see text)



Table 3 Mineral parageneses for the different stages of evolution of eclogite xenolith from the
Central Dabieshan Domine

Subduction [ Exhumation

Garmnet
Omphacite
Amphibole barroisite glavcophans barroisite edenite/taramite
Epidote
Chilorite —

Rutile ()
Titanite (7}
Albite (7}
Quariz







Table 4 “°Ar/*Ar analytical results from the anatextic granite and marble of Central Dabieshan Domain

Temp *Ar/*Ar

DB
121

688
807
855
917
949
999
1109
1208
1422

DB
122

693
781
893
1004
1107
1212
1425

DB
122

Muscovite
(J=10.0089360)

7.323
7.261
6.781
6.832
6.841
6.827
6.864
7.018
13.964

Amphibole
(J=0.0089360)

15.506
10.006
8.340
7.688
7.324
8.420
14.921

Biotite (J = 0.0089360)

BAr/ P Ar YAr/ P Ar

0.396
0.015
0.014
0.014
0.014
0.014
0.014
0.014
0.018

1.493
0.047
0.039
0.097
0.105
0.103
0.073

1.156
0.025
0.007
0.004
0.004
0.003
0.001
0.001
0.019

0.466
0.267
0.827
3.442
3.946
3.578
2477

Ar/PAr
(107

11.904
0.603
0.000
0.000
0.000
0.000
0.336
0.616
23.549

24.949
11.631
6.384
2.205
1.578
2.824
12.446

39Ar

(10™"*mol)

1.61
3.17
6.73
9.22
4.85
5.63
17.14
12.45
1.99

0.22
0.11
0.16
1.63
4.12
0.23
0.16

FPAr

(released)

2.57
7.62
18.34
33.02
40.75
49.72
77.00
96.82
100.00

3.38
5.09
7.44
31.97
94.05
97.59
100.00

%PArs YAr/Ar

46.49
90.54
96.04
97.03
94.92
95.59
96.84
95.33
48.29

50.13
55.54
67.08
92.41
95.74
80.37
65.75

3.91
7.06
6.75
6.80
6.81
6.80
6.74
6.81
7.10

8.27
6.62
6.51
7.24
7.09
7.80
11.45

Age
(Ma)

61.99

110.32
105.66
106.45
106.58
106.37
105.45
106.55
111.05

128.64
103.67
102.02
113.13
110.85
121.63
175.75

+ 1s
(Ma)

0.41
0.27
0.32
0.28
0.43
0.20
0.35
0.36
1.12

1.09
1.22
0.80
0.43
0.28
0.61
1.22



Temp “Ar/°Ar BArPAr A/ Ar 261‘35/)39“ z}gﬁ"mol) (F: :;:;se 3 % Ar* YAre PO Ar ‘3‘&3) ?Ma) 1l
659  |12.954 0396 [2.025 [13.016 1.03 24.02 70.89  [9.28 14378 10.69
774 [17.241 0.025 8305  |4.887 0.84 43.70 93.47 1639  [246.62 [0.60
835 11713 0.021 17241 [6.959 0.43 53.72 88.79 |10.84 166.73 1081
893  |11.013 0.019 20434 [8.088 0.40 63.04 86.60 |10.01 15457 0.52
946  7.835 0.020 20555 [7.839 0.44 73.16 82.55 16.86 107.38 0.6
1000 9.107 0022 18778 [7.959 0.34 80.97 8238  [8.00 12459 0.81
1106 3.707 0.030  |19.447 [10.074 0.34 88.86 4474 [1.94 31.01 071
1210 3.940 0.055 22346 [13.741 0.17 92.77 2357 [1.27 2043|136

1400 |12.017 0.068 18.902  28.044 0.31 100.00 38.30 |5.05 79.66 0.86



