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Chapter 1 INTRODUCTION

The recognition of coedte and micro-diamond, which were previoudy thought to form
exclusvdy in the mantle or under caadysmic conditions, as phases produced during
ultrahigh pressure (UHP) metamorphism of undoubted continenta crust (eg., Chopin, 1984;
Smith, 1984; Sobolev and Shasky, 1990; Wang et d., 1989; Okay & d., 1989, Xu & 4d.,
1992; Schertd and Okay, 1994; Caby, 1994), is one of the mogt sgnificat and far-reaching
discoveries in metamarphic  petrology. This discovery is revolutionizing our underganding of
continental  collison zones and mantle dynamics atending subduction of continenta
lithosphere (Liou et d., 1994; Coleman & Wang, 1995). The redization that some segments
of continental and/or oceanic crust have returned to the surface from depths of >100 km
chdlenges the conventiond underdanding of perotectonic processes, and rases new
quesions, such as the uplift mechanism, exhumation rae and cooling higory of UHP
metamorphic rocks, the extent of rock/fluid interaction and the scale of geochemica recycling
of dements between crust and mantle during UHP metamorphism. Locdities where ultrahigh-
pressure metamorphic continental rocks have been discovered are the DoraMara Massf in
western Itay ( Chopin, 1984), the Western Gneiss Region in Norway (Smith, 1984), the
Dabie Shan —Sulu area in esstern China( Okay et d., 1989; Wang et d., 1989; Xu ¢ 4.,
1992), and the Kokchetav Massf in northen Kazekhestan (Sobolev and Shatsky, 1990).
These locdities can be regarded as *‘ naturd |aboratories’ for UHP metamorphic studies.

It is wel known that fluids are powerful agents of metamorphism. From a broader
perspective, metamorphic  fluid flov has played a dgnificant role in the minerdogicd,
chemicd, and dructurd evolution of continental crust by redigributing heat, chemica
species, and isotope by controlling the progress of minerd reections, and by fadlitating
deformation. Since metamorphism induces important changes in the dendty and the rhedogy
of rocks, the fluid phase o affects the dynamics of an orogeny

Although ultrahightpressure metamorphisn was previoudy consdered to occur under
“dry’”’ conditions, recent dudies have demondraed the presence of severd hydrous phases
such as phengite, zoidte, epidote and tac in coedte-bearing eclogites, and phologopite and
megnesite in some UHP ultramafic rocks as pesk mineral assemblages (Okay, 1994; Zhang
and Liou, 1994; Liou and Zhang, 1994; Zhang e d., 1995). Experimentd <udies and
thermodynamic cdculations suggest that lawsonite and phengite can store H,O beyond 200
km in cold subduction zones (Poli and Schmidt, 1995). Thompson (1992) postulated thet
subgtantid  quantities of H20 could be trangported to depths greater than 100 km by hydrous



1. Introduction 6

minerds induding phengite, dinohumite and epidote/’zoiste. The occurrence of these hydrous
minerds and carbonate phases indicate that certain amounts of H O and/or CO, may have
been involved during UHP metamorphism and that UHP metamorphism was not “dry”, thus
the evolution of collison and subduction zones depends not only on temperature and pressure
evolution, but dso on the fluid budget.

More and more dudies have been devoted to determine the chemicd and isotopic
compadtion of fluids in a variety of UHP metamorphic locdities recently. In the Dora Maira
Massf, basad on dudies of fluid indusons and gable isotopes, Philippot (1993) hes argued
tha flud flow was limited during high- and ultrahigh-pressure metamorphism, since the
preservaion of different fluid compostions, both in time and space, is evidence for locd
control and the possble origin of the fluids Detaled fluid induson sudies of coeste-bearing
rocks (Philippot, 1993; Philippot e d., 1995) document a change from low-sdinity agueous
fluds containing minor COp being present on the burid path to complex sdine brines
containing an impressive inventory of dissolved dements (eg., Mg, S, Al, Zr, Ti, P €c)
occurring @ metamorphic pesk conditions. Late fluids present during the decompression
higory were highly sdine brines coexiging with CO2. Sharp e d. (1993) have gpplied both
deble isotopic and minerd equilibria approaches to the problem of defining fluid interactions
and the role of mdting in the Dora Mara Massf. Lage scde hydrogen isotopic
homogenization ~ contrasts with substantidl  variations in d180 across lithologicl  contacts.
Shap e d. (1993) ds0 have demondrated through laser-based dable isotopic andyses thet
mineraswithin the pyrope-coesite bodies were in high-temperature isotopic equilibrium.

Among the UHP metamorphic terrains found worldwide, the Dabie-Sulu area is the
largest. Recent studies have demonstrated that the Dabie —Sulu UHP metamorphic belt is
eypecidly interesing for defaled geochemicd invedtigaions i) many hydroxyl-bearing
minerds have been reported as UHP phase in eclogites and ultramafic rocks (Okay, 1994,
Zhang and Liou, 1994; Liou and Zhang, 1995; Zhang et d., 1995); ii) severd oxygen isotope
sudies on the ecogite and adjacent rocks from the Dabie Shan and esstern China
metamorphic terrain (e.g., Baker e d., 1997; Yui & d., 1995, 1997, Zheng et d., 1996, 1998,
1999; Xiao et d., 1997, 1998, Rumble & d., 1998) indicae tha minerds from UHP eclogites
have d180 values which range from +10 to -15%.. This range spans a number of important
fluid reservoirs, including those of meteoric water (<0%o), seawater (0%o), igneous fluids (>
6%o0), and fluid produced by dehydration during metamorphism (> 10%o). iii) the world-record
highet eNd (0) vdues (+170 to + 264) even measured for eclogites (Jahn et d., 1996).
Furthermore, a least two didtinct types of garnet peridotites have been found in his arear type
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A mantle-derived peridotites are consdered to be fragments of mantle wedges of the North
China plate, whereas type B crustd hosted peridotites are assumed to be portions of méfic-
ultramafic complexes of the Yangtze plae emplaced into continentd crust prior to subduction
(Zhang and Liou, 1998).

As the wesern pat of the Dabie-Sulu UHP metamorphic bet, Dabie Shan is
subdivided into the North Dabie Complex (NDC) and South Dabie Terrain (SDT) by a mgor
200300 m wide mylonitized contact zone (Hacker and Wang, 1995; Wang et d., 1995).
Recent studies have demonstrated many differences between the rocks from NDC and SDT.
Geochronologic invedtigations have reveded dgnificantly different ages for the two terrans
a narrow age range of 210-230 Ma has been determined for the SDT (e. g. Ames et d., 1993;
Li et d., 1993), whereas zircon U-Pb ages for the orthogneiss, which is the mgor component
of the metamorphic rocks in the NDC, range from 138 to 125 Ma (Xue et d., 1997; Hacker et
a., 1998). The S-Nd isotope study of Jahn et d. (19993 dso has shown that the main rocks
of the NDC, characterized by I, of 0.709-0.710 and eNd (T) of —15to —20, were derived by
patid mdting of the lower-intermediate crugt; by contrast, most gneisses from the SDT have
higher eNd (T) vaues of —2 to —10. Another gpparent difference is thet, unlike coesite-bearing
eclogites are abundant in the SDT, eclogitic rocks have not been undisputably identified in the
NDC so far, dthough UHP metamorphism has been inferred based on some relic mineras
(Tsal and Liou, 2000).

These geochemica and petrologica differences indicate that metamorphic rocks in the
NDC may have a different metamorphic evolution and fluid hisory from thet in the SDT. In
order to didinguish the fluid histories of the various rocks from the two metamorphic bdlts,
samples of various rocks have been invedigated by mgor and trace dements, fluid indusions,
and oxygen and hydrogen isotope compositions. The main reseerch gods ae
(1) To characterize the range of fluid compostions generaied in rocks that have been
subducted to great depthsin the earth.

(2) To determine the naure, extent and origin of the pre-, syn and pos-pesk metamorphic
flud-rock interactions.

(3) To undersand the regionat and submillimeter-scale isotope systematics of the Dabie Shan
metamorphic terrain.

(4) To address the extent of fluid communication and flow, and the influence of fluids on the
effective metamorphic pressure.

(5) To check if there was a dgnificant crus-mantle interaction during ultrahigh-pressure

metamorphism.
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Chapter 2. GEOLOGICAL SETTING AND SAMPLING

The Dabie-Sulu UHP metamorphic terrain is locaed in the eastern part of the EW-
griking Qinling-Dabie orogenic bet. It represents deep pats of a collison zone between the
North China Block and Yangtze Block. Most geologists assume that the Dabie Shan and Sulu
region were linked before the Mesozoic, and subsequently the Sulu region was displaced
northward gpproximately 500 km by the NE-trending left-lateral Tan-Lu fault (Fig. 2.1). The
Dabie Shan metamorphic terrain is bounded by four man faults the Tan-lu drike-dip fault in
the eadt, the Shangcheng-Macheng fault in the wes, the Xiaotiao-Mozten fault in the north
and the XiangfanrGuangji fault in the south; abundant edlogites and other ultrahigh-pressure
metamorphic rocks occur in this terran (Fig. 22). Microdiamond, coeste and coesite
pseudomorphs have recently been reported as incdudons in ganet and other mingds in
eclogite and adjacent rocks from this area (Okay et d., 1989, 1993; Wang et d., 1989, 1991,
Xu et d., 1992; Schertl et d., 1994). It is the third known occurrence of coeste in deep crugd
rocks besdes the Western Alps in Ity (Chopin, 1984) and the Western Gnelss Region in
Norway (Smith, 1984). It is ds0 the second occurrence of diamond of metamorphic origin
bes des the Kokchetav Massif in northern Kazakhstan (Sobolev et d., 1990)

V24 Post-Proterozoic cover

= GS/Subgreenschist belt
Migamatitecomplex

Ultrahigh-P eclogite belt T

| ]“Cold” eclogite belt
[[[lll Blueschist belt

Tan-Lu Fault
North-ChinaPlate

U
il

Fg. 2.1 Sketch map of geology and tectonics of the Dabie-Sulu UHP metamorphic
bdt
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Based on petrotectonic assemblages, the Dabie Shan terain can be subdivided into
four mgor units (Liou e d., 1995). From north to south, they are: the North Hualyung Flysch
Bdt, the North Dabie Complex (NDC), the South Dabie Callison Terran (SDT), and the
Susong Metamorphic Bdlt (Fig. 2.2).

The NDC is bounded by the XiaotianrMozitan Fault in the north and by a ductile shear
zone extending from Labang easwad to the Tianzhushan in the south. The shear zone
displays many deformetion features induding S-C dructure, grain rotation, and shear bands of
plagioclase and quatz (Wang & d. 1995). The NDC condss manly of granitod
orthogneiss, migmatite, metasediments and minor amphibolite, granulite, and ultramafic rocks
(Okay et d., 1993, Zhang e d., 1996). Granulite facies rocks of various compostions have
been reported from numerous locdities in the centrd part of the NDC (Wang 1991; You et
d., 1995; Zha & d., 1994; Zhang et d., 1992, Zhang & d., 1996). Edogitic rocks have not
been undisputably identified (Zhang et d., 1996; Jahn et d., 199%), but UHP metamorphism
has been infered based on some rdic minedogy (Tsa and Liou, 2000). Sm-Nd isotopic
andyses of granitic gneisses give TDM modd ages of 1.51.8 Ga which provide the upper
limit for the ages of their protoliths (Jahn e d., 1999). Biotite and hornblende from the
orthogneiss complex yield Ar-Ar ages of 120-130 Ma (Hacker and Wang, 1995). The latest
zircon age sudies for the orthogneiss (Xue et d., 1997; Hacker et d., 1998) gave ages of 125
138 Ma, which has been interpreted either as time of magmatic intruson of the NDT (Hacker
e d., 1998), or as the time of the mogt dgnificant post-collisond thermd event in Dabie
Shan (Jahn e d., 1999a). Because of the intense deformation and therma recrystdlization
prior to and during the Crefaceous granitic intruson, the metamorphic complex has been
interpreted as a themdly overprinted subduction complex (Wang and Liou, 1991; Okay and
Sengdr, 1993, Maruyama e d., 1994), as a Pdeozoic Andeanttype magmatic arc complex
(Zha e d. 19%4; Wang e d. 1996), as a metamorphic ophiolite mdange complex (Xu,
1989; Xu et d., 1992, 1994), as a Cretaceous extensgond-magmatic complex (Hacker et d.,
1995, 1998), as pat of the North China craton in the hanging wal of the subduction zone
(Liou a d., 199; Zhang e d. 1996), or as an extruded subduction assemblage, which
involved a microcontinental of trangtion crus and the Yangtze basement, onto the North
China craton following an Alpine-model (Hacker et d., 1996).

The SDT occupies the southern part of the Dabie Shan. It is bounded by a mgor
mylonitzied contact with the NDC to the north and by Taihu-Mamiao Fault in the south, and
is characterized by the occurrence of ultrahigh-pressure metamorphic rocks This bet congsts
manly of quatzofddspathic gneisses Edlogites, mables, ultramdfics, jaddte quartzite occur
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Fig. 2.2. Geologicd sketch map of the Dabie Shan region. The dotted line in the middle is the boundary
between the North Dabie compolex (NDC) and the South Dabie Terrain (SDT) (after Wang et d., 1992).
Samplelocations: 1 Bixiling, 2 Shima, 3 Shuanghe, 4 Lidu, 5 Reobazhai, 6 Y anzihe.
as lenses, blocks and/or layers in the gneisses. Coedte and diamond have been recognized as
indusions in minerds from eclogite (Okay et d., 1989, Wnag & 4d., 1989; Xu et d., 1992
Okay, 1993). Coedte pseudomorph and other rdic high PT metamorphic assemblages

indicate that some gneisses dso have undergone UHP metamorphism (Wang and Liou, 1991;
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Schertl and Okay, 1994; Cong et d., 1995). Based on SmNd andyses of eclogitic ninerds, it
has been proposed that UHP metamorphism and collisond events took place a 210-230 Ma
(e g, Li & d., 1993; Chavagnac and Jahn, 1996). This hypothesis has been supported by U
Po zircon andyses (Ames e d., 1993, 1996, Maruyama et d., 1994; Rowley & d., 1997,
Hacker e d., 1998) and is badcdly in agreement with the concdusion deduced from
paeomagnetic data (Lin et d, 1985, Yang et d., 1991, 1992). However, cother opinions aso
exig. Thee indude (@ a Devonian collison based on a regiond geochemicd invedtigation
of fine-graned dadic sediments in the Qinling orogenic bdt (Gao & 4d., 1995), (b) an
Archean or a Proterozoic UHP metamorphic events based on U-Pb zrcon dating (Liu et d.,
1995), and (c) a prolonged UHP metamorphism from 480 to c. 200 Ma based on SmNd, U
Pb and Ar-Ar age results of Dabie eclogites (You et d., 1995). On the other hand, Okay and
Sengdr (1993) subdivided this bdt into two terrans a northern “hot” edogite teran
characterized by coeste-bearing edogite and marble-edlogite associaion, and a southern
“cold” edogte teran with sodic amphibole-bearing eclogites. Geochronological  dtudies
indicate that both types of edogites formed during 210-230 Ma (Li e d., 1989, 1993; Ames
e d., 1993, Franz et d., 2000).

For the purpose of comparing the fluid higories of the NDC and the SDT, Sx
representative locdities were sdected for the present study (Fig. 2.2). More than 60 samples
were collected. Investigated samples from the SDT included coeste and diamond-bearing
edogte from Bixiling, coedte-bearing eclogite from Shima, UHP jadeite quartzite and
ecdlogite from Shunaghe, and “cold” eclogite from Lidu. Samples from the NDC included
eclogite (or ganet pyroxenite) from Reobazha and granulite from Yanzihe. Locations are
shown in Fg. 2.2 and main petrogica characterigtics are summarized in Table 4.1.

2.1 TheBixiling UHP eclogite (sample DB02, DB05, DB07 and DB10)

The Bixiling eclogite associated with the meta-ultramafic complex is one of the largest
coeste-bearing edogitic bodies in Dabie Shan and has been described in detail by Zhang et
d. (1995), Liou and Zhang (1995), Chavagnac and Jahn (1996). The complex occurs as a
tectonic block and outcrops in an area of about 15 km? within foliated quartzofeldspathic
gness, and manly conggs of “fresh” edogite, kyanite-rich eclogite, retrograded eclogite and
dongated lenses of meta-ultramafic rock. Retrograded eclogite mainly developed a the
margins of the complex, whereas the mgority of the “fresh” eclogites occurs in the centra
pat of the complex. Fidd rdaionships and petrologicd sudies suggest a cumulate origin of
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the complex. The boundary between the complex and country rock shows tectonic contact
relations. However, the contacts between different types of eclogites, as wdl as the meta-
ultramafic  rocks, ae gradud (Zhang @ d. 1995), indicating that both edogites and
ultramafic rocks underwent the same UHP metamorphism. Sm-Nd isotopic anadysis on garnet
and omphecite from eclogite and garnet peridotite give tightly grouped isochron ages of 210-
218 Ma (Chavagnac and Jahn 1996). Ther results concurs with the ages of 209 Ma from
edogite and 217 Mafrom surrounding gneiss (Xiao et d. 1995).

Sampling was caried out dong a north-south road section across the Bixiling eclogitic
rock body. More than 20 samples were collected and four of them were sdected for detailed
dudies (Fig. 2.3). Two samples collected from the centrd part of the complex, eclogite with
coarse-grained kyanite (sample DB07) and “fresh” eclogite without Kkyanite (sample DBO5),
do not show retrograde signs. Strongly retrograded eclogite was collected a the margin of the
complex (sample DB02). Sample DB10 is a ganetperidotite from an dongated lens of
garnetbearing meta-ultramafic rock of about 20 x 300 meters.

Fig 2.3. Geologicd map of the Bixiling eclogite

20m

2.2 The coesite-bearing eclogite from Shima (sample DB61, DB63)

Coeste-bearing edlogitic rocks are well developed in the Shima region and occur as
aggregate layers or boundins in  ganetbearing bictite gnesses and boundins in impure
mables. Foliaion of country rocks goes around the eclogite blocks, which represent about



2. Geologicd setting and sampling 13

2% of the totd rock volume but locdly may be up to 10%. Feld occurrences of these
ecdlogites have been described in detal by Wang et d. (1990). Inclusons of coeste rdics and
coeste pseudomorphs were firg identified by Wang et d. (1989) in ganet and omphecite of
these eclogites and coesite relics dso occur in zircon of interlayered gneissc rocks (Sobolev
etd., 1994).

A lot of coedte-bearing eclogites ranging from cm to more than one meter in Sze,
occurring a a dream bottom (Fig. 24). Thee blocks are srongly foliated and stand out
because of their redgance to eroson; one of the collected samples (DB63) exhibits
compogtiond bands of pink, ganetrich layers interbedded with green omphacite-rich layers.
Sample DB61 is an eclogite in impure marble.

Dhoi
LA " Ve - Fig. 24 Smplified geological mep
7 . i %3 4 of the Shima area (modified after
. 5
{ Dh6o 5%

Wang 1990)
100m
1

I:l Sesiss
ij leaach
- daleray

Fnul: III Soaple
Faliazna Nl e

2.3 The Shuanghe UHP metamor phic slab (sample DB29, DB31, DB32)

The ultrahigh pressure metamorphic rocks a Shuanghe occur as a thrust dab which
was offsst by a dextrd drikedip fault (Fig. 2.5). Vaious types of ultrahigh pressure or high
pressure metamorphic rocks occur in this area
(a) Marble with or without eclogite boundins;

(b) Layered eclogites intercd ated with paragneiss;
(c) Massve eclogite ranging from severd meters to about one hundred meters in widith;
(d) Coedte-bearing jaddte quartzite;

In this area, various edogites have been dudied in detal. Coesite indusons have been
found in ganets and other minerds within eclogites and jaddte quartzite (Cong e d., 1995;
Liou et d., 1997). The other rocks were dso consdered to be subjected to ultrahigh pressure
metamorphism (Cong et d., 1995). Sable isotope study have shown a large variation in d*%0
vadues of gang and omphecite (-26 to + 7.0 %0), but a sndl range in phengite dD vdue
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(Zheng et d., 1998). Sm-Nd minerd dating of eclogites gave an age of 226 £ 3 Ma for the
UHP metamorphism in this area (Li et d., 2000). However, the less studies have been
contributed to the jadeite quartzite Thus in the Shuanghe UHP dab we focus on the
investigation of jaddte quartzite.

The Shuanghe jaddate quartzite lens occurs as a medium-grained, grayish colored band
in marble with 8-10m thickness (Fig. 2.5). It has an assemblage of garnet + jadeite + quartz
(coesite) + rutile Jedetes are successvely rimmed by coronas of fibrous oligodase (inner
rim) and abite (outer rim ) + minor Cadinoproxene. Garnets are replaced by amphibole |,
dbite and aegirine rimward. Incusons of quartz pseudomorphs after coestes can be found
both in ganet and jadeite. The eclogite boundin within marble has a rddivdy smple minerd
asemblage Garnet + omphacite + coedite + quartz + rutile + carbnate. Layered eclogites
intercdlated with paragneiss have a minerd assemblage of ganet + omphecite + quartz
(coeste) + phengite + rutile + kyanite; eclogitic minerds ae dightly dtered: omphecite is
rimmed by a thin layer of veay fine-graned symplectite, a margin of phengite is replaced by
bictite

Collected samples from this area include eclogite boundins in marble (DB29), jadeite
quartzite (DB31), and layered eclogite with paragneiss (DB32).

Fig. 25. Geologic map of the
Shuanghe UHP dab  (modified

/ /I:I Crantic after Cong et al., 1995)
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2.4“Cold” eclogitefrom Lidu (sample DB44, 45, 48, 50)

Okay (1993) and Carswell et d. (1993) suggested that eclogites in Huangzhen are
different from eclogites in other locdities, and postulated that there are two contragting
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edogite tarans in the Dabie Shan: " hot edogite " and "cold edogite' tarans Zha et 4d.
(1995) pointed out that the country rocks of hot eclogites are generdly ganet-bearing granitic
orthogneiss, paragneiss, mable, or ultramafics, whereas the country rocks of cold eclogites
ae magnetite-bearing meta-sandstone. The most important evidence for such a divison is that
0 fa no coedte or micro-diamond indusons were found in these "cold" eclogites. However,
Baker e d. (1994) have agued that the difference between " hot edogite " and "cold
eclogite’ may be due to the different extent of fluidirock interaction as evidence from d*®0
vaues, the "cold' edogite teran may have been subjected to more intensve retrograde
metamorphism, thus coesite inclusons are not preserved.

The biggest and mogt representative cold edlogite lens is exposed on the south sde of
Lidu village near Huangzhen. In Cagtdli et d.’s (1998) paper the lens was named as Zhu-Ja-
Chong eclogite The edogite outcrops in an aea aout 500m in length and 150m in width
(Fig. 2.6). The hogt rock is a two mica-epidote-garnetplagidase gnelss. Megascopic isodind
and open fods ae found in the gneiss showing subhorizonta northwest-southeest-trending
axes (Cagdli et d., 1998). The edogite exhibits both wesk foligion consstent with the trend
of the hogt gneissfaliation stegply plunging towards south-southwest.

[ 1 Gieiss H giway

ixx Tclogite talhagha
ogt Blan)

. Quatcrnary

[A] Sample

Fg. 2.6. Schematic mep of the
Lidu edogite.

Z ok ok ok ok ok ok ok ok ok ok ok ok b ok b bk ok kA &
& ok & ok ok ok ok ok ok ok ok =

2.5 The eclogite from Raobazhai, NDC

The Raobazha meta-ultramafic complex is locaied a the southern Fozling Reservoir
near Huoshan in the NDC (Fig. 2.7), with an outcrop area of aout 3 km in length and 0.20.9
km in width. The complex, which was emplaced in solid date into gneisses of the Dabie
Group (Yang & d., 1983), condsts manly of Crsoind harzburgite, dunite and garnet
pyroxenite. The country rocks near the contact zone are srongly mylonitizated. Foliations are
well developed aong the margin of the complex.
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The dudied samples were collected from a garnet pyroxenite xenolith that occurs in
the intensdy deformed Raobazha ultramafic complex and is aranged in a linear fashion
padld to the trend of the mylonite zone (Xiao & d., 2001). In the same comgdex an age of
244 + 11 Ma has been deived based on ganet-dinopyroxene-whole rock SmNd  isotope
data (Table 2 and Fig. 5A of Li e d., 1993). The garnet pyroxenite was characterized as a
typel edogite by Li e d. (1993), dthough omphacite as a typicd eclogite facies mineral has
not been observed. Xu e d. (1994) interpreted the Reobazha complex as a pat of an
ophidlitic meange complex, but a more dealed study suggests it may be a mantle-derived
block (Zhang et d., 1995).

Fig. 27 Geologicd mep of the Raobazhai
complex (modified after Yang, 1983). 1
edogite; 2 hornblende-peridoatite; 3
mylonitizetion peridotite;, 4  harzburgite,
Iherzolite and dunite 5 fault; 6 sample
location

2.6 The granulite from Yanzihe

Granulite-facies rocks are widesoread in the Dabie Shan, occuring in the Yanzihe
Anhui Province, and in the Luctian and Macheng, Hube Province of China and can be
divided into a lesst five types according to ther compostion (Zhang & d., 1996). They are
surrounded  sequentidly by  gnesses  with  uppe- andlor  lower-  amphibdlitefacies
metamorphism

The fddgc granulite from the Yanzihe region is hosed by gneiss with upper
amphibolite-facies metamorphism and mainly consss of ganet, orthopyroxene, amphibole,
quartz and plagioclase. Pesk metamorphic conditions of >800 °C a 12 kbar were esimaed
by Zhang et d. (1996).
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Chapter 3. ANALYTICAL METHODS

3.1 Wholerock chemistry and laser ICPM S measurements

Whole rock chemigtry of the samples was determined by X-ray fluorescence (XRF)
and ICPMS techniques. Bulk-rock andyses by XRF involved glass disks. Andyses were
performed with a Philips PW 1480 automated sequential spectrometer (see Hartmann, 1994).
Samples (~100 mg) for ICP-MS were digested with 1 ml of HF, 1 ml of HCIO4 and 4 ml of
HNO; a 200°C for about 1524 hours in Teflon beskers before evaporaion to dryness and
dissolution of the resdue. Messurements were peformed usng a VG PlasmaQuad2 +
ICPMS.

3.2 Microprobe analysis

Chemicd compostions of minerd phases were determined by dectron-microprobe
andyss usng a JXA-8900RL Jeol Superprobe a the Geochemistry Ingditute Gottingen
equipped with WD/ED combined microandyzer. The andysis was peformed a 15.0 kV
accderding voltage, 12 nA beam current and 5m probe diameter. Standards included slicates
and pure oxides. Measurements were made on wel polished sections with thickness < 2mm.
Raw datawere cdculated by the CITZAF method of Armstrong (1991).

3.3 Laser-l CPM S measur ements

Sngle minerd  trace dements were determined using a laser ablation ICP-MS. The
ablated particles are transported by an argon gas stream into the VG PlasmaQuad 2 + ICPMS.
The typicd paameters of andyss and the experimenta procedure have been described by
Smon et al. (1997) in detall.

3.4 Microthermometry

Huid indusons were investigated by usng a Linkam heding/freezing dage, provided
with a video sysdem for ease of obsarvaion a the Geologicd Inditute of the Universty
Gottingen. Measurements were made on doubly polished unmounted ~200mm thick sections.
The sage was cdibrated by a st of synthetic fluid incuson standards. For temperatures
bdow -56.6 °C accurecy is better than 0.5°C. Temperatures around O °C have accuracy of 0.2
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°C, whereas for temperatures between 200 and 600 °C accuracy is better than 5 °C.
Measurements were made of the eutectic temperature (T¢), find mdting temperaure (T ice
and Ty o) and homogenizaion temperature (Ty). Heating rates of 1 °C per minute were used
for Tmice Tmeoz@nd Trcog, and 5 °C per minute for T, of aqueous indusions,

3.5 Oxygen isotope analysis

All samples investigated for oxygen isotope andyss have been prepared as well
polished thick sections (ca 15 x 10 x 2 mm). The sections were cleaned with distilled water
using an supersonic device and then vacuum dried overnight a 300 °C.

In-gtu oxygen isotope andyss was done by ArF-laser fluorination. This technique hes
been described by Febig e d. (1999). For andyds of the present samples some mgor
changes have been caried out: The MAT 251 has been replaced by a Finnigan Ddta Plus
mass spectrometer, which adlows oxygen isotope detection on masses 32, 33 and 34. Both
dandard and sample oxygen ae introduced via a continuous flow inlet sysem into the ion
source using He as a carrier gas, as described by Merrit and Hayes (1994). In this way laterd
resolution has been improved down to 250 nm. A detailed description of this new technique is
given by Fiebig (1999) and Wiechert et d. (2001). In contrast b the oxygen isotope andytica
methods described by Sharp (1990) and Elsenheimer and Vdley (1992), the UV lase-based
micro-andyticd technique for in Stu oxygen isotope andysds of dlicate does not cause any
fractionation during laser ablaion (Wiechert and Hoefs, 1995).

As guard againg contamingtion, an olivine sandard (5.1 + 0.2%0) has been run & the
beginning and a the end of each measurement day. All standard andyses gave the reference
vadue within errors s0 that raw data did not have to be carected. Due to explosve ablation
resolution of the quartz samples was 500 mm. For dl other minerds resolution varied between
20 ad 350 mm, modly depending on focd properties The routine andyticad error for
oxygen andyss based on replicate andyss and standards is better than 0.2 %.. The isotopic
results are reported in the conventiona d notation in per mil reative to SMOW. Electron
microprobe andyss was performed both prior and after laser-probe measurements in order to
ensure oxygen isotope analysis of representative and fully documented mineral compositions.
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3.6 Hydrogen isotope analysis

Hydrogen isotope andyses were performed by vacuum fuson with inductive heating
to 1300 °C, converson of liberated HO to H, over uranium a 800 T, and adsorption of the
H2 on activated charcod. Hydrogen isotope ratios ae normdized to the V-SMOW-SLAP
scde (cf. O'Nell 1986), and precison is aout £ 2%.. The measured dD of NBS-30 was -
62%o.

3.7 ¥*Nd/Nd isotope analysis

Two samples from the NDC were investigated for their 3Nd/***Nd isotope ratios.
Element separation was peformed in two deps a caion exchange column with HCI
chemigtry, preceded a separation of Nd on Teflon columns coated with HDPE. The analyses
were performed on a Finnigan MAT 262 a the IGDL in Gdttingen operated in static mode.
The totd andyticd eror on the Nd isotope abundances is less than 1%. The externd
reproducibility on La Jolla standard solution was 0.511839 + 0.000007 (&, n = 80). The Nd
isotope ratio was corrected for mass fractionation to **Nd/**Nd = 0.7219 and adjusted to
recommended vaues for La Jolla sandard (0.511858). Blanks range from 100 to 200 pg, and
thus no blank correction was necessary.
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Chapter 4. PETROGRAPHY AND MINERAL CHEMISTRY

4.1 Petrography

More than 60 samples representing various rock types in the sx locdities were examined
petrographicaly. Out of these characteristic samples which contain large ganet crystas for
microchemica andyss were sdected for further studies. The modes of samples tha have
been sudied in detall areliged in Table 4.1.

4.1.1 Bixiling

The most common eclogite in Bixiling contains garnet, omphadite, quartz with varying
proportions of phengite, kyanite, amphibole and zoiste as mgor components and rutile
(sometimes very abundant), apdite and zircon as accessory mingrads. Coedte and coesite
pseudomorphs in garnet and omphacite have dso been found in some thin sections (Fig. 4.1).

Ganet in the edogite manly occurs as idioblagtic crystds with keyphitic rims of
amphibole and/or prophyroblasts with inclusons of rutile, omphecite, phengite and quartz
andlor coedte. Although ganets from eclogite display a rdativey large compostiond range
resulting from variaions of bulk compostion and minerd assamblage of ther host rock
(Zhang et d., 1995), there is no Sgnificant compodtional zoning from the core to the rim of
ganet.

Omphacites can be divided into two geneaaions fine-grained omphecite which is
presrved only as indudons in ganet and Kkyanite and coarsegraned mairix omphecite
which coexigs with garnet. Importantly, omphecite indusons have higher Jd component than
matrix omphecites. As the Jd content of a pyroxene has great implications in terms of P-T
conditions, such a change may indicate that these omphecite indusions in garngt form under
higher pressure conditions. The fact tha some omphacite indusions contain K-contents up to
1 wit% supports this assumption (see below for detalls).

Kyanite occurs as a primary phase in eclogite. Some kyanite grains with abundant
indusions of omphacite and quartz are up to 3mm in Sze.

Zoigte can be found in some eclogites. Coedte reics and coedte pseudomorphs in
zoigte sugges thet zoisite is a stable UHP phase (Zhang et d., 1995).

Phengites can be grouped in two caegories phengite indusons in ganet and
omphecite, and coarsegrained phengite which coexists with garnet. Coarsegrained phengite
aopears texturdly to be a dable phase in edogite coexiging with the other edogite-facies

minerds.
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Table 4.1. Estimated modes for mgor minerals of the investigated samples. [Minera abbreviations after Kretz (1993) except for: Am amphibole, Coe coesite,
Phen phengite], Tr trace.

Locdlity Sample Grt Omp Ky Rt Coe Qtz Di Opx Phen Am H B Bi Chl Zm Mag IIm O Sp Comments

Samplesfrom South Dabie Shan

Bixiling DB02 40 16 - 3 In 15 - - 6 10 3 2 - 1 Tr - 2 - - Retrograded eclogite
DBOS S 42 - 3 In 3 - - In Tr - - - - Tr - Tr - - “fresh” eclogite
DBO7 45 25 15 1 In 5 - - 5 2 1 1 - - Tr - Tr - - Ky-rich dogite
DB10 47 - - Tr - - 18 12 - - - - - - Tr - - 0 1 Garnet peridotite

Shima DB61 6 30 - 5 In 3 - - - Tr - - - - Tr - - - -

Suwagre DB29 42 5 - 1 In 8 7 - - 15 8 5 1 1 Tr Tr 3 - - Edogitein marble
DB31 5 42 - Tr In 4 3 - - 3 3 - - - Tr - - - - Jadeitic omphacite
DB32 2 5 - 2 In 2% 3 - - 6 2 1 - - Tr  Tr 1 - - Massive eclogite

Lidu DB44 42 3 4 2 - 6 3 - 10 18 2 5 1 1 Tr - 1 - - large gamet -bearing
DB45 43 4 10 1 - 4 2 - 7 15 2 8 1 1 Tr Tr Tr - -
DB48 45 2 8 3 - 3 3 - 12 16 2 3 Tr Tr Tr - 2 - -

Samplesfrom North Dabie Shan

Reobazha  R14 3 12 - 5 - - 15 1 - 15 10 - 2 - Tr - 1 - - Opx overgrow

around cpx

Yanzihe  YO1 #A - - - - H - 15 - 7 - - 2 - - 5 - - -
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Amphibole, if present, can be dso divided into two generaions One generation of
amphibole (barroiste) is intergrown with sodium plagiodase and micrograned dinopyroxene
in symplectite after omphacite. The other is coarsegraned hormnblende that exists as kdyphitic
rims of garnet grains.

After a generd petrographic ingpection, induding thirty-three thin sections of eclogites
and sx of ultramafic rocks, four samples, which represent the maor rock types of Bixiling, were
selected for detalledandysis.

Fig. 4.1A, B Photomicrographs of: A coesiteinclusion in garnet, B omphacite inclusion in garnet; note the
hogt garnets of the coesite and omphacite inclusions have smilar radiating fractures

DBO05 is manly composed of ganet, omphacite, and minor quartz. Rutile, apatite and
zZircon occur as accessory minerds. Garnet and omphacite are equigranular in texture. Garnet
contains indusons of omphacite, amphibole, rutile, and coeste. Mogt omphecites ae “fred’;
some have dightly retrograded into amphibole a the very margin of the grains,

DB02 is a rerograded eclogite and condss of ganet, omphecite, quartz, varying
phengite, amphibole, plagiodase and zoiste as mgor components, and rutile, apatite and zrcon
& accesory minerds. Most omphecite has been replaced by symplectite of amphibole,
plagiodase and sodic augite. Coedte and coedte pseudomorphs in ganet and omphacite have
been found in some thin sections (Fig. 4.1). Ganet manly occurs as idioblagic crysds with
kdyphitic rims of amphibole and/or porphyroblests with incdusons of rutile, omphecite, phengite
and quatz and/or coeste. Two different texturd types of garnet were observed: one is dark red
gang, the other is fine-graned late cryddlized orange-yellow garnet. Omphacite occurs as two

gengations fine-grained omphacite as inclusons in dak red gane and coarsegrained matrix
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omphedte coexiging with both types of ganet. Marix omphecite is partidly or completey
replaced by symplectite of green amphibole and plagioclase. Phengite occurs ether as inclusons
in garnet and omphecite, or coarsegrained coexising with garnet. From teural characterigtics,
coarse-grained phengite is a dable phase in edogite coexiging with the other ecogite-facies
minerds. Phengite flakes are patidly replaced by fine-graned bhiotite aggregates. Retrograde
anphibole can be divided into two geneaions amphibole (baroiste) intergrown with
symplectic plagiodase and dinopyroxene and, coarse-graned hornblende forming  kdyphitic
rims around ganet. Mog of the quartz is “interdtitid” and must have formed from fluids after
edogitefacies metamorphism. Retrograde dteration dso resulted in the formation of ilmenite
after rutile.

The kyanite-rich eclogite (DB07) is inequigranular in texture and composed of garnd,
omphacite, kyanite, quartz and minor phengite and rutile. Quartz pseudomorphs after coesite are
found in garnet and in omphacite. The fact that coeste inclusons occur in kyanite a the same
locdity indicates that kyanite is a primary mingrd in edogite-facies metamorphism (Zhang et d.
1995). In contrast to the matrix quartz in the rdrograded eclogite, which was assumed to be
formed from interditid fluids, matrix quartz in kyanite-rich eclogite, as wel as the minor quartz
in the “fresh” edogite, commonly shows sharp contacts with garnet, omphacite and kyanite.

The primary assemblage of the garnet peridotite (DB10) is garnet + diopsde + enddite +
olivine. Coarse garnet grains have diameters around 1 mm, some are surrounded by fine-grained
garnets. Endatite is sometimes rimmed by fine-grained tdc. Olivine has been patidly repdaced
by serpentine.

4.1.2 Shima UHP eclogite

Eclogitic samples from Shima are medium-grained and granular in texture and contain a
typicd eclogite assamblage of garnet, omphecite, rutile Garnet is the most abundant phase and
represents > 50 volume %. Most garnets range from 1 to 2 mm in diameter. Some garnets are
idioblagtic, however, most are irregular grains. Ganet has a few incdusons of omphacite and
coesite. Omphecite is very fresh without visible retrogression.

4.1.3 Jadeite quartzite from Shuanghe

The Shuanghe jaddte quartzite condsts of 30-50 va % jaddte 40-55% quartz, c. 5%
ganet and minor rutile linegtion is defined by dongated jadeite and ganet grans and by
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dringers of polygond quatz aggregates. Jedeite and quartz range in dze from 1 to 4mm,
whereas garnets are finer grained (0.5 — 1.5 mm). Most samples are strongly retrograded; jadeite
is dmost completdy replaced by symplectite of fine-grained amphibole + sodic plagiodase, and
garnet is replaced by medium-grained taramite rimmed by athin dbite layer.

Sample DB3L is rdatively less dtered; jadeite and garnet are wel preserved. Jadetes are
successvely rimmed by thin coronas (0.1:0.2 mm wide) composed of fibrous oligoclase (inner
rim), dbite (outer rim) and minor Cadinopyroxene. Liou et d. (1997) has demondrated that the
kelyphitic reaction corona of jaddte a its contact with quartz condgts of a concentric sequence:
an inner layer of oligodase (An15) + minor fibrous amphibole, and an outer layer of dbite +
fine-grained aegirine-augite. Incdlusons of quartz pseudomorphs after coedte can be observed
both in garnet and jadeite.

4.1.4" Cold” eclogite from Lidu

Fve thin sections from various pats of the eclogite from Lidu were petrologicaly
dudied. The minerd assemblage is ganet + omphacite + kyanite + phengite + quartz +
paragonite + rutile + epidote £ amphibole + feldspar.

Ganets of Lidu eclogite are poikiloblagtic and range from 2 to 10 mm in sSze. Some of
the coarsegraned ganets contain abundant inclusons of epidote, rutile and phengite in the core,
whereas omphecite, phengite in the mantle However, the ganet margin is usudly free of
indusons. Many inclusons in garng form snow-bdl textures. Such a texture indicates a three-
dage growth hisory of ganet: an early origind ganet core, snow-bdl hydroxyl-besring minerd
inclusons, and a late regrowth garnet core and margin. Most garnet grains are surrounded by a
thin rim of symplectic amphibole, dbite, and epidote Coeste or quatz pseudomorph after
coeste were not found.

Omphecites are reatively fine-graned compared to the garnets and <1 mm in diameter.
Mog of the omphacites are rimmed by symplectic dinopyroxene, amphibole and dbite due to
retrograde metamorphism. The rdlict of omphacite sometimes contain minor minerd inclusons.
However, omphacite indusonsin ganet, if any, do not show signs of retrogresson.

Kyanites are dtable with garnets, omphacites, and phengites The coarse-grained kyanite
is common in the marix and sometimes is partialy replaced by paragonite. The presence of
paragonite around kyanite indicates a pressure of 18 kbar a 635 °C by the reaction of jadeite +
kyanite + HO = paragonite (Okay, 1993). A thin rim of quartz is dso sometimes present around
kyanite. On the other hand, kyanite is sometimes locdly replaced by coarsegrained aggregetes
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of paragonite, which, however, is locdly replaced by a fine-graned symplectite condsing of an
intergrowth of corundum + dbite (Fig. 4.2).

Phengites are found as inclusons in garnet and in the matrix. Coarse-grained phengites
have usudly been partidly replaced by biotite. However, many phengite indusions in ganet are
also coarse-graned and idiobladtic.

Other phases in Lidu edogite indude epidote, amphibole, rutile, godite, quartz, tadc and
corundite (see Table 44 and Fg. 4.2). Two kinds of epidote can be identified based on ther
texture relaions one occurs as isolated coarse-grained crystas, and the other occurs as fine and
irregular grains and as symplectite after garnet. The first kind is assumed to represent phases
formed under bluechis and eclogite facies metamorphism, wheress the second kind probably
represents a retrograde product. Similarly, amphiboles occur dso in such two kinds coarse-
graned amphibole surrounding ganets and symplectite with clinopyroxene and dbite dfter
omphecite. Rutile and gpatite generdly occur as indusons in ganets Quartz is ubiquitous in the
metrix and asincdlusonsin garnets.

Fig. 4.2Photomicrograph of the edogite from Lidu showing that
paragoniteislocdly replaced by corundum and dbite.

4.1.5 Eclogite in Raobazhai

The ganet pyroxenite is composed manly of the primary phases ganet (c. 40%) and
cinopyroxene (20-30%), and secondary phases Tiramphibole (10-15%), plagiocdase (10-15%)
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and minor orthopyroxene. Rutile = ilmenite and gpetite occur as accessory minerals. Most garnet
cydds are rddively large ranging from 2 to 8mm. Some ganet grains inferred to be origindly
in contact with dinopyroxene are surrounded by thin coronee of plagiodase and amphibole
Usudly garnet contains pyroxene, amphibole plagiodase, rutile andlor ilmenite as indusons
Pyroxene occurs as inclusons in ganet or as a rockforming minerd in the matrix. Mogt
pyroxenes are <1 mm in sze and thus finer grained than garnet. Some are patidly retrograded
into netlike texture that is composed of dinopyroxene and plagiodase (Fig. 4.33). Secondary
reddish brown amphibole is inequigranular, and sometimes contains indusions of early-formed
minerals, such as garnet and pyroxene. Plagioclase sometimes occurs as indusons in ganet and
clinopyroxene, most form a symplectite retrograded from clinopyroxene. Orthopyroxene occurs
a an oveagronth phase of clinopyroxene, or a needle-like exsolution in  dinopyroxene,
indicating that orthopyroxene formed laer than dinopyroxene (Fig. 4.3b). Rutile occurs manly
asincdusonsin garnet and dinopyroxene, some of them have retrograded into ilmenite,

4.1.6 Granulitein Yanzihe

The granulite sample from Yanzihe is characterized by a moderate amount of quartz in
addition to the granulite facies assamblage of garnet + hypersthene. It is principaly composed of
ganet (~ 34%), quatz (~ 36%), hypershene (~15%), amphibole (~ 7%), magnetite (~ 5%) and
biotite (~2%). Accessory minegrds include apatite and minor ilmenite. The rock has gneissc
fabric and concordant felsic bands. Foliation is defined by biotite and hypersthene.

Ganets are porphyroblagts (2 to 8 mm in diameter) with a few inclusons of quartz that
occur in cores of ganets. No vidble hypershene bictite or plagiodase indusons gppear in
garnets. Some hypersthenes in the matrix have dark and hair-like structure on the surfaces, which
are probably from retrogresson. Hypershenes are usudly smdler than 2 mm and rardy include
some other mineradls such as hiotite. It is important to note that some amphiboles have Cl-content
up to 4% (see section 4.5).
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Opx exsolution

Fig. 43. Photomicrographs of the eclogite from Raobazha (@) Coarse symplectite of secondary
clinopyroxene and abite around primary omphecite. (b) Overgrowth of orthopyroxene (hypersthene)
aound dclinopyroxene (see dso Fg. 4.39); note the needle -like exsolution of orthopyroxene at the

margin Abbreviations are after Kretz, 1983)
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4.2 Mineral Chemistry

4.2.1 Garnet

Every sample invedigaed contans ganet but differences in gran gze, didribution,
texture, incluson dendty are large as described above. Representative garnet compostions are
given in Table 42 and plotted in terms of mole per cent pyrope, dmandine + spessatine and
grossular in Fg. 44. There is dearly a large compostiond range (Alm24-66 Prpl0-57 GrslO-
395el-5), resulting manly from variations of bulk compostion and minerd assamblage of ther
host rocks.

Ganets in the four samples from Bixiling have quite different compodtions “fresh”  and
retrograded eclogites are rich in  dmandine (50-60 mol€o); garnets in kyanite-rich eclogite have
more or less the same contents of grossular, pyrope and dmandine, whereas garnets in peridotite
ae manly composed of pyrope (5060 mole2o). Garnets in granulite from Yanzihe and in pdeite
quartzite from Shuanghe have the highest dmandine contents up to 6566 and 57-60 moleY%
respectively.  Ganets from Lidu and % Raobazha show strong compostionad zondions (see
section 4.3 for detalls)
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Fig. 4.4. Compostiond variations of the ganets in granulite (Yanzihe), jadeite quartzite (Shuanghe) and eclogites
(others) from Dabie Shan. Note garnets from Bixiling display a large compostiond variation as these ganets are

from different rock types, compositiond zonetions are detected in garnets from Lidu and Reobazhai.
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4.2.2 Clinopyroxene

The representative compostions of clinopyroxenes of various samples from Dabie Shan are
given in Table 43 and plotted in the J —AcDi+Hd diagran (Fig. 4.5). The andyzed
clinopyroxenes ae impure jaddte (Essene and Fyfe, 1967) in the jadeite quatzite from
Shuanghe, omphecite in edogites from Bixiling and Shima In eclogite from Bixiling (DB02),
omphecites that occur as incdusons in ganes have higher jadeite-content (>Jdsg) than
porphyroblastic omphacites coexiging with ganet (Jd s60); furthermore, some omphacite
indusons in Bixiling edogite have dgnificat KO contents (see bdow for detall).
Clinopyroxene grains in edogite from Reobazha show srong compostiond zonations with an
omphecitic core and a diopddic rim. In edogite from Lidu, compostions of dinopyroxene
incusons in ganet are different from those of matrix omphacite (Teble 3 and Fg. 45). All
andyzed dinopyroxenes are poor in TiO 2 (<0.2%), Cr 03 (<0.2%) and MnO (0.1%).

A Fig. 45 Chemicd compostior
( C diagram for  dinopyroxenees of
EDBOZmalrix) Iﬂ\/eﬂl gaaj ynpls

ogesodp P>

Aug Jd

4.2.3 Amphibole

All samples contain amphiboles in varigble proportions with a wide range in compodtion
correponding to edenite, hornblende, and pargedite fidds (classficaion &fter Leske et d.,
1997). Table 4.4 reports sdected andyses of amphiboles. Figure 4.6 shows the various
compositions in terms of Xug [FMg/(Mg + Fe)] versus S per formula unit. Amphibole structura
formula were caculated assuming the sum of tetrahedra- plus M1-, M2- and M3-gtes equds 13.
Cosca et a. (1991) demondrated thet this normdization scheme gives the best gpproximation to
true amphibole compostions. Molecular proportions of OH and equivdent H2O contents in
amphibole were cd culated with the assumption OH =2 —Cl — F.
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Fig.4.6. Amphibole data plotted in the amphibole classfication diagram of Leske et d (1997). M: amphibole
in matrix; IN: amphibole incusons in garnet; Yanzihg(l): amphiboles that contain Cl >1%; Yanzihe(2)
amphiboles that contain 0.3<Cl<1.0%; Y anzihe(3) amphiboles that contain Cl<0.3%.
Four groups are diginguished. The first corresponds to secondary matrix amphiboles in the Lidu
eclogite. The second includes secondary amphiboles from the Reobazha eclogite, the Shuanghe
jadete quatzite and possble primay amphibole indusions in ganet from Bixiling. The third
condgsds of texturdly late amphiboles from Bixiling. The fourth group is composed of
amphiboles with various Cl contents from granulite in Yanzihe, which will be discussad further

in section 4.5.

4.3 Mineral compositional zonations

The study of zoned crysds has been an active area of research in petrology since the
advent of the dectron microprobe in the 1960's, which permitted rapid microchemicd andyss
with gpatial resolution on the order of 1 mm. Zoned crysas are thought of as a chemical tape
recorder in which the history of the chemicd evolution of the sample is recorded in the variaion
of dements (Spear,1993).

As mentioned above, garnet can be found in dl the invedtigated samples some garnets in
edogites from Lidu and Raobazha and in granulite from Yanzihe ae up to >10, 8 and 8 mm
repectivdy, wheress ganets from edogites in Bixiling, Shima and jadete quartzite from
Shuanghe are finer grains (<2 mm). Microprobe profile andyses and semi-quantitetive mgpping
indicate that compostiona zoning have been well presarved in ganet from Lidu, and in garnet
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Table 4.2 Representative microprobe analyses of garnet (Gt1, dark-red garnet; Gt2, orange-yellow garnet)

Locality Bixiling Shima
Sample DBO02 DB05 DBO7 DB10 DB63
No. 1 2 3 4 5 6 7 8 9 10 u 2 13 14
Minerd Gtl Gtl Gt2 Gt2 (core) (rim) (core) (rim) (core) (rim) (core)  (rim) (core)  (rim)
(core) (rim) (core) (rim)
902 38.85 3859 3B.76 38.92 39.19 39.37 4045 4057 40.89 40.69 3080 P77 4001 3970
TiO2 0.01 0.03 007 0.05 0.08 003 005 0.032 0.02 0.02 016 002 0.00 0.00
AkLOs3 21.68 21.60 2146 21.78 2158 2155 240 22.46 21.99 228 235 268 2277 2262
Cr03 b.d. b.d 002 0.02 0.00 004 0.06 0.00 0.80 044 002 000  0.00 0.15
FeO 2745 27.98 2625 25.93 25.27 2545 1359 14.04 16.75 16.96 1884 1834 1781 1924
MnO 0.99 0.96 098 091 0.36 042 0.38 034 0.50 045 05 046 064 0.27
MgO 461 422 396 4.39 6.15 6.46 9.29 9.10 1552 1547 1031 1097 1053 1029
Cao 7.96 812 9.68 9.58 859 834 1397 1364 364 403 74 694 764 731
NaO 0.05 0.03 003 0.08 0.00 002 0.05 0.08 0 004 005 000 012 0.00
K0 b.d. bd. b.d. 0.01 0.01 0.01 001 0.02 0 0 006 000 000 0.01
Total 10160 10155 10121 101.67 101.23 10169 10025  100.28 100.11 100.38 P68 PI8 952 9959
S| 3.00 299 300 299 3.00 300 301 3.02 3.00 298 300 300 301 3.00
Ti 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 001 000 000 0.00
Al 197 197 19% 197 195 193 196 197 190 192 19 202 2.02 201
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.03 000 000 000 0.01
Fe* 0.04 0.05 003 0.05 0.04 0.07 0.02 0.00 0.04 0.10 001 000 0.00 0.00
Fe 173 176 168 162 157 155 0.83 0.87 0.99 094 118 116 112 121
Mn 0.07 0.06 0.06 0.06 0.03 003 0.02 0.02 0.03 0.03 003 003 004 0.02
Mg 053 0.49 046 050 0.75 0.73 103 101 170 169 116 123 1.18 116
Ca 0.66 0.67 0.80 0.79 0.65 068 11 1.09 0.29 032 061 05 062 0.59
Na 0.01 0.01 001 0.01 0.00 0.00 0.01 0.01 0.00 0.01 001 000 002 0.00
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 001 001 0.00 0.00
Total 8.00 8.00 800 8.00 8.00 800 800 8.00 8.00 800 801 801 801 801
Prp 0.18 0.16 015 0.17 0.24 024 0.34 0.34 0.57 057 039 041 040 0.39
Grs 0.22 0.23 0.27 0.27 0.23 021 0.37 0.36 0.10 0.10 020 019 o021 0.20
Alm 0.58 0.59 056 0.55 0.52 054 0.28 0.29 0.33 0.32 040 039 038 041

Spe 0.02 0.02 0.02 0.02 0.01 0.01 001 0.01 0.01 0.01 001 001 0.01 0.01
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Table 4.2 (continued)
Locality Shuanghe Lidu Raobazhai Yanzihe
Sample  DB31 DB44 Db45 R14 Y1
Nr 15 16 17 18 19 2 21 22 23 24 25 26 27 28 2
Minerd  (rim) (core) rim center core rim center  core rim center  core rim core
SO2 3949 3949 3057 3956 3794 388 P74 3838 3869 4004 4054 4011 4068 3753 3744
TiO2 0.00 0.01 0.05 0.00 0.03 012 0.00 0.02 0.11 0.01 0.04 0.05 0.00 0.02 0.047
Al203 2186 2228 2212 2217 2120 2477 2259 2132 2139 2236 261 202 252 21.23 21.66
Cry03 0.00 0.01 0.00 0.00 0.00 0.02 0.00 0.00 0.02 0.02 011 0.06 0.06 0.00 0.00
FeO 2740 2758 2801 2785 2806 2746 2358 2863 29.74 24.08 2005 2119 1974 30.59 3043
MnO 044 042 040 043 100 0.34 048 0.86 0.39 049 042 0.62 043 246 252
MgO 7.80 7.81 7.56 7.89 158 543 9.89 1.86 359 9.96 1161 920 1170 2.56 257
CaO 458 4.46 417 404 1190 746 5.58 10.78 787 493 6.48 845 6.50 6.89 6.72
N&O 0.05 0.06 0.03 0.06 0.00 0.02 0.02 0.00 0.00 0.00 0.01 0.02 001 0.02 0
K0 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.01 0.00 001 0.00 0.01 0
Totd 10162 10212 10190 10201 10171 10150 101.88 10185 101.81 101.90 101.88 10172 10164 101.31 101.39
S 300 299 3.01 3.00 297 299 2.96 3.00 301 299 298 299 300 297 295
Ti 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00
Al 19% 199 198 198 195 197 1.99 196 196 197 196 1 1% 198 201
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00
Fe** 0.4 0.04 0.00 0.03 011 0.03 0.09 0.04 0.02 0.05 0.06 0.07 0.05 011 0.09
Fe* 1.70 1.70 178 173 172 173 138 182 192 146 117 125 117 190 192
Mn 0.03 0.03 0.03 0.03 0.07 0.02 0.03 0.06 0.03 0.03 0.03 004 0.03 0.16 0.17
Mg 0.88 0.88 0.86 0.89 0.18 0.62 110 0.22 042 i1 127 102 129 0.30 0.30
Ca 0.37 0.36 0.34 0.33 100 0.61 045 0.90 0.65 0.39 051 0.68 051 0.58 0.57
Na 0.01 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Totd 7.9 7.99 8.00 8.00 8.00 7.98 8.00 8.00 8.02 8.00 7.99 7.9 801 8.00 801
Prp 0.30 0.30 0.29 0.30 0.06 021 0.37 0.07 0.14 0.37 043 0.4 043 010 0.10
Grs 012 0.12 011 011 034 021 0.15 0.30 0.22 0.13 0.17 023 017 0.20 0.19
Alm 057 0.57 0.59 0.58 058 058 047 0.61 0.64 049 0.39 042 0.39 0.64 0.65

Spe 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.06 0.06
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Table 4.3. Representative microprobe analyses of pyroxene (Cpxin clinopyroxeneindusionsin garnet)

Locality  Bixiling Shima
sample DB02 DBO05 DBO7 DB10 Db63
Nr 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Min: Cpx Cpx Cpxn  CpXn  CpXin Cpx Cpx Cpx  Cpx Cpx  Opx

(core) (rim) im) (mid) (core) (core) (rim) (rim) (core)
S0, 57.25 57.0 57.89 57.6 5667 56.09 56.07 5515 5605 5551 5717 56.6 5719 5657
TiO, 0.02 0.07 003 0.07 0.07 0.02 0.05 0.06 0.06 0.01 0.01 004 0.12 0.12
Al203 14.35 1391 15.30 1529 1494 6.7 6.55 6.62 6.87 106 0.09 8.82 842 8.62
Cr203 0.02 b.d. 002 0.01 0.02 0.05 0.08 0047 0056 0.49 0.02 0.09 0.12 0.00
FeO 6.04 6.30 6.24 6.36 6.17 6.11 6.73 6.92 6.97 4.3 8.87 293 36 378
MnO 0.04 0.05 003 0.05 0.04 0.02 0.02 0007 0017 0.08 0.08 0.00 0.00 0.06
MgO 484 5.03 392 4.05 4.30 105 10.23 9.94 929 1594 3R72 9.61 9.69 9.46
Ca0 7.63 812 6.03 6.21 6.93 154 1543 1502 1537 2114 009 1488 1483 1449
N&O 105 103 10.73 1094 111 554 5.77 5.7 5.78 153 0.00 6.09 6.35 6.24
K20 b.d. bd 108 044 0.01 0.01 0.05 0.00 0.01 0.01 0.00 0.00 0.04 0.00
Totd 10068 100.77 10128 1011 100.24 100.98 10098 046  101.08 100.07 100.05 P06 10036 9NHA
9 199 198 200 2,00 197 1.99 199 199 199 201 199 2.03 203 203
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al 0.59 0.57 062 0.62 0.61 0.28 027 0.28 0.29 0.05 0.00 0.37 0.35 0.36
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00
Fe** 0.14 0.15 014 0.14 0.19 0.12 0.14 013 012 0.02 0.02 0.00 0.03 0.01
Fe* 0.04 0.03 004 0.05 0.00 0.07 0.07 0.08 0.09 011 0.24 0.09 0.08 0.10
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.25 0.26 020 0.21 022 0.56 054 054 0.53 0.86 175 0.51 051 0.50
Ca 0.28 0.31 022 0.23 0.27 0.61 059 0.58 0.58 0.82 0.00 057 0.56 0.56
Na 0.71 0.69 0.73 0.73 0.75 0.38 0.40 0.40 0.40 011 0.00 042 0.44 043
K 0.00 0.00 005 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Totd 4.00 399 400 399 4.00 4.00 400 4.00 4.00 399 4.00 399 4.00 399
X 0.59 057 0.66 0.65 0.61 0.28 0.28 0.29 0.29 0.05 0.37 0.35 0.37
Ac 0.14 0.15 015 0.14 0.19 0.12 0.14 013 0.12 0.02 0.00 0.03 0.01
Di 0.25 0.27 020 0.19 0.26 0.55 053 0.52 0.51 0.78 0.49 049 047

Hed 0.04 0.03 004 0.05 0 0.07 0.06 0.08 0.08 0.10 0.08 0.08 0.09
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Table 4.3 (continued)
Locality Shuanghe Lidu Raobazhai Yanzihe
sample DB31 DB44 R14
Nr 15 16 17 18 19 20 21 22 23 24 5 2% 27 28 29
Mineral  Cpx Cpx Cpx Cp%  Cpx Cpx Cpx Cpx Cpx Cpx Cp%n  Cpxin  Opx Opx  Opx
(rim) (center)  (core) (rim) (core)  (sym) (core)  ceter  (rim) (core)  (rim) (core) (rim)
S0, 5875 5871 5874 5591 5746 5688 5444 5451 5340 5075 5319 5319 53.49 4947  49.35
TiO, 005 0.03 0.03 0.03 0.03 0.00 0.06 0.09 0.14 0.08 0.29 0.15 0.06 0.03 0.03
AlbOs 2014 2003 19.95 859 1237 1187 345 7.06 5.88 6.38 6.43 6.70 233 0.71 0.72
Cr03 003 0.00 0.01 0.05 0.00 0.00 0.00 0.09 0.08 0.11 007 0.05 0.08 0.00 0.00
FeO 357 363 359 7.96 4.65 7.03 9.89 5.03 7.02 7.34 475 5.24 19.86 3935 3915
MnO 0.02 0.02 0.01 0.01 0.00 0.07 0.01 0.01 0.10 0.13 0.03 0.04 022 122 117
MgO 215 218 221 7.86 6.97 6.28 1056 1183 1218 1289 1238 1235 24.39 1003 9%
Ca0 313 320 315 1271 10656 889 16,51 1811 1963 204 @ 18%4 1845 0.46 107 124
N&O 1329 1337 1345 7.79 801 9.45 493 3.90 176 137 340 348 0.02 0.00 0.01
K20 001 0.00 0.01 0.03 0.00 005 015 0.00 0.02 0.01 0.00 0.01 0.01 0.02 0.01
Totd 10115 10117 10115 10094 10014 100,52 100.00 10063 10020 9999 007 99.67 100.92 10191 10161
9 199 199 199 198 203 199 198 195 1.96 1.86 1% 192 194 197 197
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00
Al 081 0.80 0.80 0.36 051 049 015 0.30 0.25 0.28 0.28 029 0.10 0.03 0.03
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe** 0.08 0.10 0.10 0.22 0.00 0.16 024 0.06 0.00 0.09 0.07 0.10 001 0.02 0.02
Fe* 002 001 0.00 0.01 0.14 004 0.06 0.09 0.22 0.14 0.07 0.06 0.60 129 129
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 001 0.04 0.04
Mg 011 011 0.11 041 0.37 033 057 0.63 0.67 0.71 0.67 0.67 132 0.60 0.59
Ca 01 012 011 048 040 033 064 0.69 0.77 0.82 0.73 071 0.02 0.05 0.05
Na 0.87 0.88 0.88 0.53 0.55 064 035 0.27 0.13 0.10 0.24 024 0.00 0.00 0.00
K 0.00 0.00 0.00 0.00 0.00 0.00 001 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Totd 399 401 3.99 3.99 4.00 398 401 4.00 400 400 401 399 4.00 4,00 4.00
X 082 0.80 0.80 0.35 054 050 015 031 0.13 0.01 0.29 028
Ac 0.08 0.10 0.10 0.22 0.00 017 025 0.07 0.00 0.10 0.08 0.09
Di 0.09 011 0.12 0.46 031 0.30 059 0.53 0.65 0.75 0.58 057
Hed 002 001 0.00 0.01 0.12 004 0.06 0.09 0.21 0.15 0.07 0.06
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Table 4.4. Representative microprobe analyses of amphibole and other phases (Am, amphibole; Phen, phengite, Ky kyanite; Ol, olivine; in, inclusions)

Locality  Bixiling Shuanghe Lidu
Sample DB02 DBO7 DB10 DB31
Nr
Mineral Am Am Phen Phen Ky Am Ol Am Am Am Am Am Phen talc  corudite
(mat rix) (in) (core)  (rim) (@in) (in)  (matrix)
S0, 48.32 4334 5339 518 3745 4057 3973 4098 4107 4346 4179 5149 5097 6238 146
TiO, 0.17 0.21 031 0.32 001 0.76 004 0.04 0.04 0.13 0.06 0.05 0.22 0.01 001
Al,0s3 9.58 1281 2184 2375 6218 1821 0.02 2033 2040 1567 16.00 7.84 2642 004 96.09
Cr,03 0.04 0.00 0.00 0.02 0.10 0.00 0.03 0.00 0.02 0.00 0.04 0.02 0.00 0.00 0.07
FeO 1225 1524 282 329 0.30 1629 1381 1518 1540 1550 1297 7.82 165 251 040
MnO 0.17 0.16 0.00 0.06 0.02 0.08 0.08 041 0.37 0.01 0.10 011 0.05 0.02 0.00
MgO 13.68 10.17 479 398 001 743 46.39 7.38 7.49 9.76 11.93 17.97 3.98 2978 001
Ca0 1021 1082 001 0.01 0.00. 7.59 0.00 5.29 5.24 700 1015 6.05 0.01 0.03 0.01
NaO 3.30 413 0.16 0.63 0.00 5.39 0.00 749 7.56 6.06 439 499 0.80 0.18 0.28
K-,0 0.20 103 1075 1008 0.00 0.84 0.02 0.37 0.38 0.13 049 0.09 9.64 0.00 0.03
Cl 0.00 0.02 0.00 0.00 0.07 0.00 0.00 0.00 0.00 0.01
Totd 97.92 9793 9407 939 10007 9723 100.12 9746 97.97 9772 9792 9644 9373 AHM4  9BI7
S 6.94 6.50 361 350 101 6.04 0.99 5.99 5.97 6.31 6.07 711 341 343
Ti 0.02 0.02 0.01 0.02 0.00 0.09 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.00
Al 162 227 174 189 198 319 0.00 350 349 268 274 128 2,08 0.00
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
= 0.36 0.00 0.07 012 0.01 043 0.00 0.67 0.73 0.76 0.60 0.90 0.09 0.12
= 111 191 0.09 0.07 0.00 160 0.29 118 114 112 097 0.00 0.00 0.00
Mn 0.02 0.02 0.00 0.00 0.00 0.01 0.00 0.05 0.05 0.00 0.01 0.01 0.00 0.00
Mg 293 2.28 048 040 0.00 165 172 161 162 211 259 3.70 0.40 244
Ca 157 174 0.00 0.00 0.00 121 0.00 0.83 0.82 1.09 158 0.89 0.00 0.00
Na 0.92 1.20 0.02 0.08 0.00 155 0.00 212 213 171 124 134 0.10 0.02
K 0.04 0.20 093 0.87 0.00 0.16 0.00 0.07 0.07 0.02 0.09 0.02 0.82 0.00
Cl 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00
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Table 4.4. (contirued)

Locality Raobazhai Yanzihe
Sample R4
Nr
Minerdl Am Am Am Pl Pl Am Am Am Am Am
(metrix)  (matrix) (in)  (matrix) (in) (vein) (ven) (matrix) metrix) (matrix)
J0:2 4143 41.06 4181 60.72 6104 38.12 38.64 37.46 3741 4737
TiO2 3.06 340 343 0.05 0.01 0.12 0.18 047 042 0.07
AkOs 1397 1323 1300 2341 2340 12.17 11.88 1259 1276 6.20
Cr03 0.08 0.10 0.09 0.00 0.00 0.01 0.00 0.00 0.00 0.00
FeO 11.85 11.69 11.98 0.20 0.30 2591 2593 27.20 2683 202
MnO 0.10 0.10 0.09 0.00 0.02 0.39 048 025 024 0.29
MgO 1260 12.60 1284 0.01 0.03 5.00 533 33 383 9.36
Ca0 11.26 11.24 1115 6.49 597 11.09 11.04 1122 122 1135
NgO 351 355 349 837 867 1.08 107 0.80 0.76 054
K50 0.04 0.06 0.05 0.03 0.02 270 252 307 311 0.59
cl 041 0.39 0.00 0.00 0.00 2.89 221 346 341 048
Total 9831 9741 99.28 9945 99.49 99.28 100.60 100.24 9832
S| 6.05 6.07 6.11 272 272 6.04 6.07 597 598 7.05
Ti 034 038 0.38 0.00 0.00 0.01 0.02 0.06 005 0.01
Al 240 231 224 123 123 227 220 237 240 1.09
Cr 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
= 0.29 0.19 0.30 0.01 0.01 0.96 1.08 093 088 0.93
Fe* 116 125 117 0.00 0.00 247 232 270 27 181
Mn 0.01 001 0.01 0.00 0.00 0.05 0.06 0.03 003 0.04
Mg 274 278 280 0.00 0.00 118 125 091 091 208
Ca 176 178 174 0.31 0.31 188 1.86 192 192 181
Na 0.99 102 0.99 0.73 0.73 0.33 033 0.25 024 0.16
K 0.01 001 0.01 0.00 0.00 0.55 050 062 063 0.11
Cl 0.10 0.10 0.00 0.78 059 0% 092 012
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and pyroxene from the Reobazha eclogite, wheress those in Bixiling, Shima, Shuanghe and
Y anzihe are homogeneous.

4.3.1 Garnetsin the Lidu eclogite

Ganets from the Lidu eclogite exhibit very complicated chemicd zoning paterns. Figure
4.7 shows a corerim compodtiond profile for a 9 mm ganet grain in the edogite from Lidu
(the pogtion of the prdfile is shown in Fg. 7.4). In gengd, the zoning patern is characterized by
increasing Xerp and decreasing Xars and Xam outward from the core to the rim of the garnet. The
oessartine content dmost does not change and is as low as 0.1 to 0.5 mol % from the core to the
rim. Backscattered-dectron image of the garnets indicates that these zonations ae nearly
symmetrica (Fig. 4.8).

mole fraction

0.00 XXX XXX X DX XK XX =< XK =X KX -]

Core Rim
| 4.5mm

>
>

Fig. 4.7. Compositiona profile of agarnet in the eclogite from Lidu.

As shown in Fg. 48, the two ganets from the Lidu eclogites have quite different
compogtiond zoning paterns In the left ganet an old core and a younger rim are observed,
indicating a least two Stages of ganet growth for the eclogite from Lidu. However, the right
gane shows a quite different pattern: the centrd portion of the garnet (black part of the photo)
has been totdly replaced by hydroxyl-bearing minerds such as phengite and amphibole
dthough the core of the porphyroblast is gill garnet, it has different compodtions compared to
the origina core which is partly preserved in the porphyroblast (the light parts).
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00001807 —— 100 m

Fig. 4.8. Backscattered-dectron images of two ganets in the eclogite from Lidu. Different luminosities
reflect different mgjor element contents of ganets. Compositiond zonations are nearly symmetrical.
Note that the luminosity in the core of the left garnet is different from that of the right garnet, which has
smilar luminogties in the core and the margin. The totd dark mantle of the right garnet represents
hydroxyl-bearing minerds

Semi-quantitative microprobe mepping disdlays different zoning paiterns for the two
kinds of garnets MgO, Ca0, FeO and MnO maps of the left garnet in Fig. 4.8 indicate that the
core and the rim of this garnet formed at different stages of garnet growth (Fig. 4.98): Mg shows
a diginct increase in concentrations towards the rim of the crystd whereas Fe decreases towards
the rim; Mn is paticularly interesing because it shows a hump in the center of the crystd, a
seady decrease towards the rim and then a rise just a the rim; variaions of Ca in the left Sde are
vey pronounced wheress in the right Sde they ae irregular, which probably indicate
disgurbances from fluids during garnet growth. In contrast, microprobe megpping for a twin-
ganet in the same section shows a totaly different compodtiond pettern: the rim and the core
have gmilar MgO and MnO contents, being clearly higher than the rdics of the origind centrd
portion; this indicates that cores of some ganets were replaced by lae formed garnets
furthermore, the presence of hydroxyl-bearing minerds in the centrd portion of the ganet
crysta suggests a decompression and a rock-fluid interaction during garnet growth.
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Fig. 4.9. Compositiond mapping of garnets in the Lidu eclogite. A: garnet porphyroblast exhibits higher
Ca and lower Mg contents in the core than in the rim; variations of Ca in the left sde are very sharp,
wheress in the right sde are irregular, which probably indicate disturbances from fluids. B: twin-garnet

has smilar compaostionsin the core and rim.
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4.3.2 Garnet in the Raobazhai eclogite

In comparison to garnets from Lidu eclogite, garnets from Raobazhal display less zoning.
Meanwhile, their pyrope and amandine contents are quite different from those of Lidu.

Fig. 4.10. Semi-quantitative mapping of agarnet porphyroblast from Raobazhai

0.60

0.40 1

mole fraction

0.201

Core Rim
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¥

N 1600 mm

Fg.4.11. Garnet compositional zoning profile (Core-rim, about 1.6 mmin
length). Profile of probe andysisisdong the whitelinein Fig. 4.10
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Some large garnet cystds (>2mm in size) show sysematic, but much wesker chemica
zondions, wheress smdl garnets are generdly homogeneous, having a compodtion equivdent to
the rim of the large ganet. Semi-quantitative mapping of a 3mm-wide garnet porphyroblast
demongrates zoning in Mg, Ca, Fe (Fig. 4.10). A profile of this garnet (dong the white line of
Fg. 4.10) is shown in Fig. 4.11. Two zones can be identified: an inner zone where Mg decreases
and Ca dightly increases from the core outwards, whereas Fe and Mn are dmost congtant; and
an outer zone with an increasein Mg, Fe, Mn and adecreasein Ca

4.3.3 Zoned clinopyroxene in Raobazhai

Most matrix pyroxenes are srongly zoned. One example is shown in Fg. 4.12 (see dso
Table 4.3). In a QJ dlassification diagram (Fig 4.12a), where Q = Ca + Mg + Fe* and J = 2Na
(Morimoto et €., 1998), profiles of pyroxene grains show that the cores belong to Ca-Na group,
whereas the margins fal into the CasMg-Fe (Quad) area. In classfication dagrams of the CaNa
and CaMg-Fe groups (Fig4.12b, c), there are large compostiond varigions from omphecite
through diopsde to augite, which result from a decrease of jadeite content from core to rim
(from c. 30 to c. 7%). Additiondly, a minor secondary phase endatite (hypersthene) occurs at the
very margin of the grain.

Semi-quantitetive mapping of pyroxene crystds dearly demongtrates compositiond
zoning as shown in Fig. 4.13a, b. From core to rim there is a decrease in Nawith an increase in
Ca Mg and totd Fe. It isimportant to note that the centrd portions of most pyroxene grains have
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mole fraction

Fig.4.13. A Semi-quantitative mapping of apyroxene grain in the Raobazha eclogite. The maps
show dearly compositional zones of Na, Mg, Caand Fefrom the coreto the rim (seetext for detailed
description); at the very margin small overgrowth orthopyroxenes can be observed. B Pyroxene

compositiona zoning profile (rim-rim). Location of probe anaysisis dong thewhitelinein A.

a deve-meshtexture with abite incdusons. This texture was interpreted to result from the
decomposition of a jadeterich dlinopyroxene to a jadete-poor clinopyroxene + fedspar (eg.,
Carswdl, 1975). Thus, the cores of pyroxene might have had higher jedeite contents during pesk
metamorphic conditions than actudly observed. Pyroxene inclusons in gamet are homogeneous
in compogtion, but dl of these indusons contan some exsolved rutile, which is in accordance
with the high Ti-content of the whole rock.
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4.4 Indicator s of peak metamor phic conditions for UHP metamor phism

Coesite indusions in metamorphic rocks from the SDT demondrate that these rocks have
suffered pesk metamorphic pressures > 28 kbar (Okay e d., 1989; Wang et d., 1989). The
discovery of diamond indusions in ganet of edogites in the SDT by Xu & d. (1992) indicaes a
metamorphic pressure >40 kbar. However, since these polymorphic phase relations indicate only
a minimum pressure, the pesk metamorphic pressure of the UHP metamorphism in the Dabie-
Sulu areamight be even higher.

High concentrations of potassum (>1 wi%) in dinopyroxene indusons from diamonds
(Harlow and Veblen 1991) contradicts with the traditiond view of pyroxene crystd chemidry,
which dates that K is too large to be incorporated in the pyroxene gructure, and implies that
clinopyroxene can be a dgnificat hogt for K in the mantle. Furthermore, potassum solubility in
clinopyroxene and sodium solubility in ganet have been empiricdly confirmed to be pressure
indicators for the UHP metamorphic rocks from the Kokchetav Massf (Chopin and Sobolev
1995). In contrast to coarse-grained ganet and omphacite, which were probably formed during
recryddlization (early uplifty of the UHP eclogites omphecite inclusons in ganet were
probably formed during prograde edogite-facies metamorphism, and might be subjected to pesk
metamorphic conditions dong with coeste and micradiamond (if any). The fact that omphecite
indusons have higher Jdcontent than the matrix omphecites in the same sample indicates that
these omphacite inclusons might form under higher presure (see Fig.4.5). During retrograde
metamorphism, omphecite indusons like coeste and microdiamond indusions, were
“protected” by the host ganet, so tha they record information about prograde and/or peek
metamorphism.

In one omphedite induson in ganet of retrograded eclogite from Bixiling, systematic
vaiations in KxO-content from rim to core have been observed. The highest KO content in the
rim of the induson is up to 108% (see table 4.3, Nr 3-5), and by goplying Wang ad
Takahashi’'s (1999) barometer, the pesk metamorphic pressure would be up to 70 kbar. This
edimate is much higher than a pressure of ~30 kbar indicated by the dtability fidd of coeste, but
coincides with a pesk metamorphic pressure of 67 kbar edimated for coexidting ultramafic rocks
by Zhang et d (1995). Figure 4.14 shows semi-quantitative maps for Na, Ca, K and Fe in a
retrograded omphecite incuson in garnet, indicating the K-content in the grain is more or less
sysematica. An extremey high pressure was dso podtulated by the presence of FeTiO; rodsin
olivine from Bixiling (Green 1l e d., 1997). However, because a KO content of more than 1%
has been measured in only one out of 15 measured grains, and dso due to uncertainties of the
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aoplied barometer, further wak is needed to verify such extremdy high pressures in the Dabie-
Sulu area.

Fig. 4.14 Semi-quantitative mapping of aretrograded omphaciteinclusonin
garnet from Bixiling. Note the K-contents in the rim of the grain arerdatively
high (lower |€ft foto).

4.5 Cl-rich amphibole in North Dabie Shan: indicators of Cl-enriched solutions

During recent years, an increasng number of dudies on Chrich amphibole (eg., Dick
and Robinson, 1979; Kamineni & d., 1982, Vanko, 1986; Gulyaeva et d., 1986, Suwa € d.,
1987; Vdley e d., 1990; Morrison, 1991; Zhu and Sverjensky, 1991; Oberti et d., 1993; Zhu &
d., 1994; Kullerud, 1996; Markl and Bucher, 1998, Markl and Piazolo, 1998, Makl et d., 1998;
Kullerud and Erambert, 1999) have promoted interest in both the crystad chemigry of Cl and the
petrologic implications of Cl enrichment in amphibole. It is usudly beieved that CI' subdtitutes
for OH in the crysta structures ¢ amphiboles but such a subgtitution is limited because the ionic
radius of CI (1.81A) is much larger than that of OH (1.35A). So far Cl-rich amphiboles have
been reported in granulites or granulite-facies rocks from the Black Rock Forest, Hudson
hignlands of New York (Leger et d., 1996), in Adirondack Mountains, New York (Valey et d.,
1990; Morrison, 1991), in Lofoten Idands, Norway (Kullerud, 1996; Makl e d., 1998, Kullerud
and Erambert, 1999) and in Antarctica (Suwaet d., 1987; Markl and Piazolo, 1998).
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Cl+rich amphiboles have been found in amphiboles from both Raobazhi eclogite and
Yanzihe granulite. The Cl-content in amphiboles from Yanzihe is up to 4 wt%, whereas that in
amphiboles from Raobazha is only 04 wt%.  Sgnificant compostional zoning was observed
within individud amphibole grains in the granulite from Yawzihe Fg 4. 15 shows mingds
composed of Chrich amphibole, Clpoor amphibole and orthopyroxene. The two types of
amphiboles ae in shap contact, suggesting the two pats formed under different fluid
conditions.

i i & #
o KK
" (Ortffopyroxene - 4/
o

y I
' 4 Orthopyroxene . ,

Gl A

Fig.4. 15. Photomicrograph of Cl-rich amphibole in granulite from Raobazha, NDC

Composdtiond vaidions in these amphiboles are liged in Table 45 and shown in Fg4.
16, which plots aoms per formula unit againg Cl per formula unit. The compostiond varidions
ae gmilar to the trends described by Kullerud (1996), Markl et d. (1998), and Kullerud and
Erambert (1998). Postive corrdations were observed among Cl, Al, Fe, K, Ba and negdive
correlations were observed among Cl, S, Mg; Ti, Ca and Na goparently are uncorreated to Cl.
However, median Cl contents (13 wt%) have been rardly measured, thus CI compostions could
be gpproximady subdivided into two groups a Cl-rich group and a Cl-poor group. This is
congistence with the fact that the two areas are in sharp contact.

Amphiboles and micas provide the sgnificant minerd reservoirs for HO, Cl and F in the
Eath's cus. Cl is drongly patitioned into agueous fluids rddive to solid pheses and only
enters solid phases in Sgnificant amounts if the chlorinity of the fluid in high and/or the water
activity is very low (Munoz and Swenson, 1981; Volfinger e d. 1985 Zhu and Sverjensky,
1991). Hence, even low amounts of Cl in biotite and amphibole indicate the exigence of Cl-rich
olutions
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Table 4.5 Sdected microprobe andyses of amphibolesin the granulite from Yanzihe (* not measured)

matrix
(Yanzihe)

Nr. 1 2 z 4 5 € 7 8 9 1C 11 12 1z 14 1t 16 17 1€ 1<
SO 3750 3695 3746 3741 4737 488t 4836 4821 4770 435 430 4321 436z 4587 4427 3716 369t 3711 36.9¢
TiO, 0.46 0.49 047 042 0.07 0.05 0.07 0.04 0.09 0.0¢ 0.14 0.12 0.12 0.1€ 0.10 0.18 0.27 0.24 0.24
A0, 12.63 1267 1258 1276 6.20 5.4% 599 6.04 6.40 9.5¢ 9.76 9.85 9.70 7.71 9.07 1261 1271 1274 127z
Cr,O 0.03 0.01 0.00 0.00 0.00 0.0C 001 0.00 0.00 0.01 0.00 0.01 0.05 0.0C 0.03 0.00 0.00 0.01 0.00
FeO 27.09 2727 27120 2683 202 2234 1991 2013 2054 223¢ 2268 2282 223¢ 213€¢ 223F 2720 2741 27.1€ 27.0¢
MnO 0.25 0.25 0.25 0.24 029 0.45 0.37 0.35 032 0.34 0.31 0.34 0.33 0.3¢ 0.32 0.29 0.29 0.3C 0.28
MgO 3.88 3.89 383 3.83 9.36 967 1090 11.00 1069 8.1¢ 8.28 814 8.45 952 8.59 414  4.08 3.9 4,01
Ca0 11.16 1142 1122 1122 113 111¢ 1123 1132 1122 1121 1141 1125 1121 1131 11.3¢ 1109 1117 112C 1104
N&.O 0.77 0.79 0.80 0.76 054 0.4z 055 0.63 0.66 0.9¢ 1.05 0.97 1.07 0.85 0.89 0.93 0.89 0.91 0.90
K.0 312 308 307 311 059 02 046 050 053 100 112 109 099 07 106 309 305 30¢ 3.09
(0] 3.46 349 346 341 048 0.0¢ 0.20 0.17 029 0.74 0.78 0.78 0.71 0.5C 0.77 4.05 4,06 4.1¢€ 4,08
BaO 0.22 0.31 0.24 0.25 0.06 0.0C 0.00 0.00 0.00 0.0¢ 0.00 0.06 0.07 0.0C 0.00 0.28 0.23 0.2¢ 0.22
totd 10055 10061 1006C 10024 9832 9866 9804 9840 9844 981C 985: 9863 987C 983c¢ 988: 101.02 101.1: 10111 100.6%
Totd corrected for Cl 99.77 9082 9981 9947 9821 986t 9799 9836 W37 9794 983 9845 9854 982 986€ 10011 100.21 1001 99.71
Scations{Ca+Nat+K) = 13

S 5.98 591 597 5.98 705 7.5 709 7.05 6.99 6.57 6.49 6.50 6.53 6.82 6.63 5.92 5.89 5.92 5.92
Ti 0.05 0.06 0.06 0.05 001 0.01 001 0.00 001 0.01 0.02 0.01 0.01 0.0z 0.01 0.02 0.03 0.0z 0.03
A 2.37 2.39 237 240 1.09 0.94 103 1.04 111 1.7C 1.74 175 1.71 1.3t 1.60 2.37 2.39 2.4C 2.40
Cr 0.00 0.00 0.00 0.00 0.00 0.0C 0.00 0.00 0.00 0.0C 0.00 0.00 0.01 0.0C 0.00 0.00 0.00 0.0C 0.00
Fe 361 3.65 363 359 274 2,74 244 2.46 252 2.8¢ 2.86 2.87 2.80 2.6€ 2.80 3.63 3.65 3.62 3.63
Mn 0.03 0.03 0.03 0.03 004 0.0¢ 005 0.04 004 0.04 0.04 0.04 0.04 0.0« 0.04 0.04 0.04 0.04 0.04
Mg 0.92 0.93 091 0.91 208 211 238 240 234 1.84 1.86 1.82 1.89 211 1.92 0.98 0.97 0.9 0.96
Ca 191 1.96 192 1.92 181 1.7 1.76 1.77 176 1.81 1.84 181 1.80 1.8C 1.83 1.89 191 192 1.89
Na 0.24 0.24 0.25 0.24 0.16 0.12 0.15 0.18 0.19 0.2¢ 0.31 0.28 0.31 0.2¢ 0.26 0.29 0.27 0.2¢ 0.28
K 0.63 0.63 062 0.63 011 0.04 009 0.09 0.10 0.1¢ 0.22 0.21 0.19 0.14 0.20 0.63 0.62 0.62 0.63
a 0.93 0.95 09 0.92 012 0.0z 005 0.04 007 0.1¢ 0.20 0.20 0.18 0.1z 0.20 1.09 1.10 11 111
Ba 0.02 0.02 0.02 0.02 0.00 0.0C 0.00 0.00 0.00 0.0C 0.00 0.00 0.00 0.0C 0.00 0.02 0.02 0.0z 0.02
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Table 4.5 (continued)
matrix Venin
(Yanzihe) garnet Raobazhai

No 20 21 2z 3 24 ) 26 2i P 2¢ X 31 3z 3k 34 3 3€ 37 3B
SO, 37.06 3716 455¢ 4582 4184 4370 4376 4417 4306 381z 3864 3774 3B3( 378 3795 3860 386 414 4106
TiO, 0.28 01 00t 009 017 016 014 011 o1 01z 018 042 019 017 01¢ 010 0IC 306 340
A,Q, 12.64 12.4¢ 852 83 111¢ 1012 1016 9.6¢ 1068 1217 1188 1264 1271 1244 122 1176 12X 1397 1323
CrGs 0.00 00C 00C 000 00z 001 004 001 000 001 00C 000 002 00z O0OC 000 00z 00¢€ 010
FeO 27.25 2794 2066 2031 231C 278 2228 224 2308 2591 2593 2547 249 253t 2561 2508 249 1185 1169
MnO 0.31 03: 047 043 03¢ 038 033 03 031 03¢ 048 057 058 05z 051 046 OS5 01C 010
MgO 3.98 381 952 985 722z 817 820 81¢ 757 50C 533 517 545 51C 51z 571 5.7¢ 126C 1260
Ca0 11.22 1111 1140 1161 1127 1137 115 114 1131 110¢ 1104 1102 109 11.2¢ 110 1105 1121 112¢ 1124
Na,O 0.92 094 09z 09 115 09 107  0.9: 105 1.0¢ 107 110 122  10¢ 1.0€ 108 111 351 35
KO 3.02 2.9C 0.71 071 1.1C 093 1.01 0.91 106 2.7C 252 2.63 225 272 2.7 241 2.4¢ 0.04 005
a 393 3.7 0.21 018 0.81 0.26 014 0.21 039 2.8¢ 221 224 1.86 2.5¢ 33 271 272 041 039
BaO 0.27 01t 00t 000 00z 000 000 00C 000 * * * * * * * * * *
total 10088  1008C 981C 9823 9827 988 9868 982¢ 9861 994¢ 9928 9900 9844 99.0¢ 9977 9B 99.7¢ 9831 9741
Totd corrected for Cl 99.99 999E 980t 9819 980t 9880 9865 982« 9853 988: 9878 9849 980z 984¢ 990z 9835 99.11 982z 9732
Scations{Cat+Nat+K) = 13

S 592 59:  6.7¢ 6.79 6.3 651 654 661 647 6.04 607 595 601 601 60z 609 6.0 605 607
Ti 0.03 00z 001 o001 00z 002 002 001 001 001 002 005 002 00z 00z 001 001 034 038
A 2.38 2.3 1.4¢ 146 2.0C 178 1.79 1.71 1.89 227 220 235 2.35 2.3t 2.2¢ 219 2.2¢ 24C 231
Cr 0.00 00C 00C 000 00C 000 001 0.0C 000 00C 000 000 000 O0OC O0OC 000 00C 001 001
Fe 364 3.7z 2.5¢ 252 29: 284 278 2.8] 290 34z 340 3.36 3.27 3.3¢ 34C 331 3.2¢ 14¢ 145
Mn 004 004 00€ 005 00 005 004 00 004 00t 006 008 008 007 007 006 007 001 001
Mg 0.95 091 21 218 164 181 183 18 169 11€ 125 122 127 12 121 134 13t 274 278
Ca 192 190 181 184 18 181 185 18 182 18 186 186 184 19 187 187 18¢ 1.7€ 178
Na 0.28 02 027 026 034 029 031 027 03 03 038 034 037 03 03 03 034 0.9¢ 1@
K 0.62 05¢ 01z 013 021 018 019 017 020 05t 050 053 045 058 056 048  04¢ 001 001
a 1.06 10z 00t 005 021 006 004 0.0t 010 07¢ 059 060 049 O07C 08 072 0.7z 01C 010
Ba 0.02 001 00C 000 0.0C 000 000 0.0 000 00C  00C 000 000 00C 0OC 000 00 00C 000
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Chapter 5. MAJOR AND TRACE ELEMENTSGEOCHEMISTRY

5.1 Whole-rock geochemical characteristics

To undergand the reationships between fluid compodtion and metamorphism, and the
way a flud phese is involved in minerd reactions during hign and ultrahigh-pressure
metamorphism, it is necessty to study not only minerds, but dso the whole-rock chemicd
compostions of the invesigaed rocks For this purposs samples from dl 9x investigated
locdlities, as well as some other eclogites and gneisses from the SDT were sdected for whole-
rock compogtiond andyss

5.1.1 Major elements

The dudied samples dislay a broad compodtiond range (Table 5.1). In eclogites
concentrations of SO, vary from 43 to 60 wit%, athough most samples cluster around 50%;
the Al,O3; contents are between 9.8 and 18.80 wt%; TiO, and KO + NaxO contents vary from
0.2 to 4.88 wt% and 0.9 to 5%, regpectively. Granulite from Yanzihe and jadeite quartzite from
Shuanghe have SO,-contents up to 74 and 73.8 wt% respectively, even higher than most
gneses, which have SO, contents between 60 and 7140 wit% (Xiao, 1991); their TiO,
contents are between 0.03 and 0.51 wit%, respectively. A classfication in terms of the totd
dkdis (NaO + KyO) versus dlica (TAS) diagram for the andyzed samples is given in Fg. 5.1.
As mogt edlogites in the Dabie-Sulu area represent closed systems during metamorphism (eg.,
Yu e d., 1995, Zheng e d. 1996, 1998, Rumble and Yui, 1998, Xiao & d., 2000, 2001),
dkdi dements have not been largey mobilized, and thus this traditiond dassfication is dill
applicable. Eclogites which fdl into the basdt field predominate, whereas a few fdl into the
picro-basdt or basdtic andedte fidd; only one sample, which is rdaivey quatz rich, lies in
the andeste fidd. Ganet peridotite associated with eclogites in Bixiling (DB10) and Shima
(DB6&4, 66) fdl into the picrobasdt fidd. Granulites from Yanzihe lie in the dadite fidd. You
et d. (1996) and Liou e d. (1997) suggested a sedimentary origin for the jadete quartzite in
Shuanghe, thus these samples have not plotted in the diagram. On the other hand, for
comparison, data from Xiao (1991) for gneisses from the SDT are dso presented and  dlassified
& andeste, dacite and rhyolite in the diagram. The large compostiond variability observed in
the eclogite samples is explaned to be due to both igneous (heterogeneous protoliths) and
metamorphic processes, and in some cases, compounded by metasometic effects (Jahn, 1998).
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In a plot of KO versus SOz (Fig. 52) the samples plot within the low- to medium-K
fidds. All the gness samples and non-coesite-bearing eclogite samples from Lidu generdly
plot in the medium-K fidd wheress those from other investigated eclogite locdities have lower
K,O contents, plotting in the low-K fidd. Granulite from Yanzihe and jadeite quartzite from
Shuanghe plot dso within low-K fidd. On the AFM diagram (Fig. 5.3), dl samples of
edogites granulite and meta-ultamafic rocks show distinct Fe-enrichment trends, characteristic
of tholgitic series, wherees samples of gness and jadete quartzte fdl into the cdc-dkdine
fidd.
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(FeO)

A b, ” ” ” ” ” ” M
(Na,0+K,0) (MgO)

Fig. 53. AFM diagram for the metamorphic rocks from Dabie Shan. It is shown that
most eclogites bedong to tholeitic series T (tholditic) -CA (cac-dkaine)
discriminating limit after Irvine and Baragar (1971). Symbolsasin Fg. 5.2.

Although the edogites, ultramafic rocks granulite and gneiss are broadly smilar in
composition to tholdites, there ae dgnificant chemicd differences between these rocks,
paticulaly in the concentrations of MgO, SO, FeO, CaO, NaO+K,0, TiO, P,Os and Zr
(Fig. 54). The observed large compogtiond variability may be explaned by the heterogenaty
of the protoliths and a possble metasomatism before, during or after ecogite-facies
metamorphism. The heterogeneity of protoliths includes the origind  variaion in  source
compodtions which gave rise to basdtic or gabbroic rocks, and the contrasing chemisry
between cumulate rocks and resdud liquids (Jehn, 1998). Granulite and jadeite quartzite are
diginctly distinguishable from the eclogites
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Table 5.1 Mgor- and trace dement data of the investigated samples from Dabie Shan
Locality Bixiling Shuanghe
Sample DB02 DB0O5 DBO7 DB0O8 DB10 DB11 DB28 DB29 DB30 DB31 DB32
SOz 4500 4520 4980 4950 4310 4830 4360 4860 4530 7380 4730
TiO> 0.20 213 0.76 071 0.33 042 0.85 0.85 081 051 245
Al20s3 1730 1420 1800 1880 10.10 1840 1400 1200 1400 1190 16.80
FeO 5.58 1236 6.78 535 955 483 1100 775 1062 213 1281
Fex0O3 392 472 117 195 501 241 2.05 328 165 2.30 284
MnO 0.15 021 0.15 013 023 0.14 020 014 0.21 0.03 0.22
MgO 17.46 7.55 7.67 734 2512 9.81 6.12 6.41 561 112 478
Ca0 8.86 1034 1320 1356 475 1253 1590 1387 1426 144 9.40
N&O 0.86 217 184 206 0.14 218 201 266 271 594 198
K0 0.01 0.07 0.09 0.02 001 0.13 011 012 006 019 0.04
P,0Os 0.28 0.12 0.04 0.10 0.08 0.10 0.16 0.18 003 007 0.30
H,O 0.08 0.19 0.01 0.03 120 031 0.90 115 059 038 042
C 0.01 <0,01 001 <001 0.09 0.02 049 0.24 085 <001 <001
S 0.01 <0,01 0.04 0.13 0.05 <0,01 0.38 0.64 007 <001 001
Sum(%) 9971 9926 9955 P68 9975 958 9777 9787  9B77 998l 9935
Trace element (ppm)
XRF data
Nb <5 <5 <5 <5 5 <5 7 6 5 14 17
Zr 0 30 30 40 0 3 139 97 83 349 268
Y 545 14 13 14 6.76 12 27 22 24 39 50
S 250 156 344 499 142 102 102 112 99 18 67
Ga 12 18 16 15 n 14 12 14 15 16 20
Zn 67 92 48 47 113 48 116 121 107 15 104
Cu 2 A 47 168 5 101 50 74 24 <5 21
Ni 289 53 70 97 861 104 44 54 53 <5 46
Co IS 73 34 35 128 Vi) 41 65 46 <5 47
Cr 357 181 263 633 2351 803 102 99 181 5 93
\ 45 665 210 179 80 104 214 240 202 19 211
Ba 290 75 39 23 9 56 43 11 29 48 14
5o 13 44 37 43 16 K2 40 32 36 7 28
ICRMSdata
S 9.88 4817 372 P74 1246 3065 295 74 301
Rb 2172 2.33 3.09 052 056 254 210 388 251
S 24107 14473 326 49908 139.73 11391 103 17 67
Y 545 1224 10.9 1222 6.76 9.14 183 282 438
La 17.01 339 4.06 528 18 048 231 43.23 744
Ce 33.03 8.79 1083 1257 476 110 5.28 9173 2258
Pr 355 139 165 176 071 0.17 0.79 9.70 3.36
Nd 12.92 7.20 8.52 844 346 0.83 398 3758 1681
Sn 178 183 214 198 091 0.31 131 7.33 524
Eu 0.77 0.77 0.91 090 040 0.22 044 126 177
Gd 184 2.34 233 234 117 0.76 191 6.90 7.09
Thb 021 0.37 0.38 0.38 0.19 0.21 042 0.96 126
Dy 1.09 229 1.99 223 125 158 299 5.28 7.93
Ho 0.23 049 0.39 049 025 0.36 0.70 115 160
Er 0.64 134 1.26 142 0.76 103 228 314 482
m 0.09 0.20 0.16 020 012 0.16 0.36 0.52 0.72
Yb 0.55 122 116 121 0.73 0.89 219 327 4.80
Lu 0.10 021 0.18 022 0.13 0.14 0.32 0.50 0.71
Pb 344 2.36 0.65 403 272 138 4.06 0.74 115
Th 136 0.37 0.27 050 024 0.07 3.60 14.86 0.62
U 0.08 0.07 0.05 012 0.06 0.03 5.18 211 0.36
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Table 5.1 continued
Locality Shuanghe Lidu
Sample DB33 DB34 DB36 DB37 DB38 DB39 DB40 DB41 DB44 DB45 DB48
SO2 6000 5120 5330 5070 4730 4540 4530 4910 4970 4820 49.60
TiO2 0.64 155 068 244 122 168 152 105 120 1.08 107
Al0s 1400 1600 1530 1330 1540 1650 1780 1680 1720 1730 1690
FeO 6.46 1091 172 13.14 754 9.38 9.43 583 755 8.35 8.01
FeOs 199 197 169 3.06 319 3.87 3.61 422 279 191 193
MnO 0.11 0.17 0.14 0.20 0.19 0.18 0.18 017 017 0.19 0.17
MgO 428 485 6.47 522 7.88 7.10 6.92 6.13 6.05 816 7.98
Ca0 7.46 9.03 924 858 1260 1170 1176 1319 1066 885 9.07
NaO 4.02 29% 393 178 320 275 2.26 228 372 3.08 322
K0 0.28 004 018 0.03 0.18 0.30 0.27 0.05 012 140 091
P.Os 0.08 025 0.07 031 051 0.75 0.34 0.26 0.39 0.23 031
H.O 0.58 0.14 049 0.71 0.25 0.72 0.93 052 063 135 0.99
C <001 <001 <001 <001 <001 <001 <001 <001 <001 <001 <001
S <001 001 001 0.02 <001 <001 <001 <001 <001 <001 <001
SUm(%) 9990 908 922 9949 9945 10033 10032 9960 10018 100.10 10015
Traceelement (ppm)
XRF data
Nb 6 11 8 2 <5 <5 <5 <5 6 6 <5
Zr 153 211 93 22 vivg 46 53 127 143 118 101
Y 23 38 16 b 17 18 21 25 2% 24 2
S 40 77 99 155 558 688 941 823 724 440 459
Ga 21 21 17 20 18 18 21 19 20 16 16
Zn 86 104 104 119 87 91 80 82 A %
Cu 14 14 43 147 o) 39 41 45 37 41 53
Ni 85 72 94 57 2 39 43 92 29 105 R0
Co 32 41 37 59 b 44 46 35 b 6 v\
Cr 201 97 39 b 159 116 A 268 184 239 222
\Y 180 228 19 32 268 311 316 237 266 225 241
Ba 58 16 57 53 102 188 200 50 87 824 571
S 19 25 32 R 8 40 40 36 2 b K%
ICRMSdata
S 283 291 26.7
Rb 285 3459 2168
S 678 407 455
Y 225 194 17.0
La 1891 1282 1341
Ce 4088 2816 3029
Pr 512 353 3.65
Nd 2295 1602 1698
Sn 473 357 399
7] 158 155 162
Gd 497 3.69 401
Tb 0.69 0.58 0.56
Dy 401 35 317
Ho 0.85 0.75 0.70
Er 254 210 179
™™ 0.35 0.36 0.32
Yb 233 204 175
Lu 033 0.33 0.29
2] 891 9.03 741
Th 179 171 123
U 0.28 0.26 0.21
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Table 5.1 continued
Locality Lidu Shima Raobazhai Yanzihe
Sampe DB50 DB53 DB58 DB59 DB61 DB63 DB64 DB65 DB66 R-14 mil-1
90, 4660 5000 4830 5020 4380 4430 4410 4830 44.70 4450 74.00
TiO> 165 157 192 168 213 360 115 124 138 142 0.03
AlbOs 1800 1640 1520 1610 1520 980 1620 1090 1220 15.70 3.90
FeO 998 732 954 777 1367 771 860 326 59 12.40 10.60
FeOs 355 460 515 344 157 627 514 557 692 1.84 6.28
MnO 024 019 026 023 028 018 028 018 028 032 0.65
MgO 891 618 504 564 544 705 1345 1600 13.07 10.32 210
Ca0 571 864 858 840 1203 1407 939 1331 1450 11.16 162
NaO 339 329 38 34 116 262 09% 091 047 1.68 012
K,0 098 057 032 113 021 003 002 002 001 0.05 0.07
P,Os 034 045 034 049 010 050 024 002 o021 0.03 0.06
H,0 097 107 123 119 039 053 014 041 033 “Nd™Nd 0513285 0512299
c <001 002 00L 005 181 031 00L 002 001 25 0000007  0.000004
S <00l <00l <00l <00l 002 206 00l <00l <00l g\4(0) 12.60 -6.30
Sum(%) 10032 10030 9976 9977 9780 9903 99.69 10014 100.02 90.41 99.43
Traceelement (ppm)
XRF data
Nb 5 8 <5 <5 22 13 n 14 n 6 <5
Zr 121 197 98 140 188 101 51 R 48 3
Y 28 29 31 A 477 24 K3 3 K7} 3l 10
S 115 509 192 32 9 95 201 336 163 A 10
Ga 17 20 21 19 12 17 © 15 14 14 5
zZn 101 123 125 102 112 106 50 <3 61 2 48
Cu 50 28 40 2 11 15 126 14 &4 15 <5
Ni 196 70 15 3 35 72 235 534 208 &0 V)
Co 59 50 45 <] 43 83 5 46 % 48 9
Cr 390 185 6 0 69 85 455 1085 172 425 <5
\Y 232 239 466 234 182 463 230 259 328 257 6
Ba 624 609 112 632 52 18 105 3 % 124 8
< 35 25 40 » 35 46 3 &) a7 61 <5
|CRMSdata
< 330 369 415 276 538 0.71
Rb 24.19 679 152 0.84 4.00 164
S 110 90 2 31 o7} 39
\% 236 477 210 211 287 44
La 1226 362 1797 2.96 0.19 0.96
Ce 3012 862 3915 7.75 0.47 178
Pr 404 110 473 1.78 0.16 021
Nd 1990 472 1968 10.09 0.96 103
Sn 487 194 405 415 1.08 047
Eu 194 078 120 131 0.84 015
Gd 518 439 454 4.88 2.74 0.56
Th 0.75 112 068 0.78 0.66 0.08
Dy 4.49 795 384 4.26 464 046
Ho 0.92 177 073 0.80 1.06 0.10
Er 238 48 199 191 3.07 0.26
Tm 0.37 074 028 0.32 0.44 0.04
Yb 235 457 173 172 325 0.24
Lu 0.39 070 028 0.28 050 0.04
Po 1.70 158 354 23.37 15.99 0.64
Th 114 111 419 0.41 0.07 277
U 0.28 034 087 0.19 0.03 0.88
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Table 5.1 continued

Locality Other localitiesin the SDT

GneissintheSDT

Sanple DB-MF1

SO2
TiO2
AlO3
FeO
FeO3
MnO
MgO
Ca0
NaO
K,0
P05
H,0
(o
S
Sum(%)

48.50
104
17.60
961
206
019
6.93
11.03
227
0.03
025
0.14
001

<0,01
99.67

Traceelement (ppm)

XRF data
Nb
Zr
Y
S
Ga
Zn
Cu
Ni
Co
Cr
\Y
Ba
¢

ICRMSdata
¢
Rb
S
Y
La
Ce
Pf
Nd
Sn
Eu
Gd
Th
Dy
Ho
Er
™m
Yb
Lu
Pb
Th
U

<5
21
10
343
18
100
66
52
44
127
323
13
38

330
103
308
95
421
961
129
6.52
173
084
176
033
174
0.37
104
0.17
103
015
117
0.61
0.18

DB20
48.30
325
13.40
1221
507
0.28
391
7.67
248
0.71
120
113
0.04
0.23
99.89

2
569
49
239

DB21
45.70
4.88

1320
1381
5.26
0.32
3.63
8.02
195
0.26
161
0.79
0.02
0.63

100.08

23

49
279
16
136
131
<5

66
67
29

3014
740
265.80
4496
5241
119.02
1532
66.72
1173
397
1291
170
8.82
1.66
434
0.60
316
0.49
6.36
7.89
101

DB23
4470
218
1480
16.17
422
034
437
828
238
033

0.70
0.09
0.33
9948

12
614
57
135
19
163
62
10
36
20
69
81
27

319
1009
134
517
2363
56.35
7.39
34.16
6.91
241
872
153
9.76
191
539
0.70
4.38
064
301
3.99
045

DB25
44.80
312
15.30
14.26
329
032
341
9.76
218
104
102
091
0.09
007
99.57

BHABBoRERE8ER

DB26A
48.10
0.73
15.10
9.01
0.79
017
8.61
12.40
244
041

0.59
0.33

98.86

BABERLO

B
©

DB24
71.40
047
1320
201
0.98
0.08
150
267
460
132
0.09
118
0.11
<0,01
99.60

160
25

17

13
11
24
56
614

5.8
1336

147
35.68
7442

771
2021

465

137

455

054

280

055

176

0.26

185

0.29

953

6.68

0.86
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5.1.2 Transition metals

Concentrations of the trandtion metds Sc, Ti, V, Cr and Ni ae vey vaidde in the
invedigated samples. High contents of Ni and Cr in some samples, like edogites in Bixiling
and ultramafic rocks in Shima, may be ascribed to ther cumulate origin.  The trangtion meta
abundances shown in Fig. 55 ae normdized to primitive mantle (Sun 1982). Eclogites from
Shuanghe, Shima, Lidu, Raobazha and other locdities in South Dabie Shan, as wdl as
granulite from Yanzihe and jadeite quartzite from Shuanghe, show marked negative Cr and Ni
anomdies compared to primitive mantle, wherees eclogite and garnet peridotite from Bixiling
and ganet peridotite from Shima have Cr and Ni contents that are only dightly lower or close
to primitive mantle values. Ti content of al samples, except granulite from Yanzihe, is severd
times or one order of magnitude higher than primitive mantle. Abundances of Mn, Fe, Cr, Zn in
al samples are more or less the same as primitive mantle val ues.

5.1.3 Spider diagrams

Spider diagrams (Fig. 56) of trace dements normdized to primitive mantle (PM)
demongrate a heterogeneous didribution for the investigated samples. Abundances range from
severd to tens times primitive mantle for Zr, Ti and Y. The mohility of Rb, Ba and K during
retrograde metamorphism can be obsarved in the spider diagrams for the eclogite from Lidu
and the retrograded eclogite from Bixiling compared to the unretrograded eclogite samples
from Shima and Bixiling. Mogt eclogites and associated ganet peridotite (DB10) from Bixiling
have paterns smilar to enriched mid-ocean ridge basdt (E-MORB) or least contaminated
continental flood basdt (CFB) (Fig. 5638). A spidergram for CFB derived from Sefert et d.
(1997) indicates that the CFB pattern is smilar to EMORB, except for a dight Ba enrichment
and a dight P depletion. However, eclogites show prounounced negetive anomdies in Nb and
P, and podtive anomdies in Pb and . Sight podtive Eu anomdies, which are tributed to
cumulus plagiodlase, are obsarved for dl samples. Both negative and podtive Ti anomdies are
found. The retrograded eclogite (DB02) shows very didinct differences in the incompatible
eements (Rb, Ba and K); this could result from retrograde metamorphism. Very smilar Zr and
Nb contents suggest that dl the investigaed samples from Bixiling, induding the ganet
peridatite and the retrograded eclogite, formed from the same magmatic source. Samples from
Shima were collected from three individud outcrops dl three samples have very didtinct
podtive anomdies in U, Nb and Pb, and negative anomdies in K (Fg. 5.6b). Samples from
Shuanghe included both eclogites in marble (DB29) and in gneiss (DB32) and jadeite quartzite
(DB3L1); eclogites show positive anomdiesin U, Nb, Pb and Zr and negative anomdiesin K
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Fig. 5.5. Primitive mantle normalized trangition metal abundances of the metamorphic rocks from Dabie Shan.

and Eu, wheress jadeite quartzite shows podtive anomdies in U and Pr and negative anomalies
in K, Pb, S and Ti (Fig. 5.6¢); the low K, Rb, Ba and S concentrations in jadeite quartzite are

vay compaable with dbitized dltsones (Liou e d., 1997).

Edogite from Lidu display

postive anomdies in Ba, K, and Pb, and negative anomdies in U, Nb and Ti (Fig. 5.6d);

furthermore, week postive Eu anomdies are observed.
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Fig. 5.6. Primitive mantle normaized trace element variation diagram for the rocks from Dabie
Shan. The nrimitive mantle valiies 11sed here are from S in and MceDonot inh (1989)

For samples from the North Dabie complex, eclogite from Raobazha shows postive
anomdies in Nb, Po, Zr and Ti, and negative anomdies in Th, Pr, Nd (Fig. 5.6). Granulite from

Yanzihe shows trace dement paterns smilar to upper continenta crust (Weaver and Tarney,

1984), but with lower concentrations (Fig. 5.6f).
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5.1.4 Rare-earth elements (REE)

REE concentration data are presented in Table 5.1, and REE patterns normdized to
primitive mantle are plotted in Fg. 57. The investigated samples show compdicated REE
paterns. The mgority is characterized by a rdaive light REE (LREE) enrichment that is
commonly obsarved in continentd basdts incduding most samples from Bixiling, Lidu and
other eclogite locdities in the SDT. Garnet peridotite associaied eclogite in Bixiling, eclogites
from Shuanghe and granulite from Yanzihe have fla REE paterns. Exceptions ae a few
samples from Bixiling (DB11), Shima (DB61) and Raobazha (R-14), showing LREE-depleted
MORB-type patterns. The complicated REE paiterns of eclogites in Bixiling might result from
ther cumulate origin (Zhang et d., 1995; Chavagnac and Jahn, 1996). It is interesting to note
that the eclogite from Rabeozha is srongly LREE depleted (Fig. 5.7€), but has a negative
inid eNd vdue of —2.9 (Table 5.1). This is interpreted to be caused by a loss of LREE before
pesk metamorphism (Xiao et d., 2001). The MORB-type REE pettern for the eclogite in Shima
(DB61), which is rdatively fresh without any obvious retrograde sgnatures is difficult to
interpret, as no other isotopic data exis so far. The jadeite quartzite sample has a REE pattern
gmilar to fine-graned sediments from the upper continentd crust (Taylor and McLennan,
1985).

Bixiling Shuanghe
—I&—DB05
—o—DB07
—o—DB02
—8—DB09
—X—DB10
—0—DB11

100

SAmple/Primitive mantle
SAmple/Primitive mantle

0.1 0.1

lace P Nd smeu @ ThDy Ho & Tm Yb Lu La Ce P Nd SmEu GI To Dy Ho & TmYb Lu

Shima Lidu

SAmple/Primitive mantle
SAmple/Primitive mantle

01

T T S T T T S S S S P S S S T S T S S S S
la Ce pr Nd Sm Eu Gd To Dy Ho E Tmyb Lu la ® P Nd Sm Eu Gd Tbh Dy Ho B Tm Yb Lu




5. Mgor and trace el ements geochemistry 62

North Dabie Other eclogites

100
—0—mi-1

—0—R-14]

SAmple/Primitive mantle
SAmple/Primitive mantle

0.1

oq—_ L S S R S
JLEGEPrNdSmEquTbDyHoErTm Yo Lu la G p NdSmEu Gd Tb Dy Ho E TmYb Lu

Fig. 5.7. Rare earth element patterns for investigated samples from Dabie Shan. The primitive mantle
vaues used here are from Sun and McDonough (1989).

5.2Mineral REE distributions

Trace dement digributions in minerds have been determined by lasar-based ICPMS
andyss manly on edogitefacies minerds such as ganet and dinopyroxene As omphacitic
pyroxene and ganet are dominantt minerds during edogite-facies metamorphism, knowledge
of REE didributions of the two minegds is of fundamenta importance in determining REE
compositions during pesk metamorphism of the studied samples.

5.2.1 The UHP eclogite of Bixiling

Figure 58 illudraes REE patens normdized to primitive mantle (Sun and
McDonough, 1989) for individud dinopyroxenes and ganets in edogites and associated
ganet peridotite. Daa for four specimens, including retrograded eclogite (DB02), fresh
eclogite (DBO5), kyanite-rich eclogite (DB07) and garnet peridotite (DB10), are presented.

All ganets from Bixiling are characterized by LREE-depleted patterns with primitive-
mantle La/Yb ratios between 0.003 and 0.07. Risng steeply from La to Sm, the REEy patterns
become dmog flat (Subscript N indicates normdizetion to the primitive mantle compostion).
As has been mentioned earlier, two generations of garnet can be observed in the retrograded
edogites one is dakred gand, the other is a fine-graned lae cryddlized orange-ydlow
ganet (see dso Xiao et d., 2000). Ther paterns show very different REE concentrations. the
dark-red gamnet has much higher SREE concentrations than the later crygdlized orange-ydlow
one (Fig. 5.8). As it is generdly bdieved that heavy REE (HREE) are not mobile during fluid-
minerd interactions, such adifference must reflect the effects of recrystallization.
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The primitive mantle-normalized REE patterns of the clinopyroxenes do not differ
dgnificantly being enriched in middle REE (Fig. 5.9). Omphacite in retrograded eclogite was
not analyzed because it is mostly replaced by symplectite.

5.2.2 The coesite-bearing eclogite from Shima

Primitive mantle normdized REE patterns of garnet and omphacite from Shima are
shown in Fg. 5.10a and b, respectively. Conggent with the petrological observation that this
sample is rdativdy “fresh” with no obvious dterdtions, the REEn peatterns of garnets do not
show too much differences, even for the mobile dement “L&’. Although they are LREE
depleted, with a steep increase from La to Sm, the normalized vaues decrease dightly from Dy
to Lu. Profile andyses indicate that the garnet core has dightly higher REE compositions then
itsrim (Fig. 5.10a).
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Fig. 5.10 REE concentrationsin garnet (&) and omphacite (b) from Shima

In contrast to garnet, omphacite has higher REE concentrations in the rim compared to
the core, with LREE concentrations smilar to that of the primitive mantle and strong HREE
depletion (Fig. 5.10b).

5.2.3 UHP jadeite quartzite in Shuanghe

Compared to garnets in the other samples, garnet in jadeite quartzite from Shuanghe has
the highest REE concentrations, showing a REE pattern up to twenty times of primitive mantle
abundances for LREE and about two hundred times for dmost flaa HREE (Fig. 5.11a). Garnets
aretoo smdl for checking if they are REE zoned.



5. Mgor and trace e ements geochemistry 65

100

1000 —0—Jd1-c]

b —0—Jd1-2
—&—Jd1-3
—6—Jd1-r

=

o

(=)
=
o

i

Sample/Primitive mantle
Sample/Primitive mantle

11— T T T T T T T T 0.1
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Fig. 5.11 REE concentrationsin garnet (a) and jadeite (b)
from Shuanghe

Jadeite has dmogt flaa REE patterns with aundances around 1 x primitive mantle.
Profile andyses for jaddte grains reveded dightly higher REE concentrations in the core than
in the rim (Hg. 5.11b). Keyphitic coronas of jadates (condgting of an inner layer of oligodase
+ minor fibrous amphibole and an outer layer of dbite + fine-graned aegirine-augite, Liou et
d., 1997) show dmila primitive mantle-normdized REE patens as jadete indicating no
ggnificant exatic fluid has been involved during retrograde metamorphism.

5.2.4 Garnet in the Lidu eclogite

As presented  in Fg. 4.9, ganet crystds in Lidu eclogite display systemdic mgor
dements zondions Fg. 512 shows the primitive mantle-normdized REE paitern of a 9mm-
wide garnet porphyroblast with complicste mgor dement zonations (see FHg. 4.7) and oxygen
isotope  zonations (see oxygen isotope section). In contrast to ganets in the other sudied
samples, REE concentrations of ganets in the Lidu edogite are higher in the rim than in the
core. As will be shown laer (secion 7.1), this probably resulted from minera-fluid interactions
during garnet growth. In other words, the fluid sysem of the edogite in Lidu was open during
garnet growth, agreeing with the mgjor dement andyses and the oxygen isotope study.
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5.2.5 The Raobazhai eclogites

REE andyses of garnet and pyroxene from Raobazha show the well-known fact thet
ganet is rich in heavy rare earth dements (HREE), whereas pyroxene is rich in middle REEs
(Fig. 5133, b). REE concentrations of ganet are dightly higher in the cores than in the rims
This zoning is somewhat bdl shgped and roughly pardld to the bel-shgped maor eement
zoning (Fig. 4.10). The concentrations of most REES decrease toward the ganet rims
uggeding the existence of a fractionation process. This dso indicates that there was no
gonificant  fluid-rock interaction during garnet growth, which is condgent with the oxygen
isotope data (see beow). However, the very rim of the ganet (point 1) has chondrite-
normaized light rare earth dement (LREE) vaues that are aout 10 times higher than those of
the next measured spot (point 2) and of the core dgnaures (Fig. 5.133), dthough the heavy
REE dgnatures are comparable. This probably resulted from fluid-rock interaction after the
gangt growth. Pyroxene has convexupward shaped chondrite-normaized paterns (Fig.
5.13b), which is a common feature in dinopyroxene from mantle xenoliths (Song & Frey,
1989). HREE/LREE ratios vay from 10 to 30, with the highest ratios in the cores and
intermediate regions of the grain (Fig. 5.13c).
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5.2.6 The granulitein Yanzihe

As described dbove, three texturdly different garnets can be observed in the Yanzihe
granulite: one is ganet with homogeneous mgor demeat compostions, the second type is
ganet with micro veins composed of Cl-rich amphiboles (see section 4.5 for detals); the third
is ganet as indusons in quatz. The primitive mantle-normalized REE patterns for the three
types of garnetsare shown in Fg. 5.14.
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All three ganets diplay LREE depleted and HREE enriched patterns with dightly
negative Eu anomdies. However, the garnet with homogeneous mgor eement compostions
shows more or less the same LREE abundances and a dight decrease of HREE from core to
rim (Fig. 5.14a), whereas garnet with Cl-rich amphibole veins shows much higher LREE but
amila HREE concentrations in portions close to the amphibole veins compared to the portions
awvay from the veins (Fig. 5.14b). This agrees with the oxygen isotope mapping of the same
grain, which reveded lower d*®0 vaues for the portions near the vein (see oxygen isotope
section). Garnet indlusionsin quartz have more or less homogeneous REE patterns (Fig. 5.14c)
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5.3 Tectonic settings and nature of the protoliths

As shown above, the protoliths of the studied eclogites are mainly basdts. It has been
suggested that Zr and Nb are the most dable and near-immobile dements during edogite-
facies metamorphism (Becker et d., 2000); in the discrimination diagram for basdts based on
Ti-Zr vaiaions (Fg. 515, after Pearce, 1982), most eclogites fal into the volcanic-arc fidd,
and only a few samples plot in the within-plate fidd; the fact that some samples from Bixiling
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exceed the entire volcanic fidd supports ther cumulate origin. The plot of Zr/Nb vs. Nb (Fig.
5.16) shows that dl the studied eclogite samples have lower Zr/Nb ratios compared to MORB
independent of Nb concentrations, indicative of idand-arc basdts (McCulloch and Gamble,
1991). Fgure 517 shows tha the dtudied eclogite samples have highly vaiadble Ti/V rdios
ranging from 5 to 450; this range encompass dl fields of basdtic rocks however, most samples
plot in the idand ac tholetiite fidd, and dearly do not support an oceanic origin for the
precursor rocks. Furthermore, low Cr and Ni in edogites (except those in Bixiling) aso
contribute evidence for anidand arc origin (Taylor, 1977).

The mgor and trace dements, and REE characterigtics presented above indicate that the
protoliths of the dudied rocks from Dabie Shan have complex origins and thet these rocks
derive from heterogeneous sources which are further modified by fractiond crysalization. As
mentioned above, edogites from Bixiling and Lidu have negative Nb anomdies, whereas
eclogites from Shuanghe, Shima and Raobazha have postive Nb anomdies (Fig. 56). A
negative Nb anomay is the most characteristic festure of subduction zone volcanic rocks or
typicd continenta crust. A recent study of Huang et d. (2000) has demondrated that basdtic
rocks with podtive Nb anomdies were derived from within-plate processes with high Nb/Ta,
whereas those with negative Nb anomdies were derived from a mantle which has been
modified by subduction processes. Eu anomdies ae smdl for most investigaed samples.
Edlogites from Bixiling and Lidu show dight postive Eu anomdies, wheress those from Shima
and Shuanghe display dight negative Eu anomdies. The only exception is the jaddte quartate
from Shuanghe, in which a diginct negative Eu anomay can be observed (Fig. 5.6¢). Mantle-
derived rocks usudly have no Eu anomdies which means that primary mantle additions into
the crugt should induce no changes. In contragt, post-Archean sedimerts are well established as
being characterized by sgnificant negetive Eu anomdies.

Based on the present data and previous studies from Dabie Shan area (Zhang Q. et d.,
1995; Chavagnec and Jehn, 1996; You et d., 1996; Zhang R. et d., 1996; Liou e d., 1998,
Jahn et d. 1998, 1999n; Xiao e d. 2001), the geochemicd charecteridics of the Sudied
samples can be summarized asfollows:

(1) Ecdogites and asocisted ganet peridotite from Bixiling and the eclogite from
Raobazha have geochemica charaderigtics of a mantle origin. The low SOz and high Ti ad
V contents in some samples from Bixiling are evidence of a cumulate origin. The negative Nb
and dight podtive Eu anomdies in the Bixiling eclogites ae indicaive of crudd
contamination in the premetamorphic magmatic evolution (see dso Chavagnec and Jahn,
1996), wheress eclogite in Rapbazha was less changed when induced into the crugt.
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(2 Low Zr/Nb ratios, Cr and Ni contents, REE patterns and tectonic environment
discriminating diagrams suggest an idand arc volcanic origin for mogt eclogites in the Dabie
Shan aea Thus, the protoliths of the eclogites in Shima, Shuanghe and Lidu are more likey
idand ac volcanic rocks. Rdaively young Tethys oceanic rocks have not been dealy
identified in the Sudied samples.

(3) The jadete quartzite in Shuanghe has didinctly low K, Rb, Ba and S contents that
are very comparable with dbitized sltsone (Kasbeek, 1992). Its REE pdtern is smilar to that
of upper continenta sediments (Taylor and McLennan, 1985). The very didinctive negative Eu
anomaly is strong evidence for its sedimentary origin.

(4) Granulite in Yanzihe hes trace dement patterns Smilar to upper continental crust
(Weaver and Tarney, 1984) (Fig. 5.6f). However, the much lower trace eement and REE
concentrations, and dkadis contents indicate its protolith cannot be of upper crusd origin. It is
possble that the granulite was partidy meted during metamorphism. Its negative initid eng
vaue of —6 (Table5.1) isdso indicative for such a partid melt process.

100000 1

\
N = + \\
—”_:“‘-0\ Q4 \\

S L
10000 - s 00 O \
] // 5| \
1 DEAD \ Within-plate

Ti (ppm)

-

1000 T .......".
10 100 1000
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Chapter 6. FLUID INCLUSION STUDIES

Huid indusons provide the only avalable samples of metamorphic fluids and
infformation on compogtion and physcd properties of the flud phess) involved in
ultrahighpressure metamorphism. By sdecting fluid incdusons for andyss after detaled
microscopic  examination and usng careful  routines of data andyss to ensure the
representative nature of the inclusons, it has been possble to obtain important information
about the nature of thefluid.

According to texturd criteria and compogtions, 6 types of fluid indusons were
identified in ultrachigh and high pressure metamorphic rocks from the Dabie Shan. These
types indude low-sdinity agueous incdusions, high sdinity agueous indusony S LV or
S k). Ca& (Mg*)rich brines Nxbearing agueous incusions carbonic incdlusions and
H,O-CO; incdugons The fluid incdusons usudly occur in quatz, gane, omphedite and
kyanite. Normally they are < 25mm in diameter, and rardly up to 40 mm. The digtributions and
occurrences of different fluid indusions types for the study areas in the SDT and NDC are
summarized in Teble 6.1.

6.1. Fluid inclusions of the UHP eclogite from Bixiling

Huid indudons have been found in quartz blebs in kyanite, omphecite, kyanite and
metrix quartz in the edogite from Bixiling. They range in dze from 2nm to 40mm, with a
mode between 5 and 20 nm. Ganet is commonly devoid of fluid incdusons with few
exceptions, which contain isolated 1-2mm fluid indusions associated with minerd inclusons.

Based on texturd criteria five types of fluid indusons were disinguished. These
types d <o reflect different fluid compositions and dengties (Table 6.1):

(1) Carich brine inclusons in quatz blebs in kyanite (Fg. 618 ae isolaed or
randomly distributed. Mogt of them ae 3-phase (LVS,,) axd show rounded or negaive
crystd morphologies with fill degrees of about 80 vol%. These fluid inclusons represent the
oldest recaynizable generation of fluid indusons and must have been formed during prograde
metamorphism. They moslly do not show any phasetrandtion during cooling, but show a
granular texture between -65 and -75 °C on subsequent warming, interpreted as a trangtion
from meadable non-cryddline to a cayddline dae This phenomenon hides a dear
obsarvation of the eutectic point (T9. We assume that the Te is dightly higher then this
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Table 6.1 Digribution of fluid inclusionsin the metamorphic rocks from Dabie Shan. +++ high aundance, ++ medium abundance,
+ low dbundance, - very few inclusions.

Locality Hostminera  Low-sdinity  Highsdinity — Cef* (Mg®)-  Na-bearing Carbonic H0-CO,
agueous agueous rich brines agueous induson induson
indusion induson induson

Qzblebs ++
Bixiling Omphecite ++ -
Matrix-Qz +++ ++ +
Kya“te ++ +
SDT Shima quartz ++

Shuanghe quartz +++ + +

Lidu quartz +++

Raobazhai garnet + + + +4++ +

NDC

Yanzihe ga'na - +++ 4+

quartz 4+ ++
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temperature and indicates the presence of Ca& (andlor Mg®). These brines have find ice
melting temperatures of -40 °C to -21 °C. Homogenization temperatures are between 145 °C
and 260 °C (Fig. 6.28); The solid phases do not dissolve bdow 500 °C. Rare dahrate mdting
between 10 and 15 °C indicates the presence of minor CO.

(2 Primary high-dinity agueous inclusons (x hdite) in omphecite and in kyanite
(Fg 6.1b, c) occur isolated or in groups and clusters. Some of these inclusons occur as tubes
oriented pardled to the dongation of host crysds suggesing trgpping during crysd  growth.
Mog of them are hdite-bearing threephase incdusions with a fill degree ranging from 70 to
90 vol.%. The fact that most of these incusons occur in the core of omphacite and kyanite
grans suggests that this type of indusons contains reic pesk metamorphic fluids Unlike
brines in quatz blebs in kyanite, high-dinity fluid indusons in omphacite and kyanite show
clear freezing between -60 and -70 °C during cooling and digplay eutectic temperatures
between -30 and -21 °C, indicating a dominantly NaClbearing fluid. They show find ice
meting temperaures of -27 °C to -17 °C, and liquid-vgpor homogenization temperatures of
97 °C to 440 °C (Fg. 6.28). The solid phase (if any) does not dissolve before the decrepitation
of thefluid indlusions a ~500 °C.

(3) Intermediate to high-sdinity fluid indusons in matrix quartz have been obsarved
in dl edogite samples. These inclusons occur isolated or in groups and clusters and possbly
ae dso of primary origin. They ae commonly single phase or two-phase (liquid-vepor) at
room temperature. However, they sometimes contain a solid phase, possbly hdite These
indusons display mdting temperatures between -24 and -10 °C, ad liguid-vapor
homogenization temperatures from 150 to 270 (Fg 6.29).

(4) Rare carbonic incdusons were found both in omphacite and in matrix quartz. These
indusons are monophase & raom temperature. They occur isolated and as clusters and have
rounded or negative crysta shgpes. In some quartz grains these incdlusons occur together with
intermediate to high-sdinity indusons. This dose texturd rdaionship suggests sSmultaneous
trapping of the two fluids, most probably during primary growth of the host minerds The
cabonic indusons in omphadite diglay find Tmncoz a@ound -585 °C and Th (to liquid)
between -31 and -25 °C, whereas those in coarse-grained quartz have Tycoz of -59.5t0 -58 °C
and Th (to liquid) between -17 and -4 °C (Fig 6.2b). Their mdting temperatures are indicative
for additiona N, and/or CHa.
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(5 Secondary low-sdinity agueous (or pure waer) incusons in matrix quatz (Fg.
6.1d) are dominant in the retrograded eclogite, and are bound to heded fractures. They are
assumed to represent the latest feature among the generations of fluid inclusons in the
eclogite. Mogt of the inclusons are mono-phase, whereas some are twophase (L + V) a
room temperaiure with fill degrees of 80 - 95 vol%. The mgority of these secondary fluid
incusons show large variation in Sze and shgpe, but their compostion is quite congtant with
ice mdting temperatures of -6 to 0 °C, corresponding to low-sdinities or pure water (Fig.
6.23).

Measurable fluid inclusons in ganet peridotite have not been found. We assume thet
fluid incdlusonsin the ultramafic rocks did not survive during retrograde metamorphism.

Isochore caculations (Brown and Lamb, 1989) show tha the Carich brines in quartz
blebs were trapped at 56 kbar at trgoping temperaure of 600 °C. The isochores of primary
highdinity agueous indusons in omphecite and kyanite fdl into the minimum P-T
conditions for the eclogite-facies metamorphism (P = ~15 kb a T = 700 — 800°C), i.e. a lesst
14 kb below the pesk metamorphic pressure estimated from the stability of coeste. The lower
fluid dendties are probably due to late re-equilibration of the fluid indusons The cdculaed
trgoping conditions of the CO, indugons in omphecite and quatz ae 6 kb ad 4 kb, a
700°C, respectivdy. The isochores of the late low-sdinity agueous indudons indicae
maximum trapping pressure of 5kb a 5000C, corregponding with lae fluid indusion
formation during retrograde amphibolite  metamorphism.  Mismaich  between pressure
edimaes bassd on mingd themobarometry and on flud indusons is commonly
encountered in  high-grade metamorphic  rocks, due to patid decepitaion by internd
overpressure in fluid indusions during uplift. Based on their recent experimentd results,
Schmidt et d. (1998) suggest that the mismatch is dso due to the Th measurements under 1
atm pressure.

Huid indudons in different texturd sdtings reflect trgoping and remobilization of
fluids a different metamorphic stages of the edogites in Bixiling: The fluid indusions in
quartz blebs in kyanite are assumed to represent the earliest recognizable fluid and originated
from prograde metamorphism. The fluid phase during the prograde stage was dominated by
Ca-(Mg)-rich brines. Although minor amounts of CO, have been found, CO, appeared to be
not important during the prograde metamorphism, however locdly present in  omphecite
duing edogitefacies metamorphism. Both the NaClbeaing indusons (in omphecite and
kyanite) and the CO, indusons (in omphecite and quartz) probably originaied from UHP
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conditions but may have patly lesked during uplift. The low-sdinity indusons corrdate to
retrograde amphibolite-facies conditions and lower.

For the high-concentration of Ca* in the prograde edlogitefacies, a possble
explanation is the exchange of cations between plagiodase and chloride-rich fluid. The CaNa
activity rdio in the fluid is rdlated to coexiging plagioclase of fixed compostion based on the
equilibrium:

CaAl,S;0g + 2Na’ +450,U b 2NaAISi0g + Ca’*
With increesing sdinity of the fluid during prograde metamorphism, and hence increasing Na,
the activity of Ca’" increases with the square of the Na activity, so that a high-sdinity brine in
equilibrium with a given plagiodase will have ahigh CaNardtio.

In summary, the fluid inclusons show that during the metamorphic evolution of the
coeste-bearing edogite from Bixiling, the fluids evolved from highly concentrated Ca
dominated brines + CO, (prograde metamorphism), towards Nadominaied solutions (peek
metamorphism) and to low sdinity agueous fluids during retrograde uplift. A possble
explandtion for the decreesng <inities with time during retrograde metamorphism is the
increesing admixture of pure water derived from the surrounding quartzofeldspathic gneisses.
The role of CO,, locdly present as indusons in matrix quartz and in omphecite, gppears to be
limited.

6.2 Fluid inclusionsin the eclogite from Shima

In Shima, high sdinity agueous incusons in quartz have been observed as the only
fluid type. The textures suggest that they are of primary origin and were trapped during the
growth of ther hogt minerd (Fig. 6.3). As quatz is a dable phase a eclogite-facies
metamorphism, these high-sdinity incdusons ae assumed to represent the compostions of
the fluid phase during pesk metamorphism of the Shima eclogite. The absence of secondary
indusons corresponds to the fact that the studied eclogite from Shima is less dtered, and dso
indicates that the formation of the low-sdinity fluid indusions in the other locdities are
related to retrograde metamorphism.

Microthermometric  results show tha the fluid incdusons have find ice mdting
temperatures between —22 and —11 °C, with a maximum around —12 °C, corresponding to
high <inity. The fluid indusons homogenize to the liquid phase in the temperaure range
from 160 to 320 °C (Fig. 6.4). Like in Bixiling, isochore cdculdions give minimum P-T
conditions for the edogite-facies metamorphism, with P = ~14 kbar a temperatures of ~800
°C.
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Fig. 6.3. Photomicrograph of high sdlinity Fig. 6.4. Microthermometric results of fluid
indusionsin quartz from Shima. inclusionsin quartz from Shima

6.3 Fluid inclusionsin the jadeite quartzite from Shuanghe

Jaddte and ganet in jadete quartzite from Shuanghe ae most generdly devoid of
flud indudons In one jadete gran, few twophase agueous incdusons have been observed.
However, they were gpparently modified. The two measurable inclusons (about 4m in Sze
others are too smdl to be measured) display find ice mdting temperaiure around -3 °C and
homogenization temperatures between 150 and 165 °C, corresponding to low-dinity fluids
or dmogt pure weter.

The highet abundance and mos complex incluson patterns occur in quartz. Both
carbonic and agueous inclusons were observed in matrix quartz. Based on texturd criterig,
three generdtions of agueous indusons in quatz can be rdated to disinct metamorphic
Stages.

(1) Low-ddinity agueous indudions in quartz blebs in jadate Mogt occur isolated and
as clusters, and have rounded or negative crystal shapes. They are monophase or 2phase (L +
V) inclusons with fill degrees of 80 to 95 vol%. Texturd evidence suggeds that they were
trapped before jadete formation. In other words these inclusons were trgoped during
prograde metamorphism, and therefore probably represent the fluid compostions before the
pesk of metamorphism. Microthermometric measurements give find ice meting temperatures
o -6 to 0 °C, and homogenization temperatures between 140 and 190 °C (Fig. 6.6a).

(2 Low-dinity indusons in coarse-grained quartz occur as isolated or scattered in
groups and clusters, and are possbly primary (Fig. 6.5A). The groups and clusters are often
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cut by trals of fluid indusons. These incdlusons are either monophase or 2-phase with fill
degrees of 80 to 90 vol% a room temperaiure. They have find ice medting temperatures
between -10 and 0 °C, and homogeni zation temperatures between 150 to 230 °C (Fig. 6.6A).

(3) Secondary agueous inclusons in coarsegraned quatz, mosly occur in heded

fractures. From textura criteria, they represent a later festure than the primary inclusions.

Fig. 6.5 Photomicrographs of fluid inclusionsin the Jadeite quartzite from Shuanghe. A Primary
inclusion with negative crysta morphology in quartz; B Secondary aqueousinclusion trail in quartz.

They show mdting temperatures of -3 to 0 °C and homogenizaion temperaures of 126 to
180 °C (Fig. 6.6A).
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Fig. 6.6. Microthermometric results of fluid inclusons in the jadeite quartzite from Shuanghe. (A)
agueous incdusions, (B) Secondary carbonic inclusions.

Besdes the agueous indusions, incdlusons with various proportions of CO, have been
dso observed in coasegrained quartz. Their CO, contents may vary from 10 to >90 vol%
(no vigble water). They occur in microfractures, indicating that the fluid indusons formed
relaively late. Textures suggest that these inclusons were trapped sSmultaneoudy with the
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secondary  aqueous inclusons in quartz, probably during the late dage of metamorphic
evolution. The CO, in the H,O-CO, inclusons has meting temperatures between -595 and -
568 °C, homogenezation temperatures between 10 and 31 °C, and cdahrate mdting
temperatures of 3 to 10 °C. Cabonic indusons (without visble wae) show mdting
temperatures around -60 °C and homogenization temperatures between 24 and 26 °C. The
melting temperatures are indicative for smal amounts of additional N and/or CH4 (Fig. 6.6b).

In contrast to the coedite-bearing jadeite quartzite from DoraMara massif, Western
Alps, in which CO2 inclusons are asent (Philippot e d., 1995), jadeite quartzite in Dabie
Shan involved CO,-bearing fluids during retrograde metamorphism. Unlike the UHP eclogites
from Bixiling and Shima, in which high<dinity indusons represent the fluid compogtions of
the pesk metamorphism, fluids during pesk metamorphism of the jadeite quartzite are low-
inity solutions (rare indusions have find mdting temperature of about —10°C).

In summary, during the metamorphic evolution of jaddte quartzite in Shuanghe fluids
evolved from low-dinity solutions during prograde metamorphism, and perhaps as wel
during pesk and early retrograde stages, towards mixed fluids of CO, and HO during late
retrograde metamorphism.

6.4 Fluid inclusionsin the eclogite from Lidu

Fuid indusons in the ‘cold eclogites from Dabie Shan (Lidu and Huanliangting) are
not as abundant as in UHP edogites In the edogite from Lidu, low -sdinity fluid indusionsin
meatrix quartz were found. Mogt of other minerds are commonly devoid of fluid indusons
Thee low <dinity incdusons have oblaie, roundish, negaive cydd shapes or irregular
morphologies; most occur in heded fracture,

Microthermometric results show that fluid indusions in the edogite from Lidu display
find ice mdting temperatures between -10 and 0°C, corresponding to low sdinity. They have
homogenization temperatures between 130 and 360°C (Fig. 6.7). Isochore cdculations
indicate that the highest dendty of the low-sdinity indusons in matrix quartz corrdates to 8
kbar a 600 °C and 4.5 kbar a& 400 °C. The occurrence of fluid inclusons in heded fractures
imply that the low sdinity fluids were trgpped during retrograde metamorphism.
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6.5 Fluid inclusions in the Raobazhai eclogite

In Raobazha, fluid indusons manly occur in the ganet porphyroblasts. Pyroxene is
modly devoid of fluid indusons, or contains only fluid induson reics, whose catents have
been consumed by reactions with the host minerd. In the newly-formed plagioclase, only a
few cabonic inclusons occur. Based on ther texturd criteria and chemica compostions,
four types of fluid indusions were digtinguished in the large garnet grains (Fig. 6.8):

(1) High-dinity agueous incusons with or without N2 are found in the core of garnet
aydds These incusons occur as isolated or as groups (Fig. 6.8, photo &). Mogt contain
hdite(s) as a daughter phase. Their morphologies indicate late modification, probably during
reirogresson. Some of the fluid indusons have vaidble amounts of N, + CO, During
cooling, the HO phase of these incdusons was frozen a temperatures around —60°C. At about
-85 °C, sometimes very smdl solids, probably CO, and clathrate, could be observed around
the gas species phase. At temperatures of about —160 °C and below, a bubble appears in the
nonagueous pat of the incuson. During subsequent warming, the bubble homogenizes to
liquid a temperatures of —148 to —157 °C (Fig. 6.99). These homogenization temperatures
indicate that N2 is the mgor component of the gas phase (Van den Kerkhof, 1988). The
detection of mdting is modly inacaurate. The eutectic melting of -42 to -37 °C, and find ice
melting temperatures of -15 to -24 °C, indicate a NaCl-dominated solution, but minor Ce&* is
possbly present (Fig. 6.9b). Mdting of N -clathrate was observed between —11 to —13 °C.
Addtiondly, rare clathrate melting temperatures between 10 and 14 °C confirm the presence
of minor CO,. The hdite mdting temperatures are between 144 and 332 °C.
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Fig. 6.8. Texturd realtions between different types
of fluid inclusonsin garnet from Reobazhai. The
figure combines textural relations from different
grainsin polished sections. HS, high salinity
agqueousinclusons.

Fig. 69. (@ N2 homogenization temperature
hisogran for N2 bearing fluid inclusons (b)
Microthermometeric  results  of agueous
inclusons in gane. (c) Microthermometeric
results of carbonic inclusonsin garnet.

(2 The mgority of fluid indusons are represented by carbonic indusions in garnet.
They were found predominantly aong the rims of large garnet grains, indicating thet they
were trapped during the late growth stage of the garnet (Fig. 6.8, photo b). These carbonic
incdusons occur as planar dugers, but they do not occur in heded fractures Mogt of the
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incdlusons contan smdl sdlids, indicating possible reections between the hos ganet and the
induson fluids They display find CO, meting temperaures between -566 and -58.2 °C
indicative of dmogt pure CO, and homogenization temperatures to liquid between 11 and
27°C (Fig. 6.90).

(3) Two-phee late secondary fluid incdudons (fill degree of 80-95 vol%) occur in
heded fractures and show round morphologies. Microthermometric results show that they
have find ice mdting temperatures between -7 and 0 °C corresponding to low <dinities and
homogenization temperatures of 163 to 332 °C (Fg. 6.9b).

(4) H20O-CO; indudons were rady found to coexig with high-inity indusons in
the core of large garnet. These indusions have fill degrees that consderably vary from 20 to
80 vol%, implying impefect locd mixing of the two fluids The COrphase of these
inclusons shows mdting temperatures from —57.5 to —56.8 °C, indicating the presence of
amog pure CO,. Their homogenization temperatures to liquid are between 21 and 25 °C.

Isochores were cdculaied for both the agueous and carbonic inclusons in garnet using
the empiricd equation for HO-NaCl and CO, of Brown & Lamb (1989), for temperatures in
excess of 700 °C and pressures in excess of 3 kbar. The isochores for the high-sdinity
inclusons (xN,) fdl into the range of 1012 kbar a 750 °C; isochores for pure carbonic
incdlusons indicate 3 kbar a& 800 °C, wheress isochores for the low-sdinity indudons indicate
45 kbar a 600 °C. It should be noted that the isochores for dl incuson fluids are not
conformable to pesk or rerograde metamorphic pressures, indicating that mogt fluid
indusons were patidly modified during uplift of the rock. However, due to limited fluid
mohility, the compostions of the fluid in the indusons ae likdy to represent the primary
compogtion of the fluids trapped a different metamorphic conditions which will be
discussed below in more detail.

6.6 Fluid inclusionsin granulite from Yanzihe

Huid indusons are moderady abundant in ganet, quartz blebs in ganet, and highly
abundant in matrix quartz in granulite from Yanzihe Three generations of fluid indusions
were distinguished in the granulite based on texturd criteria

Gengaion 1. HXO-CO, and cabonic indusons in quatz blebs in ganet occur
isolated or scattered in groups and cugters, and have rounded or negative crystd shapes. They
are interpreted as formed early (primary). In most groups or clugters, HO-CO, and carbonic
inclusons occur together, without evidence of age difference. This suggests smultaneous
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trapping of the two fluids, most probably during primary growth of the host quartz blebs
Mog of the carbonic indusons are monophase incdusons a room temperature; only few
indusons with a vapor bubble have been observed. According to Roedder (1984), agpparently
monophase CO.-dominated inclusons may contain up to 10% HO, which coats the wadls of
the inclusons as a thin film. However, dathrate meting was not observed in these inclusons.
The H,O-CO, indusons ae usudly 2-phasg ligud H>O and liquid CO, a room
temperature. These H,O-CO, indusons have fill degrees of H,O ranging from 10 to 80% in
volume.

Gengaion 22 H,O-CO, and carbonic indudons (no visble waer) were obsarved in
gang and in matrix quartz. They are isolated or randomly digributed incdusons and assumed
primary. Like the fluid indusons in quatz blebs they ae mosly monophese liquid-CO, or
twophase H20 + CO2 indusons however, H2O occurs less than 10% in volume in the 2
phase inclusons. The morphologies ae generdly irregular because most of them have been
drongly modified (Fig. 6.10A). Mogt of the carbonic incdusons contain fine-grained solids in
addition to the fluid, indicating reactions between ganet and the induson fluids. The dose
texturd redionship between H20-CO: indusons and cabonic indusons and ther
coexigence in ganet and in matrix quartz suggest that the fluid inclusons may have been
trapped smultaneoudy during the growth of garnet and matrix quartz.

Generation 3: Seconday H20-COz and carbonic inclusons in matrix quartz. These
flud incusons ae bound to heded microfractures, which normdly crosscut quartz grain
boundaries (Fig. 6.10B). They have roundish or negative crystd morphologies. The H,O-CO,
incdlusons have fill degrees of water ranging from 10 to 90% in volume Textures suggest thet
the two fluids were trgpped at the sametime.

|- s

Fig. 6.10. Photomicrographs of fluid inclusons in the granulite from Yanzihe (A) Carbonic inclusons in
garnet, note the inclusions have been strongly modified; (B) Secondary carbonic inclusionsin matrix quartz.
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Microthermometric results for the fluid indusons in granulite are shown in FHg. 6.11.
Mog indusons homogenize to the liquid phass homogenization to the vgpor was dso rady
observed. The carbonic inclusons in quatz blebs in ganet show CO, mdting temperatures
from -58 to -59 °C and homogenization temperaiures of CO2 (to liquid) between 11 and 16
°C, whereas H,0O-CO; incdusons have CO, mdting temperatures from -57.5 to -58 °C and
homogenization temperaures from 23 to 24 °C. Diffeeent mdting and homogenization
temperatures between the 2 types of fluid inclusons may be due to the forming of clathrate in
the H,O-CO, indusons. Carbonic fluid indusons in ganet disolay mdting temperaiures of -
585 to -59.5 °C ad homogenization temperatures of -17 to 20 °C. Primay indusons in
matrix quartz show CO, mdting temperatures between -58 and -59 °C and homogenization
temperatures between 6 and 20 °C. Secondary inclusons in matrix quatz have CO. mdting
temperaiures of -57 to -58 °C and CO, homogenization temperatures of 17 to 27 °C. Some
seconday H0O-CO, inclusons in matrix quartz display ice mdting temperatures around O °C,
indicating a pure-water system besides the CO,-rich phase. The meting temperatures of dll
flud indusons ae indicaive of the presence of minor N2 and/or CHs addition to COo.
However, it is evident that the fluid incdlusons contain more N, and/or CH4 compared to the
secondary fluid indusions.

Unlike isochores for indusons in edogite, isochores for CO2-H20 incusions in garnet
and marix quatz are conformable to peskmetamorphic conditions, whereas isochores for
CO; incdusions in ganet and matrix quartz fals 7 kb short of the estimated pesk metamorphic
conditions As mentioned previoudy, however, these two types of inclusons were trapped
smultaneoudy without any relative age difference. This dissgreement may suggest that some
of the volaile components are sdectivey consumed by reections between the fluid in
indusons ad ganet. The presence of solid phases in the cabonic incdusions in garnet
provides support to this suggestion. The texturdly earliest inclusons ae CO; and H20 + CO2
indusons in quatz blebs in gane, which ae assumed to be trgoped during prograde
metamorphism. Their highest-dengity isochore correlates to 6 kbar at 600 °C.
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Huid indusons dudies show tha the fluids in the granulite from Yanzihe ae
dominated by CO; with minor N2 and/or CH4. The fluids evolved from rdatively water-rich

during prograde metamorphism

towards

rdaivedy COgrich solutions during peek

metamorphism. During the retrograd metamorphism, the fluids became again water-rich but

with less N2 and/or CH4 compared to the prograde- and pesk-metamorphism.
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Chapter 7. OXYGEN AND HYDROGEN ISOTOPE
CHARACTERISTICSOF THE METAMORPHIC ROCKSIN
THE DABIE SHAN AREA

7.1. Oxygen isotope compositions

Oxygen isotope compostions were determined with UV lase-probe by in Stu
measurements on minerds (Fiebig et d., 1999). Oxygen isotopic mingd data from individud
locditiesareliged in Table 7.1 and shown in Fg. 7.1.

Table 7.1. Oxygen isotope compositions of mineras from Dabie Shan

Locdity Sample d0 d0 d0 d°0 do db d0 do do do do
QtZ Grt Cpx Opx Ky Pmn Sym PR Am Ol WR°

SDT
iili Retro- 2.2 1.2 0.6 -1.2 0.0 0.4 0.5
Bixiling gaded 17 15 08 14 01
X 08 18
edogte o9
(DB02) 0.9 -1.6
Fresh 45 33 3.6 37
edlogite 2-2 g-g
(DBOS) 36 38
35 3.9
Ky-rich 50 30 3.2 40 35
eclogite 5.1 33 3.4 41
(DBO?) 32
Gt-peri- 32 3.1 3.2 2.8 34
: 3.4 3.6 3.4 26
dotite 36 35 32 P
(DB10) 33 2.6
Shima Fresh 6.6 6.8 6.6
Eclogite os o
(DB63) ' '
Shuanghe  Jedeite 9.7 78 8.4 8.5 8.8
- 9.4 72 8.4 8.9
qua‘t2|te 95 75 85
95 8.2
95 8.3
7.9
7.8
Lidu “cold” 1.0  -46t0 -24° 23 31 1.7 28
: 07 33 36
edlogité o7 ot
0.9 Fats)
NDC
Edogite +64 65 6.0 57 6.0° 6.7
) c to 6.5 49 6.1
Raobazhai  (R-14) 67
a4
i Granuli 12 sogg) 75 74 9.9
ranulite . +6. . 4° X
Yanzihe (Y-1)° 111 to 7.8 76
110  +93 7.4
108 (3 7.4
109 o8
12
113

11.1
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@Abbreviations are after Kretz, 1983, except Phn phengite, /m symplectite, Pl plagiodase, WRwhole-rock
®Wholerock d®0 values are estimated from major components

 Oxygen isotope mappings have been completed for large garnets from Lidu, Reobazha and Yanzihe, in this
table only arange of o®0 values of garnets has been presented; for details see Figs. 8.4, 8.5 and 86 respectively

d Omphacites in DB02 contain  various amounts of symplectite (intergrowths of abite, amphibole and/or Ca
pyroxene); quartz in DBO5 is a mixture of quartz and garnet; Oxygen isotope data for Cpx, Pl and Am from Lidu
and Raobazhai represent mixtures of different proportions of these minerals

€ A mixture of Chrich and Cl-free amphiboles
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Fg.7.1 dlBOVSMOW vaues of coexiging mineras from the investigated locdlities. BXL 1 retrograded eclogite
from Bixiling; BXL2 “fresh” eclogites from Bixiling

7.1.1. Oxygen isotope data from Bixiling

Metamorphic rocks have generdly oxygen isotope vaues that are commonly smilar
to ther igneous and sedimentary protoliths ranging from +6 to +18%. (Hoefs 1997). The
oxgen isotopic vaues of the rocks from Bixiling are dgnificantly lower than the compogtions
anticipated for the presumed prigine igneous protolith of these rocks, indicating water-rock
interaction prior to subduction. This is in agreement with the findings of other workers (eg.
Yui et d. 1995, 1997; Baker et d. 1997; Rumble and Yui 1998; Zheng et d. 1998, 1999).
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The three principd rock types in Bixiling (>95 vol% of the rock body), induding
“fres” edogite, kyanite-rich eclogite and garnet-peridotite, have whole-rock oxygen isotope
vaues around 3.5%., wheress the retrograded eclogite has a d*®O value of —0.5%.. Oxygen
isotope variaions in the minerds from the fresh edogites and the ultramafic rock are smdl
and indicate high equilibrium temperaures (Fig. 7.2). As shown in Table 7.1, ganets and
dinopyroxenes from the “fres” edogite, the kyanite-rich eclogite and the garnet peridotite
have more or less the same values ranging from 3.0 to 3.9%.. The whole-rock d*?0O values of
“fred” edogite, kyanite-rich eclogite and garnet peridotite were estimated to be of 3.7%o,
35%0, and 3.4%., respectively, based on minerd d®O vaues and modd abundance In
contrast, the minerds in retrograded eclogite have d*®0 vaues of —1.8 to —1.2%o for garnet
and of —1.1to —0.6% for omphacite The whole-rock d*®0 values of retrograded eclogite was
edimated to be —0.5%o, which is about 4 per mil lower than those of the former three principd
rock types Such an oxygen isotope compostiond difference probably indicates a retrograde
fluid/rock interaction.

quartz garnet pyroxene (4.0 kyanite olivine [T phengite

Fig. 7.2 Photomicrogrgphs of the oxygen isotope laser-probe measurements on mineras in rocks from
Bixiling. (A) “fresh’ eclogite, DB05; (B) retrograded eclogite, DB02; (C) kyaniterich eclogite; (D)
gamet-peridotite. Not al measured points are presented in this figure. Scale bar = 1 mm.
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The d®O veues of dl phases in the investigated samples from Bixiling are
homogeneous in hand specimens and are nearly congtant within the whole body except for the
margin, in which the retrograded eclogite was collected. The sequence of 80 enrichment in
the minerds from al the samples is concordant with equilibrium fractionations (Zheng et d.
19933 1993b). The identicd oxygen isotope compodtions among the “fresh” edogite,
kyanite-rich eclogite and ganet peridotite suggests that  water-rock interaction  before
subduction was nearly homogeneous on a scde of dmog 1000 meters regardless of bulk
composition. The d®0 vaues of the retrograded edogite being about 4 per mil lower than
those of the fresh edogites and coexiding ultramafic rock, but are smilar to the oxygen

isotope compositions of the surrounding gneiss, which has a d180 value of ~0.4 %o (Zheng et
d. 1999). From a summay of the oxygen isotope data for the ecogites and their country
rocks in the Debie-Sulu area published so far, we can deduce a close rdaionship in d*®0O
vaues between eclogites and their country rocks (eg. Baker et d. 1997; Rumbe and Yui
1998; Zheng et d. 1998). Thus it is possble that the retrograded eclogite and surrounding
gness in Bixiling has been subjected to a gmila fluidrock interaction hisory during
retrograde metamorphism.

7.1.2 Oxygen isotopic compositions of the Shima eclogite

The d*0 vaues of minerds in the eclogite from Shima fdl within a narrow range
from +6.4 to 6.6%0 for garnet and from +6.4 to 6.8%0 for omphecite (Table 7.1). Because
omphacite and garnet are dominant condtituents of the edogjte, the whole-rock d*¥0 value of
the Shima edlogite are ca culated to be about 6.6%0 based on minerd isotopic compostions.

The d™0 vdues are dightly higher than that of the mantle and consist with the low
end of norma metamorphic rocks (Hoefs 1997). This implies ether that its protolith has not
been affected by the meteoric water dteration prior to subduction, i.e. the d*®0 vaue of 6.6%o
represents the oxygen isotope compodtions of a basdtic protoliths, or dternatively that the
protolith hed primaily higher d®®0 values which due to a meteoric water/rock interaction
have been reduced to the d-vaues observed today. It has been shown that the eclogite (DB63)
is characterized by high REE contents and a LREE-eriched pattern; this feature indicates
either tha the eclogite was netasomatized by a LREE-enriched fluid or melt before the UHP
metamorphism (Cox et d., 1973) or tha the protolith of the eclogite was derived from a
metasomatized mantle. Zhang et a. (1998) messured lower d®0 values of 15 to 45%. and
suggested  fluidrock  interactions before the Triassc UHP  metamorphism for a mafic-
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ultramafic complex which is very cose to our investigated eclogite. Thus, the explanation that
the protolith of the Shima edogite hed primaily higher d*®0 vadues and dill have the
relatively higher d*%0 values after the meteoric water-rock interaction is more reasonable.

7.1.3 Oxygen isotope measurements on the jadeite quartzte from Shuanghe

At Shuanghe the d®0 vaues of minerds in the jadeite quartzite vary from +9.2 to
+9.7%o0 for quartz, from +7.6 to 85%. for jadeite and +7.3 to +7.8%o0 for garnet, corresponding
to whole-d*®0 values of +8.8%. (Table 7.1). Five points on the same jadeite grain show d*°0
vadues of 82 to 85%., indicating homogeneous oxygen isotope compostions and a cdosal
fluid system during jadeite growth (Fig. 7.3).

Fig. 7.3 Microphotogreph from the jadeite
quartzite in Shuanghe showing d®0 vaues
(ts protolith is assumed to be
sedimentary).

The oxygen isotopic compodtions of various metamorphic rocks from Shuanghe have
been extensvely sudied (eg. Zheng & d., 1998, Fu & 4d., 1999). These studies have shown a
large variaion in d*®0 vaues of mineras from —2.6 to 7.0%o; ancient meteoric water is
assumed to have exchanged oxygen isotopes with the edogite precursors in the continentd
crugt prior to the Triassc UHP metamorphism (Zheng e d., 1998). On the other hand, the
jadeite quartzite in Shuanghe is a metasedimentary rock (see above, and Liou & d. 1997),
thus its protolith would probebly have primaily higher d'®0 values than 10%o (eg. Hoefs,
1997); therefore, a meteoric water-rock interaction prior to pesk metamorphisn are assumed
for both eclogite and jadeite quartzite from Shuanghe.

7.1.4 Oxygen isotope zoning of garnets in the Lidu eclogite
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Using the in situ method, we determined the d®0 vaues of three large gamets in
eclogites from Lidu. In the present study, each garnet was examined petrographicadly, and
extreme care was taken to avoid any minerd inclusions during laser heating.

All three ganets sudied in Lidu ae concentricdly zoned in oxygen isotopes. They
have an O depleted core and rim but an *®0 enriched centra zone. One example is shown in

Fig. 74. The ganet has d180 values which increase from ca -4.5%o in the core to ca. -3.9%o
in the centrd zone and decrease to ca. -4.4%o in the rim. It is unlikely that the observed zoning
may be produced by mined incdudons in gane because minerd indusons have been
carefuly avoided during laser ablation, and the d180 variations of the three gamnets are
reproducible and remarkably systematic (Fig. 7.4). The isotopic zoning therefore mogt likely
reflects variations of O-isotope compogtions during garnet-growth.

Fig. 7.4. Microphotograph from
an edogite of Lidu in the SDT
showing low d®O values in garnet
(& the lower right dde one
phengite  vaue). Numbers are
d0 vaues in per mil reldive to
SMOW. Dashed lines were drawn
by hand and indicae differences
in oxygen isotope compostions,
reflecting changes in the evolution
of fluids during ganet growth.
The write line shows the position
of laser-ICPMS andysis (see Fig.
5.12).

On the other hand, the d180 vaues of other minerds in the eclogite vary from -06to
—0.2%o0 for quartz, from -31 to —3.6%0 for muscovite and from -3.5to —3.3%o for smal garnet
aydds in the matrix, and -23%. for kyanite, -1.6%. for plagiodase ard —1.7%. for

symplectite retrograded after omphacite. The calculated whole-rock d®0 vdue is —2.8%o.
Such low d180 vaues can be explained only by isotope exchange with low %0 meteoric

fluids.
7.1.5 Oxygen isotope compositions of the Raobazhai eclogite

In order to explan the compogtiond zoning in both ganet and pyroxene from
Raobazha, one has to ak whether it was largdy inherited from interna cation exchanges a
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vaious P-T conditions or, from the infiltration of fluids in other words, whether the zoned
ganet and pyroxene grew in a cdosed or an open sysem. One gproach to resolve this
problem is by oxygen isotope mapping of garnet.

d*®0 vaues of 11 spots in a ganet porphyroblast (sbout 7 mm in size) and 10 spots in
the surrounding matrix (smdl garnet, pyroxene, plagioclase, amphibole) from Reobazha have
been determined. Locations of andytical spots and d*?0 vaues of ganet andyses relative V-
SMOW areshownin Fig. 7.5.

Fig. 75 Sketch of ganet showing
d®0 vaues of andyzed spots.
Matrix minerds  ae mainly
plagioclase, clinopyroxene and
amphibole. Sizes of oxygen isotope
laser holes are about 300 mm; not
dl andyzed spots of matrix ae
shown here. The line shows the
location of a laser ICPMS profile,
and numbers represent the anaytica

spots.

The ganet prophyroblest, except one andyds is obvioudy homogeneous in oxygen
isotopic composition, with an average d*®0 vaue of 6.6 + 0.1%.. The one d*®0O vaue of 6.0%o
is from amdl veins of secondary amphibole close to the rim of the garnet. The ganet is
dmog induson free, and combined with the microprobe data after laser oxygen isotope
measurements, indicates that no corrections for minerd inclusons are necessary. Smdl
ganets (1-2 mmin size) are dlso unzoned with d 20 values of 6.4 to 6.6%o.

It is difficult to obtan d®O vaues for pure pyroxene, plagiodase and amphibole
because of ther smdl cydd dzes Pyroxene rims ae usudly replaced by symplectite
condging of dinopyroxene and plagiodase. Secondary amphibole only occurs as thin rims
aound ganet or pyroxene Thus oxygen isotope data for pyroxene, plagioclase and
amphibole represent amixture of these mineras.

The nearly homogeneous oxygen isotopic compostion of the ganet porphyroblast
indicates closed system conditions during garnet growth. If any infiltrating fluids had been
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present during gamet growth, the garnets would become gradudly zoned in %0 from the rim
towards the centre, because the isotopic front that is moving through the rock becomes less
seep with increasing distance from the contact (Chamberlain & Conrad, 1993). Therefore, no
externd fluidsinfiltrated the garnet pyroxenite during garnet growth.

The plagiodase (induding minor amphibole and/or secondary pyroxene), amphibole
(induding minor secondary pyroxene andlor plagiodase) and symplectite have d*®0O vaues of
48 to 57%, 60 to 6.1%0, and 6.0%., respectivdly (Table 7.1). According to published
fractionation factors for these minerds (eg., Zheng 1993a, 1993b) and theoreticd modes of
diffusond reequilibration during cooling (eg., Eiler et al, 1992), both plagiodase and
amphibole should be richer in 20 than garnet. However, relative to the garnet prophyroblast,
which has d*®0 vaues of about 6.6%o, the apparent fractionations between garnet and these
retrograde minerds are —1.7 to —0.3%0. (Tade 7.1). These data thus indicate oxygen isotopic
disequilibrium during retrograde metamorphism  after the amphibolite stage. Oxygen isotopic
compogtions of the ganet prophyroblast and the compostiond zoned pyroxene ae nearly
identica, indicating very high metamorphic temperatures or disequilibrium.

7.1.6 Retrograde fluid/rock interaction indicators for the Yanzihe granulite

The 31 andyses of garnets in the granulite from Yanzihe indicate that most garnets are
homogeneous, with an average isotopic vaue of 9.1+ 0.2%0 (1s), except five andyses that
have d*®0 vaues from 6.8 to 8.8%.. The five andyticd outliers are dose to a micro vein of
Cl-rich amphibole within the garnet.

As shown in Fg. 7.6A, a ganet porphyroblast (about 6mm in diameter) has more or
less homogeneous oxygen isotopic compostions of 91+ 0.2%. in the upper right gSte in
which the ganet is veinfree. However, in the lower left Ste, close to secondary Chich
amphibole veins in the gamet, andyticd spots show much lower d*®0 values, ranging from
6.8 t0 8.2%0, One andysis indicates that the amphibole vein has a d*®0 value of 7.5%o. From
microprobe and microscope data it can be concluded that these andyticd spots with lighter
oxygen isotopic compogtions are definitdly ganet  rather than other minerds (Fig. 7.6b). On
the other hand, as shown in section 526, REE lasr-ICPMS analyses indicate a LREE
enrichment for the lower d*®0 spots (REE andlytical positions are dso shown in Fig. 7.6h).
This reationship favors a retrograde fluid-rock interaction for the granulite from Yanzihe.
Therefore, the paterns of oxygen isotope zoning in garnet from Yanzihe are quite different
from those in ganet from Lidu, reflecting fluid-rock interactions during different

metamorphic stages.
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1mm

Fig. 7.6. (A) Microphotograph of
a granulite from Yanzihe a garnet
in the granulite exhibits lower
d®0 vaues dong a secondary
amphibole ven, indicating
reirograde  fluid-rock  interaction;
quartz-garnet pairs in the upper
part indicate equilibrium
temperatures of around 1000 °C.
(B) Photomicrograph of
secondary Cl-rich amphibole
veins in ganet shown in A; the
photo  demonstrates that the
analytical spots with lower d®O
vadues ae definitdly ganet rather
than other mingras Pt1, 2...
represent  the postions for REE
laser-ICPMS  andyses (see  Fig.
5.14b).

7.2 Oxygen isotope thermometry

Temperature estimates based on the isotopic fractionations between various phases are
given in Table 7.2. Edimates are based on the theoretica cdculations of Zheng (19933
1993p) and cdibrations of Mathews (1994) except for the olivine-pyroxene par which are
based on the cdibrations of Kyser et d. (1981).
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Table 7.2 Oxygen isotope temperature estimates. Abbreviaions are after Kretz (1993), except Phn phemgite. T1
temperature estimates based on Zheng (1993a, b) except the OI-Cpx pair which is based on Kyser et d. (1981);

T2 temperature estimates in terms of the calibrations of Mattews (1994).

Locdity  Sample Minerd Par  D¥0O T1(°C) T2 (°C) Petrologica
pesk T
edimate

Bixiling Retrograded Qtz-Grt 34-2.6 700—-840 670-810

; ~1000°C
eclogite tz-Cpx 28-25 590 — 650 470-515
og Qtz-Cp (based on the
Qtz-Phn 23-20 620 — 650 ompheacite
inclusonsin
garnet)
“Fresh” edlogite Qtz-Grt 20-18 1010-1070 960-1020 ~1000°C
Qtz-Cpx 18-17 840-870 680-710
Qtz-Ky 10 1070
Grt-peridotite OI-Cpx 10-03 910-1090 ~1000°C
Jadeitequatzite tz - Grt 23-20 920-1000 870-960  700-950
Shuanghe a Q
Qtz-Md 16-13 770- 890 550-640
Lidu Cold eclogite Qtz -Grt 37-34 650 — 700 630-67/0 ~700
Qtz—Phn 29-21 500 - 670
Qtz —Ky 19 700
Yanzine  Granulite Qtz -Gt 22-19 940-1030 900-990  750-800
Qtz —Opx 35 550

Isotope temperature estimates for the undtered eclogites from Bixiling, the eclogite

from Lidu and the jaddte quartzite from Shuanghe ae in accordance with temperaures

obtained from cation thermometers (see Chapter 8). Isotope temperatures for the retrograded
edogite from Bixiling ae dgnificatly lower than its pesk metamorphic temperature,

suggesting the effect of
Isotopic  temperature estimates for eclogites from Shima and Raobazha

metamorphism.

cannot be given because of the absence of suitable minerd pairs.

reirograde isotope exchange subsequent to the eclogite-facies
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On the other hand, oxygen isotope temperaiures caculaied from garnet and quartz in
the granulite from Yanzihe give 900-1000 °C, which are about 200 °C higher than those from
the Grt-Opx thermometer of Lee and Ganguly (1988). However, Qtz-Opx pars, give oxygen
isotope temperatures around 550 °C; this implies that orthopyroxene in the granulite has been
gonificantly affected by retrograde fluids, which is supported by the oxygen isotope
disequilibrium between garnet and orthopyroxene (see section 7.1.6). As shown in Fg. 7.6A,
the garnet-quartz pars used for isotopic temperature estimates are less dtered and coexist
vay dosdy, representing a locd bi-minerd system. It is well known that garnet is the most
resdant to oxygen isotopic exchange thus in such sysem isotopic exchange caused by
retrograde metamorphism is unlikely. Therefore, temperatures estimated from the garnet-
quartz pairs should represent pesk metamorphic conditions.

7.3 Hydrogen isotope analyses of hydroxyl-bearing mineral separatesfrom eclogiteand

gneissfrom the SDT

Hydroxyl-bearing minerd separates from eclogites and gneisses in the Dabie Shan,
induding phengite, epidote  (zoigte), amphibole and bictite, were andyzed by the
conventiond method. Hydrogen isotope ratios are normdized to the V-SMOW-SLAP scale
(O'Neil 1986), and precison is aout £ 2%.. The measured dD of NBS-30 was -62%o.
Unfortunatdly, andyzed samples are only from the locdities in the SDT, suitable minerd
separates from the NDC have not been obtained.

As liged in Table 7.3 and shown in Fg. 7.7, the totd range is between —105 and —
55%0 with no difference between eclogites and gneisses. Biotite and amphiboles show more or
less the same range between —105to -90%.. Phengites have a range from —93 to -60%.. The
heaviest minerdsin D are epidotes.

Petrological  observetions indicate that coarse-grained phengite in eclogite occurs as a
primary phase, whereas amphibole, epidote and bictite are retrograde-phase minerals. The
formation temperatures of phengite ae > 700 °C. Secondary amphibole, epidote and biotite
formed a temperaiures around 450 °C (most separaed minerds of amphibole, epidote and
biotite in eclogite for hydrogen isotope mesurements ae secondary). If the isotope
frectionation behaviour of hydrogen in phengite is assumed to be dose to muscovite,
hydrogen isotope fractionation between phengite and water is about —10%0 a temperatures of
700 °C. Smilarly, a temperatures around 450 °C, hydrogen isotope fractionation between
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Table 7.3 Hydrogen isotope compositions of hydroxyl-bearing mineralsin eclogites and gneisses from the SDT

Locdity Sample Rock type o of o of oD of bictite D of epidote
Number phengite amphibole
Bixiling DBO2 eclogite -72 -92
DB11 eclogite 64
Shuanghe DB33 eclogite -100
DB34 eclogite
DB39 eclogite 85 -5
DB40 eclogite 68 -53
DB42 gness 93 -105 -5
DB43 gneiss -85 -100, 98 -5%6
Shima DB61
Lidu DB44 eclogite 81
DB45 eclogite 91
DB46 eclogite -80
DB48 eclogite 83 -62
DB55 gness -99 -2 -63
DB56 gness -78 -A -63
Others DB20 eclogite -0
DB26 eclogite 62

biotite and water, and epidote and water are about -45%o, and -35%o, respectivey (Sheppard,
1984). Thus, fluids respongble for the dD vaues of phengite would probably have dD vaues
of about -80%o, wWheress fluids respongble for the dD vaues of biotite and epidote have dD
vaues of dout -50% and -25%0 regpectively, assuming hydrogen isotope equilibrium
between fluids and these minerds. The dD vaues of about -80%. for phengite indicate the
involvement of ether meteoric water, or dternativdy primary magmatic water in the
formation of the phengite (Hoefs, 1997). On the other hand, the dD vaues of about —50 and —
25%0 suggest the presances of metamorphic water and/or meteoric water under warm climatic
conditions during the formation of biotite and epidote  Since the lditudes of eastern China
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were dmilar a times of aound 240 Ma (the formaion of phengite) and 130 Ma (the
formetion o bictite and epidote, Li et d., 1993), it is unlikdy thet the different dD vaues of —

55 to —30%. resulted from a change of cdimate. Therefore, the different hydroxyl-bearing
minerds might have interacted with fluids of different origins.

A
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/
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Biotite
| Amphibole
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40 .50 g0 .70 -80 90 _100 -110
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4-‘/\
/
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0-
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Fig.7.7 dD vaues of hydroxyl-bearing minerasin the eclagites and gneisses from Dabie Shan
Note: A: hydroxyl-bearing minerasin eclogites; B: hydroxyl-bearing minerdsin gneisses
Experimentd dudies of hydrogen isotope exchange kinetics under hydrothermd
conditions imply tha muscovite (phengite) has higher cdosure temperaiures than zoiste
(epidote) (Graham, 1981). Because of the difference in the rate of hydrogen diffuson,
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phengite has probably preserved the hydrogen isotope compostion of the meteoric water,
whereas epidote has preserved the hydrogen isotope compostion of fluids presented during
reirograde  metamorphism.  The difference in dD vdues among hydroxyl-bearing minerds
probably originaied from differentid exchange of hydrogen isotopes between phengite,
amphibole, bictite, epidote and fluids

In view of the points discussed above, hydrogen isotope data of eclogites indicate late
fluids-rock interactions probably during retrograde metamorphism. The heaviest dD vaues of
the retrograde fluid would probably dose to -20%., excluding recent meteoric waters which in

eagtern China havedD vaues —40to -70%o0 (Zhang et d., 1985).
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Chapter 8. METAMORPHIC EVOLUTION AND P-T CONDITIONS

8.1 The Bixiling eclogite

Based on the petrographic study and microprobe data of minerds, we can deduce a
multi-dage metamorphic  evolution in a least five meamorphic sages for the Bixiling
complex:

(1) Prograde eclogite-facies metamorphism. This stage is represented by minerals such
as phengite and omphacite occurring as incdusons within garnet porphyroblasts. The K-rich
rims of omphecite inclusons reflect P-T conditions of the pesk metamorphism, whereas the
compogtion of the cores reflects the conditions of prograde edogite-facies metamorphism.
The pressure a this dage is estimated to be 15-20kb based on the P-T rdaionship of edogite-
facies metamorphism (Raheim and Green 1975). Temperatures were estimated to be 700-780
°C applying the garnetclinopyroxene geothermometers of Ellis and Green (1979), Krogh
(1988) and Aranovich and Pettison (1995) to the cores of the K-rich omphecite inclusons and
the mean compasition of garnet in the retrograced eclogite.

(2) Coedte eclogite-facies metamorphism is characterized by the formation of coedte
and K-rich omphecite indusons and is considered to represent pesk metamorphic conditions.
Temperatiures for this sage were cdculated to be higher than 1000 °C (see Table 8.1).
Pressure was estimated to be >40kbar.

(3 Recryddlized edogite-facies  metamorphism. Coarsegraned gane  and
omphecite formed a this sage and have indusions of coeste and K-rich omphacite formed
during coedte edogite-fades metamorphism. Temperatures were caculated to be 750-850 °C
usng the Grt-Cpx geothermometers of Ellis and Green (1979), Krogh (1988) and Aranovich
and Pdtison (1995) on the Cpx-Grt pars (Table 8.1). Pressures were estimated to be 15-20
kbar (Réheém & Green, 1975). This dage probably represents an initid  retrograde
metamorphism of the eclogites during early uplift.

(4) Retrograde symplectite dage is represented by the symplectitic replacement
assemblage of clinopyroxene, amphibole and plagiodase. This dage probably corresponds to
high-grade amphibalite-facies conditions. Temperaiures of 600-700 °C were edimaed using
amphibole-clinopyroxene geothermometry (Perchuk 1969), and pressures of 9-12 kbar were
cd culated based on the geobarometer of Kohn and Spear (1990).

(5 Retrograde amphibolite-facies stage. Coarse-grained amphiboles that occur as
kdyphitic rims of ganet and symplectite, bictite retrograded from phengite and coarse
graned epidote and plagioclase are the characterigic minerds of this sage and indicae
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gpidote-amphibolite-facies metamorphism. Application of amphibole-plagiodlase
geothermometry  (Perchuk  1966; quoted from Zhang and Cong 1983) yidds temperaures
between 400°C and 450°C at 5 kbar. The pressure estimated by Al 'V/AIY' of amphibole is ~5
kbar (Raase 1974).

8.2 The Shima eclogite

Eclogite from Shima is less dtered compared to the other studied samples. Only two
metamorphic stages were distinguished based on petrographic observetions.

(1) Coedte eclogite-facies metamorphisn. The eclogite from Shima contains rdict
coeste as incusons in ganet (Wang e d. 1989), indicating it has been subjected to a
pressure of >29 kbar a a temperature of 800 °C based on the equilibrium of coesite = quartz
(Bohlen and Bosttcher, 1982). It is generdly assumed tha coeste inclusons in garnet and
omphecite are representative of pesk metamorphic conditions for the eclogite assemblages
and can be used as the minimum pressure indicator (eg. Chopin, 1984; Smith, 1984). The
pesk metamor phic temperatures for this stage were caculated by Xiao (1991) to be about 830
°C at pressures of 30 kbar.

(2 Recryddlized edogite-facies metamorphism. In addition to coeste, the Shima
eclogite contains a high-pressure assemblage of coarse-grained garnet, omphacite and rutile.
The jadeitic content of omphacite (>40%) indicates that the eclogite has been subjected to a
minimum pressure of 15 kbar a 700 °C. Metamorphic temperaures have been caculaed to
be about 690 °C (Xiao, 1991).

8.3 The Shuanghe jadeite quartzite

The UHP dab in Shuanghe has been well studied (eg., Cong & d., 1995; Okay, 1993;
Liou e d., 1997). Smilar to the adjacent UHP edogites in Shuanghe, which have undergone
a complex metamorphic evolution (Cong e d., 1995), the jaddte quartzite dso has been
subjected to a multiple metamorphism:

(1) Coedte-eclogite facies metamorphism. The formation of coedte is the
characterigtic process of this dage, which represents the pesk metamorphism for the
Shuanghe jadeite quartzite. Coedte relics, presarved as inclusons within jadete, indicate thet
pesk metamorphic pressures of > 29 kbar (at temperature = 800 °C) were reached. Although
Liou et d. (1997) suggested pesk metamorphic temperatures of 670 + 30 °C for this Stage,
they obtained up to 910 °C usng Powel’s (1985) cdibraions for the core compostions for
both ganet and jadeite Cong e d. (1995) got 700950 °C for the Jd-rich omphecite
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indusons in ganet. Smilarly, high temperatures of above 1000 °C have been obtained usng
the measured compositions and the Grt-Cpx thermometers of Aranovich and Pettison (1995),
Krogh (1988) and Ellis and Green (1979) (totd Fe was assumed to be F&*); oxygen isotope
thermometers for the QzGrt and QzJd pairs yidd temperaures ranging from 800 to 1000 °C
(see Table 7.2). Thus, a pesk temperature of >800 °C was assumed for the jadeite quartzite in
Shuange.

(2 Recryddlized edogitefacies metamorphism. During this dtage, coedte was
replaced by polycryddline quatz aggregates, corresponding to Cong's & d. (1995) quartz-
eclogite sage (I11-1). The metamorphic conditions were esimated to be P > 1820 kbar a
temperatures > 700 °C.

(3) Retrograde symplectite stage. In this stage, kelyphitic coronas developed around
margins of gane and jadeite grains. The early-formed corones are composed mainly of
oligodase and taramitic amphibole. Liou e d. (1997) have cdculated that the formation of
oligodase took place a 14-18 kbar and aout 550-600 °C, representing the metamorphic P-T
conditions of this Sage.

8.4 The Lidu eclogite

It is generdly bdieved that compostiond zondions in ganet reflect changing of P-T
conditions (eg. Spear, 1993). Based on the microprobe data, a three-stage growth modd for
ganet in the Lidu edogite is podtulated: an origind core with rdaivey low-Mg and highCa
contents represents the earliet sage of garnet growth; the low-Mg and high-Ca contents of
the garnet core indicate that the core formed a a relaively low metamorphic grade (eg. Lang,
1996). Hydroxyl-bearing minerds in the centrd zone of garnet represent the second dtege,
which possbly reflects a temporary decompresson (eg. temporary uplift); due to this
decompression, cracks developed in some garnets (the presence of abundant cracks in the
centrd zone of garnet grains supports this assumption); as the pressure was below the gtability
of ganet, ganets might be patly dissolved because of interactions with fluids resulting in
the formation of hydroxyl-bearing minerds. Huidirock interactions dso resulted in an
increase of d®O vaues in the centrd zone of some garnets in which garnet has not been
replaced by hydroxyl-bearing minerds. In a third Stage, pressure increases again, which
probably resulted from a resubduction of the dab, ganet grew again and pesk metamorphic
conditions reached eclogite-facies metamorphism; rim and laeformed core of ganets
probably formed at this stage.
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Basad on these petrogrgphic observations, sSx metamorphic stages may be
digtinguished:

(1) Ealy prograde metamorphism. Epidote, rutile and phengite occur as indusions in
the core of some garnets. This assemblage indicates that minerd inclusons in the garnet core
formed under reatively low-pressure and temperature conditions. However, quantitative P-T
estimates for this stage are impossible because of the absence of suitable minera pairs.

(2) The first pesk metamorphism. Omphacite and phengite occur as inclusons in the
centrd zones of some ganets. The presence of a few omphacite indusions suggests that the
eclogite underwent prograde eclogite-facies metamorphic conditions. Jd content in omphecite
inclusons is lower than that in matrix omphacite grains (see Table 4.1), indicating lower
pressures for the omphacite inclusons. The early garnet core (see Fig. 4.8) might form at this
sage. Metamorphic temperatures for this stage were estimated using the pyroxene-garnet
geothermometers of Ellis and Green (1979), Krogh (1988) and Aranovich and Paitison (1995)
for coexiging omphecite inclusons and host garnet; pressures were estimated using jadeite-
content of omphecite inclusons (Holland, 1980). The obtained results ae T = 600-650 °C
and P> 15 kbar.

(3 An ealy temporary retrograde metamorphic stage. During this sage, due to a
pressure decrease, some garnets partly interacted with  fluids and thus formed the snow-bdl
texture of hydroxyl-bearing minerdsin the central portion of garnet.

(4) The pesk metamorphic stage. Regrowth of the garnet core and margin may indicate
an increase of pressure. Such increese of pressure probably originated from a re-subduction
after the temporary uplift. Thus we assume that the regrowth of the garnet core and the
margin formed during this dage. The absence of coedte inclusons indicates that the
maximum metamorphic pressure of the eclogite from Lidu should be bdow the dability of
coeste. However, the coexigence of kyanite + omphecite in the matrix indicates minimum
pressures, which are condrained by the equilibrium of paragonite = kyanite + omphecite +
H20 to be aout 20 kbar (Holland, 1979; Newton, 1986). Higher jadeite contents in matrix
omphacite compared to those in omphacite inclusons aso indicates higher pressures. Peek
temperatures of 650-700 °C have been edimated from the Fe-Mg exchange of Grt-Cpx
geothermometers (Ellis and Green, 1979; Krogh, 1988; Aranovich and Petison, 1995) basd
on an assumed pressure of 20 kbar, usng the compogtions of matrix omphecite and of the
ganet rim. This temperature region agrees very well with that estimated from oxygen isotope
thermometers (Table 7.2), but is 50-100 °C higher than Wang et d. (1992) suggested.
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5) Retrograde symplectite stage. After the pesk metamorphic stage, the eclogite began
to uplift agan. The P-T conditions of this stage ae wel corgtrained by the hydrotherma
breskdown of paragonite ? abite + corundum + water (see Fig. 4.2) to be =630 °C a 7 kbar
(Deer e d., 1992). As corundum being the stable phase above about 450 °C (Der et 4.,
1992), the temperature range of this stage shoud be 450-630°C. Another obvious festure for
this stage are symplectites after omphacite and garnet.

(6) Retrograde amphibole-facies metamorphism dage. Secondary epidote, amphibole,
and sodic plagiodase occur as kdyphitic rim of omphacite and garnet. This assemblage points
to aretrograde epidote-amphibolite facies metamorphism.

8.5 The Raobazhai eclogite

At least four metamorphic stages can be deduced for the metamorphic evolution of the
Raobazhai complex based on perogrgphic dudies and microprobe anadlyses. The P-T
conditions of metamorphic recrysdlization for the four metamorphic Stages were estimated
using various thermobarometers.

(1) Pesk pressure eclogite-facies metamorphism. The pesk metamorphic stage is
represented by the core compogtions o pyroxene and ganet. The presarvaion of an
omphacitic core in the zoned pyroxene indicates tha the pesk pressure metamorphic stage
corresponds to eclogite facies metamorphism. The lower limit of the pesk metamorphic
pressure is edimated to be 185 kbar a 750 °C according to the jadete contents in the
ompheacitic core of the pyroxenes (c. 30 mol%) using the barometer of Holland (1980). Tsa &
Liou (2000) suggesed a veay high metamorphic pressure for the Raobazha complex (>25
kbar). However, as we did not find any excess SOz in CaNa dinopyroxene (see Tas & Liou,
2000) from our samples, we assume that the pressure of 185 kbar is the lower limit of the
pesk metamorphic pressure of Raobazha complex. Temperature estimates for this stage
(core-core parts for the pyroxene and garnet) a 20 kbar based on the GrtCpx thermometers
of Aranovich and Pettison (1995), Krogh (1988) and Ellis and Green (1979) ae in the range
680 to 860 °C.

(2) Recryddlized eclogite facies metamorphism. The decrease of jadeite contents in
pyroxene from the core towards the rim indicates a retrograde compresson. The gpplication
of Holland's (1980) barometer for the diopsde or augite rims yidds pressures from 14 to 17
kbar. The gpplication of the three thermometers (Aranovich and Patison 1995; Krogh 19838
and Hllis and Green, 1979) to the rim-rim compostions of the coexising ganet and pyroxene
a 15 kbar give temperatures ranges of 820 to 1000 °C.
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(3) Retrograde granulite facies metamorphism. The overgrowth of hypersthene at the
rims of some pyroxene grains indicates that the Raobazha complex underwent a retrograde
metamorphism from recryddlized eclogite facies to granulite facies conditions. The
formation of the overgrowth hypershene can be expressed by the following decompresson
reaction:

garnet + clinopyroxene + SO, = orthopyroxene + plagioclase
The coexigence of orthopyroxene, plagiodase and the rim of dinopyroxene (Fig.4.3b)
supports  this explanation. The metamorphic pressure for the retrograde granulite facies
metamorphic Stage is edtimated to be c. 7 kbar a 900 °C using the Al content in the
overgrowth hypersghene employing the barometer of Harley (1984), whereas the gpplicaion
of the Fe-Mg exchange thermometer of Grt-Opx (Lee and Ganguly, 1988) yields temperatures
between 900 and 950°C a 7 kbar.

(4 Rerograde amphibolite facies metamorphism. Seconday amphibole and
plagioclase ae the characteristic minera assemblage. The metamorphic pressures ae
estimated to be <5 kbar based on the reation between AIM and S of amphibole (Raase,
1974). The amphiboe-plagiodase themometer of Blundy and Holland (1990) vyiedds
metamorphic temperatures ranging from 800 to 850 °C, which is in good agreement with the
temperaiure edtimates for the amphibolites and amphibolite facies gneisses from the northern
Dabie Shan usng the same thermometer by Zhang et d. (1996), and dso corresponds to the
fact that amphiboles in the studied ssmples usudly contain high X+; (Raese, 1974).

8.6 The Yanzihe granulite

A twostage metamorphic evolution can be assumed for the granulite from the
Yawzine aea ganet porphyroblagts, matrix hypershene and quartz record granulite-facies
conditions, whereas secondary amphibole is assumed to represent the retrograde amphibolite-
facies metamorphism. The P-T conditions of metamorphic recrystdlization for the two
metamorphic stages were estimated using various thermometers.

Metamorphic pressures of the granulite-facies metamorphism were estimated to be >
11 kbar usng the Grt-Opx barometers of Wood and Banno (1973) and the Al content in the
orthopyroxene (Harley, 1984). The absence of plagioclase indicates that the Sudied granulite
might have been subjected to a metamorphic pressure of ~13 kbar & 800 °C or ~15 kbar a
1000 °C according to the plagioclase-out curve from Green and Ringwood (1967).
Application of the Fe-Mg exchange thermometer of Grt-Opx (Lee and Ganguly, 1988) yidds
temperatures between 750 and 800 °C at pressure of 10 kbar. This temperature range is about
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200 °C lower than that estimated from Grt-Qz oxygen isotope thermometer (Table 7.2), and
do 50100 °C lower than the temperature estimates of the subsequent retrograde
amphibolite-facies metamorphism. This discrepancy in temperature estimates may be reaed
to the effects of retrograde metamorphism, as discussed in section 7.2, 1t should be mentioned
that the gpplication of the two thermometers yidd good agreement for the other locdlities (see
dsn Zheng e d. 1998, 1999). Conddering the granulite-facies metamorphic temperatures in
Raobazha (see ds0 Xiao & d., 2001), a smilar temperature of 900 °C is suggested for this
stage.

Based on the reation between A" and S of amphibole (Rasse, 1974), pressures of
about 5 kbar have been suggested for the formation of the amphibole in the granulite The
garnetamphibole geothermometer (Graham and Powdl, 1984) in seconday amphiboles
within garnet in veins gives temperatures of around 850 °C. This reault is in good agreement
with the temperature edimates for the amphibolite-facies metamorphism of Raobazha using
amphibde-plagiodase theemometer of Blundy and Holland (1990), and is dso conggent with
the metamorphic temperaures estimated for the amphibolites and amphibolite-facies gneisses
inthe NDC by Zhang et d. (1996).

8.7 Summary of P-T calculations

P-T conditions for the investigated samples are summarized in Table 8.1 and shown in

Fg. 8.1

Table 81 P-T edimates of investigated samples from Dabie Shan. Thermobarometries gpplied for pressure and
temperature ca culations see text.

Locdity  Prograde Peek (pressure) Recryddlized  retrograde retrograde
metamorphisn  metamorphisn  metamorphisn  stage(1) stege (11)
P(kba) T(C) Pkba) T(°C) Pkkba) T(°C) Pkba) T(C) Pkba) T(°C)
SDT
Bixiling 1520 700 >0  ~1000 1520  7%0- 912 600 ~5  400-
780 850 700 450
Shima >30 ~830 >15 700
Shuanghe >30 ~800 1820 >700 1418 550
600
Lidu ~15 ~650  ~20 650- 7 450-
700 630
NDC
Raobazhai >185 680- 15 820- 7 900- 5 800-
860 1000 %0 850
Yanzihe 1315  ~900 5 800-
850
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Fig. 81 Summay of the F-T pahs generated from various thermobarometer calculations for the
invedtigated rocks. Data sources jadeite +quartz = dbite (Holland, 1980); coesite=quatz (Bohlen and
Boettcher, 1982); diamond = graphite (Kennedy and Kennedy, 1976); the eclogite to granulite trangtion is
after Green and Ringwood (1967). For explanations seetext.
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Chapter 9. DISCUSSION

9.1 Contrasting P-T paths between the metamor phic rocksfrom the SDT and NDC

Two important observations emerge from an ingpection of the metamorphic P-T
estimates:

(1) The edimated pesk P-T conditions for the four locdities from the SDT show a
conggtent trend from ~ 700 °C, 20 kbar in the Lidu area in the south of the SDT, 800-850 °C,
>29 kbar in the Shuanghe and Shima aress, to  ~ 1000 °C, > 40 kbar in the Bixiling area in
the northern part of the SDT. Wang et d. (1992) presented smilar trends for the other eclogite
locdities in the SDT. Metamorphic rocks in the northern margin of the SDT have been
subjected to much higher metamorphic P-T conditions than those in the southern margin, or in
other words, rocks from the North (e.g. Bixiling) may have been subducted to much grester
depth than those in the South of the SDT. This trend may indicate the subduction direction of
the Y angtze craton.

(2) During the stage of initid uplift (from pesk to recryddlized eclogite-facies) of the
metamorphic rock in the NDC, expecidly in Reobazha, there is a dgnificant temperature
increase (Fig. 8.1b). The P-T paths in the NDC are therefore quite different compared to the
retrograde P-T paths of the UHP eclogite from the SDT, in which dl the locdities show
nearly isotherma decompression paths following the maximum pressure (Fig. 8.18) (see dso
Wang et al., 1992; Okay, 1993; Xiao & Li, 1993; Xiao et al., 1995). Eclogites formed in degp
pats of typica continent-continent collison zones as in the Tauern Window, Audria, usudly
show P-T paths in which the metamorphic pesk temperaure is synchronous with the
maximum pressure and dong a nearly isotherma decompresson path (Spear, 1989). On the
other hand, for edogites formed in subduction zones, many subduction P-T paths show that
the maximum pressure is often followed by a decompresson pah with substantid heating
(Spear, 1993). In any case, the initid retrograde P-T path indicates that the NDC might be
related to another tectonic environment.

Furthermore, pesk metamorphic pressures and temperatures of the two tectonic units
are dso different. There is now abundant evidence that the SDT and the Sulu aress were
ubjected to pesk metamorphic pressures up to 50 kbar or even to 70 kbar, nuch higher than
former estimates of 30 kbar based on the dability of coedte (Zhang et d., 1995; Green et d.,
1997; Xiao et d., 2000; Ye & d., 2000). In contrast, the evidence for pressures >30 kbar in
the NDC is not draight forward. Most workers have argued that the NDC was subjected to
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pesk pressure < 25 kbar (eg., Wang and Liou, 1991; Li et d., 1993, Zhang et d., 1996).
Although one might podtulae that UHP indicator minerds in the NDC might have been
obliterated by the granulite-facies retrograde event, this seems to be unlikely because coesite
indugons are dso abundant in srongly granulitized edogites in Sulu (eg., Wang e d., 1993;
Nakaruma and Hirgima, 2000; Yao et d., 2000), even some of them have been subjected to
gonificant fluidrock interactions during metamorphism (eg. Jahn e d., 1996). As discussed
below, the very low water activity during pesk metamorphism of the NDC provided the
essentid  environment for the preservation of UHP index minerds (if any).

Therefore, the contrasting P-T features require that the two tectonic units, the SDT and
the NDC, had separate histories. In other words, they might belong to the Yangtze and North
China craons respectivdly before the Triassc continent-continent collison. The redivey
high temperature and low pressure of the rocks in the NDC in comparison with the SDT
suggest that the NDC is not a thrust plane in the subducted continentd crust of the Yangtze
craion as proposed by Okay and Sengdr (1993) and Mauyuma et d. (1994). On the other
hand, 2-sage modds suggest initid rapid exhumation until aout 40 km in depth for the UHP
metamorphic rocks in the SDT (Xieo, 1991, Li & d., 1993, Xiao & d., 1995; Chavagnec and
Jahn, 1996; Xue ¢ d., 1996). Li et d. (2000) showed that the UHP metamorphic rocks in
Shuanghe cooled down to 500 °C a& 219 £ 7 Ma by an initid rapid cooling, which
corresponds to the retrograde symplectite stage with pressures of about 6 — 8 kbar. It is thus
possible that the SDT containing the UHP metamorphic rocks reached greater depths (eg.
>120 km?) during subduction and exhumed repidly to shdlow levels, whereas the NDC,
containing the hotter eclogites and granulites, reeched reativey less depths (eg. < 80 km?)
but stayed longer. Such an evolution wauld be condgtent with a therma event leading to the
granulite- facies overprint in the NDC described here but, until the granulite-facies stage in
these rocks has been dated, this remains speculaion.

9.2 Fluid compositions during the metamor phic evolution of therocks from Dabie Shan

Huid indusons in metamorphic mineras represent a unique opportunity to detect the
compogtion of the fugitive volaile phase and to determine the pressuretemperature-volume
reaions of fluids of different compostions. The fluid induson assemblage of a metamorphic
rock is the result of a series of fluidirock interaction processes a different stages of its P-T
higory. Different types of fluid indusons within various minerds reflect fluids trapped a
different metamorphic stages of arock.
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In Bixiling, as kyanite is a primary phase formed during pesk metamorphism (Zhang
et d., 1995), the Carich brines in quartz blebs in kyanite are assumed to represent the earliest
recognizeble fluid and originated from prograde metamorphism. Although minor amounts of
CO, have been found in these fluids CO, gppeared to be not important during the prograde
metamorphism. For the Caenrichment in these fluids a possble explanation is the exchange
of cations between plagioclase and a chloride-rich fluid. Textures related with high-sdinity
NaCl-dominated fluid indusons in omphecite, kyanite and matrix quartz suggest that the
fluid inclusons were trgpped during the pesk of metamorphism. Despite isochore cdculations
have shown that the primary NaCldominaed high-sdinity indusons in omphadte and
kyanite only gpproach the lower limit of the eclogitefacies P-T fidd, it is bdieved tha fluid
incuson daa in such metamorphic rocks, when combined with minerd andyss and texura
obsavaions, give information aout the flud compostion during  high-pressure
metamorphism (eg. Philippot and Sdversone, 1991; Sdversone e d., 1992; Touret 1992
Philippot et d., 1995; Touret and Huizenga, 1999).

The texturd evidence of the high-dinity agueous indusons in quatz from Shima
suggest that these indusons are of primary origin and were trgoped during the peek
metamorphism of the UHP eclogite Thus, dmilar to the case of Bixiling, high dinity
solutions were present during pesk metamorphic conditions of the Shima eclogite. The fluid
phase present during the prograde and pesk metamorphism of the jadeite quartzite from
Shuanghe was dominated by water-rich solutions, it evolved, however, towards mixtures of
CO, and H,O duing late retrograde metamorphism. The fact tha only secondary water-
dominated indusons have been observed in the ‘cold edogite from Lidu indicaes open
system conditions during garnet-grade metamorphism. This concdusion is supported by the
oXygen isotope data (see below section 9.4.4).

For metamorphic rocks from the NDC, high-sdinity indusons + N, in ganet cores
ae the recognizeble ealies gengation of flud indusons and may represent fluid
compositions of the pesk metamorphism (eclogite facies) of the eclogite from the Raobazha
complex. Carbonic inclusons in the ganet rims are assumed to have been trapped during
granulite facies retrogresson and thus represent the compogtions of the fluid sysem during
granulite facies metamorphism. Secondary low-sdinity indusons in ganet imply that the
rock interacted with an externd low-sdinity fluid during retrograde metamorphism. Because
these inclusons occur in heded fractures they should be trapped &fter garnet growth,
probably after the retrograde amphibolite-facies metamorphic stage.
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The granulite from Yanzihe shows a COx-dominated fluid phase with minor N and/or
CH,4 throughout its metamorphic evolution. However, the water activity was somewhat
vaidble during different metamorphic sages. The fluids evolved from COgzrich (with
vaiable water contents) during prograde metamorphism towards dmost pure CO, fluids
(without visble water) during granulitefacies metamorphism.  During  retrograde
metamorphism, the solutions became relatively water-rich again, but with less N, and/or CH4
compared to the prograde- and pealmetamorphism.

Since the discovery of CQOp-rich fluid inclusons in granulite facies rocks numerous
dudies have shown that COxdominated fluid indusons are a characteridic festue of these
rocks worldwide (eg., Touret, 1981; Lamb et d., 1987; Vry and Brown, 1991). Experimenta
phase equilibria investigations (Santosh, 1991) indicated that regardiess of the mechanism of
granulite formation in different terraing CO; plays a citicd role in buffering the fluid
compogtion and dabilizing the dry minegad assemblages in granulite, being in accordance
with the fact that occesondly orthopyroxene overgrew a the margin of the compodtiondly
zoned pyroxene from Reobazha ( see Fg. 4.3b). The fluid induson data indicae tha
granulite-facies metamorphisn was a magor event in the NDC, dthough some rocks reached
edogite-facies metamorphism.

In summary, our data demondrate different fluid compostions between the SDT and
NDC areas

(1) Huids in the rocks from the SDT are characterized by water-rich solutions with
vaious inities. They gengdly evolved from highly concentratled Ca (Mg)-rich brines
(prograde metamorphism) towards NaCl dominated solutions (UHP metamorphism) and low-
sinity aqueous fluids during late retrograde uplift. The UHP jadeite quartzite from Shuanghe
shows a somewha different picture with low-sdinity fluids during pesk metamorphism
(dthough a few indusions have find mdting temperatures cdose to —10 °C). The difference
may be reaed to ther protoliths because the protolith of the jadeite quartzite was a meta
sedimentary rock as discussed in section 5.3 (see d<o Liou et d., 1997), it should be reatively
water-rich compared to the igneous protoliths of the eclogites. Furthermore, some eclogites
adjacent to the jadeite quatzite have high-sdinity solutions during their pesk metamorphism
(Fu e d., 2000), supporting the above concuson. Oxygen isotope data suggest a meteoric
water-rock interaction prior to subduction for al metamorphic rocksin the SDT (see below).

(2 In contrast, metamorphic fluid phases in metamorphic rocks from the NDC are
dominated by CO,-rich fluids dthough some Ny-beaing high-sdinity and secondary water-
rich indudons have been observed in the eclogite from Raobazha. Oxygen isotope data
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indicate that, unlike the case of the SDT, metamorphic rocks in the NDC might not have been
subjected to a meteoric water-rock interaction before metamorphosis, but underwent an
extengve retrograde fluid-rock interaction during uplift.

9.3 P-T-t-fluid paths of the metamor phic rocksin the SDT and the NDC

Sm-Nd minerd isochron and U-Pb zircon ages have documented a narrow age range
of 210 to 230 Ma for the pesk metamorphism of the LHP rocks in the SDT (eg., Li & 4.,
1992, 1993; Ames ¢ d., 1993, 1996; Xiao & d., 1995; Chavagnac and Jahn, 1996; Rowley et
d., 1997, Hacker et d., 1998). Rb-Sr and “°Ar/**Ar thermochronologies have reveded similar
cooling higories for these rodks (eg. Chen & d., 1993, Xao e d., 1993; Eide et d., 19%;
Hacker and Wang, 1995; Li et d., 2000). However, the timing of the pesk metamorphism in
the NDC has been atopic of controversy.

It is known tha the NDC conssts of orthogneiss, migmatite, metasediments,
amphibolite, grenulite and mafic-ultramafic rocks. Processes that have dSgnificantly sheped
the meamorphic hisory of the NDC include edogite-, grandite-, amphibolite-facies
metamorphism, plutonisn of the orthogneissc protalith, and lae granite and mafic-ultramafic
maegmatism. The occurrence of granulite and granulitized eclogites (eg. Reobazha) is a
prominent characteristic in the NDC compared to the SDT.

Recently, Xue & d. (1997) and Hacker et d. (1998) reported zircon ages with arange
of 125-138 Ma for a viaiety of lithologicd units of the NDC, incuding orthogneiss, gabbro,
tondite intrusons, granitic gneiss and undeformed granite. Based on these ages, Hacker et d.
(1998) suggested that the bulk of the NDC (>90%) is a Cretaceous magmatic complex, and
the preCretaceous ‘basement’ rocks, represented by granulite with minor marble and
ultramafic rocks, are only scrgps of the Yangtze craton that survived deep subduction.
However, Jahn e d. (1999) argued tha the gpparent absence of subduction processes is
incompatible with the formation of extensve orthogneisses if they are indeed of Cretaceous
age. Li et d. (1998) dso suggested that the NDC is an uniform old metamorphic terrain.

The best esimate of the pesk metamorphic age for the NDC comes from Sm-Nd
minera- (garnet and clinopyroxene) whole rock isochron ages, which gave 244 £ 11 Ma on a
eclogite from Raobazha (Li e d. 1993). As has been demondrated that garnet and pyroxene
from Raobazha are compodtiondly zoned, one may argue tha this age probably represents a
mixed age between the eclogitee and granulite facies metamorphism. However, Li & 4.
(1993) empheszed tha dl minerd separaes have been obtaned by careful hand-picking.



9. Discusson 114

From the semi-quantitative mapping of the zoned pyroxene (see Fg. 4.13), it is obvious thet
the omphecitic core and diopsde represent 9 vol% of the grans dthough minor
overgrowths of orthopyroxene and fine-grained plagiodase occur dong the rim and in the
core respectively. Furthermore, retrograde temperatures of granulite facies metamorphism are
up to 900 °C (Fig. 8.1b), which may cause doubts whether the pesk metamorphic ages have
been reset. Closure temperatures of 850-900 °C for the Sm-Nd system in ganet were
suggested by Cohen et d. (1988) and Jagoutz (1988), whereas a much lower temperature
aound 600 °C was proposed by Bohlen e d. (1985) and Mezger et d. (1992). For the
Reobazha  eclogite, condgsing only of ganet and pyroxene during edogite- and granulite
facies metamorphism, diffuson of Sm-Nd in ganet is mainly controlled by dinopyroxene. In
addition, the large gran szes of gane adso rase the closure temperaiure (e. g., Dodson,
1973). Thus, if a high dosure temperature of 850-900 °C for the Sm-Nd system in @rnet is
goplicable to our samples, the age of 244 + 11 Ma is likdy to represent the lower limit for the
pesk metamorphism in the NDC. If this podulaion is correct, then the age of the pesk
metamorphism in the NDC is aout 10-20 Ma higher than in the SDT. This suggests earlier
cooling for the rocks in the NDC than in the SDT. A possible explanation is that the NDC was
an overthrusted wedge overlying the subducted continental crust of the Yangtze craton (Li et
d., 1996). Other ages being useful for tectonic recondructions include the following: bictite
and hornblende from the NDC yidded “Ar/*Ar ages of 120-135 Ma (Chen et d., 1995;
Hacker and Wang, 1995); Rb-S, Sm-Nd and “Ar/°Ar andyses on minerd fractions of
coarse-grained gabbros dso show Cretaceous ages (~125 Ma;, Jahn et d., 1999b). These ages
ae bdieved to reflect rehedting by post-collisona magmatic/extensond events (Hacker et
d., 1995; Li et d., 1998).

Based on obsarved textures, fluid incdluson data, oxygen isotope compostions, P-T
estimates and metamorphic ages, retrograde P-T-t-fluid paths for the metamorphic rocks from
the SDT and NDC are summarized in Fig. 9.1aand b, respectively.

9.4 Fluid behavior during metamor phic evolution of the rocksin Dabie Shan

9.4.1 Meteoric water-rock interaction prior to metamor phism?

Oxygen isotope compositions of mineras from the SDT cover a wide range: the d*®0
vaue ranges from —4.6 to 7.8%0 for garngt, from —1.0 to 9.7%. for quatz and from —2.4 to
7.8%0 for cdinopyroxene. When combined with previous oxygen isotope dudies in Dabie Shan
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Fig. 9.1. P-T-t-fluid paths of the UHP metamorphic rocks from SDT(A) and HP metamorphic rocks from NDC (B).
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(eg., Baker et d., 1997; Yui et d., 1997; Rumble and Yui, 1998, Zheng & d., 1998, 1999),
we can conclude that there was a meteoric water-rock interaction(s) prior to subduction for
metamorphic rocks from the SDT. Such a meteoric water-rock interaction(s), however, was
vary varidble from locdity to locdlity.

In contragt, the measured oxygen isotope data for the rocks from Raobazha and
Yanzihe in the NDC do not show any obvious indications of water-rock interaction before
subduction. Touret (1989) dated that granulite formation can be didinguished in ether fluid-
absent metamorphism  or  carbonic  metamorphism. In the fird case oxygen isotope
compositions would remain largely unchanged, wheress in the latter case changes in the
isotopic  compositions ae expected. However, meta-igneous rocks of mafic or fesc
compodtions  with d®0 of 6 to 10% will reman unchanged even during carbonic
metasomation as d*0 vaues of mantle-derived CO, are around 10%. (Mattey et d., 1994).
Although fluid indusons of Raobazha and Yawzihe suggest tha the granulite-facies
metamorphism in the NDC was CO2 dominant, the d*®0 vaues from Raobazhai and Yanzihe
are expected to be dose to the oxygen isotope compostions of the respective protoliths, i.e,
theoxygen isotope compositions do not indicate meteoric water-rock interaction.
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The concluson tha, metamorphic rocks in the SDT had a meteoric water-rock
interaction before subduction but those in the NDC had not, is supported by the present REE
daa As shown in Fig. 9.2, a negative corrdation exists between d*®0 values and LREE
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concentrations of whole rocks (the sample from Shuanghe has been excluded because it is a
meta-sediment). Samples from Bixiling and Lidu, which have d®0 veues of —2.8 to 3.7%o,
showing obvious indications for meteoric waterrock interaction, have higher LREE
concentrations than the other samples. Although the edogite from Shima show normd d*®0
vaues, the higher LREE content indicates an interaction with a REE-beaing fluid prior to
UHP metamorphism (no obvious retrograde metamorphic indicator in the studied sample). By
contradt, eclogite (Raobazha) and granulite (Yanzihe) from the NDC have much lower LREE
concentrations and “norma” d®O vaues, which do not support a meteoric water-rock
interaction before their metamorphism.

9.4.2 Closed fluid system during peak metamor phism

Ganet porphyroblasts from the Raobazha edogite and Yanzihe granulite in the NDC
have more or less homogeneous d*®0 values, which indicate dosed system conditions during
ganet growth. Any infiltrating fluids present during ganet growth should cause an oxygen
isotope gradient from the center outwards to the rim, because the isotopic front that is moving
through the rock becomes less steep with increesing disance from the contact (Chamberlain
and Conrad, 1993). Therefore, no externd fluids infiltrated the edogite and granulite during
ganet growth. In other words, fluid phases present in the rocks of NDC should be of internd
origin during edogite- and subseguent granulite-facies metamorphism.  Furthermore, REE
andysss of these garnet porphyroblasts show that the REE concentrations are dightly higher
in the garnet cores than in the rims. This suggests the existence of a fractionation process, and
hence supports the concluson that there was no Sgnificant fluid-rock interaction during
ganet growth.

According to Watson e d. (1990), fluids in the shdlowest upper mantle - 10 to 20
kbar or 33 to 66 km - are COgrich, and H,O-poor. At pressures above the Sability of
amphibole (> 23kbar; Olafsson and Eggler, 1983), the dable hydrous phase is phlogopite
Because of the low concentration of K20 in the upper mantle (hundreds of p.p.m) little
phlogopite can be formed and much of the HO is partitioned into the fluid phase. In this way
the fludphese a depths > 80km becomes water-rich and <dinities may be reduced. The
preserveion of high-dinity fluid indusons in edogites from Bixiling ard Shima indicates
that the UHP eclogites in the SDT represent a redively cosed fluid sysem during pesk
metamorphism, and that fluid migration must have been limited, a depths bdow 80 km.
Philippot (1993) dready hes shown thet fluid migration in eclogite is samdl & pressures > 10
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kbar. Thus, the limited flud mobility and the possble “in sStu” dendty reequilibration
indicate that the compogtion of fluid indusons in gamnet, omphacite and kyanite are likdy to
represent the fluids during UHP  metamorphism.  Furthermore, the preservation of pre
subduction meteoric water dgnature and  oxygen isotope equilibrium among minerds in the
SDT ds0 indicate limited oxygen isotope exchange between the subducted rocks and the
surrounding mantle materid, i.e,, dlosed system conditions during UHP metamorphism.

Aranovish & Newton (1997) have demondrated tha the presence of NaCl decreases
ggnificantly the water-activity (aH20); thus high-inity agueous indusons (brines) and
CO,-dominated indudons indicate low waer activity during edogite- and granulite facies
metamorphism in both NDC and SDT. The low aH»O, which is essentid for the gability of
the granulitefacies minerds, is explaned by the lack of a free fluid phase (Touret &
Huizenga, 1999). This lends support to the proposd that the presarvation of coeste as
indusons in other mingrds indicaies a lack of freefluid during UHP metamorphism in the
SDT which would otherwise catalyse retrogressve phase changes (Hacker and Peacock,
1995). This dso means that, if any coedte (or other UHP index minerds) would be present
during pesk metamorphism of the rocks in the NDC, UHP index minerds adso should occur
as inclusons in other mineras because of the very low aH;O. The fact that so far no UHP
index minerds has been found in the NDC suggests the absence of UHP metamorphism in the
NDC.

9.4.3 Indicators of retrograde fluid/rock interaction

As demondrated in section 7.1, oxygen isotope equilibrium has been achieved in the
investigated samples from the SDT. In the NDC, however, the negative fractionations of —1.7
to —0.5%0 between secondary amphibole and plagiodase and garnet in Raobazha, and of —
19%o0 between Opx and amphibole and ganet in Yanzihe indicate isotope disequilibrium.
This disequilibrium can be best interpreted as resulting from fluidirock interactions during the
retrograde formation of these minerds Because different minerds have different closure
temperatures for oxygen isotope exchange (garnet being the mogst resgant, whereas such
minerds as amphibole and plagiodase are more susceptible), differentid  isotopic  exchange
has taken place between the minerds and retrograde fluids.

The podtulation that metamorphic rocks in the NDC have been subjected to retrograde
flud-rock interactions is supported by unusudly Clcontents in secondary amphiboles in the
NDC, with 0.4% in Raobazha and up to 4.0% in Yanzihe. Thus, it is reasonable to assume
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that there was a regiondly extensve retrograde fluid-rock interaction, athough further work
is neaded to support this assumption.

In the SDT, significantly lower d*®0 vaues and lower sdinities of the secondary fluid
incdusons in mairix quartz of retrograded eclogite indicate a retrograde fluid-rock interaction
a the magin of the Bixiling edogite These retrograde fluids must have been low -inity
agueous or amost pure water and have d*®0 < 0%, which point to infiltrated surface waters
of meteoric origin or fluids derived from the surrounding gneisses with low-d*®0. The so far
reported maximum depth of meteoric-water penetration in the crugt is about 12 km (eg.
Wickham and Taylor 1987); at this depth the generdly observed temperature is lower than the
oxygen isotope closure temperature of ganet. Therefore, we assume that the edogite
interacted with retrograde fluids derived from the surrounding gneiss a high temperatures.
During late retrograde metamorphism, probably after the symplectite stage, fluids with low-
sinity and d®0 vaues < 0% were produced dong the boundary zone between ecologite
and wadl rock gneiss due to a tectonic extenson of this region in the early Cretaceous ( Li et
d. 1993). At that time, metamorphic temperatures must have been rdatively high (600-
700°C), and the cooling rate was ‘dow’ (~7 °C/Ma, Chavagnac and Jahn, 1996); therefore the
oxygen isotope compogtions of the mingds induding ganet, which is highly resgant to
isotopic exchange, were reset during the retrograde water-rock interaction, and a laie oxygen
isotope re-equilibrium has been reached. This may be the reason that there are no sgns of
isotopic  dis-equilibrium in the retrograde eclogite. However, since the edogite body in
Bixiling is too large (L5 kn?) to be completely reset, only the meargind portions of the body
werereset.

The secondary CO,-rich indudons in jadete quartzite from Shuanghe may be related
to retrograde fluids from coexiging marbles (see dso Fu e d., 2000). It is unlikey that the
CO2 component resulted from its metasedimentary protolith because no primary carbonic
inclusons has been obsarved in the rock. Secondary dmogt pure water inclusons in the Lidu
eclogite indicate the presence of a low-sdinity fluid during retrograde metamorphism. The
ource of such low-sdinity fluid, however, is undear so far. UHP eclogites with retrograde
flud-rock interactions from other locdities in the SDT dso have been destribed by Yui e 4d.
(1997) and Zheng & d. (1999), though Yui et da. (1997) suggested that the retrograde fluid
was dther derived from meteoric water infiltration or from low d*80O gneisses, whereas Zheng
et d. (1999 conddered thet it could be derived from gructurd hydroxyls groups dissolved in

nomindly anhydrous minerds.
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The eclogite from Shima does not show any dgnificant retrograde Signatures,
indicating a dosad sysem throughout metamorphism. Baker et a. (1997) obsarved no oxygen
isotope shifts during amphibalite-facies overprints of the UHP eclogites from Shima and other
locdities in the SDT and conduded that if an exatic fluid would be involved in the retrograde
metamorphism, it should be dther in or very dose to isotopic eguilibrium with the edogite
mineras

In summary, it is concluded that there was retrograde fluid-rock interaction in the
SDT. It was, however, limited and vaiable from locdity to locdity. This may be in contrast
to the case of the NDC.

9.4.4 Open system conditions in the Lidu eclogite

The discovery of oxygen isotope zoning in ganets from Lidu (section 7.14) hes
important implications for the question whether the rocks have been affected by fluid
infiltretion during metamorphism. Oxygen isotope zoning can be caused by fluid infiltration
but dso can be afected by diffuson processes temperature changes, and compositiond
vaiaions during gane growth. The diffusvity of oxygen in ganet is exceedingly low a
metamorphic temperaiures up to 700 °C, thus diffuson is an unlikely process. Therefore, we
focus our discusson to temperature change, compodtiond variation, and fluid infiltration.

It has been suggested that garnet growth begins a about 400 °C (eg., Christensen &
d., 1989). Temperaures cadculated from quartz-garnet d¥0 data agree with temperatures
cdculaed from caion thermometry (see <ection 84), indicaing pesk metamorphic
temperatures around 700 °C for the Lidu eclogite. Thus, it is reasonable to assume that garnet
from Lidu has been formed between 400 and 700 °C. Zheng (1993a) reveded a redivey
andl oxygen isotope fractionation of <0.2%0 between ganet and fluid a 400700 °C. The
observed shifts in d*®0 vaues, however, from the core to the centrd zone, and from the
centrad zone to the rim of the ganet, are 0.5 to 0.6%o., a factor of 2 to 3 times higher than that
could result from temperature variaions. Thus, it is unlikey that a temperature change during
garnet growth could result in such an oxygen isotope shift.

Cdion subdtitution can affect the oxygen isotope compostions of minerds. Taylor and
ONel (1977) suggested grossular is enriched in 0 compared to andradite a 600 °C,
whereas a recent study from Kohn and Valey (1998) indicates that Capoor, Ferich garnet is
enriched in 0 compared to grossular a about 700 °C. However, the effects on fractionation
fectors of the cation subditutions cannot explain the oxygen isotope zoning péiterns in the
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ganet from Lidu. As shown in Fig. 4.7, the dmandine content decreases from ~62% in the
core to ~5% in the rim. Although grossular and pyrope contents vary in the centrd zone of
the garnet, these variations are too small to explain the observed %0 variations.

REE andyses of the same garnet indicate that REE concentrations in the rim are about
3 ordrs of magnitude higher than those in the core (Fig. 5.11). The REE zoning patterns can
not result from crysta fractionation processes, which usudly cause a REE decresse towards
the gang rim (eg ganes in Reobazha and Yanzihe). Huids with vaidble REE
concentrations during ganet growth are the most probable cause for the observed REE
pattern.

Therefore, infiltrations of fluids with different d180 vaues into the Lidu edogite

during gamnet growth are the most likdy cause responsible for the observed d180 zoning in
gand. Ganets in the eclogite from Huangzhen, another “cold” eclogite locdity dose to Lidu,
have a rdatively large range of d®0 vaues between —52 to —0.1%0 (Zheng et d., 1999),
indicating localy heterogeneous fluid-rock interactions during metamorphism. Heterogeneous
flud-rock interactions during metamorphism are observed for al the other metamorphic rocks
inthe SDT (e.g., Baker et d., 1997; Yi et d., 1997; Zheng et dl., 1998, 1999).

The oxygen isotope zoning in the ganet indicates that the eclogite from Lidu weas
open to extend fluids during garnet-grade metamorphism, or even pesk metamorphism. This
is in accord with the fluid induson study, which shows that mogt fluid indusions in the Lidu
eclogite are dmost pure water inclusons with heded fractures (see section 6.4), indicating
high water-activity during metamorphism. Moreover, many hydrous phases such as tek,
chlorite, mica and amphibole occur in the matrix and as indusons in garnet suggesing fluid
incorporation throughout metamorphism. However, such an open sysem behavior contrasts to
most UHP eclogites, which are usudly closed during UHP metamorphism. The “cold”
eclogite from Lidu in the SDT therefore has a somewhat unusudly different metamorphic

evolution.
9.5 Origin of nitrogen in metamor phic fluids of Dabie Shan

No-rich fluids have been described from eclogites of the Cdedonides (eg., Andersen
et d., 1989, 1990, 1993), the Minchberg complex in Bavaria (Klemd, 1991, Klemd et d.,
1993), and from edogite nodules in kimberlites of Sberia (Tomilenko and Chupin, 1983). In
contradt, in eclogites from the Alps and in many blueschigs, fluid indusons related to pesk
metamorphic conditions are dominated by more or less complex agueous brines without
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evidence of N2 (Sdverdone et d., 1984; Philippot and Sdversone, 1991; Philippot, 1993;
Touret, 1992). Such a difference in fluid regimes is suggesed to be a consequence of different
tectonic environments during eclogite formation (Andersen e d., 1993; Klemd and Brocker,
1999). Along an oceanic subduction zone, large volumes of dadic sediments are subducted
together with hydrated oceanic crudt, representing a condderable reservoir of highly nitrogen
fatile materid; thus ecogites formed from oceanic crust will be reatively Nzenriched. On
the other hand, if an agueous fluid is generated by dehydration reections, and unable to escape
within the downgoing dab (eg. continent-continent collison), the water activity would
remain high until dehydration has resched an advanced Stage; eclogites formed under such
tectonic settings would keep most nitrogen in solid minerd phases (Andersen et d., 1993).

In the case of Dabie Shen, fluid indusons in most eclogites and other metamorphic
rocks are dominated by N-free solutions or gases (eg. You e d., 1996, Xiao et d., 2000; the
present dudy), indicating these rocks are rdaed to continent-continent collison tectonics
However, rare Na-rich indusons have dso been described for the edogites from Shuanghe
(Fu e d., 2000) and Raobazhai (Xiao et d., 2001). Recent sudies have demondrated that the
Raobazhai complex is probably of mantle origin (Zhang Q. et d., 1995, Zhang R. & 4.,
1996). Although the invedigated whole-rock shows a MORB-like REE patern, the negdive
eNd(t) vaues (around —3) indicate that it cannot represent subducted oceanic crudt. Li et d.
(2000) suggested that the protoliths of the eclogites in Shuanghe are volcanic rocks. Thus,
possble sources for nitrogen in the eclogites in Dabie Shan include the mantle and nitrogen
rich crusd rocks, such as metasediments subducted to great depth.

Previous dudies on the composgtion of flud indusons in mantle-derived rocks have
shown that carbon dioxide is an ubiquitous component in mantle xendliths (eg., Roedder,
1965, 1984; Murk et d., 1978, Andersen & d., 1984; Padteris 1987;), but nitrogen is naot.
However, nitrogen has been found in diamonds, and in minor amounts in phlogopite and
amphibole where it may subgtitute for potassum. The average nitrogen content of the mantle
is <2 ppm (Norris and Scheeffer 1982), which is much lower than that in crustd rocks (c. 20
ppm, Wiotzka, 1961).

Metasedimentary rocks are one of the mgor lithologicd units of the NDT (Liou & 4.,
1995). Abundant UHP paragneiss, marble and jadeite quartzite occur dso in Shuanghe (Cong
et d., 1995). There is now abundant evidence that both eclogites and their country rocks in
the SDT experienced the same Triassic UHP metamorphic history (eg., Wang and Liou,
1991; Rowley et d., 1997, Hacker et d., 1998, Rumble and Yui, 1998). Therefore, nitrogen
released from such metasediments a grest depths may be a likely source for the N> present in
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the edogite-facies fluids In Raobazha, as the Nz-bearing fluid incdusons were trgpped
during the pesk metamorphism, the No-enriched metamorphic fluids should be formed during
or before the pesk metamorphism

9.6 Cl-bearing amphibolesin the NDC

Recent dudies (Kullerud 1995, 1996; Makl e d. 1998, Kulleud and Erambert,
1999) have demondrated that fluid compodtion is the most important factor controlling the
Cl-contents of amphibole and biotite, whereas crysad chemica condrants reaied to the
cation compogtion of amphibole (eg. the FeMg rétio) are of much less importance. Because
Cl has a pronounced preference for hydrous fluid rdative to slicaes and only enters solid
phases in sgnificant amounts if the chlorinity of the fluid is high and/or if the water activity is
vay low (Volfinger e d., 1985, Zhu and Sverjensky, 1991), even low amounts of Cl in
anphibole point to the exigence of Cl-rich solutions. Hence, the high Cl content in
amphiboles from the invedigaed samples, both in Reobazha and Yanzihe, points to the
existence of avery Chrich fluid during the metamorphism of the NDC.

Kullerud (1995, 1996) and Markl and Bucher (1998) suggesed sSmilar “desiccation
mechanism” for the formation of Cl-bearing mineras in granulites from the Lofoten, Norway.
According to Kullerud's (1995, 1996) modd, the influx of the externdly derived fluid phese
ceesed shortly after an initid grain-boundary saturation; later, the grain-boundary fluid was
consumed during amphibole and/lor bidtite- forming reactions. As Cl has high fluid/solid
patition coefficients, the firg hydrous minerds that formed during the fluid-rock interactions
were Cl-poor; continued hydration reactions resulted in a successve increase in the Cl content
and the attivity ratio ag-fagy- of the fluid phase thus, low-Cl amphibole formed a an early
stage, whereas the most Cl-enriched amphibole formed in equilibrium with sdt and the “lagt
droplets’ of ahighly sdine grain-boundary fluid.

However, as shown in Fig. 4.15 Clewiched amphiboles in Yanzihe should form
ealier than the Clpoor amphiboles which dissgrees with the “desccation” modd.
Furthermore, the “dediccation” mode cannot explan the formation of Cl-rich amphibole
vens in ganet. Thee vens ae mod likdy formed during retrograde metamorphism and
caused the lowering of d*®0 vaues in garnet dong the amphibole veins (see Fig. 7.6). Thus,
it seems that the “dedccation” modd may not be gpplicable for the Cl-enriched amphiboles
in the NDC. To condrain the origin(s) of such amphiboles in the NDC, further investigations
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are needed. Nevertheless, the higher Clontent in the amphiboles from the NDC contragts to
thosein the SDT, indicating their different fluid histories.

Primary fluid indusions indicate that the mgor component of the fluid phese during
the granulite-facies metamorphism in the NDC is CO,. The presence of Cl-rich amphiboles
indicates that Cl was dso a mgor component in the fluid phase. Chlorine isotope data from
granulites have suggested that the common occurrence of Cl-enriched minerds in granulite
facies tarains is a product of remobilized crusd Cl (Makl et d., 1997). Theefore, fluid
compogtions of the rocks from the NDC may indicate ther lower-crugd origin. This is
condgtent with Pb isotopes, which suggest that the protoliths of the metamorphic rocks in the
NDC are of lower crust origin, wheress those of the SDT are of upper crust origin (Li S. G,
persond communications).
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Chapter 10. TECTONIC IMPLICATIONS

10.1 Nature of protoliths

Magor and trace dements, and REE characteristics presented above indicate that the
protoliths of the <udied rocks derived from heterogeneous sources, which are further
influenced by fractiond crygdlization. Overdl, the present whole-rock data indicate that the
protoliths of the sudied rocks, manly from the SDT, formed probably in an idand-arc
tectonic environment. In a more extensve sudy of the UHP edogites in Dabie Shan, You e
al. (1996) reached the same concluson. In an additiond sudy for the gneisses in Shima, Xiao
(1991) concluded that the protoliths of the gneisses in the SDT were dso of idand-arc origin.
Furthermore, the generdly low eng (220 Ma) values (6 to —20) (Jahn, 1998) and U-Pb zrcon
upper intercept ages (Ames e d., 1993) indicate tha most eclogite protoliths ae of
Proterozoic age. The presence of these UHP eclogites implies degp subduction of a
continental block.

On the other hand, various tectonic settings have been suggested for the NDC: (1) a
metamorphosed ophiolite mélange complex in the suture (Xu e d., 1992, 1994), (2) a thrugt
plane in the subducted continental basement of the Yangtze craton (Okay and Sengdr, 1993;
Maruyama et d., 1994), (3) an idand arc near the North China craton (Zha et d., 1994), (4)
pat of the North China craton in the hanging wal of the subduction zone (Liou e d., 1996;
Zhang et d., 1996), (5) a microcontinent between the Yangtze and North China cratons (Li et
d., 1998) or, (6) a Creataceous magmatic complex formed in the post-collison extenson
(Hacker et d., 1998).

As described @bove, the NDC conssts of a “basement” assemblage of orthogneiss,
migmétite, granulite, marble and ultramafic rocks and an intrusve gite of Cretaceous
granites and minor mafic-ultramafic intrusons. Among them, orthogneiss is the mgor
component of the NDC, its protolith has been suggested to be a suite of TTG (trondhjemitic-
tonditic-granodioritic) rocks that represent a former magmatic arc association (Cong et d.,
1994). Initid U-Pb zircon dating suggests that the granulites in the NDC were fragments of an
ancient lower crust (Chen et d., 1996). Based on a detailed study of the metamorphic rocks in
the NDC, Zhang et d. (1996) suggested that orthogneisses from the NDC differ in their
minerd assemblage from gneisses in the SDT, and that the rock association in the NDC has
digtinct affiliations with an active continental margin.
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Nd model ages (Tpm) of the rocks from the NDC and the DT suggest that they are
from two independent tectonic units. The orthogneisses samples from the NDC gave Tpu
vaues ranging from 20-26 Ga by contrast, orthogneisses collected from a broad area in the
SDT yidded Tpy values of 1.5 to 1.8 Ga, while UHP mragneisses have Tpw vaues of 24 to
29 Ga (Li e d., 1998). Xieet d. (1996) agued that the upper layer of the SDT is manly
composed of the orthogneiss with younger Nd modd ages and foreéign UHP metamorphosed
dabs, and the lower layer represents an old basement of the Yangtze craton. In contrast, the
NDC isan uniform old metamorphic terrain (Li et d., 1993).

Fed daa have suggested limited didributions for syncollisond méfic-ultramafic
intrusons in the NDC. This feeture indicates that the NDC is likdy to be an ovelying crust
wedge above the subduction zone rather than a subducted continental crust (Li et d., 1998).

10.2 Tectonicinter pretation

Different tectonic models have been proposed for the formation of the Dabie UHP
terrain. All models agreed in tha (1) the Yangtze and North China cratons are the principa
continental colliders, and the Dabie — Sulu terrain is the collison orogen between two cratons,
(2) the Yangtze craton subducted northward benesth the North China craton during the
Triassc. However, the exact location of the suture is gill under debate. Zhang et d. (1996)
have proposed that the suture is located in the centrd Dabie Shan between the SDT and NDC.
Chen and Jahn (1998) suggested that the suture is more likdy located in the northern margin
or to the north of the Dabie orogen. Based on the didribution of eclogites, and metamorphic
ages, Hacker et d. (1998) conddered that the postion of the suture should be located on
dther the northern or southern contact of the Nanwan Forméion, rather than dong the
XiaotiantMozitang Fault near the northern edge of the Dabie Shan (Hacker et d., 1995).

The contraging fluid higories, P-T evolutions, and other geochemical characteridics
for the SDT and NDC indicate that heir boundary probably represents the suture between the
North China and Yangtze cratons. This lends support to the suggestion that the NDC may
represent the North China hanging wal during the Triassc subduction for the formation of
the ultrahigh- and high-pressure units to the south (Zhang et d., 1996; Liou et d., 1996).

Figure 10.1 illugrates a conjecturd plae-tectonic scenario for the tectonic evolution
between the North China and Yangtze cratons that is responsble for the formation of the
metamorphic rocks in the SDT and NDC. During the late Permian or early Triassc, the
Yangtze craton collided with the North China craion (Fig. 10.1A). This collison event caused
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a degp continental subduction of the Yangtze craion under the North China craton. At that
time the SDT was the northern edge of the subducted Yangtze craton, whereas the NDC was
pat of an ovethrus wedge of middle to low continentad crust. Depending on depth,
assemblages of the UHP, amphibolite, blueschist/greenschiss  zones developed on  the
subducted Yangtze craion. Furthermore, rocks in the northern margin (e.g. Bixiling) may have
been subducted to much grester depth than those in the southern margin of the SDT (eg.
Lidu). The different protoliths and tectonic environments caused the compostiond
differences of the fluid phases in the SDT and NDC. Smdl amounts of fluid in the SDT were
manly high-dinity solutions, while those in the NDC was dominated by CO, and Cl. On the
other hand, subduction of old and cold supracrustd rocks may not have produced sufficient
fluid, which has resulted in the widespread preservation of the UHP metamorphic assemblage
and the limited amount of syn-collsond granite in the hangingwal (Liou et d., 1996). The
limited amounts of fluids however, might promote smdl-scde patid mdting in the
overthrugt plate.

The contrasting retrograde RT paths of the SDT and NDC indicate they have different
exhumation higtories. Subduction of a continental lithosphere must stop a great depths (eg.
>120km?) because of its lower dendty compared to the asthenosphere. However, the denser
oceanic lithosphere continued to subduct and sometimes detached from the continental
lithosphere (eg., Davis and von Blanckenburg, 1995). Such a “dab breskoff” process would
cause the subducted continental lithosphere to rebound or uplift rapidy to much shdlower
depths (Fig. 1B, see dso Jahn e 4., 1999). By contrast, highT rocks of the hangingwal
exhumed much dower from intermediate to lower crustd depth showing a compression peth
with subgtantial heting.

In the early Cretaceous, due to decoupling of the themd boundary layer in the
subducted lithosphere (Anderson et d., 1991), the tectonic sdting in the Dabie Shan area
became to be extensond (see dso Li e 4., 1993). Mawy extensond volcanic basns and
akdine granites developed dong the north sSde of the NDC in the early Cretaceous support
this concduson ( BGMR, 1987). Such an extensond environment would favor retrograde
fluid-rock interactions.

In summary, such a tectonic modd offers a reasonable explandion for the different
flud higories and P-T paths, as wel as other geochemica characteristics between the SDT
and NDC. It may further contribute evidence to the condraint of the location of the collision
suture between the North Chinaand Y angtze cratons.
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Fig. 10.1. Tectonic model showing the development of the investigated rocks.
(A) after the continent-continent collision (>240 Ma), the northward subduction
of the Yangtze craton continued; due to the different positions in the subducted slab,

the investigated rocks subjected to different metamorphic conditions. (B) the
“detachment” of the eclogitized oceanic lithosphere caused the subducted continental
lithosphere to rebound or uplift rapidly to shallower depths; on the other hand,
metamorphic rocks on the overthrust plate, like Raobazhai ans Yanzihe, would uplift
much slower. (C) present spatial distributions of the metamorphic rocks in the Dabie Shan
(after Hacher et al., 1995). 1, Bixiling; 2, Shima; 3, Shuanghe; 4, Lidu; 5, Raobazhai;
6,Yanzihe; UCC,upper contintal crust;LCC, lower continental crust.BS, blueschist belt;
Ep-Am, epidote-amphibolite belt Cold-E, cold eclogite; Hot-E, hot eclogite.
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Chapter 11. CONCLUDING REMARKS

(1) The fluid higtory of metamorphic rocks from the SDT is different from that of the
NDC. The fluid sysem of the UHP metamorphic rocks in the SDT evolved from highly
concentrated Catrich brines (prograde metamorphism) towards NaCl-dominated solutions
(peek metamorphism) and low <dinity agueous fluids during retrograde metamorphism.
Although minor amounts of CO, have been found in these fluids, CO, appears to be not
important during the metamorphic evolution of the rocks from the SDT. By contradt, the fluid
phase of the rocks from the NDC was dominated by COp-ich fluids corresponding to
granulite-facies.

(2) Metamorphic rocks in the Dabie Shan area display a large range of d*®O values,
which probably resulted from varidions of their protoliths and from heterogeneous fluid-rock
interactions. The protoliths of the metamorphic rocks from the SDT have interacted with
meteoric water on a regiond scde prior to subduction, whereas the oxygen isotope
compostions of the metamorphic rocks from the NDC show no obvious indications of such a
water—rock interaction.

(3) Oxygen isotope mapping of garnet and fluid incluson data indicate that the fluid
phases in the rocks from both SDT and NDC, except for the “cold” eclogite from Lidu, were
more or less closed during their pesk metamorphism. Garnet from Lidu shows a systematic
oxygen isotope zoning, which can be rdaed to fluid infiltration during ganet growth,
indicating thet the eclogite was open to fluids during its pesk metamorghism. From this point
of view, the “cold” eclogite may have had a very different fluid evolution compared to the
UHP eclogitesin the SDT.

(4) Oxygen and hydrogen isotopes and fluid incduson data imply that there were
vaious retrograde fluid-rock interactions in both the SDT and the NDC, which was, however,
limited and heterogeneous in the SDT, and perhgps regiond in the NDC.

(5 Although previous studies have shown that Nz-enriched solutions are typica peek
metamorphic  fluids in many edogite locdities worldwide, the present data indicate that
nitrogen is not a mgor fluid component in the rocks from Dabie Shan. This could be due to
their continent-continent colligon setting.

(6) High contents of Cl in amphiboles from the NDC indicate that Cl was present once
in very high concentration in the metamorphic fluids. In contrast, no Cl has been found in the
minerds from the SDT, dthough Cl must have been an important component of the fluid
phasetoo.
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(7) All investigated samples, except for the Lidu eclogite, have very low water activity
during their pesk metamorphism. This indicates that, if UHP index minerds would have been
formed during pesk meamorphisn of the NDC, they should have been occasiondly
preserved like in the rocks from the SDT. Thus, most rocks in the NDC probably have not
been subjected to UHP metamorphism.

(8) Pressure and temperature caculations suggest different P-T paths for the rocks
from the SDT and NDC: rocks in the SDT have metamorphic pesk temperatures that are
synchronous wih the maximum pressure adong a nearly isothema decompresson path
during early uplift, whereas those from the NDC show the maximum pressure thet is followed
by a decompresson path with substantid heating. On the other hand, the consstent trend thet
the rocks in the northern margin have been subjected to much higher P-T conditions than
those in the south margin may indicate the subduction direction of the Y angtze craton.
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