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Abstract. The Iranian ophiolites are part of the vast oro- 1 Introduction
genic suture zones that mark the Alpine-Himalayan conver-

gence zone. Few petrological and geochronological dat&yphiolitic suture zones are the remnants of the oceanic litho-
are available from these ophiolitic domains, hampering asphere consumed during orogenic construction and testify for
full assessment of the timing and regimes of subductiongceanic closure during continental collision at the termina-
zone metamorphism and orogenic construction in the regionion of a classical Wilson cycle (e.g. Wilson, 1966; Dewey
This paper describes texture, geochemistry, and the pressurgnd Bird, 1970: Cawood et al., 2009). The metamorphic
temperature path of the Early Cretaceous mafic granulite$ecord of the ocean-derived units marking orogenic suture
that occur within the Tertiary Sabzevar ophiolitic suture zone,gnes provides key elements to decipher modes and regimes
of NE Iran. Whole rock geochemistry indicates that the of gceanic subduction and to constrain paleotectonic recon-
Sabzevar granulites are likely derived from a MORB-type siryctions at (paleo-)convergent margins (e.g. Scambelluri et
precursor. They are thus considered as remnants of a dig) | 1995; Peacock, 1996; Faccenna et al., 2001; Hacker et al,

membered dynamo-thermal sole formed during subductior2003; Jolivet et al., 2003; Brown, 2006, 2010; Bebout et al.,
of a back-arc basin (proto-Sabzevar Ocean) formed in theo7; Agard et al., 2009).

upper-plate of the Neotethyan slab. The metamorphic his- High-grade, granulite facies metamorphism is not com-
tory of the granulites suggests an anticlockwise pressure- '

temperature loop compatible with burial in a hot subductionmonly reported in modern (Phanerozoic) subduction zone
P P P: . . ... settings, which are dominated by cold subduction of oceanic
zone, followed by cooling during exhumation. Transition

f tt t ¢ f . bduction i lates into the deep mantle (Hacker et al., 2003; Peacock
rom a nascent fo a mature stage of oceanic subduction | t al., 1994; Stern, 2002; Brown, 2010). In these contexts,

the geodynamic scenario proposed to accomplish for the re- . : o .
. : . environments of formation of mafic high-pressure granulite
constructed thermobaric evolution. When framed with the gnh-p 9

. . . . . suites in orogenic settings have been generally ascribed to
regional scenario, results of this study point to diachronou 9 9 9 y

and independent tectonic evolutions of the different ophi- wo-end member processes: arc maturation, i.e. formation
10 Indepe Ic evolution nere P, consequence of magmatic loading at the mature arc stage
olitic domains of central Iran, for which a growing disparity

in the timing of metamorphic equilibration and of pressure- (e.g. Garrido et al., 2006 3erger et a!., 2009); or meltmg
temperature paths can be expected to emerge with further inr_emnantls ofa fc_)rmer oceanic crust in high he{:\t—ﬂow oceanic
vestigations subduction settings (Peacock et al., 1994; Liu et gl., 1996;
' Garda Casco et al., 2007). The correct interpretation of the
granulite-facies metamorphism in ophiolitic sutures is thus
critical to understand both processes and history of oceanic

subduction at convergent plate margins.
In this paper, we present new geochemical and petrologi-

Correspondence tcF. Rosseti cal data on the Early Cretaceous migmatitic mafic granulites
BY (rossetti@uniromaa3.it) found within the Tertiary Sabzevar ophiolitic suture zone of
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Fig. 1. (a) Distribution of the Tethyan ophiolitic suture zone along the Alpine-Himalayan convergence(bdi&mplified geological map
showing the main tectonic domains in Iran, with the main (Neotethyan) ophiolitic belts (in white) indicated (modified after Shojaat et al.,
2003; Bagheri and Stampfli, 2008). The rectangle indicates the study area. CEIM: Central East Iranian Microcontinent.

northeast Iran (Rossetti et al., 2010) (Fig. 1), and we de-+the Central Iranian Microcontinent (CEIM; Figs. 1b and 2a).
scribe their pressure-temperatue-1) history. These data This ophiolitic domain is the remnant of one of the peri-
are used to shed light on tHe-T regimes associated during Tethyan oceanic branches (referred as the Sabzevar Ocean;
closure of the ephemeral oceanic basins formed in the uppeiSengr et al., 1988; McCall, 1997; Bagheri and Stampfli,
plate of the Neo-Tethyan subduction during the long-lasting2008) that bordered the northern margin of the CEIM to-
Alpine convergence involving Eurasia and Arabia. Impli- ward the Asian Turan plate (Fig. 1b). It constitutes the
cations in terms of the regional geodynamics and orogenidargest ophiolitic massif (150 km long and 10-30 km wide)
complex evolution are also discussed. of north-eastern Iran and consists of a dismembered ophi-
olitic suite, with a tectonised and extensively serpentinised
mantle section (harzburgite, dunite, and Iherzolite) intruded
2 Geological background by mafic magmas and a volcano-sedimentary sequence, Late
) i Cretaceous to Paleocene in age (Alavi-Tehrani, 1977; Lensch
The remnants of the Tethyan oceanic realm running fromet al., 1977; Delaloye and Desmons, 1980; Baroz et al.,
thg Mediterraneap through. East Europe, Middle East't01984; Shojaat et al., 2003). The geochemical signature
Asia form the widest Tertiary orogenic suture zone in u¢ e ophiolitic rocks attests to a general MORB-like sig-
the Earth (Fig. 1a). These ophiolitic rocks record ap,y e suggesting that the oceanic lithosphere developed
polyphase and prolonged history of oceanic construction (the;; - oceanic spreading centre (Baroz et al., 1984; Sho-
Paleozoic-Early Mesozoic Paleo-Tethys and the Mes0zoiCy,4 ot 41, 2003). These ophiolitic rocks dominantly oc-
Cenozoic Neo-Tethys oceanic realms) and consumption dufg - gispersed as centimetre- to kilometre-size blocks into
Ing a sequence ‘_)f_ Late Pale020|_c to Cenozoic subd_uc-a highly sheared serpentinite matrix to form a major ophi-
tion/obduction/collision stages localized along the Eurasian, e tectonic nélange. The blocks consist of serpentinised
active plate margin (€.g. R!cou, 1994; Besse etal., 1998, Derberidotites and intrusive and extrusive rocks, but foliated
court et al., 2000; Stampfli and Borel, 2002; Golonka, 2004; o4 pasites (blueschists, greenschists, and amphibolites) are
Maheo et al., 2004; Agard et al.,, 2006; Zanchi et al., 2006;5,5 hresent. Syn-to-late tectonic, which are variably-sized
Bagheri and Stampfli, 2008). The Iranian ophiolites are angranitic bodies, intrude the ophiolitic &ange, postdating
integral part of this evolving scenario, with the Neotethyan main fabric development in the ophioliticétange and in-
remnants distributed to mark diachronous closures of Vario“%iucing contact metamorphism in the host rocks (Baroz et al.,
opeanic brapches during the AIpine-Hima_tIayan CONVergence ggy). Another rélange unit underlies the tectonicétange
history (Takin, 1972; Sicklin, 1974; Alavi-Tehrani, 1977, 504 consists of SE-verging imbricated thrust slices of red
Sengr et al., 1988; McCall, 1997; Ghasemi and Talbot, oqtg and volcanic-volcaniclastic rocks, with features char-
2006; Bagheri and Stampfli, 2008, and references therein). 5 yeristic of a subduction-accretion complex (e.g. von Huene

_ The NW-SE trending ophiolitic belt of the Sabzevar Range 4 5choll, 1991) and form the frontal part of the range. The
is one of the Tertiary ophiolitic suture zones that surround
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Fig. 2. (a)Satellite image of the Sabzevar Range and location of the granulite exposures (b)setji(c) field exposures and characteristics
of the granulite/serpentinite contacts. The granulites occur as massive bodies enclosed within the serpentinite mass.

timing of metamorphism in the Sabzevar structural zone has Two exposures of km-scale mafic granulite bodies were
been constrained by K-Ar muscovite and Rb-Sr whole rockrecognised within the serpentiniteélange exposed in the
and mica geochronology. These data document that granitidlW portion of Sabzevar Range, to the north of the villages
magmatism occurred in the Early Eocene (at about 50 Ma)of Novdeh in the north and Zarghan in the south (Fig. 2a).
synchronous with the main greenschist-to-amphibolite ret-Structurally, the granulite bodies occur as tectonic slivers em-
rograde metamorphism recorded in the metabasite blockbedded within the surrounding sheared serpentinéange
(Baroz et al., 1984). (Fig. 2b—c). The field relationships with theéfange are
usually obscured by intense fracturing and faulting related
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Fig. 3. (A)Y{(C) Granulite texture at the meso-scale. Note the presence of millimetric-to-centimetric leucocratic layers and patches that
impart a stromatic texture to the rockD)—(E) Matrix assemblages at the thin section scale showing poikiloblastic garnet and clinopy-
roxene. Amphibole-plagioclase forms the main inclusion assemblage. Quartz-Plagioclase films surroun@Fj&®oegbyroclastic garnet
surrounded by coronitic amphibole and late chlorite overgro¢@).Prehnite-calcite vein cutting across matrix amphib@é. Plagioclase
alteration in leucosome.

to regional, post-orogenic strike-slip tectonics. The age ofre-consideration of the current tectonic models for the Alpine

the peak granulite metamorphism was established througleonvergence history of the region.

in situ U(-Th)-Pb zircon and titanite geochronology, which

point to an Early Cretaceous age (ca. 105 Ma) (Rossetti et

al., 2010). This metamorphic age thus contrasts with the Laté3

e Seber Pl 10 he grante bodies e ik, medum o fne.granet
Yy ag " ’ rocks showing granoblastic groundmass or weak foliation

!{2&;?3};5822;1c;‘;”;ﬁg;ig% t:iescetlgﬁivz'gé?:m;fsserr]\?;l ig. 3a). Their texture is dominated by the occurrence
: u IC Slivers p f millimetric-to-centimetric leucocratic patches and lay-

within the Tertiary nappe edifice, and this evidence imposes, (leucosomes) interlayered within the mafic host rock

Granulite texture and petrography
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Table 1. Location, texture, and mineral assemblages of the studied samples.

Sample Longitude (E) Latitude (N)  Texture Rock type AmAmy, Amz Amg Cpx Grt Pl IIm Rt Ttn Chl Prh Zeo
Ng353 572119.7 36°1148.3'  weak foliation Leucosome-bearing o ++ ) + ++ 4+ ++ 0 ) o - o
Ng421 5P1935.4 36°238.1” Cpxand Amph  Leucosome-free o ++ - - ++  ++  ++ 4+ 0 ) o ¢}
layering
Eg354d 572224.5 36°2211.7" weak foliation Leucosome-free o ++ ++ ++ o+ o+ + o o + + +
Sz290  570852.4" 36°2811.4" weak foliation Leucosome-free - ++ ++ ++ ++ 4+ 0 0 o - + + +
Ng360 570135.5 36°2233.4" weak foliation Leucosome-bearing o ++ ) - ++ o+ + ) o 0 - -
Ng362 5P2033.2 36°2253.9° weak foliation Leucosome-bearing o ++ ) + ++ o+ o+ ) o 0 - -
368¢ 570952.4"  36°2739.1" decussate fabric Leucosome-free ¢} ++ + + ++ ++ 0 + - 0 ¢} - ¢}
Sz283  570852.4' 36°288.4"  penetrative Leucosome-free - ++ - - - - 4+ 0 - - o o o
foliation
272 570914.3' 36°2828.1" weak foliation Leucosome-bearing o ++ - + ++ o+ o+ ) o 0 ) -
Ng351 572140.4 36°2145.7" decussate fabric  Leucosome-free - ++ + + ++  ++ 0 0 o 0 o o 0
Sz403 570805.2" 36°281.3"  decussate fabric Leucosome-free o ++ - 0 - + ¢} + -

++ major constituent; + minor constituent; o accessory phase; — not observed

mineral matrix (melanosome), giving the rock a migmatitic ilmenite-clinopyroxene-bearing pseudomorphs after titanite
appearance (Fig. 3a—c). A list of the analysed samples, toare often observed (Fig. 4d). The formation of Tpmedated
gether with their geographic coordinates and mineralogicathe major garnet growth episode. This is also the case for
assemblages, are presented in Table 1. This study reportsfew single-phase llminclusions in garnet and for the re-
data on four granulite samples, selected from a representglacement of Ttpby Iim;. Small single-phase Rt inclusions
tive regional sampling on the basis of: (i) preservation of are abundant in garnet cores and rims (Fig. 4c and h). Ac-
the granulite facies assemblage and lack of pervasive ameordingly, this mineral was stable during the main growth
phibolite retrogression (sample NG353 and NG421); andepisode of garnet. As observed in some garnet grains, Rt
(ii) evidence of retrograde amphibolite replacement (sample<rystallized at the expense of linfFig. 4c). In contrast, no
SZ290, EG354D). In the following sections, mineralogical Rtis presentin the matrix. It exclusively survived as shielded

abbreviations follow Whitney and Evans (2010). inclusions in garnet or in some lager ilmenite grains. After
or at the very end of the main garnet growth period, abundant
3.1 Host rock llmy crystallized in the matrix, partly directly at the expense

of matrix Rt (Figs. 3d and 4i). Accordingly, the formation
The mafic host rock makes up the butk90%) of rocks of Ti minerals can be chronologically grouped and related to
and primarily define the main, coarse foliation in the outcropmajor garnet growth: T limy — Rt— lim. Both Tf[m
and in the hand samples. The mineral assemblage mainl nd_ lim, predated garn_et growth, Rt was stable during the
consists of amphibole + garnet + clinopyroxene with mi- Major garnet growth period, and lpostdate garnet. A sec-
nor plagioclaset quartz. Rutile, titanite, iimenite, zircon, ©Nd generation of titanite (Tgh occurs in the leucosome. In
and apatite occur as accessory minerals (see Table 1 for tge heavily rgtrogressed §amples, garnet IS por.phyroclastlc,
synoptic view). The texture is granoblastic, with the ex- usually showing strong evu_jence for.resorptlon with develop-
ception of quartz and plagioclase that mostly occur as in-ment of Pl +Amp symplectltes_and f'”"’!' break-down to form
terstitial, curvilinear grains. Quartz also occurs as roundeoChI'Ep'Amp composite association (Fig. 3).
inclusions in coarser grained matrix amphibole, garnet, and Clinopyroxene is usually found as main constituent of
clinopyroxene. In samples NG353 and NG421, matrix gar-the matrix assemblage (Cpx It consists of medium-to-
nets are medium-grained (1 to 5 mm) porphyroblasts and aréine grains, which contain inclusions of ilmenite, plagio-
usually poikiloblastic, hosting clinopyroxene (Gpx am- clase, quartz, and amphibole (Fig. 3d). Plagioclase is main
phibole (Amp), plagioclase (R), quartz, rutile, ilmenite  constituent of the inclusion assemblage found in garnet and
(lm1), and titanite (Tta) as inclusions (Figs. 3d—e and 4). clinopyroxene (Rl), but also occurs as small, interstitial
In particular, Amph, Pli, llm1/Ttn;, and Qz form composite grains in matrix assemblages {P(Fig. 3d). Four textu-
inclusions hosted at the garnet cores, whereas ©pgurs  ral varieties of amphibole are identified: (i) amphibole in-
in the rim regions (Fig. 4a—h). Particularly relevant for the clusions within garnet and clinopyroxene (AmgFigs. 3d
metamorphic evolution of the Sabzevar granulites is the seand 4b, e); (ii) coarse-grained matrix grains (Ampwith
quence in the Ti mineral phases with respect to garnet cryselear equilibrium textural relationships with garnet and clin-
tallization and matrix assemblages. The earliest Ti mineralpyroxene (Figs. 3d and 4h); (iii) symplectite- and corona-
record, preserved in garnet, is represented by titgnae type amphibole (Arg) intergrown with plagioclase and
ten preserved shielded in ilmeniter in equilibrium with  quartz around garnet grains and clinopyroxene (Fig. 3e); and
ilmenite; (Fig. 4b, d, and g). Also mm-sized euhedral (iv) pale green amphibole (Amp crystallized after garnet
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Fig. 4. Back-scattered electron images showing mineral and textural characteristics of the Sabzevar granulites (samples NG353 and NG421)
(A)—<C) Poikiloblastic garnet with details on the core-rim distribution of the inclusion assemblages. The Ti-phases inclusions consist of
ilmenite-titanite (Ilm/Ttny) at the garnet cor@B) and of rutile that substitute ilmenite at the garnet (@). (D) Garnet core hosting ilmenite
pseudomorphs after titanite. The inclusion assemblages also consists of clinopyroxene and plagiecleesge porphyroblastic garnet

with details on the core-rim inclusion assemblages: amphibole occurs at the garn@t)carbereas clinopyroxene at the garnet i@).

Note that composite ilmenite-titanite (If¥Ttny) assemblages occurs at the garnet c@@ .Rutile-bearing spiral trails of mineral inclusion

in porphyroblastic garnet. lImenite occurs in the matrix assemblage)llf) Poikyloblastic garnet and granular texture of the leucocratic
quartz-plagioclase segregation. Titanite gitand ilmenite (Ilnp) both occurs dispersed in the matrix assemblage.

breakdown (Fig. 3f). Texturally-late veins also occur, dom-4 Metamorphic evolution and reaction history

inantly consisting of prehnite and albite with minor chlorite

and epidote (Fig. 3g). In the heavily retrogressed samplesl'he petrographic and textural features described above show
epidote forms pseudomorphous aggregates replacing garndhat five main metamorphic stages {k Ms) can be recog-

while prehnite, albite, and chlorite appear in the matrix. nised in the Sabzevar ganulites (Table 2). This metamor-
phic evolution is primarily derived from the inclusion assem-
3.2 Leucosome blages hosted in the garnet cores and clinopyroxene grains

in samples NG353 and NG421, and by the reaction tex-
The leucosomes invariably consist of plagioclase + quartztures overprinting peak assemblages in samples SZ290 and
rich continuous and concordant segregations of broadlyEG354D.
tonalitic/trondhjemitic composition (modal proportions of  The M; stage corresponds to the early prograde meta-
quartz to plagioclase of 50-35/50-65). They show a systemmorphic history that is typified by the inclusion assem-
atic intragranular connectivity, with plagioclase and quartzblage found in the garnet, i.e. it predates the main
showing a coarse granoblastic texture (Rossetti et al., 2010kpisode of garnet growth. The assemblage comprises
Large xenomorphic (1-2 mm) quartz grains also characterisémp, + Pl + Qz + Tty + Ep.  Probably formed in a later
many leucosomes, with these grains extending and dispersstage, Ilm is also enclosed in Grt, and ftncompletely
ing outwards into the amphibole-rich host rock (Fig. 3h). Ti- pseudomorphed to Il Cpx + Qtz (Fig. 4d). Replacement
tanite (Ttrp) is found in the leucosomes and is usually in- of Ttn; could have been due to the prograde reaction (Frost
clusion free. Plagioclase + quartz associations form film-et al., 2000):
like intergrowth surrounding matrix amphibole. Evidence for _
solid-state deformation is limited, mostly attested by patchyAmerTtn = Cpx+ Qtz+1im +H,0. (R1)
undulose extinction in some quartz grains. In retrogressed’he My, stage corresponds to the main phase of garnet
samples, plagioclase is pseudomorphosed by prehnite-albitgrowth close to the metamorphic peak and to the crystal-
composite associations (Fig. 3h). lization of the matrix assemblage Amp Pl + Cpxp+ Qtz.

Solid Earth, 2, 219243 2011 www.solid-earth.net/2/219/2011/
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Table 2. Relations between metamorphic stage and mineral growthprogress of this react?on. n.eed§ fluid ;upply pro'?ab'y in re-
in the Sabzevar granulites. sponse to external fluid infiltration during the uplift and re-

lated retrogressive evolution (Shervais et al., 2003; Engvik

M1 M2 M3 Y N5 et al., 2007). Development of amphibole + plagioclase ke-
Amp(Ts) lyphites around garnet have been observed in many granulite
Cpx B ——— terranes and is generally related to a predominantly isother-
Grt mal decompression after metamorphic peak (e.g. Harly,
PI 1989; Carswell, 1990; Thost et al., 1991; O’'Brien, 1997).
AMP(ACY) e In addition, growth of matrix iimenite at the expense of ru-
Rt —— tile indicates retrogression of the HP assemblage according
'T'L“ the bulk reaction (Zhao et al., 2001):

n —————— e ——————————

Ep _— —— Grt+Rt— lIm +Pl+Qz (R5)

Chl —

This reaction is mainly pressure-dependent and proceeds to
the right with decompression (Liu et al., 1996; Liou et al.,
1998).

Locally, a My metamorphic assemblage of AmpEp
In particular, presence of rutile in spiral trails of inclusions * Chl statically grew. This assemblage formed at the ex-

in the garnet rims reflects the prograde history during garnePense of Grt, Cpx, and Amgh-3, indicating the following
growth, likely after destabilisation of matrix grand ilm;.  Pulk reaction (Abbotto and Green Wood, 2001):

This assemblage can be then tentatively ascribed to a reactioBpx+ Grt+ Amp+ Pl+fluid + O, — Amps

such as (Manning and Bohlen, 1991; Tropper et al., 2002; +Ep+Chl+Ab (R6)
Page et al., 2003): ’

Czo+ Ttn = Grs+ Rt+ Qz+H20. (R2)

Prh [

Zeo = —

The latest stage of retrograde metamorphism is represented
by the occurrence of M cross-cutting prehnite-bearing
After the main Grt growth episode, Ilrcrystallized at the  veins.

expense of rutile in the matrix in association with Gpx

Amphp, Grt, and Plag (stage My). This assemblage typ- )

ifies the main equilibrium assemblage observed in fresh and Whole rock geochemistry

nalter ranulite. . . .
unaltered granulite Nine samples were geochemically analysed to constrain the

Crystallization of the granulitc garnet-clinopyroxene- . . . .
; . . . . aleo-tectonic setting on which their precursor rocks formed
amphibole matrix is associated with leucosome segregatlon%

. . ; see Table 1 for location and constituent mineralogy).
Leucosome textures such as those described in this stu . )
o N . : ajor and trace element abundances were obtained by
show striking similarities with those reported in Hartel and . .
. : . inductively coupled plasma mass spectrometry (ICP-MS) at
Pattison (1996), who interpreted the quartz + plagioclase leu-, .~ . . ; )
. . Activation Labs in Canada (analysis protocol 4E Research;
cosomes as melt textures produced by partial melting and : ) k :
. o . method described in Hoffman, 1992; details can be found
hence product of migmatisation. In particular, the skeletal

at http://www.actlabs.com/page.aspx?page=518&app=

nature of the quartz and the plagioclase + quartz films argu r - . = e
for an internal origin of such melts (see Rossetti et al., 2010).%26&cat1—549&tp—12&lk—no&menu—64&pr|nt—ygas The

Hence, the M stage involves amphibole dehydratation melt- results are listed in Table 3.

. . ; : : o Major element analysis shows a restricted range of com-
Ing during prograde granulite facies migmatisation of a ba- osition and a sub-alkaline, tholeiitic affinity. They have low
sic protolith according to the following generalised reaction P ' Y- y

) ) silica (41-48 wt % Si@) and potassium (0.2—0.9 wt %K)

(Hartel and Pattison, 1996): contents with A}O3 between 12.5 and 15.0 wt %, for a #Mg
Amp+ Pl = Grt+ Cpx+ Ttn+trondhjemitic melt (R3) (molar [MgO/MgO+Fgqi]) of 38—65 (sample SZ290). In the
TAS diagram, the studied granulite samples correspond to
subalkaline, picro-basaltic to basaltic compositions (Fig. 5a).
" A determination of the protolith is considered to be tenta-
M, was followed by development of Msymplectitic . s ) i

. . ) . ; tive because it is difficult to assess the influence of interac-
amphibole, plagioclase, quartz ilmenite forming coronas . X : .

taon with metamorphic fluids as well as the amount of melt

around garnet and clinopyroxene associations. The observebemg extracted and removed from the rocks. A discrimina-

reaction texture indicate garnet-consuming reaction such as : . .
. - . lon according to Irvine and Baragar (1971) and Winchester
(Mengel and Rivers, 1991; Willard and Adams, 1994; Zhaoand Floyd (1976), classify the basaltic protolith as tholeiitic

etal,; 2001) in composition (Fig. 5b—c). The rare earth element patterns
Grt+ Cpx+ Qz+fluid - Amp+ Pl+Mag. (R4) are basically flat with a slight convex-upward distribution

Accordingly, the metamorphic stageoMs related to gran-
ulite formation associated with minor melt segregation.
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Table 3. Major and trace element composition of the Sabzevar granulite samples.

Sample NG 360 NG362 NG421 SZ290 368C SzZ283 EG354D 272 NG351
SiOy 48.22 47.22 45.99 43.63 41.25 48.85 48.07 47.58 41.85
Al>03 12.71 12.55 12.92 14.44 15.00 14.50 12.37 12.85 14.28
FeOroT 16.17 15.28 15.53 9.14 15.08 11.56 17.11 16.50 15.07
MnO 0.31 0.27 0.25 0.15 0.21 0.31 0.20 0.27 0.26
MgO 7.05 7.59 6.51 10.81 12.69 8.80 7.29 6.53 10.49
CaO 7.76 10.04 10.87 15.66 8.34 7.43 8.40 9.69 13.05
Na,O 2.39 2.46 1.35 1.18 2.19 2.87 2.26 2.09 1.79
K20 0.68 0.58 0.87 0.19 0.37 1.08 0.68 0.73 0.30
TiO2 2.69 2.40 3.04 0.66 1.80 1.17 2.78 2.65 1.79
P>Og 0.27 0.26 0.28 0.07 0.11 0.06 0.31 0.26 0.20
LOI 1.13 0.99 0.80 3.12 2.81 1.75 0.86 0.92 1.36
Total (wt %) 99.38 99.63 98.40 99.06 99.85 98.38 100.30 100.10 100.40
Sc (ppm) a7 48 48 49 58 35 50 48 59
\Y 506 480 529 224 382 260 511 507 374
Sr 61 87 74 42 73 91 59 95 68
Ba 26 17 52 12 20 107 13 37 9
Cr 60 160 120 500 830 760 840 570 830
Co 43 48 38 46 62 40 51 46 59
Ni 40 80 60 130 370 360 460 310 370
Cu 40 50 50 <10 60 310 40 90 50
Zn 120 40 130 80 160 500 150 140 120
Ga 19 18 19 14 18 16 22 20 17
Ge 2 2 2 1 2 2 2 2 2

As <5 <5 <5 <5 <5 <5 <5 <5 <5

Rb 8 5 13 1 4 21 6 14 1

Y 57 48 61 18 35 26 58 56 39
Zr 189 127 192 32 97 85 239 200 101
Nb 5.7 5.4 5.9 2.5 9.1 2.6 6.5 5.1 6.6
Cs 0.20 0.10 0.30 <01 0.30 0.30 0.10 040 <0.1

La 7.94 10.70 9.16 3.04 3.44 4.38 10.50 7.72 9.17
Ce 22.00 25.40 25.40 7.13 9.01 11.00 30.30 22.60 22.10
Pr 3.53 4.23 3.96 1.05 1.49 1.69 491 3.73 3.27
Nd 18.00 21.00 20.40 5.69 8.13 8.39 24.40 19.40 15.50
Sm 6.06 6.91 6.81 1.90 3.30 2.87 8.14 6.47 4.88
Eu 2.00 2.18 2.28 0.77 1.26 0.94 2.51 2.03 1.80
Gd 6.44 8.54 7.26 2.46 4.66 3.84 9.88 8.45 6.02
Th 1.62 1.58 1.80 0.47 0.94 0.74 1.77 1.63 1.14
Dy 9.94 9.15 11.00 3.00 6.01 4.58 10.70 10.00 6.94
Ho 2.18 1.97 2.41 0.62 1.29 0.96 2.11 2.14 1.40
Er 6.04 5.47 6.80 1.81 3.90 2.83 5.88 6.22 4.05
Tm 0.99 0.86 1.11 0.26 0.61 0.44 0.86 0.95 0.62
Yb 5.91 5.47 6.73 1.56 4,14 2.85 5.39 6.17 3.98
Lu 0.87 0.78 0.97 0.22 0.70 0.45 0.85 1.00 0.63
Hf 4.70 3.40 5.00 0.90 2.00 1.70 4.70 4.20 1.90
Ta 0.48 0.39 0.50 0.15 0.59 0.18 0.44 0.38 0.46
w 0.60 <05 <05 <05 3.70 1.50 1.40 0.60 1.10
TI <0.05 <0.05 0.08 <0.05 0.07 0.13 <0.05 0.12 <0.05

Pb <5 <5 <5 6.00 <5 <5 <5 <5 <5

Bi <0.1 <0.1 <0.1 <01 <01 <0.1 <0.1 <0.1 <0.1

Th 0.41 0.83 0.47 0.19 0.45 0.47 0.66 0.52 0.69
U 0.32 0.56 0.19 0.04 0.04 0.11 0.32 0.39 0.26
(La/Sm)y+ 0.85 1 0.87 1.03 0.73 0.65 0.95 0.81 0.75

* Normalised values after Cl chondrite values (Sun and McDonough, 1989).
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Fig. 5. Classification diagrams for the Sabzevar granuli{@3.Plot of total alkali vs. silica (Le Bas et al., 1992)y) AFM diagram after
Irivine and Baragar (1971]r) after Winchester and Floyd (1976). Key to symbols: square is sample SZ290.

([Gd/Yb]y 0.9-1.5) and no significant Eu anomaly. The Although significantly disturbed, the evaluation of the
(La/Sm)y values are low (0.7-1.0) and their REE concen- observed signatures generally suggests MORB as protolith
trations range between 10 and 50 times chondritic valuegcf. Arevalo Jr. and McDonough, 2010). The enrichment
(Fig. 6a). On a MORB-normalized diagram, the fluid-mobile of incompatible trace elements could be attributed to their
LILE scatter widely, and element ratios based on them shownetamorphic evolution in consequence of interactions with
little or no systematic behaviour indication some disturbanceenriched metamorphic fluids, melt segregation and extrac-
by interaction with metamorphic fluids. On the other hand, tion. In particular, a garnet-amphibole rich residual miner-
the fluid immobile trace elements show flat patterns compat-alogy during partial melting may produce the relatively high
ible with a MORB signature (Fig. 6b). This interpretation is level of heavy REE (HREE) in the granulite restite (e.g. Rapp
supported by Nb/La values ranging between between 0.5 andt al., 1991; Sen and Dunn, 1994; Martin et al., 2005). It is
1.3. In a plot of (La/Smy vs. Nb/La (after John et al., 2003; beyond the scope of the present paper to address the quantifi-
not shown), the samples are far from the arc magmatisntation of such processes on the geochemistry of the protolith.
fields and fall in-between the back-arc and MORB ones. Val-Basically, despite possible modification of the original major
ues of Th/Yb range between 0.07 and 0.16, Nb/Yb betweerand trace element patterns caused by the metamorphic evolu-
0.96 and 1.60; values strongly resembling those of averagéon,, the overall whole rock data of the Sabzevar granulites
N-MORB (see Pearce, 2008). In a Sr/Y vs. (La/gnmdia- suggests a MORB-type/backarc oceanic protolith.
gram (after Berger et al., 2009), the granulites have a Sr/Y ra-
tio significantly lower than in intra-oceanic arc lavas (exem-
plified by Caribbean Cretaceous lava); they plot close to the6 Mineral chemistry
fields of MORB-type lavas (Fig. 7a). In geotectonic discrim-
ination diagrams based on “immobile” elements for basalticThe chemical compositions of minerals were determined us-
rocks, majority of the samples plot in the MORB/back-arc ing a CAMECA SX100 electron microprobe at the Institute
fields (Fig. 7b—c). fur Mineralogie of Universit Stuttgart. Electron micro-
probe analyses (EMPA) were carried out in focused beam
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T 1 T T T 1 T T T T T T T T (core-to-rim) bell shaped spessartine profile and pyrope in-
] crease (Fig. 9a); (ii) flat chemical profiles with retrograde
zoning (Mg decrease) in the rim regions (Fig. 9b); and
(iii) composite patterns (Fig. 9¢). In type (ii), a rimward in-
crease of the grossular component is observed, largely com-
pensated by a decrease of the pyrope content. In garnet with
outlines pointing to major resoprtion, the rimward chemical
zoning is also typified by an increase in XFe values in con-
junction with spessartine increase. Flat chemical profiles are
typified by the lower spessartine and higher pyrope contents.

E-MORB, N-MORB, IAT after Nius and O Hara (2009) Mg-rich garnet is generally related to temperature close to
1 —— = Global MORB after Arevalo and McDonough (2010) |_| peak met.am(_)rp_hic Cpnditions (eg .Spear a_nd Selverstone,

E T Sy Wl 1983), being in line with the flat chemical profile (e.g. Spear,

(@) "LaCe PrNdPmSmEu Gd Tb Dy Ho Er Tm Yb Lu 1993; Ganguly, 2002). A similarly high Mg content occurs at
100 the rim of the progradely zoned garnets that we thus attribute
to the metamorphic peak. The sharp increase of the Ca and
decrease of Mg contents with flat Mn and Fe contents can be
explained as due to garnet growth in presence of a Ca-rich
melt phase, i.e. during cooling (e.g. Spear and Kohn, 1996).
The general picture described above is also complicated by
ion diffusion next to both inclusions and external matrix min-
erals. For example, in garnets from sample SZ290, a 100—
150 um wide zone with a sharp increase in Mg- and Fe- and
depletion in Ca- and Mn-components is observed close to
the clinopyroxene inclusions. Finally, various degrees of dif-
fusion/resorption processes may have influenced the garnet
zoning.
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6.2 Clinopyroxene

Fig. 6. Chondrite normalised REE patterrfa) and MORB-
normalised trace element spider diagrdbjsor the Sabzevar gran-
ulites. Normalised values are after Sun and McDonough (1989).

Representative microprobe analyses and structural formula
of clinopyroxene are reported in Table 4b. Their composition
is dominated by the diopside component (49-60 %), with mi-
nor hedenbergite (10—-30%) and Ca-Tschermaks (2—18 %);
mode at 15kV and 15nA, using natural minerals and syn-Jadeite component is negligible-Q.05) (Fig. 8b). Clinopy-
thetic phases as standards. Concentration map for major efoXene occurring both in matrix and as inclusions in garnet

ements (Ca, Fe, Mg, Mn, Al, Na) were also produced byshows similar composition. In all of the samples, a signifi-

stepwise movement of the thin section under the electrorf@Nt chemical zoning is observed from core to rim, which is
beam. Mineral recalculation and estimation offeon-  ypified by an increase of the Ca and Mg contents concomi-

tent were made using the AX2000 program in the THER-tantly with a decrease of the Al content (Fig. 9). A large vari-
MOCALCV.3.26 package (Powell and Holland, 2008 ation in the Ca-Tschermaks component is also evident in the

Ilwww.esc.cam.ac.uk/pub/minp/thermociicelected min- NG353 sample, in which clinopyroxene inclusions hosted in
eral analyses and compositions are shown in Table 4. garnet contain lower Al and Na, and hightge than the core
of clinopyroxene dispersed in the matrix (Table 4b).

6.1 Garnet

6.3 Plagioclase
Representative garnet analyses are presented in Table 4a.
Garnet composition is rather heterogeneous. It is esserRepresentative analyses are presented in Table 4c. Com-
tially almandine (38-52%), but it shows a large varia- position of plagioclase is distinctly different in the pre-
tion in grossular (26—34 %) and pyrope (12—30 %) compo-served and retrogressed rock types (Fig. 8c). In the
nents; spessartine (1-7 %) is present in minor amounts onlfirst case (samples NG353 and NG421), all analysed pla-
(Fig. 8a). Representative compositional profiles and X-raygioclase grains, regardless of their textural context (ma-
compositional maps are shown in Fig. 9. Three main typedrix, inclusions, leucosome), have andesine compositions
of chemical zoning are recognised (cf. Spear, 1993): (i) pro-(Ans3_s51Abs0_56010-1). In the second case, most of
grade zoning documented by a more or less pronouncethe plagioclase grains have been pseudomorphosed into an
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albite-prehnite symplectite (sample SZ290). Albite also oc-6.5 Epidote
curs as constituent of symplectite or in corona structures
around garnet (sample EG354D). In several cases, matrikpidote was found both as inclusions (sample NG353)

plagioclase shows alteration into prehnite. in garnet and as constituent of the late retrogressive ma-
trix assemblage.  Matrix epidote is rich in pistacite
6.4 Amphibole ([Xps=Fe*r/(F€* + Al)] - 100; up to 38 %) with respect to

epidote inclusion Xps= 5 %).
Representative analyses of amphibole are given in Table 4d.
In all samples, the composition of amphibole corresponds to
tschermakite (Leake et al., 2004). In particular, amphibole/ ~Thermobarometry
from NG353 sample occurring in the matrix has the same

composition as in the kelyphite structures around garnet ancI]r—1 c\)/earl:ze; dt?g:\;vgrgvr?]lggglr&n()f ttehcinsial?ésvva\:;rgr?r?tzlItr?té d
replacing clinopyroxeneXug = Mg/(Mg + Fe&t)]. On the 9 d 9

other hand, coarse amphibole from sample SZ290 disperse@f' Powell and Holland, 2008). Inverse modelling com-

in the matrix shows higheKyq content (up to 0.88). Am- bines conventional (single-reaction) thermobarometry with

phibole occurring as inclusion in garnet has been found inmultl—equmbrlum thermobarometry applying the THERMO-

samples EG354D and NG353. It has a similar compositionCALC software (3.26 version) and its internally-consistent

W tspect 1 he ones found in mats (ustsmllagy TN St st ol ane Povwel, 1996 Fowel

values). Late-stage, post-kinematic amphibole is actinolitic ! X ] y .

in composition (Fig. 8d). Grt-C_px-PI-Qz (GADS barometry; Newton and Perkins,
1982; Eckert et al., 1991) and Grt-Amp-PI-Qz (Kohn and

Spear, 1990) barometry for pressure estimates; as well as the
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Table 4a. Representative EMPA analyses of garnet.

Sample NG353 EG354 SZ290 NG421
Analysis #48-c #43-r #36-C #42-r #24-c #10-r #6-C #13-r 70 130
SiO, 37.67 37.46 3755 37.47 37.90 37.65 38.55 38.59 39.01 37.64
TiOy 0.12 0.17 0.12 0.20 0.17 0.18 0.15 0.10 0.10 0.11
AloO3 22.09 22.00 21.99 21.51 21.46 21.47 21.71 21.73 21.42 20.78
Cry03 0.03 bdl 0.01 0.01 0.02 bdl 0.08 0.02 bdl bdl
FeO3 2.16 241 2.84 2.38 1.49 2.01 2.73 2.66 0.00 271
FeO 23.53 23.04 23.26 22.97 22.76 22.77 17.89 20.15 25.20 23.54
MnO 1.66 1.57 212 1.98 2.59 2.45 0.77 0.90 1.93 111
MgO 4.54 3.89 4.74 3.71 3.13 3.06 7.47 7.91 3.96 4.07
CaO 9.21 10.35 8.56 10.38 11.16 11.11 11.05 8.57 8.37 10.28
NayO 0.01 0.02 0.04 0.02 0.04 0.04 0.02 0.02 bdl bdl
K20 bdl 0.01 bdl bdl 0.01 0.02 bdl bdl bdl bdl
Totals 100.81 100.68 100.95 100.40 100.58 100.55 100.14 100.39 99.99 100.24
Oxygens 12 12 12 12 12 12 12 12 12 12

Si 2.92 291 291 2.93 2.96 2.95 2.94 2.94 3.05 2.95
Ti 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Al 2.02 2.02 2.01 1.98 1.98 1.98 1.95 1.95 1.97 1.92
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00
Fes 0.13 0.14 0.17 0.14 0.09 0.12 0.16 0.15 0.00 1.60
Fe 1.53 1.50 151 1.50 1.49 1.49 1.14 1.29 1.65 1.55
Mn 0.11 0.10 0.14 0.13 0.17 0.16 0.05 0.06 0.13 0.07
Mg 0.53 0.45 0.55 0.43 0.36 0.36 0.85 0.90 0.46 0.48
Ca 0.77 0.86 0.71 0.87 0.93 0.93 0.90 0.70 0.70 0.86
Na 0.00 0.00 0.01 0.00 0.01 0.01 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
Alm 0.52 0.51 0.52 0.51 0.50 0.51 0.39 0.44 0.56 0.52
Grs 0.26 0.30 0.24 0.30 0.32 0.32 0.31 0.24 0.24 0.29
Prp 0.18 0.15 0.19 0.15 0.12 0.12 0.29 0.31 0.16 0.16
Sps 0.04 0.04 0.05 0.04 0.06 0.06 0.02 0.02 0.04 0.02

Mineral formula and ferric iron recalculation obtained through the software AX2000, enclosed in the THERMOCALC Package.
bdl, below detection limit; c, core; r, rim

Mg-Fe exchange for the both the Grt-Cpx (Ellis and Green, The P-T-X (forward) modelling of the Sabzevar gran-
1979; Krogh Ravna, 2000a) and Grt-Amp (Krogh Ravna, ulites during the M-to-M, composite metamorphic evolu-
2000b) pairs, and the Zr-in rutile (Zack et al., 2004; Wat- tion was computed using the Perp{e07 software (Con-
son et al., 2006; Ferry and Watson, 2007; Tomkins et al.,nolly, 2005; http://www.perplex.ethz.chv. 6.6.5, down-
2007) thermometry for temperature estimates. When usioaded 7 January 2011). Because of the unknown amount
ing the Zr-in rutile thermometry (see below), calibrations by of melt extracted from the rock, the calculation is considered
Watson et al. (2006), Ferry and Watson (2007) and Tomkinsas tentative and, accordingly, results BAT conditions as

et al. (2007) gave similar results, whereas results from Zacksemi-quantitative.

et al. (2004) were systematically 190 higher, and were not

taken into account in this study. Both phase diagram and the-1  Inverse modelling

averageP-T THERMOCALC calculations mode have been

applied, considering mineral data activities calculated by the/-1-1 M stage

AX program in the THERMOCALC package. For average For this early metamorphic stage, characterized by the as-

pressure and temperature estimates, we only considered Casémblage Amp, Ep, Grt Ttn, lower amphibolite facies condi-
culations showing a statistical consistency as expressed bé{ons can be as:sum'e d '
the “sigfit’ coefficient (Powell and Holland, 1994). A sum- ’

mary of the obtained results are shown in Table 5.
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Table 4b. Representative EMPA analyses of Clinopyroxene.

Sample NG353 EG354 SZ290 NG421

Analysis #68-m #70-m  #28-m #50-m  #28-m #29-i  #38-m #22-i  #19-c 50 136 131
SiOy 49.73 48.18 49.61 50.34 49.61 50.70  49.82 49.05 49.07 50.66 50.90 49.30
TiOy 0.40 0.61 0.40 0.25 0.40 0.30 0.49 0.30 0.32 0.60 0.32 0.55
Al,O3 4.04 5.18 4.11 2.82 4.11 2.87 3.78 6.62 7.00 2.96 2.26 5.00
Cr,03 bdl bdl bdl bdl bdl 0.04 0.04 0.05 0.04 bdl bdl badl
Fe,O3 2.59 4.38 281 2.41 2.83 1.56 1.65 3.23 3.41 0.79 2.30 2.18
FeO 9.69 8.09 9.79 9.79 9.77 9.96 9.74 470 461 12.49 10.94 10.78
MnO 0.36 0.31 0.40 0.37 0.40 0.20 0.15 021 0.21 0.31 0.18 0.24
MgO 10.66 10.26 10.29 11.17 10.29 11.51 10.87 13.00 12.74 10.99 11.50 10.38
CaO 21.37 2199 2125 2122 2125 2157 2144 21.36 20.94 20.83 21.35 21.15
Na,O 0.73 0.71 0.84 0.68 0.84 0.55 0.70 0.73  0.98 0.44 0.47 0.59
K20 bdl bdl 0.01 0.00 0.01 0.01 0.01 0.03 0.02 bdl bdl 0.03
Totals 99.31 99.27 99.22 98.81 9951 99.12  98.53 98.95 99.00 100.07 100.22 100.20
Oxygens 6 6 6 6 6 6 6 6 6 6 6 6

Si 1.89 1.83 1.89 1.92 1.89 1.93 1.90 1.83 1.83 1.92 1.93 1.86
Ti 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.02
Al 0.18 0.23 0.18 0.13 0.18 0.13 0.17 029 031 0.13 0.10 0.22
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
Fes 0.07 0.13 0.08 0.07 0.08 0.05 0.05 0.09 0.10 0.02 0.66 0.06
Fe 0.31 0.26 0.31 0.31 0.31 0.32 0.31 0.15 0.14 0.40 0.35 0.34
Mn 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Mg 0.60 0.58 0.58 0.64 0.58 0.65 0.62 0.72 0.71 0.62 0.65 0.59
Ca 0.87 0.90 0.87 0.87 0.87 0.88 0.88 0.85 0.84 0.85 0.87 0.86
Na 0.05 0.05 0.06 0.05 0.06 0.04 0.05 0.05 0.07 0.03 0.03 0.04
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

Mineral formula and ferric iron recalculation obtained through the software AX2000, enclosed in the THERMOCALC Package.
bdl, below detection limit; c, core; i, inclusion; m, matrix

7.1.2 My, stage rich garnet domains (Fig. 10). The Grt-Cpx thermometry
of Krogh Ravna (2000a) and Ellis and Green (1979) (calcu-

Prograde conditions were calculated using the compositionated for an averag® = 1.0 GPa for all samples) gave sim-

of Ampy+Pl+I1lm1+Ttn; (+Qz) inclusion assemblages ilar results, in the order of 715-76&. Using the composi-

hosted within the core domain of the garnet. Averagetion of clinopyroxene with highest Al contents (in the rims)

THERMOCALC P-T estimates span for sample NG353 are for the assemblage indicated above, calculated conditions are

644+ 117°C, 0.8+£0.1GPa. For the same assemblages,about 50-100C higher, suggesting that pedkwas higher

the amphibole-garnet thermometry of Krogh Ravna (2000b)than obtained by the applied thermometers due to post-

gives 640-750C. peak re-equilibration of clinopyroxene. The GADS barom-
etry of Perkins and Newton (1981) and Eckert et al. (1991)
7.1.3 My, stage gave pressure estimates of 1.1-1.2 GPa for samples NG353,

_ N _ EG354, and NG421, and 1.3 GPa for sample SZ290 (at an
The progressive transition to the i stage is related averagel =750°C for all samples), respectively. The Zr-in

to growth of garnet in association with rutile.  Peak rutile thermometry from rutile grains hosted in the garnet rim
conditions were calculated using the composition of domains provides 710-80C (Fig. 10).

() Cpx+Pl+ Rt 1llm (+Qz) inclusions within the rim do-

main of the garnet and (i) Grt-Cpx-PI-Amp matrix assem- 7.1.4 M stage

blages showing textural equilibrium. The avera@gd cal-

culations, as obtained with THERMOCALC, cluster around The garnet-amphibole thermometry of Krogh Ravna (2000b)
750-850C and 1.0-1.2 GPa. A significantly lower temper- calibration has been tentatively applied to garnet rim compo-
ature but similar pressure is calculated using the outer, Casition in equilibrium with amphibole occurring in the corona
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Table 4c. Representative EMPA analyses of Plagioclase.

Sample NG353 EG354 NG421
Analysis Pl P Pl P PI Pl
SiOy 55.73  54.92 56.40 67.75 63.08 66.72
TiOy 0.05 0.01 0.01 0.01 bdl bdl
Al,O3 29.30 29.64 28.89 21.13 23.37  20.63
CrpyO3 0.01 0.01 bdl bdl bdl bdl
FeO3 bdl bdl bdl bdl 1.08 0.15
MnO 0.04 bdl bdl bdl bdl bdl
MgO 0.01 bdl 0.01 0.01 0.02 bdl
CaO 10.13 9.91 9.46 0.93 1.99 1.60
Na,O 5.60 5.76 6.34 11.23 8.18 10.91
K,0 0.16 0.37 0.08 0.04 2.14 0.11
Totals 101.03 100.62 101.19 101.10 99.87 100.12
Oxygens 8 8 8 8 8 8
Si 2.47 2.45 2.50 2.93 2.50 2.92
Ti 0.00 0.00 0.00 0.00 0.00 0.00
Al 1.53 1.56 151 1.08 1.51 1.07
Cr 0.00 0.00 0.00 0.00 0.00 0.00
Fes 0.02 0.01 0.01 0.01 0.01 0.00
Mn 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.00 0.00 0.00 0.00 0.00 0.00
Ca 0.48 0.48 0.45 0.04 0.45 0.08
Na 0.48 0.50 0.55 0.94 0.55 0.93
K 0.01 0.02 0.01 0.00 0.01 0.01

bdl, below detection limit

structures and amphibole large grain. As expected, temper?.2 Forward modelling

ature estimates are lower than fopM611-677C for sam-

ple NG353, and 574-63T for sample EG354. For all sam- Pseudosections in the NCFMASHTMNnO (}@CaO-FeO-
ples, the highest values were obtained when amphibole wittMgO-Al203-SiG-H,0-TiO2-MnO-0Oz)  chemical system
higher Xyg is chosen The pressure conditions were calcu-were calculated for the composition of sample NG421 (Ta-
lated by the application of the Kohn and Spear (1990) cali-ble 1), containing garnet with only minor indication for cor-
bration on the amphibole and plagioclase occurring in sym-rosion.  The following solid solution mixing models of-
plectite and corona structures in textural equilibrium with fered by PerpleX were considered in the calculations (de-
garnet rims. Results, calculated in the range from 500 tdtils in solut09.dat; PERPLEX 07; database: hpO4ver.dat):

700°C, span from 0.35 to 0.62 GPa. Amph(DPW) for amphibole, Grt(HP) for garnet, Cpx(HP)
for clinopyroxene, feldspar for feldspar, melt(HP) for the
7.1.5 My-to-M5 stage melt phase, and #D for the fluid phase; rutile and ilmenite

were considered as pure phases. The small amount of whole
The late retrogressive-T conditions have been only qual- rock K,O has been neglected because the current amphibole
itatively inferred by using the Stablilty fields for the consid- mixing models do not consider K-bearing end-members. For
ered mineral assemblage. The presence of late-formed actihe calculations, water and,@ontent were fixed to 1 (close
nolite, chlorite, epidote, albite and prehnite-zeolite assem+p the measured value) and 0.01 wt %, respectively. A repre-
blages collectively indicate that final equilibration occurred sentative pseudosection is shown in Fig. 11a.
under greenschist-to—sub-greenschist fagieg conditions. The most important parameters to reconstruct®He his-
In particular, the late prehnite-bearing veins indicate the fina|t0ry of the Sabzevar granuiites are the garnet CompositionS,
Ms stage occurred at temeprature between 200 and@80 the inclusion assemblages in garnet, and the distribution of
for pressure less than 0.3GPa. Furthermore, presence dfi-pearing phases, with titanite, iimenite and rutile growth
wairakite-free zeolitic assemblages (heulandite) poses an URracing the different stages in the metamorphic evolution.
per limit for the temperature and pressure conditions during The M, episode, predating major garnet growth, is char-
Ms (7' <250°C andP < 0.2GPa; Frey et al., 1991). acterized by the presence of relatively large titanite crystals.
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Table 4d. Representative EMPA of Amphibole.

Sample NG353 NG421 EG354 SZ290
Analysis #65-m  #47-m  #44-1 #37-m  #85-m #32-m #2-m
SiO 41.18 4427 41.88 43.04 43.27 42.62 40.80
TiO» 2.13 1.37 1.38 1.78 1.82 2.09 1.21
Al>03 12.67 11.67 1162 11.88 12.08 12.08 14.68
Cry0O3 0.01 0.05 0.02 0.03 0.05 0.02 0.26
Fe,O3 2.16 1.22 2.21 2.59 2.96 2.43 2.92
FeO 15.35 16.84 16.10 14.64 15.19 14.28 11.42
MnO 0.28 0.21 0.14 0.17 0.25 0.18 0.11
MgO 9.25 8.97 8.89 9.96 9.57 10.14 11.36
CaO 11.50 11.07 10.96 11.15 10.93 11.15 11.38
NaO 1.77 2.09 1.90 1.70 1.86 1.98 2.81
K>0 0.76 0.65 0.70 0.67 0.63 0.42 0.26
Totals 96.84 98.29 9558 97.35 98.31 97.14 96.91
Oxygens 23 23 23 23 23 23 23
Si 6.24 6.59 6.43 6.43 6.42 6.37 6.07
Ti 0.24 0.15 0.16 0.20 0.20 0.24 0.14
Al 2.26 2.05 2.10 2.09 211 2.13 2.57
Cr 0.00 0.01 0.00 0.00 0.01 0.00 0.03
Fes 0.25 0.14 0.26 0.29 0.33 0.27 0.33
Fe 1.95 2.10 2.07 1.83 1.88 1.79 1.42
Mn 0.04 0.03 0.02 0.02 0.03 0.02 0.01
Mg 2.09 1.99 2.04 2.22 2.12 2.26 2.52
Ca 1.87 1.77 1.80 1.79 1.74 1.79 1.81
Na 0.52 0.60 0.57 0.49 0.54 0.57 0.81
K 0.15 0.12 0.14 0.13 0.12 0.08 0.05
Sum 15.68 15.58 15.67 15.59 15.60 15.61 15.87

Mineral formula and ferric iron recalculation obtained through the software AX2000, enclosed in the THERMOCALC Package.
m, matrix i, inclusion

A tentative PerpleX calculation considering $D-satured ca. 0.7 c.f.u., and inclusions of ilmenjte Because of the
conditions results (not shown here) in a (fluorine-free) titan-presence of ilmenite, pressure conditions of about 0.7 GPa
ite stability field at lowT conditions £450°C). The pres- at 650-680C are estimated for the ¢ stage (Fig. 11a).
ence of titanite at such conditions is consistent with only mi- These estimates are in line with those obtained from inverse
nor modal amounts of garnek8 %), predating the major thermobarometry (Fig. 10). Transition fromaito Moy, is
garnet growth episodes. This early formed Warnet incor-  typified by crystallisation of garnet rim domains with domi-
porated most of the Mn available in the rock, and can still benant rutile instead of ilmenite. An inner rim of garnet, rep-
recognized as garnet core (Fig. 9). resenting Mp, contains inclusions of Rt, high Mg content
(up to 0.6 c.f.u.) and a nearly constant Ca content. These

To trace the prograde path towards thepMpeak, the - . . .
boundaries between the Ti-minerals and the pressure depeﬁl-ata indicate an increase M accompame(_j by minor heat- .
dence of garnet modal content (Fig. 11b) are particularly sig—Ing along a path qgarly para.IIeI to the Ca. isopleths. The esti-
nificant. The calculations show that a relatively narrow re- mated peak cond|t|pn§ of this Atep attained at ca. 78@.
action field of coexisting ilmenite and rutile exists, bound- and 1.1-1.2GPa, limited by the upper pressure stability of

ing a low-pressure, lim-bearing field from a high-pressure plagioclase. Also in this case, results are in good accordance

Rt-bearing one (Fig. 11a). The textural evidence document!/It1 the Zr-in-rutile thermometry and the THERMOCALC

ing rutile being late with respect to ilmenite (limindicates calculations (Fig. 11a). Achievement of the pakl’ con-

pressure increase. The recordedyMtep of the metamor- ditions during My was accompanied with production of a

L ; mall amount melt that is now visibl I me. -
phic history is assumed to be preserved close to garnet coregnal amou tmelt that is now visible as leucosome. Subse

that record the prograde chemical zoning (Fig. 9a—c). Thescg.uem cooling re_sulted in resqrption of g_arnet_th_at is also_in-
are characteride gy a Mg content of cg.(o.%S c.f.u)., Ca oplcated by Mn-rich seems (Fig. 9c), at first within the rutile
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Table 5. Synoptic results of the conventional and multi-equilibrium thermobarometry applied to the Sabzevar granulites.

Conventional thermobarometry

THERMOCALC v3.26

Temperature“C) Pressure (GPa) PT best fit (GP&)
Grt-Cpx Grt-Amp Zr-in-Rt Grt-Cpx-PI-Qz Grt-Amp-PI
KR_a EG KRb W06 F&WO07 T07 PN E KS
Metamorphic ~ Sample
stage
M2a NG353 640-750N =7) 6.4-4.7 (N =2) 0.8+0.1; 644+ 117
(GricoreAmpy) (Grtcore Amps-Ply) (GrtcoreAmpy-Ply-limy
-Ttn1-Qz)
M2b $7290 706 (N=15) 733 (N=15) 1.2 (N=9) 1.#(N=9) 1.2+0.2; 740+ 105
(Grtiim-Cpx2) (Grtrim-Cpx-Pl2-Qz) (Grtim-Cpx-Pl2-Rt-Qz)
NG353 73+ (N=13) 769 (N=13) 702-803 =24) 701-802f =24) 714-809 (N =24) 1.2 (N=17) 1.2 (N=17) 1.0+0.1; 742+ 74
(Grtim-Cpx2) (Rtin Grtjmy, or in matrix) (Grtim-Cpx2-Ph-Qz) (Grtim-Cpx2-Ph-Rt-Qz)
EG354 715 (N =11) 743 (W=11) 1.12 (N =11) 1.2 (N=11)
(Grtim-Cpx2) (Grtim-Cpx-Pl2-Qz)
NG421 724 (N=3) 784 (N=3) 1.3+0.4; 861+ 73
(Grtim-Cpx2) (Grtrim-Cpxo-Pl-Ep
-Amp2-Qz)
M3 $7290 0.54-0.38 (N =3)
(Grtrim-Ampg-Pl3)
NG353 574-631§ =7) 0.58-0.3§ (N =8)
(Grtim-Ampg) (Grtim-Ampg-Pl3)
EG354 611-677N =10) 0.62-0.43 (N =6)

(Grtim-Ampg)

(Grtim-Ampg-Pl3)

* Representative results; at 0.1 GPa2: at 750°C; 3: from 500 to 700°C.
KR_a: Krogh Ravna (2000a); KRR: Krogh Ravna (2000b); EG: Ellis and Green (1979); W06: Watson et al. (2006); F&WO7: Ferry and Watson (2007); TO7: Tomkins et al. (2007); PN: Perkins Ill and Newton (1981); E: mnﬁ et
al. (1991); KS: Kohn and Spear (1990)N & 7): number of estimates
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Fig. 8. Mineral classification diagramga) Garnet, after Coleman et al. (196%k) pyroxene andc) feldspar, after Deer et al. (1991);
(d) amphibole, after Leake et al. (2004).

stability field and then within the ilmenite field. An impor- “dry” assemblages which cannot account for retrograde reac-
tant constraint on thé@-T path can be derived from garnet tions in retrogressed samples (cf. Cpx stability at low pres-
with zoning pattern such as Ng3%8t1 (Fig. 9b). This gar-  sure) containing minerals such as epidote, chlorite, actinolite,
net type is in contact with a leucosome rim and shows little prehnite and zeolite appear. A Perdecalculation of sub-
resorption. Its outer rim zoning is characterized by a signif-solidus phase relation with water-saturated conditions (not
icant increase in Ca (up to 0.9 c.f.u.), compensated by a deshown here) shows that during cooling epidote appears in the
crease in Mg. Obviously, in this case the garnet outer rim ad+ange of 550C during cooling. This temperature range fixes
jacent to melt grew during cooling instead of being resorbed.conditions for the composite MM, retrogression.
Considering_the calculated mod_al abundanc_e of garnet, IS \we would emphasise here that various sources of uncer-
fea_ture réquires some pressure increase QUr|ng cooling, Corrfé\inty affect the results described above: (i) the amount of
patible W'Fh an an?"CIOCkW'Sd)'T path (Fig. 11a). In.the melt extracted during in situ melting, (ii) the incomplete
rock matf'x' |Imen|t§ almost cpmpletely replaceq rutllg. I.t mineral equilibrium (involving shielding of chemical com-
only survived as shielded (mainly mono-phase) inclusion Ir‘ponents in garnet cores and in other minerals) and, more im-

garnet or in larger iimenite aggregates. The cooling path ISportant, (iii) the uncertainties in the thermodynamic data set.

al_so imposed by th? preservation Of. plggioclase in the MaThe |atter aspect particularly concerns the influence of minor
trix assemblages (Fig. 11a). Crystallisation of Jlitmleuco- elements such as Ti, F, #eon melt, amphibole and titan-

somes likely occurred close to the solidus during cooling. INita compositions, as well as “extending” the application of

C(_)_ntrast _to ear_ly for_med, relatively lo®-Ttny, the Ttrp_sta- melt thermodynamic parameters beyond the compositional
bility during this episode probably extended to significantly range of their specified validity. A further source of uncer-

higher temperat_ure. becausg of the presence of Slgnlflca_%\inty pertains to the estimation of the water content and its
amounts of fluorine in the residual melt (Tropper et al., 2002’variation during the changing-T conditions. Accordingly,

Tr0|tzsch an(()j E"'S.’ 2002). leen.that the water conter!t 'Storward modelling of the Sabzevar granulites can be consid-
fixed to 1wt% during the calculation of the pseudosecnon,ered as tentative only and the results as semi-quantitative.

resulting sub-solidus assemblages are mostly Water-deficienN onetheless, trial calculations with variations ofiand G
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Fig. 9. Left: representative qualitative compositional cation map and quantitative cation profiles showing the variation in cation (Mg, Fe, Ca,
Mn) distribution in garnets from the Sabzevar granulites. Noteworthy features are the rimward increase in Ca (grossular) and Mn (spessartine,
Sps) and decrease in Mg (pyrope), which are indicative of retrograde diffusion and resorption. Alm, almandine; Grs, grossular; Py, pyrope;
Sps, spessartine. Right: garnet compositions as obtained through EMPA chemical profiles across the same garnet grains (dashed white line

contents, as well as addition of various amounts of tonaliticing episodes of growth/resorption of this mineral. In addi-
melt to the effective reactive composition did not result in tion, the general validity of the obtained pseudosection to
significant modification of the general aspects of the de-constrain theP-T path of the Sabzevar granulites is con-

rived P-T path. Particularly, theP-T path of the Sabze- firmed by the overall compatibility with the results obtained

var granulites is significantly constrained by (i) the stability from inverse (conventional and multi-equilibrium) thermo-

of Ti minerals and (ii) the modal content of garnet reflect- barometry.

Solid Earth, 2, 219243 2011 www.solid-earth.net/2/219/2011/



M. Nasrabady et al.: Geodynamic significance of the Early Cretaceous Sabzevar granulites 237

1.4 {1.Alm + 3Ttn = Grs + 3Qz + 3lim i Grt-Cpx !
2. 2Fac+3Ttn=7THed+5Qz+2H,0+3lIlm|  (®) jthermometry @ GAHS
3. Fac+7Rt = 6Qz+ 5lim + 2Ttn + H,0 Nne,.., ; @
1.2 |4. Grs+tAlm+2Rt=Hed+2An+2|Im i
GADS
1.0
‘© @
a ! M
o 0.8 i 2b
1
e " |
0.6 ] I Eg354
| I Ve
[} 1
I I
I 1 NG353
0.4 i P 4
| Zr-inRt |
1 [} 22
:thermo:_‘netry i /~ SZ2290
0.2 : : L L .
400 500 600 700 800 900 1000
T (°C)

Fig. 10. Results from conventional thermobarometry, compared with those obtained from the THERMOCALC software in thevErage
calculation mode. The latter results are shown as best fit ellipses, with error quotelbeetl The grey areas show tieT fields calculated

with the THERMOCALC software that pertain to the single reactions (numbered in the inset) that involve the Ti-bearing phases relevant for
the main rock forming mineral assemblages (mineral abbreviations follow Whitney and Evans, 2010). See text for further details.
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Fig. 11. (a)Representativ®®-T pseudosection calculated for the Sabzevar granulites in the system NCFMASHMNTO with a bulk compo-
sition (wt %) NaO 1.35, CaO 10.87, FeO 15.53, MgO 6.51,@4 12.92, SIQ 45.99, MnO, 0.25, HO 1.0, Ti O, 3.04, @ 0.01 by using

the PerpleX07 software. The dashed grey circles encloseRhE spaces in which the Mand M, (metamorphic climax) assemblages are
inferred to be located. The dashed white arrow indicateste path followed by the Sabzevar granulites during their prograde and retro-
grade history(b) Predicted modal distribution of garnet in the modelled field. Mineral abbreviations follow Whitney and Evans (2010)
except for L, melt and W, bO.
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crease. Even during the initial cooling episode, further pres-
sure increase is suggested by Ca-rich/Mg-poor garnet rims
(Fig. 9b), formed during melt crystallization. The pres-
sure increase close to peak temperature, the latedsl-
ing with some pressure increase and the late stage formation
of ilmenite-bearing matrix assemblage collectively suggest a
anticlockwiseP-T loop (pressure axis upward; Fig. 12), de-
parting from a prograde Barrovian-type metamorphic gradi-
ent (in the order of 23C km~1). The metamorphic peak was
z followed by a polyphase metamorphic retrogression-{ivt
1m8 Ms stages), tracing the progressive cooling and exhumation
|Prennite * ‘ ‘ . . . , from upper-greenschist/amphibolite facies (assemblage M
200 300 400 500 600 700 80 900 1000 down to the stability field of prehnite and zeolite (assemblage
Temperature (°C) Ms) (Fig. 12).
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Fig. 12. Proposed syntheti®-T path for the Sabzevar granulites. g2 A possible geodynamic scenario

Metamorphic facies boundaries are after Bucher and Frey (2002).

The grid showing wet melting regimes for basaltic system with Tha whole rock geochemical data presented above document
stability of the main index minerals indicated is after Vielzieuf that the Early Cretaceous (Albian) Sabzevar granulites likely
and Schmidt (2001). Experimentally determinkerl field phase derive from a MORB-type precursor and therefore repre-
boundaries for Ti-phases (Ttn, lim, RY) are after Liou et al. (1998). sent remnants of a former oceanic crust (hereafter referred as

The prograde M-to-M, and the retrograde BAto-Mg paths are o e
only tentative. Key to symbols: A, amphibolite facies: EA, epi- proto-Sabzevar Ocean to distinguish it from the later formed

dote amphibolite facies; EBS epidote blueschist facies; Ecl, eclogiteSabzevar Ocean) affected by subduction zone metamor-

facies; G, granulite facies; GS, greenschist facies; LBS, lawsonitephism. The thermobarometric estimates of peak metamor-

blueschist facies; PA, pumpelliite-actinolite facies; Z, zeolite facies. phism demonstrate incipient migmatisation of the oceanic

Mineral Abreviations are after Whitney and Evans (2010). protolith already at relatively shallow depths (ca. 40km)
and hence suggest for a high heat flow subduction channel
(cf. Peacock and Wang, 1999).

8 Discussion Modelling of the thermal and rheological structure of sub-
duction zones as well as fossil and active examples of oceanic
8.1 P-T path: proposal of an anticlockwise trajectory subduction zones (e.g. Peacock et al., 1994, 2005; Pea-

cock and Wang, 1999; Hacker et al., 2003; Conder, 2005;
The metamorphic evolution reconstructed from the SabzeBebout et al., 2007; Gaia-Casco et al., 2007; Guilmette
var granulites attests to an early prograde stage startingt al., 2008) have documented that cool geothermal condi-
from amphibolite-facies conditions (Mstage) with later tions can not be generalized to any oceanic subduction and
equilibration under granulite-facies peak conditionsz(M that “warmer” geothermal environments such as those doc-
stage). The peak mineral assemblage described in thiamented in this study do not necessarily require an atyp-
study (Grt+Cpx+Pl+R& Amp+ Qz) is indicative of the ical tectonic environment in oceanic subduction settings.
Opx-free HP granulite facies (Pattison, 2003; O’Brien and The most favourable conditions for a hot subduction setting
Rotzler, 2003). According to thermobarometric calcula- pertain to slab edges and windows (Kincaid and Griffiths,
tions, peak metamorphism occurred at ca. T8@&nd 1.1-  2004; Thorkelson and Breitsprecher, 2005), sub-horizontal
1.2GPa, as indicated by assemblage.M This is com-  or flat subduction (Gutcher et al., 2000), onset of subduction
patible with (i) occurrence of rutile and garnet in MORB- (e.g. Gerya et al., 2002), or subduction of a young slab or a
like rocks, which indicate minimum pressure of about 0.1-ridge (e.g. Peacock et al., 1994; Peacock, 1996; Okudaira and
0.12 GPa (Ernest and Liu, 1998); and (ii) presence of CpxYoshitake, 2004). High heat-flow subduction settings also
instead of Opx (e.g. O’'Brien andd®ler, 2003). Calculated provide appropriate conditions to cause slab melting and gen-
peakP-T conditions are also compatible with partial melting erate the tonalite-trondhjemite-granodiorite magmatic suites
of amphibolite as they are located above th&ksaturated  (Martin et al., 2005, and references therein).
basaltic solidus (Vielzieuf and Schmidt, 2001). Peacock et al. (1994) documented that young (0-5 Ma)

Textural evidence for in situ amphibolite dehydratation crust that is slowly subducting (1 cmyA) into a hot man-

melting (see also Rossetti et al., 2010) attests to migmatle at constant shear may produce a subduction zone meta-
tisation occurring during this prograde history and during morphism with highT'/ P ratios and peak metamorphic con-
attainment of the granulite climax. In addition, according ditions compatible with those of the Sabzevar HP granulites.
to the calculated % grt isopleths (Fig. 11b), garnet growthSuch metamorphic conditions are typical of most dynamoth-
close to peak temperature indicates significant pressure inermal soles in ophiolites (and particularly of the early stages
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Fig. 13. Conceptual two-stage geodynamic model to accomplish for the anticloci®viBevolution recorded by the Sabzevar granulites.
This P-T path is interpreted as consequence of transition from an infant to a mature stage of subduction of the Proto-Sabzevar Ocean below
the Turan plate. The top panel (modified and re-adapted after Peackock et al., 1994 and Martin, 1999) show the dry and wet solidus of
tholeiite and the inferre®-T trajectories and geothermal gradients in the subduction channel as a function of the age and/or amount of the
subducted oceanic lithosphere. Trajectory 1 and 2 refers to a nascent and mature subduction, respectively. Slab melting is predicted only
when young lithosphere subducts or at the early stages of subduction. The dashed grey arrow schematically defictsoheion of the
Sabzevar granulites. Key to labels: G, and P, line delimiting garnet and plagioclase stability, respectively; H, hornblende-out.

of subduction zone metamorphism), which also show anti-(Fig. 1; cf. Tirrull et al., 1983; McCall, 1997), where Early
clockwise P-T paths (Spray, 1984; Jamieson, 1986; Pea-Cretaceous (ca. 125 Ma in age) subduction zone metamor-
cock, 1987; Dilek and Whitney, 1997; Wakabayashi andphism was reported based on Ar-Ar geochronology (Footohi
Dilek, 2000; Guilmette et al., 2008). Peacock et al. (1994)Rad et al.,, 2009). New Rb-Sr results (internal mineral
also showed that aging of a nascent subduction zone and/asochrons from the eclogitic rocks of the Sistan area indicate
increase of the subducted lithosphere rapidly results in coola regionally consistent Late Cretaceous (about 85Ma) age
ing of the subducted crust and the subduction channel, shiftelustering, with considerably younger ages than those indi-
ing the metamorphic gradient towards higlf" ratios. We  cated by Ar-Ar geochronology (Bcker et al., 2011). These
thus propose that the anticlockwigeT trajectory followed  new chronological data thus impose a critical re-evaluation of
by the Sabzevar granulites is the record of a progressivelghe former interpretation. The proto-Sabzevar Ocean can be
colder thermal regime (and hence cold exhumation) withinalternatively interpreted as a small marginal basin formed in
the subduction channel in consequence of the continuous urthe upper-plate of the Neothetyan subduction, separated from
derthrusting of the oceanic material at the subduction frontthe Sistan Ocean and with an independent evolution. This
during the transition from infant to mature subduction of the oceanic basin formed in a inner position with respect to the
proto-Sabzevar Ocean (Fig. 13). Tertiary Sabzevar structural zone and can be tentatively cor-

Rossetti et al. (2010) tentatively linked the proto-Sabzevar€lated with the south-central Iran ophiolitic domains. Nev-
Ocean (of probable Early Cretaceous age) to the sista§rtheless, formation ages compatible with the Albian age of
Ocean to the East of the Central East Iranian Microontinenth€ Sabzevar granulites are only reported from the Eastern
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