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ABSTRACT

The Sevan-Akera suture zone ophiolites are relics of a vast ophiolitic nappe which testifies a major obduction event, up to 300 km of horizontal transport,
of the northern branch of Neotethys oceanic crust over the South Armenian/Taurides continental block. Near the locality of Amasia (NW Armenia), garnet-
bearing amphibolites are preserved within a greenschist facies tectonic mélange unit located below the non-metamorphic obducted oceanic unit. The garnet
amphibolites show two parageneses: (1) garnet-amphibole-plagioclase granoblasts which crystallized along the S, foliation intensely folded and recrystallized
into (2) epidote-chlorite-phengite during retrogression and S, deformation. S, and S, deformation stages feature top-to-the-South ductile shearing, interpreted
as the motion of the ophiolite nappe during obduction. Thermobarometry reveals a metamorphic history with two P-T fields: (1) an amphibolite stage, T =
600+20°C and 6 < P < 7 kbar, followed by (2) a greenschist stage, T = 350£30°C and 1.25 < P < 4.5 kbar. “*Ar/**Ar dating on amphiboles and white micas
yields similar within-error ages of 88-92+2 Ma. U-Pb dating on rutile yields an age of 90.2+5.2 Ma. These results are complemented by new and pre-existing
characterizations of lithologies in a similar structural position 40 km east, in the locality of Stepanavan. There, newly identified eclogite yield metamorphic
conditions of T = 575+25°C and 17.5 < P < 20 kbar. The P-T-t history of these metamorphic units argues for a rapid tectonic process featuring intra-oceanic
subduction below a relatively hot oceanic lithosphere, slicing of the overriding oceanic domain, underplating of this subducted material along the hanging

wall of the subduction zone and formation of a metamorphic sole as part of an ‘obduction channel’.

INTRODUCTION

There is still much controversy concerning the explana-
tion of oceanic lithosphere obduction initiation and subse-
quent transport onto the continental crust (e.g., Agard et al.,
2014; Duretz et al., 2015; Héssig et al., 2016a; 2016b;
2017). Obducted ophiolite sequences generally include
thick slices of undeformed oceanic lithosphere originating
from a supra-subduction zone setting, detached from its
mantle basement and emplaced over a continental margin
(Coleman, 1971; Dewey, 1976; Spray, 1983). Models for
obduction initiation include an early stage of oceanic
lithosphere buckling (Agard et al., 2007) or ridge subduc-
tion (Coleman, 1976; Hacker, 1991), leading to intra-
oceanic thrusting, which may result in the development of a
metamorphic sole (e.g., Hacker, 1990; Michard et al.,
1991;Gnos, 1993). Models also feature intra-oceanic sub-
duction which continues to a ‘marginal’ stage at which
point the oceanic lithosphere is thrust over the passive con-
tinental margin or under-plated by the latter (Dilek and
Whitney, 1997; Gray and Gregory, 2000; Engi et al., 2001;
Bortolotti et al., 2005). The relative position of intra-ocean-
ic thrusting initiation, the particular physical and/or geo-
chemical properties of the lithologies composing the in-
volved oceanic lithospheres (e.g., the role of mantle flows
and plume events leading to oceanic plateau emplacement;
Vaughan and Scarrow, 2003; Hissig et al., 2016a; 2916b)
and geodynamic settings recorded throughout the metamor-
phic processes are still subject to debate (e.g., Agard et al.,
2007; 2014; Duretz et al., 2015).

The reconstruction of the geodynamic evolution of
oceanic basins that were formed in the Neyethyan domain
allows a better understanding of the role of the dominant
factors involved in oceanic closure, including obduction
processes. Key examples of obducted ophiolite sequences
are found throughout the Tethyan collisional belts (Oman:
Coleman, 1976; Hacker et al., 1996; Searle and Cox, 1999;
Northern Albania: Carosi et al., 1996; Gaggero et al., 2009;
Turkey-Caucasus-Iran: Adamia et al., 1981; Barrier and
Vrielynck, 2008; Turkey: Gonciioglu and Turhan, 1984;
Hempton, 1985; Lytwyn and Casey, 1995; Okay et al.,
2001; Oberhénsli et al., 2010; 2014; Parlak et al., 2013; Yil-
maz et al., 2014; Eastern Turkey-Lesser Caucasus: Rolland
et al., 2012; Lesser Caucasus: Zakariadze et al., 1990; Ga-
loyan et al., 2007; 2009; south Central Tibet: Ding et al.,
2005; Guilmette et al., 2009). The most studied example is
the Oman ophiolite, which is exceptionally well preserved,
and has led to detailed reconstructions of the obduction
process (Agard et al., 2014, and references therein). Howev-
er, the obduction model developed for this ‘case example’
(e.g., Duretz et al., 2015) needs to be tested with other ob-
duction examples. The history of Central and Northern
Neotethyan ophiolites seems quite different to that of the
Oman ophiolite. The oceanic lithosphere preserved in the
Oman ophiolite was formed within 20 Myr before its obduc-
tion, while the lithologies forming the Lesser Causasian and
Northeastern Anatolian ophiolites are about 80 Myr older
than onset of their obduction (Hissig et al., 2013b; 2016a;
2016b; 2017). The Lesser Caucasus region (Figs. 1 and 2)
presents all the key features to decipher the precise proceeding
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of obduction, leading to widespread outcrops of intact ophi-
olites (e.g., Dercourt et al., 1986) and of metamorphic rocks
(‘metamorphic sole’) found directly underneath the ophio-
lite nappes, whose formation is ascribed to obduction initia-
tion and ophiolite emplacement (e.g., Hacker, 1990; Dilek
and Whitney, 1997; Elitok and Driippel, 2008). Such ‘suture
zone’ lithologies provide key timing and palacogeographic
data for geodynamic reconstructions of the obduction
process. Furthermore, their geometry and geochemistry pro-
vide key information to reconstruct the nature of former
oceanic domains, needed for tectonic reconstructions (e.g.,
Ricou et al., 1985; Stampfli et al., 2001; Stampfli and Borel,
2002; Barrier and Vrielynck, 2008; Barrier et al., 2018).

The Lesser Caucasus region (Figs. 1 and 2), particularly
the Armenian part, features intact and unmetamorphosed
sections of obducted oceanic crust, which formed during
mid-Jurassic times only slightly affected by the later colli-
sional history (c. 180 ~ 150 Ma; Galoyan et al., 2009; Rol-
land et al., 2009b; 2010; Hissig et al., 2013a; 2017). They
feature both a metamorphic sole and an intact sedimentary
obduction front enabling the reconstruction of part of the
obducted ophiolite nappe’s geometry, emplacement timing
and overall kinematics (Sosson et al., 2010; Rolland et al.,
2012; Héssig et al., 2013a).

In this paper, we report new structural, petrologic, geo-
chemical as well as “*Ar/*Ar and U-Pb chronological data
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obtained from sub-ophiolitic metamorphic units (eclogites
and garnet amphibolites). The studied rocks crop out in a
tectonic mélange at the base of the tectonic contact of the
ophiolites in the localities of Stepanavan and Amasia (ap-
proximately 40 km from one another along the Sevan-Akera
Suture in NW Armenia; Fig. 2) exhumed by way of a post-
obduction collision related thrust (Galoyan et al., 2007; Rol-
land et al., 2009a; Héssig et al., 2013a; 2013b; 2017). The
results of geochemical analyses obtained on these metamor-
phic rocks provide insights for the nature and geodynamic
setting of their protolith. The Pressure-Temperature-time (P-
T-t) reconstructions provide insight concerning temperature
variations and burial/exhumation rates of these units
throughout their metamorphic cycle, which comprises intra-
oceanic subduction and subsequent ophiolite emplacement.
These data complement previous P-T-t estimates of other
metamorphic rocks cropping out in the same structural posi-
tion in the area of Stepanavan, featured in Rolland et al.

Island Arc)
@ Hercynian basement

(2009a). Based on this new data pertaining to these meta-
morphic units, we propose a geodynamic reconstruction for
the obduction process along this portion of the Northern
Neotethyan Suture, and for the emplacement of the Lesser
Caucasus ophiolites in Armenia.

GEOLOGICAL SETTING

The Middle East-Caucasus area (Fig. 1) can be divided
into three main sectors, from north to south:

(1) The European platform, whose southern margin is
characterized by the Pontides and Somkheto-Karabargh
magmatic arcs (e.g., Adamia et al., 1981; Rolland et al.,
2016; Okay and Topuz, 2017).

(2) Accreted terranes of Gondwanan origin, including
the South Armenian Block (SAB; Knipper, 1975; Knipper
and Khain, 1980; Hissig et al., 2015a). The SAB likely
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represents the eastern continuation of the Taurides-Ana-
tolides Platform (TAP; Sengor and Yilmaz, 1981). The
northern and southern limits of this sector are underlined by
Northeastern Anatolian-Lesser Caucasus and peri-arabic
units, respectively, which both feature ophiolite belts.

(3) The Arabian platform, to the south of the studied area,
whose collision with the TAP completely closed the Tethyan
realm along this portion of the Alpine-Himalayan Belt.

The Middle East-Caucasus area is characterized by two
distinct suture zones, the Northern Tethyan (Izmir-Ankara-
Erzincan, TAES, and Amasia-Sevan-Akera, SAS, respec-
tively) and the Southern Tethyan (Misis-Andirin, Bitlis and
Zagros) Sutures. They result from the closure of the Pale-
otethys and northern branch of the Neotethys to the north
and the southern branch of the Neotethys to the south of the
SAB-TAP, respectively (e.g., Rolland et al., 2012).

Along the Izmir-Ankara-Erzincan-Amasia-Sevan-Akera
Suture zone (IAES-SAS), ophiolites represent preserved
relics of the fully closed Northern Neotethyan oceanic do-
main (see a review in Hissig et al., 2017), with a well-pre-
served subduction channel interplate contact (Héssig et al.,
2016c¢). These ophiolites show a Jurassic-Early Cretaceous
age and bear multiple geochemical tendencies, interpreted
as reflecting formation in a supra-subduction context (Bor-
tolotti and Sagri, 1968; Palandjyan, 1971; Sokolov, 1977;
Zakariadze et al., 1983; Knipper et al., 1986; Galoyan et
al., 2007; 2009; Rolland et al., 2009b). Furthermore, sub-
duction-related metamorphic rocks are found along this su-
ture zone, which provide insights for Jurassic (Topuz et
al., 2013a; 2013b) and Cretaceous (Rolland et al., 2009a)
subductions.
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Timing of the obduction

Obduction occurred at 90-83 Ma in all of the East Anato-
lia-Armenia region (see a synthesis in Héssig et al., 2013b
and references therein). Coniacian to Santonian (90-83 Ma)
obduction onto the SAB is marked by flysch series rework-
ing the ophiolites at the obduction front and reef series of
similar age sealing the obducted nappe in the southern part
of the SAB (Vedi area: Sokolov, 1977; Sosson, et al., 2010;
Danelian et al., 2014; Figs. 2 and 3). Geological observa-
tions imply that at least two north dipping subduction zones
were active at the same time north of the SAB: (1) an intra-
oceanic zone and (2) farther north another zone along the
southern Eurasian margin (Sosson et al., 2010; Rolland et
al., 2011; 2016;). After ophiolite emplacement, the Northern
Neotethys Ocean was not yet fully closed as indicated by
paleomagnetism data. A maximum of 1000 km subsisted
between the SAB and the Eurasia margin after the obduc-
tion event (Meijers et al., 2015). Thus, obduction preceded a
final subduction stage before onset of the collision-accretion
of the SAB-TAP to the Southern Eurasian margin during the
Late Cretaceous-Paleogene (Rolland et al., 2009b; 2011;
Sosson et al., 2010; Mederer et al., 2013; Meijers et al.,
2017). Afterwards, the Arabia-TAP/SAB collision occurred
during the Late Eocene (Yilmaz et al., 1993; Okay et al.,
2001; Rice et al., 2009; Agard et al., 2010; Rolland et al.,
2012; Pourteau et al., 2013; Sosson et al., 2016;). Cenozoic
volcanism (Moritz et al., 2016; Rezeau et al., 2016; 2017,
Sahakyan et al., 2017;) largely masks the ophiolites, but due
to the recent onset of hard collision, only limited collisional
deformation affected the obducted nappe structure.
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Fig. 3 - Interpretative crustal-scale sketch cross-section of the Armenia-Azerbaijan transect, after Hissig et al. (2013a), modified. Location of the figure is

indicated on Fig. 2.



Structure of the ophiolite

For a synthesis concerning the Lesser Caucasus ophio-
lites, we refer to Galoyan et al. (2007; 2009), Rolland et al.
(2009b; 2010), Sosson et al. (2010) and Hassig et al. (2013a,
2013b; 2017), These works document outcrops of gabbro in-
truding serpentinites dated at c. 175-165 Ma. They are over-
laid by basalts with tholeiitic compositions contaminated by
subduction components and as well as radiolarites of similar
age (Middle-early Late Jurassic; Danelian et al., 2007; 2008;
2010; 2012; Asatryan et al., 2010). Pillow lavas of alkaline
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Ocean Island Basalt (OIB) emplaced in the Early Cretaceous
times in a marine environment can be found directly above
these series, prior to their obduction (Rolland et al., 2009b).

Description of the study areas

The study areas lie in the north-eastern Lesser Caucasus,
near the villages of Amasia and Stepanavan in Northwestern
Armenia (Figs. 2, 4 and 5). There, the Northern Neotethyan
ophiolites crop out in tectonic windows through Cenozoic
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thrusts and normal faults, fully described in Rolland et al.
(2009a) and Hassig et al. (2013a). In this paper, we focus on
the sub-ophiolitic metamorphic rocks, which likely recorded
the variations in P-T conditions prevailing at the base of the
obduction.

In Amasia, a tectonic mélange is found underneath this
ophiolitic series. The tectonic mélange is made of sheared
serpentinites, gabbros, basaltic lavas and metasediments,
metamorphosed in the greenschist facies (Hissig et al.,
2013a). A unit of garnet-bearing amphibolites occurs tecton-
ically below, or within, this latter unit (Fig. 4). A full de-
scription of the structural relations of this unit with the rest
of the Amasia ophiolite is provided in Héssig et al. (2013a).

ARM-11-13 are indicated.

In Stepanavan (Fig. 5), East of Amasia, ophiolites have
been described in association with blueschists and amphibo-
lite facies metamorphic rocks (Galoyan etal., 2007; Rolland
et al., 2009a). These metamorphic rocks are dated by
40Ar/*Ar on phengite (1) at 94-91 Ma, interpreted as the age
of high pressure (HP) peak and (2) at 73-71 Ma, interpreted
as the age of retrogression in low pressure and medium tem-
perature conditions (LP-MT) ascribed to a lower amphibo-
lite facies (HP: P = 12«+1.5 kbar, T = 545+60°C; LP-MT: P
= 5.740.2 kbar, T = 505+67°C; Rolland et al., 2009a). Un-
fortunately no age was determined for later retrogression in
low pressure and low temperature conditions (LP-LT) in a
greenschist facies attested by a distinct mineral assemblage



(Rolland et al., 2009a). In association to these metamorphic
rocks, in this study we report eclogite facies rocks. These
metamorphic rocks evidence the presence of a subduction
zone active during the Middle Cretaceous, which stopped in
the Late Cretaceous at 80-75 Ma (Rolland et al. 2011).

According to the field observations, the geological map
and cross-sections (Figs. 4, 5 and 6), both areas feature:

1 - An ophiolitic unit constituted by serpentinites, gab-
bros, basaltic pillow lavas and volcanic rocks with interlay-
ered reef limestones. This unit represents an un-metamor-
phosed obducted oceanic crust section formed during Mid-
dle and Late Jurassic times, dated mid/late Oxfordian to late
Kimmeridgian/early Tithonian (163-150 Ma) by age-diag-
nostic radiolarian identification in Stepanavan (Danelian et

Miocene - Quaternary volcanic cover E
Eocene volcanic deposits [

1 =g
= Cretaceous volcanics with == 1 Santonian flysch
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al., 2007) and in Amasia (Danelian et al., 2016). Dating of
gabbro amphiboles by “°Ar/3*?Ar yielded 169.0+4.6 to
175.8+3.9 Ma in Amasia (Hassig et al., 2013a).

2 - A sub-ophiolitic metamorphic unit composed of
meta-basalts, meta-sediments and serpentinites. In Amasia
elongated boudins of marbleized limestones along with ser-
pentinites and meta-basalts indicate a top-to-south sense of
shear. Amphibolites show a penetrative S, foliation marked
by amphibole and garnet-rich dark coloured layers alternat-
ing with plagioclase and quartz-rich light coloured layers.
This alternation defines syn-metamorphic SC shear bands
(Fig. 7). An S, foliation and lineation is also present,
marked by chlorite and phengite as well as amphibole and
rolled garnet. These evidence that this unit was tectonized

Plio - Quarternary andesite-dacite volcanics

[Z57] Paleogene Upper Volcano-Sedi y Unit
IRV W W W W W W W Wl
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(deformed) during at least two phases. Both phases, respon- posed of boudins of glaucophane-bearing meta-volcanic

sible for the formation of S, and S,, are coherent with south- rocks and meta-sediments (micaschists, marbles, metacon-

ward sense of shear during thrusting (Fig. 7). glomerates, quartzites, and rare gneiss blocks) (Roland et
In Stepanavan, blueschists and eclogites are mainly com- al., 2009a).

Fig. 7 - Micrographs of investigated Amasia (A-C) and Stepanavan (D) samples, and interpretative sketches. (A1) and (A2), micrograph of a thin section of
garnet amphibolite sample AR-08-09¢ in plain and cross-polarized light, respectively. (A3), sketch of thin section photographs. Cross cutting relationships of
amphiboles with micas (Phg) and chlorites (Chl) indicate the existence of amphiboles (Am) prior to micas. This is also supported by the garnets (Grt) and am-
phiboles, which are molded by micas and chlorites. The folded pattern of amphiboles defines a first foliation S, that is overprinted by the chlorite-phengite S,,
which appears to be in the axial planes of the folds drawn by the S, foliation. (B), back-scatter image of garnet amphibolite sample AR-09-08. Lineation is ex-
hibited with the alignment of amphiboles, white micas and chlorites. (C), micrograph of garnet amphibolite sample AR-09-09. The garnet has a ‘snowball’
shape, and is rolled in response to syn-kinematic growth during shearing. (D), micrograph of eclogite sample ARM-11-13 from Stepanavan.



3 - In both localities, these two units are thrust on top of a
southern (third) unit comprising brecciated basalts overlain
by Early Cretaceous limestones, unconformably covered by a
Late Paleocene flysch grading up into Early Eocene lime-
stones and Mid- to Late Eocene volcanogenic deposits.

This structure in the Stepanavan area gives timing for fi-
nal collision of SAB and Eurasia before the Late Paleocene,
a little older than recorded in the rest of the Lesser Caucasus
(before late-Middle Eocene; see Sosson et al., 2010). Ongo-
ing post-collisional magmatism is represented by a Miocene
to Quaternary volcanic cover sealing the nappe-stack.

GEOCHEMISTRY OF OPHIOLITIC ROCKS

The results of the analyzed samples of Amasia and
Stepanavan ophiolites are coherent with all of the other
ophiolites of the SAB, namely Sevan and Vedi, as well as
with those of the Northeastern Anatolia (i.e. Refahiye,
Sahvelet and Karadag; Parlak et al., 2013). They all origi-
nate from a singular and intact section of oceanic crust, as
they are all described as Lherzolite Ophiolite Type (LOT)
with comparable petrological and geochemical composi-
tions (Héssig et al., 2013a; 2013b; 2017). The different
ophiolites outcrops are thus interpreted as the result of one
major obduction event (Galoyan et al., 2009; Robertson et
al., 2013; Hassig et al., 2017). Analytical procedures can be
found in Supplementary Data S1.

Here, we present new data concerning the Stepanavan
and Amasia ophiolites and the related metamorphic rocks.
Analyses were segregated into two groups: (1) magmatic
rocks (basalt, gabbro and plagiogranite) of preserved ophio-
lite units and (2) metamorphic rocks from the sub-ophiolitic
units, which led to the identification of two distinct geo-
chemical tendencies described below (Fig. 8; Table 1).

Supra-subduction tholeiitic signature

A tholeiitic (MORB-type) affinity is identified for the
gabbro samples with a less marked fertile contamination, in
comparison to some basalt samples. The variations in trace
elements are indicative of a supra-subduction environment
(Fig. 8). Negative Eu and Ti anomalies with relative Nb-Ta
depletion are interpreted as resulting from the melting of a
mantle source contaminated by subduction fluids. The ophi-
olite assemblages indicate that they derived from an oceanic
crust in a back- or fore-arc basin position.

Similarly to those unmetamorphosed ophiolitic rocks, the
analyzed Stepanavan blueschist from the sub-ophiolitic meta-
morphic rocks has a tholeiitic affinity, mainly characterized by
enrichments in LILEs (e.g., Ba, Th, U) and negative Nb, Zr,
and Sr anomalies which also resemble those of subduction-re-
lated arc volcanics (Perfit et al., 1980; Pearce et al., 1984). It is
thus possible that these amphibolites derive from the ophiolite
itself, thus sharing a common origin as the ophiolite.

Alkaline signature

A second affinity was found in rocks with an alkaline
basalt composition (i.e. Hassig et al., 2013b) (Fig. 8B). The
garnet-bearing amphibolites of Amasia and blueschists of
Stepanavan have a similar composition as alkaline basalts,
which may suggest a similar origin. Plotted in the Zr/Ti vs.
Nb/Y Pearce diagram (Fig. 8C) these metamorphic rocks
are consistent with an OIB signature. In particular, the sam-
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ples show well-marked depletions in HREE (Figs. 8D1 and
8D2), which are ascribed to a source containing garnets
(e.g., Rollinson, 1993).

The geochemical signature and the age of the Amasia
ophiolites attest that they formed during the Jurassic in a
fore- or back-arc supra-subduction marginal basin setting
(Hassig et al., 2013a). Further, the similar ages and compo-
sitions concerning the obducted ophiolites onto the SAB
strongly suggest that these are scattered relics of one major
obduction event.

In N-MORB normalized multi-element spidergrams (Fig.
8D) the alkaline amphibolite and blueschist samples display
patterns with enrichments in incompatible elements and
slightly negative Nb and Sr anomalies. These patterns are
consistent with those of typical ocean island basalts (Sun and
McDonough, 1989). Such a setting has already been docu-
mented by Galoyan et al. (2007; 2009) and dated at 117 Ma
for alkali pillow lavas in the Vedi area (Rolland et al., 2009b).

PETROGRAPHY AND MINERAL CHEMISTRY
OF SUB-OPHIOLITIC METAMORPHIC ROCKS
IN THE LESSER CAUCASUS

For the sub-ophiolitic unit of Amasia two mineral assem-
blages have been distinguished.

Previously, in Stepanavan three mineral assemblages
have been recognized in the sub-ophiolitic blueschist unit
ascribed to HP-LT (High Pressure-Low Temperature), LP-
MT (Low Pressure-Mid Temperature), and LP-LT (Low
Pressure-Low Temperature) conditions (Rolland et al.,
2009a). In addition to these existing parageneses, a forth
mineral assemblage has been identified (HP-HT).

Amasia sub-ophiolitic metamorphic unit

Two mineral assemblages have been identified in the
garnet-bearing amphibolites after optical microscope obser-
vations (Fig. 7). They are: (1) an amphibolite facies assem-
blage (amphibole+plagioclase+garnet), and (2) a greenschist
facies assemblage (white mica+chlorite). In the following
sections, mineral name abbreviations follow Whitney and
Evans (2010). Analytical procedures are described in Sup-
plementary Data S7.

Amphibolite facies assemblage

The main metamorphic assemblage found in garnet-am-
phibolite unit is characterized by garnet, amphibole, rutile,
plagioclase, ilmenite and quartz which underline the main
foliation S, (Fig. 7).

Garnet grains are poikiloblastic, millimetre to centimetre in
size, containing inclusion trails of quartz and amphibole
arranged along a ‘snow-ball” spiral pattern (Fig. 7C). Garnets
are anhedral and intensely fractured. The fractures and rims
are filled and moulded by white mica and chlorite, which re-
crystallize along a S, foliation (Figs. 7A and 7B). Microprobe
analyses (Supplementary Data S2; Fig. 9A) show that garnets
are solutions of almandine (57.8 to 68.6%), pyrope (8.1 to
32.9%), grossular (7.3 to 27.6%) and spessartine (0.05 to
5.1%) end members. Two tendencies have been identified:
low pyrope (samples AR-08-09c¢ and AR-09-09) and low
grossular compositions (sample AR-09-08). Garnets are not
chemically zoned (Fig. 9B). Instead they show a snowball pat-
tern (Fig. 7C), which is a sign of their syn-kinematic growth
during simple shearing, coeval with amphibole S, foliation.
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Whitney and Evans (2010). (D), Si versus Al diagram for white micas from Amasia garnet amphibolite samples. (E), triangular plots show-
ing chemical compositions of chlorites from Amasia amphibolite garnet amphibolite samples. Locations of samples are indicated on Fig. 4,
as well as EPMA results in Supplementary Data S2, S3, S4, S5.



Amphiboles of the Amasia amphibolites mark the earli-
er S, foliation (Fig. 7A). They are fractured and have nu-
merous fractures and irregular contacts with chlorite +
phengite indicating their breakdown into these latter miner-
als (Fig. 7B). At the thin section scale, they are folded in
isoclinal folds with axial planes parallel to the S, foliation
marked by phengite + chlorite (Fig. 7A). Amphibole crys-
tals are moulded as well as cross-cut by phengite and chlo-
rite. They have fairly homogenous compositions (Supple-
mentary Data S3; Fig. 9C). A slight increase of Fe and Ca
to the detriment of Mg is observed from core to the mineral
rims. The amphiboles observed are all high temperature
type amphiboles, with intermediate compositions between
barroisite, pargasite, tschermakite and edenite poles (Leake
etal., 1997).

Rutile (< 1% vol.) is found in all the amphibolites. It is
associated with amphiboles, garnets and plagioclases.
They appear as inclusions but mainly in the S, foliation
with elongated prismatic shapes and brownish colour in
natural light. Using Back-Scattered Electron (BSE) imag-
ing, no zoning is observed. Many of them have a dark au-
reole of ilmenite.

Plagioclase is scarce and of intermediate composition
(between oligoclase and andesine).

Greenschist facies assemblage

The greenschist facies assemblage (or epidote amphibo-
lite minerals) marks the S, foliation (Fig. 7), and thus con-
stitutes a later metamorphic stage. It is characterized by the
presence of chlorite, epidote and white mica. The chlorite,
epidote and phengite most often cross-cut, wrap and mold
amphibole and garnet (Figs. 7A, B).

The white micas are phengitic. They are intermediate sol-
id solutions of muscovite and celadonite with a level of Si**
substitution varying between 2.94 and 3.34 a.p.f.u. (atoms
per formula unit) with a mean value of 3.12+0.07 a.p.f.u.
(Fig. 9D; Supplementary Data S5). Massonne and Schreyer
(1987) have shown that Si content of phengite increases
progressively with pressure. Thus, these compositions agree
with crystallization of the phengites during a relatively short
stage of the P-T evolution as evidenced by the narrow
spread in Si** substitution found in the analyses. Locally,
paragonite is interlayered within phengite.

The analyzed chlorites (Supplementary Data S4) mostly
range at intermediate Xp, [Fe/(Fe + Mg)] contents (0.57 <
Xp. <0.78) (Fig. 9E).

Stepanavan sub-ophiolitic metamorphic unit

Eclogite facies minerals

Metabasalt sample ARM-11-13 exhibits a garnet-chlo-
rite-phengite-quartz-omphacite-hematite assemblage. The
presence of omphacite indicates high pressure conditions.

Garnet grains are euhedral, slightly elongated along a
well markedfoliation and intensely fractured (Fig. 7D). Mi-
croprobe analyses (Supplementary Data S2; Fig. 9A) show
that garnets are homogeneous solutions of almandine (60.3
to 62.7%), pyrope (5.8 to 7.8%), grossular (16.9 to 19.2%)
and spessartine (12.1 to 17.0%) end members. Their geome-
try suggests discreet low-angle rotation during syn-kinemat-
ic growth throughout simple shearing underlined by phen-
gite. This would be coeval with phengite growth in relative-
ly stable conditions.

55

PRESSURE-TEMPERATURE CONDITIONS
OF THE STEPANAVAN AND AMASIA
SUB-OPHIOLITIC METAMORPHIC UNITS

The P-T history is investigated using pseudosection mod-
elling utilizing mineralogical and whole-rock composition
of the samples ARM-11-13 and AR-08-09c of Stepanavan
and Amasia sub-ophiolitic metamorphic units, respectively.

THERIAK-DOMINO pseudosection modelling

The pressure and temperature conditions of the amphibo-
lite facies assemblage were inspected with pseudosection
modelling performed in the Si-Al-Fe-Mg-Ca-Na-Ti-K-H,0
system and calculated with THERTAK-DOMINO (De Capi-
tani and Petrakakis, 2010), using the internally consistent
thermodynamic database of Bermann (1988) and Holland et
Powell (1998). Figures 10 and 11 present P-T pseudosec-
tions of sample AR-08-09¢ (Amasia) and sample ARM-11-
13 (Stepanavan) constructed using whole rock composition
(Supplementary Data S6 and S7), respectively.

In order to further constrain the P-T evolution of meta-
morphic units, garnet composition isopleths for Stepanavan
and garnet composition along with per formula units
(a.p.fu.) of X, in chlorite and Si in phengite isopleths for
Amasia were plotted (Supplementary Data S4 and S5).

Amasia sub-ophiolitic metamorphic unit

Amphibolite facies

For the first stage of metamorphism of this unit, the cal-
culated field (garnet-amphibole-feldspar-biotite-quartz-il-
menite-magnetite) which best matches the paragenesis ob-
served in sample ARM-08-09c is 4 < P < 8 kbar and 550°C
< T < 700°C (Fig. 10). Biotite was not directly observed, yet
chlorite resulting from retromorphosis and alteration of bi-
otite is visible. The calculated field is further constrained us-
ing garnet compositions. The intersection of the 0.65 and
0.7 almandine, with 0.17 and 0.19 grossular, and 0.13 py-
rope isopleths corresponds to the measured proportions in
garnet composition in sample AR-08-09¢ (approximately
67% almandine, 18% de grossular 13% pyrope). This new
field is bounded to P = 6.5+0.5 kbar and T = 600+20°C
(Fig. 10). These amphibolite facies conditions correspond to
the first and main stage of metamorphism recorded in garnet
amphibolites.

Greenschist facies

The second (greenschist facies) stage of metamorphism
of the Amasia sub-ophiolitic metamorphic unit corresponds
to the calculated P-T field featured by the feldspar-il-
menite-chlorite-phengite-clinozoisite-epidote-quartz assem-
blage, which best matches the second paragenesis observed
in ARM-08-09c. Yet, the absence of clinozoisite or epidote
in the sample may be due to its presence in very small
quantities, as it was observed in other thin sections of this
outcrop. This calculated field is of 1.25 <P < 4.5 kbar and
320°C = T = 380°C (Fig. 10). This field is further con-
strained using Xp, and Si isopleths corresponding to chlo-
rite and phengite, respectively, in sample AR-08-09c. The
intersection of the 0.5 X, chlorite with the 3.14 Si phengite
isopleths indicates a restrained field of P = 2.5+1 kbar and
T =350+30°C (Fig. 10).
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The calculated P-T field featured by the garnet-om-
phacite-chlorite-phengite-kyanite-quartz-hematite-H,O as-
semblage, which best matches the paragenesis observed in
ARM-11-13 is 17.5 < P < 20 kbar and 550°C < T < 600°C
(Fig. 11). Even if kyanite has not been directly observed in
ARM-11-13, aluminium silicates modelled in THERIAK-
DOMINO generally correspond to excess alumina that may
be contained in other silicates. This field is further con-
strained using garnet compositions. The intersection of the
0.6 almandine isopleth with the 0.16 and 0.18 grossular iso-
pleth corresponds to the measured proportions in garnet
composition in sample ARM-11-13 (approximately 60% al-
mandine and 17% grossular). This new field is bounded to P

& Determined Amphibolite facies conditions

& Determined Greenschist facies conditions

600

Fig 10 - Pseudosection com-
puted for the Si-Al-Fe-Mg-Ca-
Na-Ti-K-H,O system calculat-
ed with THERIAK-DOMINO
(De Capitani and Petrakakis,
2010) for sample AR-08-09c.
The domain corresponding to
observations and results of
mineral analyses is indicated
with brown and green stars for
amphibolite and greenschist
facies conditions, respectively.
Detailed results in Supplemen-
tary Data S6.

Exhumation

= 18.5+0.2 kbar and T = 590+5°C (Fig. 11). These HP-HT
conditions validate the classification as eclogite facies and
must be implemented in pre-existing P-T diagrams for this
sub-ophiolitic metamorphic unit.

RADIOMETRIC DATING

Dating of the Amasia sub-ophiolitic metamorphic unit
was undertaken by two methods. Single-grain laser
4OAr/°Ar dating was carried on amphiboles and white mi-
cas. LA-ICP-MS on single grains of rutile was used for U-
Pb dating. Analytical procedures are presented in Supple-
mentary Data S1. Detailed dating results are displayed in
Supplementary Data S8, S9, S10, S11 and S12.
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Fe-Mg-Ca-Na-Ti-K-H20 system calculated with
THERIAK-DOMINO (De Capitani and Pe-
trakakis, 2010) for sample ARM-11-13. The do-
main corresponding to observations and results
of mineral analyses is indicated with green star
for eclogite facies conditions, respectively. De-
tailed results in Supplementary Data S7.

Dating of amphiboles

One amphibole from sample AR-09-08 (K390) yielded a
plateau age of 87.7+2.8 Ma (MSWD of 0.06) (Fig. 12A),
computed with the major last three heating steps (which
form 94.7% of the released **Ar). For a matter of validation,
the inverse isochron age is 86.0+7.0 Ma (MSWD of 0.02),
in agreement with the plateau age.

One amphibole from sample AR-09-15 (K402) yielded a
plateau age of 91.2+1.6 Ma with a MSWD of 0.59 (Fig.
12B) computed with six out of seven heating steps pertain-
ing 98.0% of total released 3°Ar. The inverse isochron age is
89.3+3.8 Ma (10) with a MSWD of 0.74, which is in good
agreement with the plateau age.

One amphibole from the sample AR-08-09c (K427)
yielded a plateau age of 90.3+1.5 Ma (MSWD of 0.01) (Fig.
12C) computed with the last five heating steps representing
92.8% of total released *Ar. In this sample, the inverse
isochron age is 90.2+1.9 Ma with a MSWD of 0.01, within
error similar to the plateau age.

In conclusion, the three *°Ar/3*° Ar amphibole ages are simi-
lar within error. They agree with a common crystallization
age during the amphibolite HT peak at about 90+0.5 Ma.

Dating of phengites

The phengite separated from the sample AR-08-09c
(K428) yielded a plateau age of 89.7+0.7 Ma (MSWD of

Conditions featuring Garnet

Temperature (°C)

& Determined Eclogite facies conditions

Grossular field

——  Almandine field

0.80) (Fig. 12D) computed with the last seven heating steps
representing 97.0% of the total 3°Ar. The inverse isochron
overlaps within 10 error the plateau age.

This age indicates that the MP-MT phengite-chlorite par-
agenesis age is similar within error to the amphibolite HT
peak age obtained above, and likely occurred around 90 Ma.

In conclusion of the **Ar/*°Ar dating section, the amphi-
bole and phengite “°Ar/*Ar ages obtained on Amasia am-
phibolites are similar within errors and they cannot defini-
tively be distinguished. They agree with crystallization
during a rapid metamorphic cycle related to oceanic crust
obduction at about 89-90 Ma (Fig. 12E), at the beginning
of the Late Cretaceous (Turonian). These data are consis-
tent with palaeontological dating of sediment deposits di-
rectly under (Cenomanian, i.e. = 93.9 Ma) or sealing (Co-
niacian-Santonian, i.e., < 89.8 Ma), the obduction front of
Armenian ophiolites (Sosson et al., 2010; Danelian et al.,
2014).

Dating of rutile

The rutile was analyzed “in-situ” on a thin section cut in
sample AR-09-15 following a procedure outlined in earlier
reports (e.g., Bruguier et al., 2017) and described in more
details in Supplementary Data S1. Fifteen analyses were
performed on twelve grains chosen for the lack of ilmenite
rims that often wrap the rutile. Analyzed grains have low U
contents (from 0.4 to 3.4 ppm) and consequently very low
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Table 2 - “°Ar/*Ar dating results.
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Step  Laser power (mW)  Atmospheric cont (%) A (%) YAr-SP Ay YA P Ar, Age (Ma =+ 20)
Muscovite AR-08-09¢, J = 0.02, plateau age: 89.7 + 1.12 Ma (97 % *’Ar) (MSDW: 0.80)

1 400 3.01 0.06 2.95 98.38 = 7.48
2 460 18.48 0.02 2.71 90.58 + 1.99
3 493 13.40 0.01 2.68 89.72 £ 2.40
4 523 27.19 0.03 2.66 89.07 = 1.75
5 544 4.55 0.04 2.67 89.51 £ 1.83
6 616 12.24 0.03 2.65 88.75 = 1.76
7 695 10.69 0.04 2.68 89.57 + 1.78
8 1111 10.43 0.11 2.72 91.04 = 1.78

Amphibole AR-08-09¢, J = 0.02, plateau age: 90.3 + 3.04 Ma (92.7 % *°Ar), inverse isochron age: 90.2 + 2.0 Ma (MSDW: 0.01)

1 450 3.49
2 500 1.82
3 552 1.89
4 600 2.37
5 651 7.92
6 694 24.63
7 726 2.81
8 111 55.06

4.65 0.25 8.65 £ +£81.95
3.78 0.76 26.04 £ £92.44
4.60 1.52 51.53 = £45.35
6.51 2.71 90.92 = +24.05
8.92 2.7 90.76 = +10.96
9.50 2.70 90.32 £ £6.01

8.74 2.64 88.64 = £17.40
8.87 2.69 90.24 £ +£3.60

Amphibole AR-09-15, J = 0.02, plateau age: 91.2 + 3.1 Ma (98.1 % ¥ Ar), inverse isochron age: 89.3 + 3.9 Ma (MSDW: 0.74)

1 400 0.05
2 600 0.25
3 661 1.08
4 720 6.76
5 770 70.55
6 820 19.62
7 1111 1.69

1.65 12.09 8.65 £ 81.95
11.73 0.74 26.04 = 92.44
14.66 2.72 51.53 £ 4535
14.59 2.84 90.92 £ 24.05
12.97 2.71 90.76 = 10.96
12.02 2.66 90.32 £ 6.01
12.49 2.88 88.64 = 17.40

Amphibole AR-09-08, J = 0.02, plateau age: 87.7 + 5.6 Ma (94.7 % "Ar), inverse isochron age: 86.1 + 7.1 Ma (MSDW: 0.02)

1 400 0.40
2 500 0.98
3 551 1.78
4 601 2.19
5 659 32.48
6 712 51.42
7 999 10.76

10.08 5.60 182.99 + 390.11
3.58 3.33 110.98 + 201.40
8.69 5.36 175.59 = 54.69
19.33 3.55 117.94 = 44.62
24.34 2.65 88.85 = 9.37

24.01 2.58 86.66 = 8.41

22.98 2.62 87.95 = 11.82

radiogenic Pb, generally below 100 ppb (Table 3). Reported
in a Tera-Wasserburg diagram (Fig. 13), all data points are
aligned along a chord intersecting concordia at 90.2+5.2 Ma
(2s) MSWD = 1.7, n = 15). It is noteworthy that this age is
very similar within errors to the amphibole and white mica
40Ar/*¥Ar ages obtained for this metamorphic unit.

DISCUSSION

The study of the metamorphic rocks found under the East-
ern Anatolia-Armenia ophiolite nappe provides key data for
the reconstruction of the obduction history in this region and
may provide insights for the understanding of obduction
processes (e.g., Wakabayashi and Dilek, 2000; 2003; Gaggero
et al., 2009; Duretz et al., 2015). These sub-ophiolitic meta-
morphic units record variations in temperature and pressure of
rocks dragged below the obducted ocean lithosphere,
throughout processes ranging from intra-oceanic subduction
to obduction due to the progression of a relatively cold sinking
slab and hot overriding plate (e.g., Coleman, 1981; Hacker and

Gnos, 1997; Agard et al., 2016). Descriptions of such units
are widespread in Anatolia, to the west of the study area
(Whitechurch et al., 1984; Robertson and Karamata, 1994,
Sherlock et al., 1999; Abd El-Naby et al., 2000; Al-Riyami et
al., 2002; Beccaletto and Jenny, 2004; Celik et al., 2006;
2011; Plunder et al., 2015; 2016). These new finding in NW
Armenia, extend the zone of sub-ophiolitic metamorphic units
known metamorphic sole and others recording the history of
the subduction of the Northern Neotethys to the east of Ana-
tolia. With similar ages found along the Erzincan-Sevan Ak-
era Suture, it appears that metamorphic soles recorded a ma-
jor event of obduction occurring at ¢. 90 Ma. In the following
discussion, we first discuss the meaning of the obtained P-T-t
data. This leads us to reconstruct a ‘most likely’ P-T-t history
of the metamorphic sole, sub-ophiolitic metamorphic units
and the succession of geodynamic events. We further argue
for the presence of a single and major ophiolite nappe in the
Anatolia-Lesser Caucasus region, based on a comparison of
geochemical along with mineral and geochronological data of
the various ophiolitic outcrops, and propose a reconstruction
of the obduction history in this region.
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Table 3 - U-Pb laser ablation ICP-MS results.

* 207 207 206
sample Pb u Pb/ ) (16) Pb,: (16) p]z,: (1) o — )}pparent ages (Ma)
(ppm)  (ppm) *pb U “y *opb/U (lo)
AR-09-15
hal 0.026 0.47 0381 = 009 1.183 = 0342 0.0225 + 0.0032 0.49 143.7 + 20.0
ha2 0.132 1.36 0514 £ 0.059 1902 + 0243 0.0269 <+ 00015 0.44 170.9 +94
ha3 0.083 2.80 0094 =+ 0015 0.189 £ 0.032 0.0146 <+  0.0008 0.33 935 + 5.2
had 0.068 1.83 0235 = 0.051 0435 = 0.101 0.0134 =+ 00010 033 86.1 + 6.6
ha5 0.021 0.42 0287 £ 0067 0964 <+ 0261 0.0243 + 00033 0.50 155.0 +20.8
hat 0.043 0.96 0284 = 0054 0769 =+ 0.169 00196 + 00021 0.49 125.4 +134
ha7 0.028 0.70 0281 + 0.051 0735 %= 0.158 00190 + 00022 0.54 121.3 +14.0
ha8 0.053 1.35 0.166 + 0031 038 = 0.077 00168 %  0.0010 0.31 107.6 6.5
ha9 0.009 1.00 0097 = 0053 0207 = 0.115 0.0155 =+ 00020 0.23 99.1 +125
hal0 0.059 241 0071 = 0027 0.138 =+ 0.053 0.0141 +  0.0009 0.18 90.1 + 6.0
hall 0.019 0.78 0241 £+ 0094 0731 £ 0.296 0.0219 + 00024 0.27 140.0 +154
hal2 0.029 1.48 0056 <+ 0,089 0.098 =+ 0157 00127 + 0.0014 0.07 81.5 + 8.6
hal3 0.105 3.39 0.074 % 0016 0.162 % 0.035 00159 + 00007 0.21 101.8 +45
hal4 0.088 2.85 0209 + 0039 0417 =+ 0.083 00144 + 00010 0.34 92.5 +6.2
hals 0.095 2.25 0320 %= 0.055 0756 £ 0.135 00171  +  0.0009 0.30 109.4 +359
0.8
Sample AR-09-15
Rutile
0.6
Lower intercept:
o 90.2 £5.2 Ma
2 (MSWD = 1.7)
S 04
=%
-
=
o«
0.2
! Fig. 13. U-Pb laser ICP-MS ablation Tera-
- . Wasseburg concordia diagram for the sample
: AR-09-15. Compilation of ages is shown in
0.0 o ] . N . \ Table 3. Location of the sample is shown on
10 30 50 70 90 110 Fig. 5, as well as detailed dating results in
Supplementary Data S12. Data-point error el-
238 U[206 Pb lipses are 68.3% confidence.

Significance of the U-Pb and “’Ar/*Ar datings

The ages obtained in this paper are the first for the Ama-
sia sub-ophiolitic metamorphic rocks and only the third for
those of Stepanavan.

40Ar/*Ar ages on amphibole and phengite may be related
the crystallization history of these minerals during mineral
prograde, metamorphic peak and retrograde phases of PT
evolution (e.g., Warren et al., 2012; Uunk et al., 2018). P-T
grids computed with THERTAK-DOMINO show that these
minerals preserve stages (1) of the amphibolite facies tem-
perature peak (amphibole), and (2) retrogression in the
greenschist facies (phengite). For rutile, experimental stud-
ies (Cherniak, 2000; Vry and Backer, 2006) or natural ex-

amples (e.g., Kooijman et al., 2010; 2012; Gao et al., 2014)
indicate closure temperature for Pb diffusion in the range
600-650°C. The estimated peak amphibolite metamorphic
conditions of c. P = 6.5+0.5 kbar and T = 600+20°C are
within the range of the closure temperature for rutile. Given
that this mineral is found in the S, foliation, associated to
syn-kinematic garnet, the rutile age of 90.2+5.2 Ma is attrib-
uted to peak amphibolite facies conditions. The estimated
range for amphibole closure temperature (Tc = 500°C; Mc-
Dougall and Harrison, 1999) is very close to or slightly low-
er than peak amphibolite facies conditions, which leads to
propose that the amphibole age reflects either the age of
peak metamorphic conditions, or cooling through the am-
phibole closure temperature. It is noteworthy that the



40Ar/*Ar amphibole ages and the U-Pb rutile age are similar
within errors, whilst having distinct closure temperatures. In
turn these ages are also similar to that determined on the
phengite from sample AR08-09¢c, which is clearly attributed
to S, and to the greenschist facies overprint. This implies
that: (i) all ages reflect resetting of the U-Pb and Ar-Ar sys-
tems during retromorphosis due to fluid circulations (e.g.,
Tartese et al., 2011), (ii) the ages reflect a crystallization of
the two minerals at very close PT conditions, or (iii) a very
rapid cooling process occurred.

The first hypothesis implies the resetting of the Ar-Ar
(amphibole) and U-Pb (rutile) systems, which can be as-
cribed either to reheating above their respective closure tem-
peratures or to recrystallization during fluid-assisted S, de-
formation. Reheating was not observed in the studied thin
sections and it therefore discarded. Fluid assisted recrystal-
lization would indeed yield similar U-Pb and Ar-Ar ages,
yet rutile is thought to be robust to reset by fluids (e.g.,
Gasser et al., 2015). Further, such a process should be ap-
parent not only in the geochronological data but also in the
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mineral geochemistry. Fluid assisted recrystallization is
even more unlikely as in general a mineral zoning is ob-
served in amphiboles that underwent such recrystallization
(e.g., Villa et al., 2000), while dated minerals appear to be
unzoned. Rutile exhibits ilmenite dark aureoles that indicate
breakdown occurring during the retrograde stage of meta-
morphism, but U-Pb analyses of rutile were focussed on il-
menite-free portions of the crystals. Resetting of both Ar-Ar
and U-Pb system during retrograde metamorphism and fluid
assisted recrystallization is thus considered unlikely.

Considering the second hypothesis, we showed in section
5.2 that the PT conditions derived from the two (amphibo-
lite and greenschist facies) parageneses, which crystallize
with amphibole and phengite are significantly distinct
(600+20°C for the crystallization of amphibole and
350+30°C for that phengite), therefore they are ascribed to
two distinct steps in the PT path (Figs. 10 & 14).

The third hypothesis implies that the obduction process
was very rapid. This possibility is in agreement with paleon-
tological datings obtained from below (before) and above

25 75
204 ~ 60
Stepanavan
eclogite '
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» by
' 5
15 & L - 45
& 2
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5 ¢ =
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= & =
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e /
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Fig. 14 - Compilation of determined P-T-t paths i & 4 greensbhist
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spectively. Stepanavan blueschist (Rolland et al.,
2009a) are represented in grey.
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(after) the ophiolite nappe (Sosson, et al., 2010; Danelian et
al., 2014), which constrain ophiolite emplacement directly
after Cenomanian, i.e. < 93.9 Ma, and just before the Conia-
cian-Santonian, i.e. = 89.8 Ma. The paleontological indirect
dating is thus similar, within error, to the “°Ar/*°Ar and U-
Pb ages. It is thus unlikely that the age of peak metamor-
phism could have been significantly older. Therefore, the
metamorphism could be ascribed to the rapid emplacement
of the ophiolite nappe in the Lesser Caucasus.

Significance of the P-T-t path

Amasia metamorphic sole

The sub-ophiolitic garnet-bearing amphibolites of Ama-
sia provide invaluable insight into the early stages of obduc-
tion. The thermo-barometric estimates preformed on this
lithology show a MP-HT peak (P = 6.5 kbar, T = 600°C)
dated to ¢. 90 Ma by U-Pb dating on rutile and “°Ar/3°Ar
dating on amphibole. A second metamorphic stage has also
been identified in this lithology, a LP-LT (P = 2.5 kbar, T =
350°C), with retromorphic greenschist facies dated at 89 Ma
by “°Ar/*°Ar on phengite. The MP-HT peak conditions im-
ply a high thermal gradient (30°C/km) as well as overthrust-
ing of a thinned oceanic lithosphere (20 km), which suggest
an abnormally hot oceanic domain at obduction onset.

We propose that the MP-HT amphibolite paragenesis
was likely formed throughout oceanic lithosphere over-
thrusting by intra-oceanic subduction in a hot (and thus
young) oceanic domain. Indeed, the MP-HT conditions of
the garnet-amphibolites are hypothesized to be due to the re-
manence of the significant heating (thermal rejuvenation) of
the oceanic lithosphere following the emplacement of hot-
spot series (Rolland et al., 2009b). The first phase of defor-
mation (S,) and formation of amphibolite is thus ascribed to
the initiation of this oceanic overthrusting in a back-arc do-
main within a relatively hot and thinned oceanic lithosphere
ending with primary ophiolite emplacement.

The LP-LT greenschist paragenesis should have devel-
oped throughout further exhumation after the main obduc-
tion phase. The second phase of deformation (S,) during this
greenschist LP-LT stage marking the transition from prima-
ry ophiolite emplacement to exhumation and subsequent
passive obduction by gravity sliding (Héssig et al., 2016a;
2016b; Lagabrielle et al., 2013).

These two P-T-t stages in the obduction metamorphic
sole show that exhumation and subsequent passive obduc-
tion occurred within 1 Myr after the metamorphic peak, and
feature a rapid obduction process.

Stepanavan sub-ophiolitic metamorphic unit

This study demonstrates the existence of a HP-HT (P =
18.5 kbar, T = 590°C) eclogite event evidenced at Stepana-
van. This is the first time that an eclogite has been described
in the Sevan-Akera suture zone. These rocks were sampled
next to outcrops evidencing a blueschist facies metamorphism
(P = 12 kbar, T = 550°C) dated at 94 Ma (Rolland et al.,
2009). The conditions recorded by these rocks is ascribed to
the metamorphism occurring during intra-oceanic Neotethyan
north dipping subduction 5~10 Myr prior to, or may feature
the early stages of, the obduction event. The P-T conditions
of these rocks evidence burial to depths of 35 km and 55 km
for the blueschist and eclogite units, respectively. The in-
ferred thermal gradient for this subduction, with 15°C/km and
11°C/km for the blueschist and eclogite rocks, respectively, is
abnormally hot compared to the typical 8~10°C/km (Gerya et

al., 2002; Syracuse et al., 2010) or along the hotter limit for
subductions of young oceanic lithosphere (Penniston-Dorland
et al., 2015). A “*Ar/*°Ar phengite age of 71-74 Ma (Rolland
et al., 2009) of the third blueschist was associated to retro-
morphosis during exhumation of this unit.

A transition from subduction to obduction

Sub-ophiolitic metamorphic rocks scarcely outcrop along
the Northern Neotethyan Suture in Northeastern Anatolia and
Lesser Caucasus regions. Besides Stepanavan and Amasia lo-
calities, in Northeastern Turkey, near Erzincan the Yoncay-
olu Metamorphic Rocks (YMR; greenschist rocks consisting
of chlorite schists, muscovite-chlorite schists and metabasic
rocks) recorded P = 4 kbar and 320 < T < 350°C (chlorite ge-
othermometry; Gucer and Aslan, 2014). “°Ar/*°Ar dating on
plagioclases from the metabasic samples of the YMR pro-
vides ages of 100.8+3.4 Ma and 94.1+3.3 Ma (Gucer and
Aslan, 2011). This metamorphism is synchronous with the
blueschists of Stepanavan. Geochemical volcanic-arc affini-
ties of the YMR indicate that the protoliths developed in a
volcanic-arc setting (Giicer et al., 2007; Aslan et al., 2011;
Gucer and Aslan, 2014). Following this metamorphic event,
these rocks were obducted onto the Eastern Pontides in a sub-
ophiolitic position. In agreement with Okay and Sahintiirk
(1997), we propose that the low-grade metamorphism docu-
mented for the YMR occured during shallow burial to green-
schist facies conditions in an accretionary prism during intra-
oceanic Neotethyan subduction. The YMR unit might thus
represent a volcanic arc dragged below the ophiolite nappe
when the SAB-TAP entered the subduction zone.

The question of the relationship of the YMR with the
other sub-ophiolite metamorphic units in Armenia (Stepana-
van and Amasia) is thus promted: do the the Armenian sub-
ophiolitic units represent higher grade equivalents of the
YMR or do they reflect distinct tectonic units with their own
geodynamic significance?

The Amasia garnet-amphibolite and Stepanavan
blueschist units bear higher metamorphic grades and distinct
protoliths respect to the YMR. As these two units include
some lithologies originating from the ocean floor, they may
rather represent a marginal basin (Amasia) or an accretionary
prism (Stepanavan), considering their respective metamor-
phic imprints. Indeed, these two units are clearly distinct
from each other despite their geographic proximity (50 km;
Fig. 2) and their high metamorphic grade. The P-T estimates
for eclogite and amphibolite lithologies are too different
from one another, being representative of distinct geothermal
gradients to propose that they might represent a similar geo-
dynamic context during their metamorphism. The 5 Myr age
difference between them further argues that their formation
is related to different geodynamic events: a subduction event
at 95 Ma in Stepanavan and an obduction event in Amasia at
90 Ma. The metamorphic units of Stepanavan and Amasia
are thus distinctively different units.

Being different units indicative of ascribed to distinct ge-
odynamic events does not mean that they are not linked.
The intra-oceanic subduction (i.e. Stepanavan sub-ophiolitic
metamorphic unit, YMR) occurring prior to obduction (i.e.
Amasia metamorphic sole) is thought to have facilitated the
initiation of obduction of the Northern Neotethys onto the
SAB, dated some 5 Myr later. Therefore, it is suggested that
the arrival of the SAB in the subduction zone at c. 94-95 Ma
may have blocked it and triggered overthrusting of the hot
oceanic lithosphere (Héssig et al., 2016b; 2017).



Model for the Lesser Caucasus obduction

From all the available geological data, particularly with
new P-T-t data from the amphibolites of the Amasia ophio-
lite metamorphic sole, we propose the following model for
the evolution of the northern branch of Neotethys (Fig. 15):

1 - The magmatic rocks of the Amasia ophiolites, along
with correlated ophiolites from the Lesser Caucasus and
Northeastern Anatolia region, share similar geochemical
signatures influenced by a subduction component in an
oceanic basin environment (Héssig et al., 2013b). These da-
ta argue for simultaneous crust formation in a supra-subduc-
tion setting in the Middle to Late Jurassic times.

2 - Two north-dipping subduction zones are evidenced
by simultaneous magmatism on the Eurasian active margin
and in an intra-oceanic setting, responsible for the formation
of the Supra Subduction Zone (SSZ) type ophiolite nappes
(Fig. 15A, e.g., Galoyan et al., 2009; Rolland et al., 2009b;
2010). The intra-oceanic subduction is argued to continue
until arrival of the SAB. Thus, the obduction contact ac-
countable for ophiolite emplacement is thought to initiate at
the back of the intra-oceanic subduction zone (Fig. 15C-D-
E), which corresponds to the tectonic boundary limiting the
southern edge of the Northern Branch of the Neotethys.

3 - Two magmatic suites were emplaced on top of each
other: (1) a gabbroic basement of thinned back-arc oceanic
crust, (2) topped by thick basaltic flows with an alkaline
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tendency. The presence of identical alkaline basalts in simi-
lar stratigraphic positions strongly favours the formation of
several oceanic islands or one large plateau related to hot
spot magmatism (Rolland et al., 2009b; Okay et al., 2013).
Observations undertaken in the Amasia area are thus com-
patible with a model of obduction of a Supra Subduction
Zone ophiolitic domain through intra-oceanic subduction
and active oceanic margin slicing after OIB emplacement,
which was successfully tested by numerical modelling (Fig.
15B; Hissig et al., 2016a; 2016b). This model explains the
position of alkaline rocks both underneath, as sheared lenses
occur in the mélange, and also above ophiolite as pillow
lavas. These alkaline basalts would have been under-thrust-
ed during intra-oceanic subduction or during emplacement
of the overriding ophiolite nappes.

4 - The timing of pre- and post-obduction sediment se-
quences constrain the obduction to Coniacian-Santonian
times, i.e. < 89.8 Ma and > 89.8 Ma (Sosson et al., 2010;
Hissig et al., 2013a; Danelian et al., 2014). This is a rare ex-
ample on Earth where metamorphic rocks yield similar ages
as syn-tectonic sediments, which agrees for a fast obduction
process dragging the deep metamorphic sole on top of su-
perficial rocks within 5 Myr (Figs. 15Eand 15F).

5 - The hypothesis of ophiolite formation during intra-
oceanic subduction raises the question of the location of the
corresponding volcanic arc in Armenia. There, the only evi-
dence of such an island arc can be found in the sub-ophiolitic
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Fig. 15 - Middle Toarcian (c. 180 Ma) to Early Campanian (c. 83 Ma) palaeotectonic evolution of the Lesser Caucasus region and its neighbouring areas. The
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metamorphic units through the geochemical composition of
metamorphic rocks. Two hypotheses on the disappearance
of this arc may be proposed: (1) the alteration and erosion of
the volcanic arc by uplift during the obduction or (2) the ac-
cretion and subduction of the fore-arc block and dragging of
the volcanic arc with it, as proposed by Shemenda (1994) in
his analogical model of subduction. This latter model is pre-
ferred based on:

(1) The presence of some compositions reflecting arc-re-
lated formation in the Stepanavan blueschists in Armenia.
There, it is proposed that the Stepanavan blueschists corre-
spond to the missing volcanic arc dragged into the subduc-
tion zone (Galoyan et al., 2007; Rolland et al., 2009a) (Fig.
15B-C). Further, some un-metamorphosed calc-alkaline
lavas are found on top of the obducted section in Stepana-
van (Galoyan et al., 2007), which is in agreement with a
short volcanic arc episode during the obduction. Subduction
of the arc could explain the relatively hot geothermal gradi-
ents obtained from both Stepanavan blueschists and Amasia
amphibolites (e.g., Harper et al., 1996).

(2) More to the west, in northeastern Turkey, to the north
of Erzincan, the YMR likely represents a metamorphosed
equivalent of a SSZ intra-oceanic volcanic arc, (see section
7.3). Therefore, the absence of the volcanic arc formed
above the intra-oceanic subduction may be explained by its
accretion to the subducting slab and its dragging under the
obducting ophiolite through scaling by faulting and tectonic
erosion into the subduction channel. The latter gradually
evolved into an “obduction channel” due to variations in the
sinking slab dip.

Comparisons with other obductions
in the Caucasus-Arabic domain

When considering the timing of obductions in the Middle
East region it appears that the Lesser Caucasus and Oman
ophiolites were obducted within the same time span (~90
Ma) (e.g., Agard et al., 2007; 2014 and references therein).
However, preliminary paleomagnetic analyses show that
both ophiolites were in distinct geographical locations distant
of about 1200 km (Meijers et al., 2015). Further, these au-
thors propose that a > 100 km large ocean domain still sepa-
rated the SAB-TAP from the Southern Eurasian margin until
Late Cretaceous times. Thus, synchronous southward obduc-
tions initiated within northern and southern Neotethyan
oceanic basins, before a final subduction stage and final con-
tinental collision, at least for the Northern Neotethyan ophio-
lites. Linking the history of metamorphic rocks to that of
syn- to post-obduction sediments from the southerly Vedi
area and paleomagnetic data, gives strong arguments to infer
that at the end of the obduction event (Coniacian-Santonian,
89.6 = 0.5 to 83.6+0.2 Ma) a residual oceanic domain (less
than 1000 km) still remained to be closed north of the obduc-
tion zone before final SAB-TAP collision with the Eurasian
margin (Meijers et al., 2015).

Comparisons with central-western Turkey

There are similarities between the sub-ophiolite meta-
morphic complexes of Amasia, Stepanavan and Erzincan
with those found at a larger scale in central and western
Turkey. There, subduction/obduction initiation has been
proposed at 92-95 Ma (e.g., Sherlock et al., 1999; Celik et
al., 2006, Plunder et al., 2015). The sub-ophiolitic metamor-
phic rocks are ultra-high pressure continental unit (P = 24

kbar, T = 500°C), eclogite (P = 17 kbar, T = 450°C) and
blueschist (P = 11 kbar, T = 350°C) dated at 80 Ma, as well
as metamorphic sole amphibolite (P = 11 kbar, T = 750°C),
low grade metamorphosed oceanic lithosphere (4 < P < 8
kbar, T = 250 to 300°C) dated at 92 Ma (Sherlock et al.,
1999, Plunder et al., 2015). Contrary to western Turkey, in
the Erzincan, Amasia and Stepanavan regions, the MP/LP-
HT metamorphism postdates the HP-MT/LT metamor-
phism. Differences also include the values of pressure and
temperature in each of the two areas for the metamorphic
rocks ascribed to each facies and geodynamic event. In
western Turkey, the conditions recorded by the metamor-
phic sole amphibolite units are of higher pressure and tem-
perature than for Amasia (P = 6.5 kbar, T = 600°C) . The
metamorphic conditions of the sub-ophiolitic, subduction
related, blueschists (P = 12 kbar, T = 550°C) and eclogites
(P = 18.5 kbar, T = 590°C) of Stepanavan represent similar
pressures but are hotter conditions than those in western
Turkey. However, these differences might represent differ-
ent ‘snapshots’ within a globally similar geodynamic con-
text, involving a unique ophiolite nappe emplaced above the
whole Anatolian micro-continent.

CONCLUSION

The petrologic study of Amasia and Stepanavan ophiolite
argues for the presence of metamorphic rocks preserved in
an ophiolite ‘sole’, below an un-metamorphosed ophiolite
nappe. The metamorphic rocks preserve two successive par-
ageneses featured by (1) S, deformation and amphibole-gar-
net-plagioclase crystallization at the HT peak and (2) a S,
retrograde deformation and crystallization of phengite-chlo-
rite-epidote. Thermobarometry indicates two distinct stages
of a P-T path: an amphibolite stage at 6 <P <7 kbar and T
= 600+20°C kbar followed by a greenschist stage at 1.25 <
P <4.5 kbar and T = 350+30°C.

In this paper, this metamorphic sole is dated for the first
time by direct in situ U-Pb dating of rutile (90.2+5.2 Ma)
and “°Ar/*Ar dating on hornblende (87.7+5.6 Ma and
91.2+3.2 Ma) and white mica (phengite, 89.7+1.4 Ma)
yielding for both S, and S, deformation stages similar with-
in error ages of c. 90 Ma. In contrast, the study of the sub-
ophiolitic metamorphic unit of the Stepanavan ophiolite has
identified an eclogite stage at 17.5 < P < 20 kbar and T =
575+25°C, in addition to the previously constrained
blueschist and greenschist stages. The new and previous
datings account for a very rapid tectonic evolution featuring
(1) the subduction oceanic lithosphere below a relatively hot
oceanic lithosphere with slicing of the overriding oceanic
domain at c. 95 Ma and (2) the underplating of this subduct-
ed material along the hanging wall of the intra-oceanic sub-
duction at 90-87 Ma. The formation of the metamorphic
sole marks a change in the geometry of the plate interface,
with a shallowing of the subduction channel due to its flat-
ting and rearrangement to become the obduction channel.
Afterwards, (3) the garnet amphibolite unit was incorporat-
ed in a greenschist facies tectonic mélange at the base of the
obducted ophiolite nappe (with blueschists and eclogite of
Stepanavan formed during subduction) within the subse-
quent channel exhumation between 87 and 80 Ma. The end
of obduction occurred thus after 1 to 7 Myr of its initiation,
as shown by similar within-error of HT and LT metamor-
phic rocks with palaeontological ages in underlying and
overlying Armenian foreland sediments, respectively.
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SUPPLEMENTARY DATA

Supplementary data
all supplementary data are available at the web page
www.ofioliti it

S1 - Analytical procedures.

S2 - Electron microprobe analyses of representative garnets
from metamorphic rocks of the Amasia and Stepanavan
ophiolite complexes. Oxydes and end-member proportions
are given in percentages.

S3 - Electron microprobe analyses of representative am-
phiboles from metamorphic rocks of the Amasia ophiolite
complex.

S4 - Electron microprobe analyses of representative chlorites
from metamorphic rocks of the Amasia ophiolite complex.

S5 - Electron microprobe analyses of representative micas
from metamorphic rocks of the Amasia ophiolite complex.

S6 - P-T pseudosection for sample AR-08-09¢ calculated
with THERIAK-DOMINO.

S7 - P-T pseudosection for sample ARM-11-13 calculated
with THERIAK-DOMINO.

S8 - (k390.full_1lsigma), detailed “°Ar/*°Ar results for am-
phibole from sample AR-09-08.

S9 - (k402.full_lsigma), detailed *°Ar/*°Ar results for am-
phibole from sample AR-09-15.

S10 - (k427 full_1sigma), detailed “°Ar/*°Ar results for am-
phibole from sample AR-08-09c.

S11 - (k428.full_1sigma), detailed “°Ar/**Ar results for
white mica from sample AR-08-09c.

S12 - Laser ablation trace element analyses of rutile grains
from samples AR09-08 and AR09-15.

Geochemical analysis

The sampling was undertaken throughout several field
campaigns in 2008, 2009 and 2010. Samples from the Ama-
sia ophiolite and related metamorphics were analyzed for
major and trace elements, including Rare Earth Elements
(REE; Table 1). Samples were analyzed at the C.R.P.G.
(Nancy, France). Analytical procedures and analyses of
standards can be found on the following website
(http://www.crpg.cnrs-nancy .fr/SARM). Additional data
pertaining to the other Armenian ophiolites are published in
Galoyan et al. (2009) and Rolland et al. (2009b; 2010).

In order to designate geochemical affinities and corre-
sponding tectonic environments for sampled rocks (Pearce
and Cann, 1973; Floyd and Winchester, 1975; 1978; Pearce
and Norry, 1979; Pearce, 1982; 1983; 1996) the option to

study relatively immobile elements, such as Ti, Zr, Y, Nb,
Ta, Th, V and REEs, was chosen because of their relative
immobility throughout low grade submarine alteration (e.g,
Hart et al., 1974; Humphris and Thompson, 1978) (Figs.
8A, B and C). Normal Mid Oceanic Ridge Basalt (N-
MORB) normalized spidergrams for the Armenian ophio-
lites are presented in Fig. 8D. In Amasia, considering the
geochemical data obtained from ophiolite samples and relat-
ed metamorphic rocks, two tendencies are observed: supra-
subduction tholeiitic and alkaline.

Petrography and mineral chemistry

Mineral compositions were determined by electron probe
microanalysis (EPMA). The analyses are presented in Ta-
bles 2-5. They were carried out using a Cameca Camebax
SX100 electron microprobe at 15 kV and 1 nA beam cur-
rent, at the Blaise Pascal University (Clermont-Ferrand,
France). Natural samples were used as standards.

4Ar/¥Ar Dating

Geochronology was undertaken by single-grain laser
4Ar/*Ar dating on different mineral phases, amphiboles and
white micas for amphibolites and green-schists parageneses,
respectively. “°Ar/*°Ar dating results are presented in Table 6
and Fig. 11 and detailed in the Appendices S2-S5. The am-
phiboles and white mica were analyzed by EPMA prior to
dating in order to check mineral composition homogeneity
(Tables 2 and 4). Grains between 800 ym and 500 pm were
separated by careful selection by hand-picking under a
binocular microscope to prevent the presence of altered
grains. The samples were then irradiated in the nuclear reac-
tor at McMaster University in Hamilton (Canada), in posi-
tion 5c, along with Hb3gr hornblende neutron flux monitor,
for which an age of 1072 Ma is adopted (Turner et al., 1971).
The total neutron flux density during irradiation was 9.0 x
10'8 neutron cm™. The estimated error bar on the correspond-
ing “PAr*/*Ar ratio is = 0.2% (1r) in the volume where the
samples were set. All “*Ar/*’Ar measurements were under-
gone in the University of Nice-Sophia Antipolis (UMR 7329
Géoazur). Analyses of amphibole grains were undertaken by
step heating with a 50 W CO, Synrad 48-5 continuous laser
beam. Measurement of isotopic ratios was done with a
VG3600 mass spectrometer equipped with a Daly detector
system. Detailed procedures are described in Jourdan et al.
(2004). The typical blank values for extraction and purifica-
tion of the laser system are in the range 4.2 - 8.75,1.2 - 3.9,
and 2 - 6 cc STP for masses 40, 39 and 36, respectively.
Mass discrimination was monitored by regularly analyzing
air pipette volumes. Decay constants are those given by
Steiger and Jager (1977). Uncertainties on apparent ages are
given at the 20 level and do not include the error on the
“OAr#/*¥Ary ratio of the monitor. Plateau and isochron age
estimates are given with a 10 error. Considering the homoge-
neous distribution of Ca/K values during the experiments
and EPMA analysis, only one mineral phase has contributed
to the “°Ar/*Ar signal in each sample.
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U-Pb dating

LA-ICP-MS U-Th-Pb rutile analyses were performed in-
situ on thin section. Analyses were carried out using a
Lambda Physik CompEx 102 excimer laser generating 15
ns duration pulses of radiation at a wavelength of 193 nm.
For analyses, the laser was coupled to an Element XR sec-
tor field ICP-MS (AETE-ISO regional facility of the OSU
OREME, University of Montpellier). The instrument was
tuned for maximum sensitivity and low oxide production
(ThO/Th < 1%). Analytical conditions are identical to those
reported in previous studies (e.g., Bosch et al., 2011;
Bruguier et al., 2017) where ablation experiments were per-
formed under helium, which enhances sensitivity and re-
duces inter-element fractionation (Gunther and Heinrich,
1999). The helium stream and particles ablated from the
sample were mixed with Ar before entering the plasma.
Laser spot size was 51 pm. The laser was operated at a rep-
etition rate of 4Hz using a 12 J/cm? energy density. Total
analysis time was 60s with the first 15s used for back-

ground measurement (laser disabled) which was substract-
ed from the sample signal. Before each analysis, the surface
of the targeted zone was cleaned with 10 pulses using a
spot size twice larger than the size used for U-Pb analyses.
All isotopes (202Hg, 204Pb + Hg, 206Pb, 207Pb, 208Pb,
238U and 232Th) were measured in pulse counting mode.
The isotopes were measured using 15 points per peak and a
20% mass window resulting in 3 measured points for each
mass station. Pb/U and Pb/Pb ratios were calibrated against
the rutile reference material R10 (Luvizotto et al., 2009)
which was measured four times each block of five un-
knowns. Reproducibility of the 207Pb/206Pb and
206Pb/238U ratios for the R10 standard was 0.4% and
1.1% respectively in the course of this study (n = 10). U-Pb
isotopic data were reduced using GLITTER software (Ref-
erence) by carefully selecting the integration range for gas
blank and sample. The decay constants and present-day
238U/235U value given by Steiger and Jager (1977) were
used and ages were calculated using the program Isoplot/Ex
of Ludwig (2002).



