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ABSTRACT

Pre-Jurassic plate reconstructions rely
mainly on ophiolites and metabasites found
along suture zones and plate boundaries.
Tethyan oceanic rocks have undergone at
least four Wilson cycles, characterized by
Gondwana-derived continental terranes de-
taching and later accreting onto Laurussia/
Eurasia, offering an excellent case example
to understand long-term tectonic processes.
The oceanic rocks from present-day north
Turkey to northeast Iran contain an excel-
lent record of those cycles. In this paper, we
focus on the origins and tectonometamor-
phic evolution of the Shanderman eclogites
in NW Iran. We have performed thorough
petrological, Sm-Nd isochron, and U-Pb/Lu-
Hf on zircon analyses. Our results show that
the Shanderman eclogites’ protoliths, basalts
with mid-ocean ridge signature, underwent
a maximum pressure of 2.25 GPa (~80 km)
at ca. 350 Ma based on a Sm-Nd isochron
in garnet. In one of the studied samples,
we found a series of inherited zircon grains
with Precambrian age that suggests the ba-
saltic rocks formed or evolved in proximity
to a Gondwana-derived terrane. In addi-
tion, we found a population of Paleozoic zir-
con grains, including a single zircon with a
U-Pb age of ca. 350 Ma, possibly indicating
that the oceanic crust formed immediately
before subduction and metamorphism. The
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population of zircon with ages of ca. 280 Ma
is compatible with a hydrothermal origin.
We interpret that the Shanderman eclogites
represent a piece of the Rheic (aka, Ran or
Prototethys) that formed in the Carbonifer-
ous while the Pontide-Kopeh Dagh terrane
migrated northward during the opening of
the Paleotethys. The final consumption of the
Rheic ocean produced the collision between
the Pontide-Kopeh Dagh terrane during
the late Carboniferous. Finally in the Early
Permian the Paleotethys began subducting
beneath Eurasia.

1. INTRODUCTION

Plate tectonic models are essential for unrav-
eling Earth’s history, helping us decipher every-
thing from global geodynamics to the evolution
of climate and ecosystems, while also aiding in
the discovery of natural resources. Yet, because
all oceanic lithosphere older than 200 m.y. has
subducted and been recycled into the mantle and
tomographic images provide only a limited snap-
shot of subduction history (only to ca. 290 Ma),
our plate reconstructions become increasingly
fragmented as we look farther back in time (e.g.,
Domeier and Torsvik, 2019). For any pre-Juras-
sic plate reconstruction, the only direct source of
information about the processes and kinematics
of the oceanic lithosphere are preserved in ophi-
olitic rocks and metabasites along suture zones
and plate boundaries (e.g., Dewey and Burke,
1973; Moores, 1981; Platt, 1986; Liou et al.,
1989; Tsujimori et al., 2006; Lopez-Carmona
et al., 2014; Tsujimori and Ernst, 2014; Ganbat
etal., 2021). Eclogites are metamorphosed mafic

https://doi.org/10.1130/B38187.1.

For permission to copy, contact editing @ geosociety.org
© 2025 Geological Society of America

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/doi/10.1130/B38187.1/7198811/b38187.pdf
bv niversidad Combplutense de Madrid user

rocks, typically consisting of garnet and ompha-
cite, sometimes accompanied by minerals like
kyanite, rutile, quartz/coesite, and others. Eclo-
gite-facies rocks typically represent high-pres-
sure (HP) to ultrahigh-pressure (UHP) metamor-
phic conditions, characterized by a relatively low
geothermal gradient and the deep subduction of
crust (e.g., Coleman et al., 1965; Tsujimori and
Mattinson, 2021; Halama, 2024). Our only way
to reconstruct oceanic plates in pre-Mesozoic
tectonic models is through the oceanic relics
emplaced over the continents.

During the Paleozoic era most continental
plates of the Earth collided and merged, eventu-
ally forming the rigid superplate known as Pan-
gea (Wegener 1912; Dietz and Holden, 1970;
Stampfli et al., 2013; Domeier and Torsvik,
2014; Pastor-Galdn, 2022). The resulting oro-
gens involved the closure of major oceans and
seaways (e.g., Van der Voo and French, 1974;
Nance et al., 2010; Pastor-Galan et al., 2019).
Today, the only remnants of these oceans and
seaways are high-pressure—low-temperature
(HP-LT) metamorphic rocks that are found along
the sutures between continents (Nance et al.,
2010). While northwestern Europe and eastern
North America remained relatively stable dur-
ing the existence of Pangea, the Tethyan realm
stretching from southwestern Europe to south-
east Asia experienced a prolonged history of tec-
tonic activity, including subduction, collisions,
and break-ups (Sengor, 1979; Jenkyns, 1980;
Van der Voo, 1993; van Hinsbergen et al., 2020).

The Tethyan realm sensu lato, stretching
over 15,000 km, offers a unique perspective on
Earth’s tectonic evolution, having experienced
arguably four complete Wilson Cycles: lapetus,
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Rheic, Paleotethys, and Neotethys (e.g., Van
der Voo, 1993; Nance et al., 2010; Domeier,
2016; van Hinsbergen et al., 2020). These
cycles, which involve the repeated detachment
of Gondwana-derived continents and their sub-
sequent accretion onto Laurussia/Eurasia, have
driven the progressive fragmentation of Gond-
wana throughout the Phanerozoic (e.g., du Toit,
1937; Sengor, 1990; Wu et al., 2021). Whereas
the seafloor history of most of the Neotethyan
and late Paleotethyan is preserved or observ-
able through tomography (e.g., van Hinsbergen
et al., 2020), the early Paleotethyan history and
the Rheic or Iapetus requires relics of the oceanic
lithosphere preserved over the continents (e.g.,
Mackay-Champion et al., 2024).

The Pontide-Caucasus-Talesh-Alborz-Kopeh
Dagh system (present-day north Turkey to north-
east Iran; Fig. 1) contains an excellent record
of the amalgamation and break-up of Pangea’s
internal ocean realms (Berberian and King,
1981; Sengor et al., 1984; Sengdr, 1990). The
basement of the system corresponds with vol-
cano-sedimentary sequences that commenced at
ca. 700 Ma and lasted until ca. 460 Ma in gen-
eral and until 400 Ma in the Transcaucasian area
known as “Cadomian,” interpreted as a long-
lasting continental arc of northern Gondwana
and the subsequent volcanism associated with its
rift-to-drift transition (e.g., Berberian and King,
1981; Linnemann et al., 2008; Nance et al., 2010;
Rolland et al., 2016; Rolland, 2017; Akdogan
et al., 2021). To the south of the Pontide-Kopeh
Dagh system, at present we find the relics of
the Cimmerian ribbon continent (e.g., Sengor
et al., 1984; Jamei et al., 2021), another Gond-
wana derived group of crustal blocks, whose rel-
ics span today from Turkey to Malaysia (e.g.,
Sengor et al., 1984) or NW Iran to Malaysia
(e.g., Topuz et al., 2013). In this paper we evalu-
ate the subduction history of the Tethyan-type
oceans with new petrologic and geochronology
from the Shanderman metamorphic complex
in NW Iran. Combined with available regional
data and local data, we investigate the possible
origins of the eclogitic protolith as well as its
subducting history to improve our understand-
ing of the geodynamics of the Tethyan oceans
sensu lato.

2. GEOLOGICAL SETTING

The Paleozoic and Mesozoic tectonic evo-
Iution of the Pontide-Kopeh Dagh system
(Fig. 1A) was dominated by the opening and
closure of at least three major oceans (Rheic,
Paleotethys, and Neotethys), along with several
minor oceanic basins that separated Laurussia/
Laurasia, Gondwana, and several arcs and micro-
continents (e.g., Stampfli et al., 2013; Domeier
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and Torsvik, 2014; Rolland et al., 2016; Vasey
et al., 2020; Akdogan et al., 2021). The opening
of these major oceans was accompanied by the
detachment and northward migration of ribbon
continents and/or groups of continental blocks of
various sizes from Gondwana to Laurussia/Laur-
asia (e.g., McKenzie, 1972; Rotstein and Kafka,
1982; Rolland et al., 2016; van Hinsbergen
et al., 2020, and references therein). During the
Neoproterozoic and earliest Cambrian, before
the opening of the Rheic ocean (also known as
Prototethys or Ran, especially on its east side;
Domeier, 2016), the African-Arabian margin of
Gondwana was characterized by a long active
margin that developed the Cadomian arc (e.g.,
Berberian and King, 1981; Murphy and Nance,
1989; Sanchez-Garcia et al., 2014, 2019; Nance
et al., 2010, and references therein). Today, the
remnants of the Cadomian arc stretch from Ibe-
ria across central and southeast Europe, Turkey,
Iran, and Tibet-Tarim (e.g., Pereira et al., 2011;
Moghadam et al., 2017).

The Rheic ocean opened diachronically from
ca. 490 Ma in its western side to ca. 460 Ma in
its eastern end (e.g., Stampfli et al., 2013). The
opening mechanism of the Rheic ocean is dis-
puted: it may have originated as a back-arc basin,
a slab-pull effect after the subduction of a ridge
(e.g., Murphy et al., 2006), or a combination of
both (e.g., Nance et al., 2010). Along with the
opening of the Rheic ocean, one or several conti-
nental fragments drifted from Gondwana to col-
lide during the Silurian with Laurentia, Baltica
(Nance et al., 2010), and perhaps other terranes
in the Central Asian Orogenic belt (e.g., Stampfli
et al., 2013).

During the Early Devonian, subduction zones
were already consuming the Rheic-Ran ocean
(e.g., Nance et al., 2010, and references therein),
and by Middle Devonian times, the Rheic-Ran
realm of Gondwana was recording an exten-
sional event that some interpreted as the opening
of the Paleotethys ocean (e.g., Gutiérrez-Alonso
et al., 2008a; Stampfli et al., 2013; Guan et al.,
2021). The Pontides-Transcaucasus belt prob-
ably migrated as a ribbon continent that rifted
away from Gondwana during that time (e.g.,
Rolland et al., 2016; Akdogan et al., 2021).
During the Late Devonian and Early Mississip-
pian, the Rheic ocean and its subsidiary basins
that existed between Laurussia and Gondwana
closed (e.g., Domeier and Torsvik, 2014; Wu
et al., 2021), ending in the continent-continent
collision that formed Pangea to the west (e.g.,
Stampfli et al., 2013; Weil et al., 2013). Based on
the occurrence of igneous and high-temperature
rocks, Rolland et al. (2016) suggested a polarity
of subduction of the Rheic ocean to the south in
the Pontide-Kopeh Dagh system (i.e., the Pon-
tide-Kopeh Dagh being the upper plate).
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There is a long-standing debate on the mecha-
nisms that triggered the opening of the Paleote-
thys, the number of continental fragments that
drifted, and the quantity and type of oceanic
basins that opened (cf. Nance et al., 2010; Stamp-
fli et al., 2013; Domeier and Torsvik, 2014; Wu
etal., 2021). The opening of the western Paleote-
thys was interrupted soon after its inception at its
western margin due to the final amalgamation of
Pangea (e.g., Pastor-Galan, 2022). However, the
eastern Paleotethys side continued to grow dur-
ing most of the late Paleozoic. Some research-
ers think that subduction in the Paleotethys was
operating from the early stages of its opening
(e.g., Stampfli et al., 2013), while others suggest
that subduction initiated after the collision of the
peri-Gondwana drifted terranes against the Eur-
asian margin of the ocean (e.g., Rolland et al.,
2016; Vasey et al., 2020; Akdogan et al., 2021).

During the latest stages of the amalgama-
tion of Pangea (e.g., Gutiérrez-Alonso et al.,
2008b; Pastor-Galan, 2022), and likely assisted
by plume volcanism (e.g., Shellnutt et al., 2011;
Torsvik and Cocks, 2013; Jamei et al., 2021),
the Paleotethyan margin of Gondwana began to
rift until the Neotethys ocean opened with the
formation of the Cimmerian plate (e.g., Sengor
et al., 1988). The Neotethys grew as Cimmeria
migrated northward during the Permian and
finally collided with Laurasia (the Turan plat-
form) in the Triassic. Subduction initiated at
various moments in the Neotethys during Juras-
sic and Cretaceous times, consuming most of it
during the Cenozoic and forming the Alpine-
Himalayan system (see van Hinsbergen et al.,
2020, for a review of the Mesozoic and Cenozoic
evolution of the Tethyan realm). The remnants
of the three oceans can be found from Iberia to
eastern Asia (e.g., Kirby 1979; Berberian and
King, 1981).

2.1. Three Oceans’ History

The three oceans’ history is recorded by sev-
eral suture zones that become younger south-
ward within the Pontide-Kopeh-Dagh orogenic
system (e.g., Rolland et al., 2016). In Iran, the
northernmost ocean-derived rocks with dif-
ferent Paleozoic ages have been traditionally
interpreted as remnants of the Paleotethys and
the basins and/or seaways that separated the
Gondwana derived Cimmerian microcontinents
from the Eurasian margin (Central Iranian, Lut,
Sanandaj-Sirjan, Alborz, and Kopeh Dagh, e.g.,
Sengor, 1984; Berberian and King, 1981; Zan-
chi et al., 2009a; Fig. 1B). The oceanic affinity
rocks and ophiolites sensu stricto with Mesozoic
ages, are typically interpreted as Neotethyan
relics including the seaways and back-arcs that
formed along previous sutures (e.g., Moghadam
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Figure 1. (A) Geographical location of the Pontide-Kopeh Dagh system and potential suture zones of Paleozoic oceans. (B) Location of
the Mesozoic ophiolite and Paleozoic oceanic rocks that underwent high-pressure (HP) conditions. (C) Simplified geological map of NW
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and Stern, 2015). Paleozoic oceanic rocks are
found in two main regions in northern Iran: the
first group closer to the northern boundaries of
Iran (from east to west: Aghdarband, Mashad,
Rasht, and Allahyarlu areas) and a second group
JanDag-Anarak and Takab, to the south of them
(Moghadam and Stern, 2014; Moazzen et al.,
2020; Fig. 1B).

The Aghdarband-Mashhad oceanic complex
is in the Kopeh Dagh (Fig. 1B) and includes a
Permian ophiolite and pelagic sediments in fault
contact with an outcrop of Devonian intrusive
and ultramafic rocks (ca. 380 Ma, zircon U-Pb in
tonalites) with mid-ocean ridge basalt (MORB),
boninitic and calc-alkaline signatures (Darrehan-
jir; Moghadam and Stern, 2015). The ophiolites
(in the Kopeh Dagh) consist of serpentinized
peridotite, gabbro mafic volcanic rocks, and
pelagic sedimentary rocks (carbonates, tuffs,
radiolarites) with Early Permian ages, with a
volcano-sedimentary complex developed over
them (Moghadam and Stern, 2014, and refer-
ences therein). Some of these ophiolites are
intruded by Late Triassic granitoids (Karimpour
et al., 2010, Mirnejad et al., 2013).

The Anarak, Jandaq, and Posht-e-Badam
(Anarak complex hereafter) complexes are
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located within the NW sector of the central Ira-
nian block (Fig. 1B). The Anarak complex con-
tains dismembered ophiolites (in fault contact
with the Late Cretaceous Nain-Ashin ophiolites;
Fig. 1B) and deformed siliciclastic, calcareous,
and volcanic rocks with various metamorphic
grades. The Anarak complex includes a Late
Ordovician to Carboniferous accretionary com-
plex (so-called “Variscan accretionary com-
plex”) with a thick and fine grain siliciclastic
sequence accompanied by marginal-sea oce-
anic remnants, including gabbro-basalts with a
supra-subduction-geochemical signature. This
complex underwent greenschist to amphibo-
lite facies with “°Ar/*?Ar muscovite plateau
ages of ca. 333-320 Ma (Bagheri and Stampfli,
2008). In the Anarak complex, to the south of
the “Variscan accretionary complex,” there is
a younger Permian—Triassic accretionary com-
plex, which includes the relics of two seamounts
(Anarak and Kabudan) and dismembered ocean
floor members including peridotite intruded by
gabbroic dikes, trondhjemite (plagiogranite),
and pillow lavas (ocean island basalt type).
U-Pb zircon dating of the trondhjemite is Perm-
ian (ca. 262 Ma), ~120 m.y. younger than the
ocean floor found in the Aghdarband-Mashhad

oceanic complex. The Permian—Triassic accre-
tionary complex underwent blueschist facies
(HP-LT) metamorphism during the Late Trias-
sic (ca. 232 Ma “0Ar/*°Ar plateau age in stilp-
nomelane, Bagheri and Stampfli, 2008), an age
that coincides with the beginning of the Cimme-
rian Orogeny (e.g., Bagheri and Stampfli, 2008).
The westernmost Allahyarlu complex comprises
metapelites and metabasites that experienced
amphibolite-facies metamorphism at ca. 326—
334 Ma (Ar-Ar on muscovite; Moazzen et al.,
2020). Geochemical evidence indicates that the
metabasite protoliths formed in a continental
back-arc setting. Moazzen et al. (2020) inter-
preted the Allahyarlu complex as the product
of an active continental margin arc, marking the
onset of continental collision.

2.2. The Talesh and Its High Pressure-Low
Temperature Rock Record

The Talesh is a 200-km-long mountain chain
with a “Z” shape in map view in NW Iran
(Figs. 1B and 1C), wrapping the southwest mar-
gin of the Caspian Sea, defining a conspicuous
N-S oriented segment within the predominantly
E-W oriented Pontides-Lesser Caucasus-Talesh-

TABLE 1. REPRESENTATIVE MICROPROBE ANALYSES IN SAMPLE T20B, SHANDERMAN ECLOGITES, NW IRAN

Mineral Garnet porphyroblasts (S,) Matrix (S,) Matrix (post-S.,)

Grilg Grtlg Grt2; Grt2g  Czo Pg Omp Gin Brs Wnc  Czo Pg Pg Act Hbl Ed llm Chl Ab
SiO, 3770 3757 3771 38.07 39.22 46.14 56.14 5760 50.80 54.38 38.88 46.64 4747 5458 49.19 4762 0.01 25.05 68.25
TiO, 012 0.16 0.07 0.08 0.10 0.00 0.08 006 0.06 008 012 002 0.07 003 012 0.02 5585 0.16 0.00
AlL,O4 2218 21.87 2255 2294 30.48 40.48 9.39 1239 9.39 756 30.45 39.67 39.60 854 10.87 12.41 0.00 20.38 20.18
Cr,04 0.01 0.28 0.03 0.01 0.00 0.08 025 0.00 0.00 000 0.00 0.06 0.05 0.01 0.00 0.00 0.00 0.02 0.00
Fe,O4 0.00 0.22 0.00 2.01 478 0.00 3.46 0.51 062 053 435 000 0.00 0.00 0.73 0.00 0.00 0.00 0.23
FeO 19.43 2473 2733 20.81 0.44 0.64 385 574 8.62 745 025 012 033 6.14 836 1178 4044 29.22 0.00
MnO 12.02 340 225 0.10 0.19 0.00 0.36 0.00 0.10 0.02 0.10 0.00 0.03 0.08 0.03 0.01 5.60 0.50 0.00
MgO 0.87 1.55 1.46 754 0.04 0.03 749 1244 1465 15.63 0.07 0.14 045 1583 1497 1194 0.05 11.41 0.00
CaOo 9.15 10.84 876 875 2475 0.87 13.11 1.91 9.73 843 2474 024 039 1042 10.76 10.42 0.12 0.07 0.28
Na,O 0.03 0.05 0.03 0.01 0.03 705 708 662 318 349 0.00 686 656 298 3.00 325 0.05 0.01 11.66
K>,O 0.00 0.00 000 000 001 0.19 0.00 0.05 0.06 0.08 0.00 0.63 1.03 002 0.1 0.1 0.00 0.00 0.01
Total 100.5 100.6 100.2 100.3 100 9548 1012 9732 9721 9765 98.96 94.37 9598 98.58 98.14 9756 102.1 86.81 100.6
Oxygens 12 12 12 12 125 11 6 23 23 23 125 M 1 23 23 23 3 14 8
Si 2.97 2.96 2.98 2.91 297 294 2.00 781 723 759 2.97 3.00 3.01 751 6.97 6.88 0.00 2.73 2.97
Ti 0.01 0.01 0.00 0.00 0.01 0.00 0.00 0.01 0.01 0.01 0.01 000 0.00 0.00 0.01 0.00 1.03  0.01 0.00
Al 206 203 210 206 272 3.05 0.39 198 1.58 124 274 3.01 2.96 1.39 182 2.1 0.00 2.62 1.03
Cr 0.00 0.02 0.00 0.00 0.00 0.00 0.01 000 0.00 0.00 0.00 000 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe3+ 0.00 0.01 0.00 0.12 0.27 0.00 0.09 0.05 0.07 006 025 000 000 0.00 0.08 0.00 0.00 0.00 0.01
Fe2+ 1.28 1.63 1.81 133 0.03 0.03 0.1 0.65 1.03 087 0.02 0.01 0.02 071 099 142 0.83 2,67 0.00
Mn 0.80 023 0.15 0.01 0.01 0.00 0.01 0.00 0.01 0.00 0.01 000 000 0.00 0.00 0.00 0.12 0.05 0.00
Mg 0.10 0.18 0.17 086 0.01 0.00 0.40 2.51 3.1 325 0.01 0.01 0.04 325 3.16 257 0.00 186  0.00
Ca 077 092 074 072 201 0.06 0.50 0.28 1.48 126 2.03 0.02 0.03 1.54 163 161 0.00 0.01 0.01
Na 0.00 0.01 0.01 0.00 0.00 0.87 049 174 0.88 094 0.00 086 0.81 0.80 0.82 0.91 0.00 0.00 0.98
K 0.00 0.00 0.00 000 0.00 0.02 2.00 0.01 0.01 0.01 0.00 0.05 0.08 0.00 0.02 0.02 0.00 0.00 0.00
Sum 8 8 8 8 8 7 4 15 15 15 8 7 7 15 15 15 2 10 5
Xee 093 090 0.91 0.61 0.22 0.21 025 0.21 0.18 0.24 0.36
Alm 43.30 55.18 62.92 45.69
Prp 345 6.16 599 2949
Grs 26.12 30.85 25.84 23.64
Sps 2713 765 526 0.23
Xreay 0.27 0.03 0.08 0.06 025 0.09
Xna 0.98 0.94 0.91
Jd 49
Di 51
Nag 17 049 0.71 0.6 0.32 0.38
Ab 99
An 1

Notes: C—core; R—rim; Grt—garnet; Czo—clinozoisite; Pg—paragonite; Omp—omphacite; GIn—glaucophane; Brs—barroisite; Wnc—winchite; Act—actinolite; Hol—
hornblende; Ed—edenite; lm—ilmenite; Chi—chlorite; Aim—almandine; Prp—pyrope; Grs—grossular; Sps—spessartine; Jd—jadeite; Di—diopside; Ab—albite; An—
anorthite. XFe = Fe?*/(Fe?*+Mg); Alm = Fe/(Fe + Mg + Ca + Mn); Prp = Mg/(Fe + Mg + Ca + Mn); Grs = Ca/(Fe + Mg + Ca + Mn); Sps = Mn/(Fe + Mg + Ca + Mn);
XFe3+(Czo) = Fed+/(Fed++Al-2); XFe3+(Amp) = Fed+/(Fed++AlIVI); XNa(Pg) = Na/(Na + K); Jd = (Na— Fe3+)/(Fe3+(Na-Fe3+)+Ca); Di = Ca/(Fe3+(Na-Fe3+)+Ca);

Ab = Na/(Na + Ca + K); An = Ca/(Na + Ca + K); NaB = amount of Na in B position
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Alborz- Kopeh Dagh system (Fig. 1C; Rezaeian
etal., 2020). The geological record of the Talesh
spans from the Ediacaran to the present day.
Together with the Zagros Mountains, the Talesh
and Alborz mountains accommodated most of
the shortening related to the Cenozoic Arabia-
Eurasia convergence (Mattei et al., 2017; van der
Boon et al., 2018). The present-day elevation of
the Talesh mountains is the result of the develop-
ment of a shallow fold-and-thrust belt and oro-
cline bending that occurred during the Arabia-
Eurasia collision (Madanipour et al., 2017; van
der Boon et al., 2018; Rezaeian et al., 2020) and
consumption of the Transcaucasus basin in the
Eocene (Shiva et al., 2025).

The pre-Mesozoic geology of the Talesh
Mountains consists of a non-metamorphic
stratigraphic sequence comprising calcareous
beds intercalated with mafic volcanic rocks and
clastic sediments in the northern margin of the
Iran block. This sequence exhibits North Gond-
wana (Arabia) affinity (Honarmand et al., 2018).
Above a Triassic hiatus with a prominent angular
unconformity marking the Cimmerian orogeny
(e.g., Zanchi et al., 2009a, 2009b), the strati-
graphic succession continues with up to 3400 m
of Jurassic—Cretaceous clastic, calcareous, and
volcanic rocks, followed by an over 9-km-thick
Cenozoic continental arc volcano-sedimentary
sequence (Rezaeian et al., 2020, and references
therein). Tectonically embedded on the non-met-
amorphic Phanerozoic series is a series of meta-
morphic outcrops in the Talesh that we group
under the name “Rasht complex.” The Rasht
complex includes the HP-LT rocks in Shand-
erman and Asalem (e.g., Omrani et al., 2013;
Rossetti et al., 2017) and a medium-pressure—
medium-temperature (MP-MT) larger complex,
the Ghast outcrop (Fig. 1B). The Gasht outcrop
contains two units with different metamorphic
histories: a lower succession with medium-grade
metapelite, amphibolite, and gneiss (silliman-
ite-, kyanite-, and staurolite-bearing) (Zanchetta
et al., 2009, Zanchi et al., 2009a) and a low-
grade upper unit (slate, phyllite, and quartzites).
Phyllite near Masuleh yielded whole-rock Rb-Sr
isochron ages of 382 & 48 Ma and 375 + 12 Ma
(Crawford, 1977).

The Shanderman Complex crops out in a
small erosional window below the Mesozoic
units between the Rud-e-Masal and Asalem. The
Shanderman HP-LT rocks comprise deformed
slate, phyllite, gneiss, and amphibolite, along
with patches of serpentinized peridotite and
eclogites (Omrani et al., 2013). The geochem-
istry of metabasites in the Shanderman complex
is normal (N)-MORB (Omrani et al., 2013; Wan
et al., 2021). Although the contacts are poorly
exposed, mafic intrusions and ultramafic cumu-
lates (occasionally layered with rare felsic rocks)
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are observed to intrude the eclogites (Zanchetta
etal., 2009). The eclogitic rocks are retrogressed
to amphibolite and greenschist (e.g., Omrani
et al., 2013). The peak metamorphism of the
eclogites is disputed: Zanchetta et al. (2009) cal-
culated 600-700 °C and P > 1.5 GPa; Omrani
et al. (2013) proposed a higher pressure (1.5—
2.0 GPa) but lower T (~600 °C); more recently,
Wan et al. (2021) have suggested pressures close
to the UHP metamorphism (~2.7 GPa) and T of
~590 °C. Wan et al. (2021) interpreted the coin-
cident 350 Ma “°Ar/*Ar dating in phengite and
rutile U-Pb isochron as the peak metamorphism
timing. A previous late Carboniferous “°Ar/3°Ar
age of 315 £ 9 Ma on paragonite was reported,
but most steps in each plateau are mutually dis-
cordant (Zanchetta et al., 2009).

The Asalem metamorphic complex crops
closer to the city of Asalem (Gilan Province,
Iran) in an erosional window and below Meso-
zoic flat-lying sedimentary cover rocks (Rossetti
et al., 2017). The Asalem complex consists of a
mélange made of tectonic slices of metabasite
and metapelites in greenschist and blueschist
facies and serpentinized ultramafic rocks. The
whole-rock geochemistry of the metabasites of
Asalem shows MORB to arc signatures and has
been interpreted as the remnants of a suprasub-
duction-type ophiolite generated at an active
plate margin (Rossetti et al., 2017). Rossetti
et al. (2017) interpreted a pressure-temperature
(P-T) peak for the metapelites (chloritoid-gar-
net bearing schist) of 2.1 GPa and 470-510 °C
(eclogite facies), whereas for the Na-rich amphi-
bole metabasites reached 400 °C and 1 GPa
(blueschist facies). The reconstructed P-T paths
suggest isothermal decompression. 4°Ar/*Ar in
phengite exhibit plateau ages of 345-352 Ma,
but metabasite samples also show younger
ages (between 250 Ma and 290 Ma) in the LT
part of the spectra, which imply partial Permian
resetting.

Alavi (1991, 1996) and Sengdr (1990) con-
sidered the oceanic relics of the Rasht area to
be equivalent to the Aghdarband-Mashhad
ophiolites both marking the Paleotethyan suture
sensu lato. However, although the existing con-
straints might indicate that the protolith formed
at a similar time (Moghadam and Stern, 2014),
the Rasht complex was subducted to eclogitic
conditions during the Carboniferous, likely in
the Early Carboniferous (Zanchetta et al., 2009;
Rossetti et al., 2017; Wan et al., 2021). Zanchetta
et al. (2009) considered that the Shanderman
complex does not mark the Paleotethys suture
and instead represents an allochthonous nappe
of Variscan continental crust, coming from the
southern margin of the Transcaucasian region
and stacked upon the northern margin of the
Central Iranian block.

Geological Society of America Bulletin

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/doi/10.1130/B38187.1/7198811/b38187.pdf
bv niversidad Combplutense de Madrid user

3. METHODS AND RESULTS

Rock samples were collected in the Rasht
complex (Fig. 1B) in the HP-LT outcrop of
Shanderman and MT-MP of Ghast. Samples for
petrological analyses were drilled with an oil-
powered drill, with cores of 2.5 cm diameter to
obtain fresh samples.

3.1. Petrography, Mineral Chemistry, and
Petrological Modeling

Mineral analyses and elemental X-ray maps
were performed with a JEOL-Superprobe JXA-
8900 M microprobe equipped with five spec-
trometers at the Unique Scientific and Techni-
cal Infrastructure National Center for Electron
Microscopy at the Complutense University of
Madrid (Madrid, Spain). The operating param-
eters for punctual analyses were: 15 kV accel-
erating voltage, 20 nA beam current, 5 pm
beam diameter (1 pm for the microinclusions)
and 10 s counting time on peak for each ele-
ment. X-ray maps were operated at 20 kV and
150 nA. Representative analyses of selected
minerals are listed in Table 1. Mineral formulae
have been calculated using the software AX62
(https://filedn.com/IU1GlyFhv3UuXg5SE9dbn-
WFF/TJBHpages/index.html), which executes
standard mineral recalculations, with attempts
at ferric iron estimation from stoichiometric
constraints. Mineral abbreviations are those
proposed by Warr (2021): Ab—albite; Act—
actinolite; Alm—almandine; An—anorthite;
Brs—barroisite; Bt—biotite; Chl—chlorite;
Coe—coesite; Czo—clinozoisite; Di—diop-
side; Ed—edenite; Grs—grossular; Grt—garnet;
Gln—glaucophane; Hbl—hornblende; Hem—
hematite; [lm—ilmenite; Jd—jadeite; Ky—kya-
nite; Lws—Ilawsonite; Mag—magnetite; Ms—
muscovite; Omp—omphacite; Pg—paragonite;
Pl—plagioclase; Prp—pyrope; Qz—quartz;
Rt—rutile; Sps—spessartine; Ttn—titanite; and
Wnc—winchite. Other abbreviations: Cpx—
clinopyroxene; Amp—amphibole; Carb—car-

TABLE 2. BULK-ROCK COMPOSITION FROM XRF
ANALYSES OF SAMPLE T20B, SHANDERMAN
ECLOGITES, NW IRAN, EXPRESSED IN
WT% AND NORMALIZED IN MOL% TO
THE NCKFMASHTO MODEL SYSTEM

Oxides wit% mol%
SiO, 50.85 55.76
TiO, 0.91 0.75
AlLO, 15.97 20.65
FeO 7.20 6.60
MnO 0.1 0.10
MgO 6.22 10.17
CaO 9.02 10.54
Na,O 4.23 8.99
K>,O 0.30 0.42
P,Og 0.04 0.04
Fe,O,4 1.66 1.37

Notes: XRF—X-ray fluorescence.
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Figure 2. Microphotographs of thin-section images of Shanderman eclogites from NW Iran showing (A) the porphyronema-
toblastic microtexture defined by omphacite (Omp) + clinozoisite (Czo) + glaucophane (Gln)/barriosite (Brs) + paragonite
(Pg)/muscovite (Ms) + rutile (Rt) * quartz (Qz) wrapping around garnet (Grt); (B) overall thin-section map showing the
location of X-ray maps in garnets (Fig. 3) and different textural details. Back-scattered electron images showing detailed
textures; (C) overview of matrix foliation (S,); (D) inclusions in garnet porphyroblasts (S,); (E) symplectitic intergrowth
between Omp-Na and Ca-amphibole (Amp)-albite (Ab) and (F) Pg/Ms intergrowth in the S,-foliation; (G) detail of the
symplectites; and (H) titanite (Ttn) coronae around Rt. Act—actinolite; Chl—chlorite; Hbl—hornblende; Ilm—ilmenite.
Mineral abbreviations are those proposed by Warr (2021).
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Figure 3. X-ray maps and chemical profiles illustrating zoning of euhedral garnet (Grt) porphyroblasts of Shanderman eclogites from NW
Iran displaying an optical zoning interpreted as type 1 and 2 garnets. Thick lines on the X-ray maps indicate the position of the profiles.

bonate. Compositional variables: Alm = Fe/(Fe
+ Mg + Ca + Mn); Prp = Mg/(Fe + Mg +
Ca + Mn); Grs = Ca/(Fe + Mg + Ca + Mn);
Sps = Mn/(Fe + Mg + Ca + Mn); Xg, = Fe?t/
(Fe?*+Mg); Xp.3,(Czo) = Fe’t/(Fe3++Al-2);
Xpes. (Amp) = Fe**/(Fe++AIM); Xy, (Pg) =
Na/(Na + K); Jd = (Na-Fe3*)/[Fe’*(Na-Fe*)
+Cal; Di = Ca/[Fe3*(Na-Fe3+0] + Ca); Ab =
Na/(Na + Ca + K); An = Ca/(Na + Ca + K).
P-T-composition (P-T-X) equilibrium phase
diagrams (i.e., pseudosections) were calculated

using Theriak-Domino software package (de
Capitani and Brown, 1987; de Capitani and
Petrakakis, 2010) in the model chemical sys-
tem NCKFMASHTO (Na,O-CaO-K,0O-FeO-
MgO0-Al,05-Si0,-H,0-TiO,-Fe,0;) using the
internally consistent thermodynamic data set
ds6.2 (Holland and Powell, 2011) converted
to Theriak-Domino format by D.K. Tinkham
(2016, personal commun.). References for the
mixing models for solid solutions of the phases
considered in the calculations are ilmenite-
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hematite (White et al., 2000); plagioclase (Hol-
land and Powell, 2003); epidote (Holland and
Powell, 2011); biotite, chlorite, garnet, and
white mica (White et al., 2014); and amphibole
and clinopyroxene (Holland and Blundy, 1994;
Green et al., 2016). Albite, kyanite, lawsonite,
magnetite, quartz, rutile, and titanite are con-
sidered as pure end members. Fluid was fixed as
pure H,O. There is a modal percentage (=~5%)
of calcium carbonate in the sample, but CO, has
not been considered in the modeling. Textural
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Figure 4. Diagram showing the blastesis-deformation relations in the Shanderman eclogites
of NW Iran. Grt2z—garnet 2 rim; Grt—garnet; Cpx—clinopyroxene; Rt—rutile; Ilm—
ilmenite; Ttn—titanite; Czo—clinozoisite; Amp—amphibole; Pg—paragonite; Ms—mus-
covite; Ab—albite; Qz—quartz; Omp—omphacite; Gln—glaucophane; Brs—barroisite;
Wnc—winchite; Act—actinolite; Hbl—hornblende; Ed—edenite. Mineral abbreviations

are those proposed by Warr (2021).

observations suggest that the intervention of
this fluid phase took place in the last stages of
the P-T evolution of the rock. Bulk-rock com-
position was obtained at Activation Laborato-
ries Ltd., Ancaster, Ontario, Canada, by X-ray
fluorescence on a crushed rock slab of the most
representative sample of the eclogite’s lens from
the Shanderman Complex (referred to hereafter
as sample T20B). FeO (vs. Fe,0;) was ana-
lyzed by wet chemical titration and the amount
of Fe,0; is then calculated stoichiometrically
as: [total iron/1.43 — (FeO/1.286) x 1.43]. The
results have been converted to molar propor-
tions and the amount of CaO was corrected for
the presence of apatite (CaO,eqive = CaOpneq.
sured — 3-33 X P,0s; see Table 2). Several P-T-X
phase diagrams have been calculated to model
the possible variations of different key compo-
nents. MnO was not included in the chemical
model system. Sample T20B has a low MnO
content (0.11 wt%; Table 2), which is exclu-
sively concentrated in garnet cores, in ilmen-
ite replacing rutile, and in retrograde chlorite.
Besides, the addition of MnO greatly influences
the stability of garnet toward low-pressure fields
and the resulting diagrams are topologically
very similar to those calculated without MnO
(White et al., 2014). Regardless of the nature of

the chemical system in which the mineral asso-
ciations were equilibrated, neither CO,, Na,O,
nor CaO undergo significant variations affect-
ing the equilibrium of the eclogitic paragen-
esis. Nevertheless, H,O strongly influences the
solvus topology between sodium and calcium
amphiboles. The preliminary model was calcu-
lated considering the fluid as pure H,O, initially
in excess, and the solvus is not represented at
high pressures. Instead, kyanite-bearing fields
increase their stability toward low pressures and
clinozoisite is not stable in eclogitic paragen-
esis in the presence of garnet. By means of a
P-X(H,0) pseudosection calculated at 600 °C
(maximum temperature at which the eclogitic
assemblage is stable), a 25 mol% of H,O has
been estimated as the proportion necessary to
reproduce the textural observations. Therefore,
the whole-rock composition analyzed, inferring
25 mol% of free-H,0 in the rock, has been con-
sidered as the effective domain representative of
the local equilibrium.

Sample T20B is an intensely foliated retro-
eclogite (Fig. 2) with an Al-rich N-MORB
chemical composition (Table 2; Omrani et al.,
2013; Wan et al., 2021). The matrix shows a
symplectitic texture in which almandine-rich
garnet porphyroblasts dominate (=~60%
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modal). Precinematic garnet blasts are mostly
euhedral (1-4 mm in diameter; Figs. 2A
and 2B), highly fractured and show pro-
grade zoning patterns. Garnet cores (alman-
dine [Alm]y,.sopyrope [Prplgsegggrossular
[Grs]yee3 Spessartine  [Spslyyoog,  Where
“=>”denotes core-to-rim variation; Fig. 3;
Table 1), referred to as garnet 1 (Grtl), contain
randomly oriented microinclusions (5—10 pm) of
clinozoisite (X3, = 0.25-0.27; Mn < 0.01 per
formula unit [pfu]), paragonite (Xy, = 0.98-1),
rutile and secondary accessory Fe- and Mg-
hornblende, chlorite, ilmenite, titanite, albite
(Ab, 43), calcium carbonate, and quartz filling
fractures and voids (Fig. 2D). Toward the rim
(Almg;,67P1P1 02, 15GTS275195PS0 6005 Fig. 3); in
the outer part of the porphyroblasts (referred
here to as garnet 2 [Grt2]), the same inclusions
define a subtle internal foliation (S,) that has
unoriented or linear patterns and is oblique to
the matrix foliation (S,; Fig. 3). In the outermost
rim (Grt2g), almandine, grossular, and X, first
decrease before increasing again (Almg;. 46040,
Gr18y70 19004 Xpe = 0.852>0.61=>0.64), pyrope
first increases (Prp;s.,o) and then locally
decreases (Prp,g.,7). The matrix foliation, S,,
is defined by the shape preferred orientation of
omphacite (>0.3 mm; jadeite,;_s4; Xy, > 0.76;
Al pfu 0.39-0.54), glaucophane [>0.1 mm;
AV = 1.8; X, = 0.21; Xpe3, = 0.03; (Na +
K), = 0.05; Nag = 1.7], clinozoisite (>0.2 mm;
Xpes; = 0.2-0.25; Mn < 0.01 pfu), paragonite
(>0.3 mm; Xy, > 0.91), rutile (<60 pm), and
accessory quartz (Figs. 2C-2E). Glaucophane is
rimed by barroisite [ >0.2 mm; XMg =0.56-0.75;
Xrez4 = 0.05-0.14; (Na + K), = 0.19-0.47;
Nag = 0.5-0.75] showing bluish cores and pale-
greenrims (Fig. 2G). While barroisite is limited to
the rim of sodic amphibole, winchite [>0.3 mm;
Xpme = 0.79; Xpe3. = 0.06; (Na + K), = 0.25;
Nag = 0.71] occurs as allotrioblastic crystals,
together with edenite [>0.2 mm; Xy, = 0.64;
(Na + K), = 0.55; Nag = 0.38], in calcium
carbonate-rich domains. S, foliation wraps gen-
tly around garnets. Post-S, foliation comprise
partial or complete replacement of rutile, either
by titanite or ilmenite (up to 6 wt% of MnO)
(Fig. 2H), paragonite-muscovite intergrowths
(<3 pm; below electron microprobe resolution),
large post-kinematic paragonite crystals (up to
0.5 mm; oblique to S2), a pervasive calcium
carbonate development and fine-grained sym-
plectites (<20 pm) between omphacite-bar-
roisite/glaucophane-albite (Ab = 93%-99%).
Symplectites around glaucophane include the
development of actinolite flakes [<10 pm; Xy,
= 0.82-0.84; (Na + K), = 0.15-0.2; Nag =
0.4-0.6] blended by Mg-hornblende rims [<20
pm; Xy, = 0.54-0.76; (Na + K),, = 0.48-0.52;
Nag = 0.32-0.4; Figs. 2E and 2G].
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Figure 5. Pressure-temperature (P-7) pseudosection with H,O = 25 mol% calculated
for sample T20B from the Shanderman eclogites of NW Iran (Si0,:55.76; Al,0;:20.65;
Ti0,:0.75; Fe0:6.60; Fe,0;:1.37; Mg0:10.17; Ca0:10.54; Na,0:8.99; K,0:0.42). Whole-
rock analyses and recalculated proportions are shown in Table 2. Mineral abbreviations are
those proposed by Warr (2021). Ab—albite; Bt—Dbiotite; Coe—coesite; Czo—clinozoisite;
Di—diopside; Grt—garnet; Gln—glaucophane; Hbl—hornblende; Ky—Xkyanite; Lws—
lawsonite; Ms—muscovite; Omp—omphacite; Pg—paragonite; Pl—plagioclase; Qz—
quartz; Rt—rutile; Ttn—titanite; pfu—per formula unit.

Summarizing, the pre-eclogitic paragen-
esis (S;) comprises Mn-rich garnet cores (Grtl)
together with clinozoisite (Czo) + paragonite
(Pg) + rutile (Rt) & quartz (Qz). The matrix
foliation (S,) records peak paragenesis under
eclogitic conditions and encloses Grt2 + ompha-
cite (Omp) + Czo + glaucophane (Gln)/bar-
riosite (Brs) + Pg/muscovite (Ms) + Rt £ Qz.
Finally, post-S, foliation includes retrogression
to amphibolite and greenschist facies conditions
shown by distinctive retrograde reaction textures
such as symplectites, the replacement of Rt by
ilmenite/titanite, Grt2 re-equilibration, and the
late development of carbonate (Fig. 4).

P-T pseudosection calculated for sample
T20B is shown in Figure 5. The stability field
of the eclogitic assemblage at H,O-saturated

conditions, GIn-Omp-Grt2-Czo-Ms-Rt-H,O-
Qz is modeled between 1.8 GPa and 2.3 GPa
and 565-625 °C. The analyzed content of Al
(pfu) in omphacite (Al > 0.39, up to 0.54 pfu)
and the grossular content in garnet rim (Grt2g;
Xca < 26) plots in the HP area of the field at
2.1-2.25 GPa and 595-620 °C (Figs. 5 and 6).
The pressure-peak paragenesis field is limited
by the stability of garnet, lawsonite-bearing
assemblages toward high-pressures, and kya-
nite-bearing assemblages at higher tempera-
tures. The model predicts that the rock crosses
the glaucophane-hornblende solvus at slightly
lower pressures and higher temperatures (meta-
morphic peak; 2.0 GPa; 620 °C) to enter in the
paragonite-bearing fields, subsequently cross-
ing the garnet-absent domain below 1.8 GPa at
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amphibolite facies conditions. The retrograde
evolution progresses through the glaucophane-
free fields and is constrained by the disappear-
ance of paragonite (that is stable in the whole
P-T history of sample T20B). Lastly, the rock
goes across the albite-bearing fields, rutile dis-
appears, and titanite becomes stable (1.2 GPa;
530 °C). Exhumation progresses in the green-
schist facies conditions across the biotite-absent
fields toward 1.0 GPa and 500 °C. At rock-slab
scale the diagram models peak-conditions and
the response of the rock toward lower pressure
and temperature (i.e., retrograde conditions).
Nevertheless, there are some inconsistencies
with petrographic observations. The main irre-
producible issue concerns the stability of para-
gonite in the predicted models. P-T pseudosec-
tion fails to reproduce the stability of paragonite
in the peak assemblage and the appearance of
muscovite in the last stages of the retrograde
evolution. Despite having calculated different
P-T-X diagrams considering key components
that may affect the stability of white micas and
having tried to reproduce this diagram with
other classical solid solution models for these
phases, the textural relations between musco-
vite and paragonite cannot be faithfully repro-
duced. The mode of muscovite versus parago-
nite is systematically superior in all fields where
both coexist, and it is not possible to model a
field at high-pressures where only paragonite is
stable. Besides the analytical errors associated
with electron microprobe analysis or related to
the election of the effective domain, the main
uncertainties associated with petrologic mod-
eling are due to the thermodynamic data and
the a-x (activity-composition) models. Both
calibrations determine the reproducibility of
natural paragenesis in a model which, from the
outset, has many variables that are impossible
to constrain (e.g., Powell and Holland, 2008).
The existing solid solution models for
white micas in internally consistent data-
bases, used to model phase relationships,
accumulate uncertainties. These models
have focused on metapelites and are based
on calculated experimental data (enthalpy
and entropy) and other inferred or estimated
thermochemical parameters (e.g., Gibbs
free energy or H,O fugacity) under specific
experimental conditions for the paragonite +
quartz assemblage (Chatterjee, 1970, 1972).
Yet it is assumed that a re-evaluation of the
standard enthalpies of muscovite and parago-
nite, especially in aluminum-rich metapelites,
is necessary (Coggon and Holland, 2002). In
HP metabasites (eclogites) paragonite would
disappear at pressures close to 2.0 GPa by
a reaction forming kyanite and omphacite
(Holland, 1979), which is what the calcu-
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lated model predicts for these rocks (Fig. 5).
The slope of this reaction is highly depen-
dent on the estimated entropy of paragonite,
which in turn is related to the poorly known
state of A1-Si order in the synthetic albite.
Experimental petrology concludes that, in
HP assemblages, paragonite is stable in the
presence of aqueous fluids (Holland, 1979) at
medium temperatures (~550-700 °C; Mas-
sonne and Sobiech, 2007). Guidotti et al.
(1994) highlighted that the two main controls
on the width of the muscovite-paragonite sol-
vus are the silica content in the potassic mica
and pressure, whose variation is proportional
to the silica content in phengite. The differ-
ent responses of muscovite and paragonite
to increasing pressure are controlled by the
> (Mg + FeT) (X—sumatory) (so called Fm
substitution by Guidotti et al., 2000). The
incorporation of Fe, Mg, and Si into musco-
vite is well constrained, and this substitution
is accurately calibrated for HP parageneses in
a-x models. Nonetheless, the operation of this

substitution in the paragonite is hardly known
and any substantial amount of Fm substitu-
tion would destabilize it (for a comprehen-
sive description see Guidotti et al., 2000).

3.2. U-Pb and Lu-Hf in Zircon

About 50 kg of eclogite samples were col-
lected in each studied site (TO07, T10, T12).
Samples were crushed to <500 pm and treated
with hydrofluoric acid (Neuerburg, 1961;
Oliveira et al., 2022). Zircon grains were hand-
picked from the survival mineral phases. In the
case of T29 (a quartzite), a 3 kg sample was
crushed and zircon crystals were handpicked
from the concentrate after panning, heavy lig-
uid separation, and magnetic separation. We
obtained one zircon grain from sample TO7,

Supplemental Material'). The separated zircon
grains were purified by hand-picking under a
binocular microscope and mounted with SL13
(U =238 pg/g; Claoué-Long et al., 1995) and
FC-1 (1099 Ma; Paces and Miller, 1993) stan-
dard zircon. Back-scattered electron (BSE)
and cathodoluminescence (CL) images were
obtained using a scanning electron microscope
(JEOL JSM-6610LV). The Pb-Th-U isotopes
in zircon were analyzed using a sensitive high-
resolution ion microprobe (SHRIMP) Ile/MC
(Korea Basic Science Institute [KBSI], Seoul,
Korea). Selected zircon grains were mounted in
epoxy with FC1 (Duluth gabbroic anorthosite,
1099 Ma; Paces and Miller, 1993) and SL13
(Sri Lankan gem zircon; U = 238 pg/g) ref-
erence zircons and ground to expose internal

one from T10, and 44 from T12. Grains are
anhedral or fragmented subhedral and most are
<50 pm. Quartzite sample T29 yielded subhe-
dral grains usually over 100 pm, 15 grains pre-
sented rims that were large enough to date (see

ISupplemental ~ Material. Data files and
supplementary figures. Please visit https://doi.org/10
.1130/GSAB.S.28847903 to access the supplemental
material; contact editing@geosociety.org with any
questions.
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Figure 7. Concordia diagrams
for samples T10 (top) and
T12 (bottom) of Shanderman
eclogites from NW Iran. (A)
Cathodoluminescence im-
age of the zircon grain with
scale and concordia error for
both ellipses. Concordia age is
348.33 + 4.13 Ma. (B) Concor-
dia diagram for sample T12
where a series of Precambrian
inherited zircon grains were

BTi12

ZSBUIQDBPb
|

= mean = 280.38 = 1.38 | 4.40 | 6.66 Ma (n=4/4)
MSWD = 2.29, p(?) =0.076

found. In addition, the graph
shows the mean age of the
four Permian grains (in blue),
280.38 £ 1.38 Ma. MSWD—
mean square of weighted devi-
ates; n—number of samples.
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zones. Before analysis, the grains were photo-
graphed with an optical microscope, and their
internal zoning was imaged by CL and BSE
using a JEOL JSM-6610LV scanning electron
microscope at KBSI. SHRIMP analysis follows
the protocols described in Williams (1998). A
3.0-4.0 nA mass filtered O,-primary beam was
focused on a spot of ~20 pm diameter on the
polished surface of each target zircon grain.
Each spot was rastered with the primary beam
for ~3 min prior to the analysis and then ana-
lyzed five cycles with a single electron multi-
plier. During one cycle, the magnet was stepped
through nine peaks of *Zr,'°0 (counting time =
2'8), 2%4Pb (10 s), 2°5Pb (20 s), 27Pb (40 ), 2%8Pb
(10 s), 28U (5 s), 22Th'®0O (2 s), and 238U160
(2 s) and 204.1 (10 s; background position).
Data processing was conducted using SQUID
2.50 (Ludwig, 2009) and the concordia plots
produced using Isoplot 3.75 (Ludwig, 2012)
programs, running under Excel 2003. Weighted
mean ages of zircons were calculated using
207Pb-corrected 2°°Pb/?38U ratios after exclud-
ing outliers under statistical t-test and reported

at 95% confidence. Common Pb was removed
following the 2°7Pb (for dates <1000 Ma) or
204Pb (for dates >1000 Ma) correction method
using the model by Stacey and Kramers (1975).
Ages and concordia diagrams were calculated
with IsoplotR (Vermeesch, 2018) and popula-
tion statistics with BAD-ZUPA, a Bayesian
approach for evaluating detrital zircon U-Pb
ages (Pastor-Galdn et al., 2021).

Lu-Hf isotope analyses were performed on
zircon grains from eclogitic samples (T07, T10,
T12) using a laser ablation system coupled to
a Nu Plasma II multi-collector—inductively cou-
pled plasma—mass spectrometer (LA-MC-ICP-
MS) at KBSI. The Lu-Hf isotopic compositions
were measured on the same zircon grains used
for U-Pb age determinations. Helium (650 mL/
min) and nitrogen (2 mL/min) were used as
carrier gases to enhance Hf isotope intensity,
with an energy density of 6-8 J/cm? (Tizuka and
Hirata, 2005). The laser spot size was 50 pm in
diameter, with a repetition rate of 10 Hz. Cor-
rections for '7°Lu and '7°Yb interference on the
176Hf signal were applied following the methods
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of Chu et al. (2002) and Vervoort et al. (2004),
respectively, while mass bias corrections for Hf
isotopic ratios were made using an exponential
law ('7°Hf/'7"Hf = 0.7325; Russell et al., 1978;
Patchett, 1983). The °Lu/!"7Hf and 7°Yb/!"7"Hf
ratios were calculated based on the approach by
lizuka and Hirata (2005). To ensure precision
and accuracy of the '"Hf/'77Hf ratios, reference
zircon 91500 (0.282297; Griffin et al., 2000) and
Plesovice (0.282482; Slama et al., 2008) were
analyzed repeatedly at the beginning, end, and
at regular intervals throughout each session. All
ratios were calculated with two standard devia-
tions (20 error) and data reduction was carried
out using lolite 2.5 software (Paton et al., 2011).
The overall analytical procedures, including data
acquisition, followed those described in previous
studies (e.g., Cheong et al., 2019).

The only zircon in T10 is concordant, with
an age of 348.32 = 4.13 Ma and a very posi-
tive eHf signature that plots over the depleted
mantle curve (Figs. 7 and 8). T12 shows zircon
grains with ages ranging from ca. 280 Ma to
<2.5 Ga. The youngest zircon age is a popula-
tion of four concordant zircon grains whose
mean age is 280.38 + 1.38 Ma (Fig. 7) with
variable eHf from very negative (~—20) to posi-
tive values. The spectra of the zircons reveal five
peaks of zircon formation, from which three
of them (279.4 4+ 8.8 Ma; 635.2 £ 99.5 Ma;
1054.2 £ 50.6 Ma) are significant to 90% and
two (1956.3 4+ 1.7 Ma; 2626.1 + 1.6 Ma) whose
certainty is lower (Fig. 9; see Pastor-Galdn et al.,
2021). The Ediacaran grains show values of eHf
around zero, whereas the peak at 1 Ga shows very
positive values (Fig. 8). Sample TO7 yielded a
single concordant zircon grain with a 1.9 Ga age.

In sample T29 (quartzite) we analyzed 18
zircon grains, 15 grains in both core and rim.
Zircon grains provided a spectrum consisting
of three populations with a confidence over
90% (625.6 £ 25.7 Ma, confidence: 96%;
999.7 4+ 48.3 Ma, confidence: 100%; and
1998.8 + 34.4 Ma, confidence: 95%). In some
cases, rims and cores yielded the same ca.
650 Ma ages. In other cases, cores provided from
2.2 Gato 2.9 Ga, whereas their rims yielded ca.
2.0 Ga (Supplemental Material).

3.3. Sm-Nd Isochron

Samples from three different eclogitic
samples (T07, T20, and T20b) where crushed
and separated in a whole rock fraction, gar-
net, mafic (pyroxene + amphibole), and mica
(phengite + paragonite). Whole rock powders
were accurately weighed and totally spiked
with a known amount of mixed "'Nd-'**Sm
tracer solution—this tracer is calibrated
directly against the Caltech mixed Sm/Nd
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normal described by Wasserburg et al. (1981).
Dissolution occurred in mixed 24N HF + 16N
HNOj; media in sealed Teflon™ PFA vessels
at 160 °C for six days. The fluoride residue
was converted to chloride with HCI, and Nd
and Sm were separated by conventional cat-
ion and Bis(2-ethylhexyl)phosphoric acid-
based chromatography. Chemical process-
ing blanks of <200 picograms of either Sm
or Nd were used, an insignificant amount
relative to the amount of Sm or Nd analyzed
for any rock sample. Further details can be
found in Creaser et al. (1997) and Unterschutz
et al. (2002).

The isotopic composition of Nd is deter-
mined in static mode by MC-ICP-MS
(Schmidberger et al., 2007). All isotope ratios
are normalized for variable mass fractionation
to a value of SNd/'*Nd = 0.7219 using the
exponential fractionation law. The 3Nd/'*Nd
ratio of samples is presented here relative to
a value of 0.511850 for the LaJolla Nd isoto-

900 1100 1300 1500 1700
pic standard, monitored by use of an in-house
Alfa Nd isotopic standard for each analytical
session. Sm isotopic abundances are measured
in static mode by MC-ICP-MS and are nor-
malized for variable mass fractionation to a
value of 1.17537 for '52Sm/!'5Sm also using
the exponential law. Using the same isotopic
analysis and normalization procedures above,
we analyze the Geological Survey of Japan
Nd isotope standard “Shin Etsu: J-Ndi-1”
(Tanaka et al., 2000), which has a '43Nd/'*Nd
value of 0.512107 &+ 7 relative to a LaJolla
143N d/1*4Nd value of 0.511850, when normal-
ized to “®Nd/'*Nd = 0.7219. The value of
143N d/'*Nd determined for the JNdi-1 standard
conducted during the analysis of the samples
reported here was 0.512081 £ 6 (two standard
deviations); the long-term average value is
0.512095 + 8 (one standard deviation, n = 7,
past year). Using the mixed "°Nd-!4°Sm tracer,
the measured 'Y7Sm/'*4Nd ratios for the inter-
national rock standard BCR-1 range from
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0.1380 to 0.1382, suggesting reproducibility
for 147Sm/'*4Nd of ~= 0.1% for real rock pow-
ders. The value of '47Sm/!*Nd determined for
BCR-1 is within the range of reported litera-
ture values by isotope dilution methods.

Sm-Nd isochrons were calculated with Iso-
plotR (Vermeesch, 2018). As expected for eclo-
gites, individual sample isochrons are controlled
by garnet, because it strongly fractionates Sm
over Nd leaving the other fractions very depleted
in Sm (Supplemental Material). TO7 yielded a
low-resolution isochron of 379.97 4+ 9.97 Ma,
whereas T20 (346.31 + 3.97 Ma) and T20b
(348.39 £ 3.60 Ma) provided somewhat more
accurate isochrons, but still face the problem of
Sm fractionation in garnet (Supplemental Mate-
rial). A combination of samples T20 and T20b
(collected from two boulders in the same site)
yields two distinct points for garnets that show a
linear relationship with the rest of fractions pro-
viding a robust isochron of 350.50 £ 5.08 Ma
(Fig. 10).
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4.1. Nature of the Shanderman Eclogites

The Shanderman eclogite’s geochemical
features are consistent with basalts, gabbros,
and peridotites generated possibly in a mid-
oceanic ridge (e.g., Zanchetta et al., 2009;
Omrani et al., 2013; Wan et al., 2021). This
segment of oceanic crust subducted until
reaching eclogite conditions. Previous stud-
ies suggested various P-7-time paths (Fig. 6).
All of them approximately agree on the peak
temperature (~620 °C) but significantly differ
in the maximum P: from the 1.8 GPa (Omrani
etal., 2013) to 2.7 GPa (Wan et al., 2021). Fol-
lowing the model prediction, we propose that
these eclogites subducted at H,O-saturated
conditions up to <80 km (2.1-2.25 GPa) fol-
lowing a typical P-T trend of a cold subduc-
tion zone, reaching the ~600 °C isograd char-
acteristic of LT eclogites. From that depth,
the studied pieces of eclogite began its way
back to the surface crossing the glaucophane-
hornblende solvus at ~2 GPa and reaching
its peak temperature (625 °C), before enter-
ing the paragonite-bearing fields. The rock
then transitioned into garnet-free fields below
1.8 GPa under amphibolite-facies conditions.
Subsequently, the rock crosses the albite-bear-

becomes stable (1.2 GPa, 530 °C). Eventually
exhumation arrives to greenschist-facies con-
ditions, passing through biotite-absent fields
(~1.0 GPa, 500 °C).

4.2. Significance of U-Pb, Lu-Hf, and Sm-Nd
Ages

Zircon is scarce or absent from mid-ocean
ridge rocks, and despite 50 kg of rock collected
from sites TO7, T10, and T12, we retrieved only
46 zircon grains: 41 show Proterozoic ages
(Figs. 7-9), 44 were found in sample T12. The
small and fragmented zircon grains in samples
T12 and TO7 reveal two Proterozoic populations
(635.2 £ 19.5 Ma; 1054.2 + 50.5 Ma) and four
Permian grains (277.5 4+ 48.8 Ma). The occur-
rence of Proterozoic zircon indicates either
(1) the presence of pieces of continental crust
embedded in the oceanic crust as observed in
the present day Indian Ocean (e.g., Ashwal et al.,
2017) or (2) a detrital zircon source located rela-
tively close to a spreading ridge at some point.
The main inherited zircon populations in samples
T12 and T29 are quite similar. In addition, both
samples resemble other detrital zircon units stud-
ied in NW Iran (e.g., Fig. 7; Horton et al., 2008;
Honarmand et al., 2018; Moghadam et al., 2017).
We think that the Cadomian arc terranes along
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the northern margin of Gondwana (e.g., Fernan-
dez-Sudrez et al., 2014; Avigad et al., 2018; Azor
etal., 2021), particularly in NW Iran (Moghadam
etal., 2017; Honarmand et al., 2018), are a poten-
tial source of the inherited zircons found in the
Shanderman eclogites. However, we recognize
the limitations of our data set in identifying the
source of these inherited grains.

The Shanderman eclogites also yielded
five late Paleozoic zircon grains. The only zir-
con from sample T10 (Fig. 7) shows an Early
Carboniferous age (348.32 4+ 4.13 Ma) and an
eHf of 16 &£ 4, which plots above the depleted
mantle curve (Fig. 8). This suggests that the
zircon crystallized directly from a depleted
mantle source. The Sm-Nd isochron calculated
from samples T20 and T20b yielded an age of
350.50 + 5.08 Ma (Fig. 10), consistent with the
peak metamorphism ages (phengite “°Ar/*Ar
and rutile U-Pb) obtained by Wan et al. (2021)
and Rossetti et al. (2017) in the Shanderman
and Asalem complexes. The eNd values range
between 7 and 11, which plots over the depleted
mantle curve and supports a MORB protolith.
There is an agreement in age between the T10
zircon grain and the Sm-Nd and other ages
interpreted as corresponding to peak metamor-
phism (Rossetti et al., 2017; Wan et al., 2021).
Despite this age coincidence, we interpret that
the T12 zircon age might represent the crystal-
lization age of the oceanic crust. Zircon stability
in metamorphic rocks is (1) strongly tempera-
ture-dependent and (2) influenced by the pres-
ence of common phases in eclogites, such as
garnet, which incorporates increasing amounts
of Zr as the temperature increases, leading to
the resorption of coexisting zircon (Degeling
et al., 2001). Our temperature estimates suggest
retrograde conditions below 630 °C, which is
insufficient for the crystallization of new zircon
from slab-derived dehydration fluids (Chen and
Zheng, 2017). While recrystallization during
HP metamorphism cannot be entirely ruled out,
preserved zircon core fragments typically retain
either original concordant ages or exhibit discor-
dance. In fact, none of the inherited zircon grains
in the Shanderman eclogites show any evidence
of metamorphic rims or regrowths (Supplemen-
tal Material), supporting the absence of newly
formed zircon during peak metamorphism. If
the zircon age indeed reflects the oceanic crustal
age, this would suggest that subduction occurred
shortly after the formation of this oceanic crust,
given the likely 5-10 m.y. required to reach
the 60—70 km depth at which the Shanderman
eclogites formed.

The four Paleozoic zircons in sample T12
show Permian ages (ca. 280 Ma; Figs. 7-9),
and their eHf values are variable, indicating a
mixed crustal origin. The 280 Ma zircon grains
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Figure 10. Sm-Nd Isochron obtained from samples T20 and T20b from Shanderman eclo-
gites, NW Iran (collected in two blocks within the same outcrop). The isochron was ob-
tained separating the micas, mafic minerals, and garnet phases and plotting all of them
along the bulk rock. The age (350.5 £ 5.08 Ma) is largely coincident with ‘°’Ar/*Ar in blue-
schists (Rossetti et al., 2017) and rutile U-Pb isochron in the same rocks (Wan et al., 2021).
MSWD—mean square of weighted deviates; n—number of samples.

from sample T12 are fractured but concordant.
Their ages coincide with the lower temperature
40Ar/*Ar ages in phengite obtained by Rossetti
etal. (2017) from the Asalem metabasites (being
the higher T at ca. 350 Ma). Following Rossetti
et al.’s interpretation of a Permian overprint, we
propose that hydrothermal activity could explain
the resetting of “°Ar/*Ar ages and the crystalli-
zation of zircon (e.g., Schaltegger, 2007).

4.3. A Tectonic Scenario for the HP Rocks
of NW Iran

We have tentatively adapted the kinematic
reconstructions of Domeier (2016), Domeier
and Torsvik (2014), and Pastor-Galdn (2022) to
incorporate the events documented in the Pon-
tide-Kopeh Dagh belt (e.g., Rolland et al., 2016;
Vasey et al., 2020; Wan et al., 2021). During the
Cambrian and Ordovician, a diachronic transi-
tion occurred from Cadomian arc activity to the
opening of the Rheic ocean (Fig. 11; Nance et al.,
2010). In Ordovician—Silurian times, the Pon-

tide-Kopeh Dagh margin of Gondwana drifted
away, forming the Paleotethyan ocean as the ter-
rane migrated northward (e.g., Domeier, 2016;
Domeier and Torsvik, 2014). The Transcauca-
sus region provides evidence of igneous activity
from the Cadomian arc spanning 700-400 Ma
(Rolland et al., 2016; Akdogan et al., 2021).
This, along with the presence of igneous and
high-temperature rocks, suggests a southward-
directed subduction of the Rheic ocean beneath
the Pontide-Kopeh Dagh system (Rolland et al.,
2016). The Pontide-Kopeh Dagh likely acted as
aribbon continent that rifted from Gondwana at
ca. 460 Ma, shortly after Cadomian arc activ-
ity ceased in most regions but persisted in this
terrane (e.g., Rolland et al., 2016; Vasey et al.,
2020; Akdogan et al., 2021). The simplest expla-
nation for the drift of the Pontide-Kopeh Dagh
Cadomian arc is the roll-back of the subducting
slab (Fig. 11). The mechanism behind this rapid
process may involve one or several of the fol-
lowing: the “infection” of subduction into the
Rheic ocean (e.g., Rolland et al., 2016; Vasey
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et al., 2020), slab-pull associated with ridge
subduction of the Rheic ocean (e.g., Gutiérrez-
Alonso et al., 2008a), or subduction initiation
along or near the Rheic mid-ocean ridge. The
oceanic rocks of the Rasht complex (Shander-
man and Asalem) reached peak eclogitic condi-
tions at ca. 350 Ma, as confirmed by consistent
YOAr/PAr dating in micas (Rossetti et al., 2017,
Wan et al., 2021), U-Pb isochron dating in rutile
(Wan et al., 2021), and Sm-Nd isochron data
from this study. Rossetti et al. (2017) pointed
out that this subduction zone represents the old-
est known along the suture zones of the putative
Palaeotethys, contrasting with the more common
Permian—Triassic ages reported from this region
(e.g., Bagheri and Stampfli, 2008; Rolland et al.,
2016). In light of this, we argue that the Rasht
metamorphic units are likely relics of the Rheic
ocean, rather than remnants of the Paleotethys
ocean or its basins (Figs. 11 and 12). It is also
plausible that part of the oceanic crust that sub-
ducted beneath the Pontide-Kopeh Dagh belt
formed immediately before the onset of subduc-
tion, a scenario that could involve either sub-
duction initiation along a mid-oceanic ridge or
ridge subduction. Although we lack definitive
evidence to support one scenario over the other,
if the migration of the Pontide-Kopeh Dagh rib-
bon continent over a subduction zone is accurate
(Figs. 11 and 12; e.g., Rolland et al., 2016; Vasey
et al., 2020; Akdogan et al., 2021), we favor the
ridge subduction hypothesis.

During the Late Devonian to Early Mississip-
pian, the closure of the Rheic and its associated
basins between Laurussia and Gondwana (e.g.,
Domeier and Torsvik, 2014; Wu et al., 2021) cul-
minated in the collision that formed Pangea to
the west (Stampfli et al., 2013; Weil et al., 2013).
The Pontide-Kopeh Dagh onset of the collision
could have been recorded at ca. 330-320 Ma by
the metamorphism in the Allahyarlu and Anarak
complexes (Bagheri and Stampfli, 2008; Moaz-
zen et al., 2020). Younger zircon (ca. 280 Ma),
though fractured, remain concordant and are
interpreted as hydrothermal in origin, likely
related to the onset of Paleotethyan subduction
(e.g., Pastor-Galadn, 2022). These zircon ages
suggest that by the Early Permian, the Rasht
complex was part of the subduction system
beneath Eurasia, rather than Gondwana, as indi-
cated by the lack of arc-related magmatism and
the presence of intraplate activity in Alborz and
Cimmerian Iran (e.g., Delavari et al., 2016).

5. CONCLUSIONS

(1) The Shanderman eclogites’ protoliths
were mid-oceanic ridge basalt that underwent
peak metamorphism at a maximum pressure of
2.25 GPa.
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(2) Peak metamorphism occurred at ca.
350 Ma (Sm-Nd isochron in garnet), making
it the oldest recorded for the Paleotethys, but
consistent with the metamorphism found in the
Rheic/Ran/Prototethys oceans.

(3) We speculate that the single zircon
U-Pb and Lu-Hf age (348.32 £ 4.13 Ma,
eHf = 16 4+ 4) indicates that the oceanic crust
formed immediately before subduction and
metamorphism.

(4) The inherited zircon grains found sug-
gest that the protolith formed in proximity of a
Gondwana-derived terrane, either as a source of
sediment in the overriding plate or as a sliver of
continent embedded in the ocean.

(5) The Rasht HP metamorphic rocks (Shan-
derman and Asalem complexes) likely represent
the Rheic/Ran/Prototethys oceans rather than the
Paleotethys.

(6) Zircon grains with ages of 280 Ma sug-
gest that after the Carboniferous collision of the
Pontide-Kopeh Dagh terrane, the Paleotethys
began subducting beneath Eurasia.
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Figure 11. Proposed Cambrian
to Devonian tectonic and pa-
leogeographic evolution of the
Caucasus-Alborz region. Dur-
ing the Ediacaran to Early Or-
dovician, the Caucasus-Alborz
block was part of the Cado-
mian arc, a large continental
arc and accretionary orogen
along Gondwana’s margin. Un-
like its western counterpart,
the subduction responsible for
the Ediacaran Cadomian arc
continued beneath the Cauca-
sus-Alborz terrane throughout
the Ordovician (see text for
details). During the Silurian
and Devonian, the Paleotethys
opened as a triangular ocean,
separating the Armorica com-
posite ribbon continent from
the Gondwanan margin. The
Caucasus-Alborz likely repre-
sents the easternmost extent of
this continent.
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Figure 12. Tectonic evolution
during the Carboniferous:
expansion of the Paleotethys
and Rheic-Ran consumption.
In the Early Carboniferous
(ca. 350 Ma), a segment of the
subducting Rheic-Ran ocean
(the Shanderman eclogite of
NW Iran) was exhumed and
emplaced. During the Car-
boniferous, the collision be-
tween Armorica, Laurussia,
and Gondwana in the west re-
sulted in the formation of the
Variscan-Alleghanian orogen.
In its later stages, this orogeny
experienced a plate reorganiza-
tion (e.g., Pastor-Galan, 2022),
which initiated Paleotethys
subduction beneath the Eur-
asian margin and contributed
to the formation of the Greater
Cantabrian Orocline. The slab-
pull from Paleotethyan subduc-
tion, possibly assisted by plume
volcanism along Gondwana’s
margin, facilitated the opening
of the Neotethys ocean during
the Permian. CA—Caucasus-
Alborz block.
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