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The Neotethys ocean is transiently involved in two subduction zones during the Late Cretaceous. While the
Northern Neotethys subduction zone (below Eurasia) was active from the early Mesozoic until the Eocene, the
intra-oceanic Southern Neotethys subduction zone only developed during the Late Cretaceous. We herein docu-
ment, through a combination of structural, geochemical and geochronological data, the magmatic evolution of a
Late Cretaceous supra-subduction ophiolite fragment of the Neotethys (the Siah Kuh massif, Southern Iran), now
sandwiched in the Zagros suture zone. Results show that this ophiolite fragment — a subducted yet exceptionally
well-preserved seamount — records an evolution from supra-subduction zone magmatism (including island arc
tholeiites, boninites and calc-alkaline transitional magmatism) around 87 Ma, to MORB (from E-MORB to N-
MORB) magmatism at 78 Ma, and potentially until 73 Ma. We conclude that this seamount initially formed in
an arc context and represents either (i) a non-obducted remnant of the Oman ophiolite that experienced a
longer-lived magmatic history (prefered hypothesis) or (ii) a piece from the forearc/frontal arc of the Northern
margin of the Neotethys. Regardless of its exact original location, the Siah Kuh seamount was later subducted
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in the Northern Neotethys subduction zone.
© 2019 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.

1. Introduction

Alike modern ocean floor, ophiolites exposed throughout the world
span a range of geochemical signatures, in part reflecting their diverse
original tectonic setting: mid-ocean ridges, ocean islands (hotspots), is-
land arcs (Pearce, 2008). On modern ocean floor, seamounts are defined
as “geographically isolated topographic feature[s] on the seafloor taller
than 100 m, including ones whose summit regions may temporarily
emerge above sea level, but not including features that are located on
continental shelves or that are part of other major landmasses”
(Staudigel et al., 2010). While the majority of these seamounts are
thought to have formed through hotspot-fed magmatism (and have
ocean island basalt - OIB - affinities, e.g. Hawaiian islands), many of
them also form along ocean ridges (e.g. at the East Pacific Rise, Batiza
and Vanko, 1984; with mid-ocean ridge basalt - MORB - affinities)
and in volcanic arc contexts (e.g. [zu-Bonin arc system, Hochstaedter
et al., 2001; with island arc tholeiite - IAT - to calk-alkaline affinities).
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Seamounts are however rarely preserved in the geological record of
the ocean floor, i.e. within ophiolitic material. Most of them indeed get
subducted (Ranero and von Huene, 2000) with only fragments left
over (Cloos, 1993), that may even not be recognized as such (unless
having an OIB-like signature; e.g. Hauff et al., 1997; John et al., 2010).
A few seamounts however escape subduction and are docked in accre-
tionary wedges (e.g. Nicasio Reservoir Terrane, Schnur and Gilbert,
2012) or are shallowly subducted and underplated, but very few are ex-
humed almost intact. Notable exceptions are the late Paleozoic Anarak
and Kabudan seamounts (Bagheri and Stampfli, 2008; Central Iran)
and the Mesozoic Snow Mountain (MacPherson, 1983; Franciscan com-
plex, USA), identified according to their structure and OIB signatures.

In the Mesozoic realm of the Neotethys, the geological record is
dominated by supra-subduction zone (SSZ) ophiolites, that may repre-
sent either forearc ocean floor, oceanic arc or back-arcs (Moghadam and
Stern, 2015 and references therein). This preferential record is consis-
tent with the mechanism leading to the obduction of ophiolite, starting
from intra-oceanic subduction initiation (Agard et al., 2007; Boudier
et al., 1988), forearc spreading (Casey and Dewey, 1984) and leading
to continental subduction below the newly formed ophiolite (Searle
et al., 2004). Small ocean basins formed in back-arc settings behind
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continental stripes are also partly preserved during collision (e.g. Agard
et al., 2011; Rossetti et al., 2010).

These ophiolitic fragments therefore preserve essential information
regarding subduction processes and magmatic evolution on the sea-
floor. However (with the exception of the extensively studied Semail
ophiolite in Oman), most large-scale ophiolites or ophiolitic “mélanges”
exposed in the Zagros-Makran orogens are strongly dismembered
(Burg, 2018; Whitechurch et al., 2013).

This makes the recently discovered Siah Kuh seamount (Bonnet
et al,, 20193, 2019b) the ideal target to study the continuous evolution
and origin of magmatic activity in an ophiolite, with implications for
lithosphere formation, mantle heterogeneities and regional
geodynamics.

This contribution therefore addresses three major questions:

(1) Inthe light of geochemical and geochronological data, what is the
origin of the Siah Kuh seamount (i.e., mid-ocean ridge seamount,
hotspot/plume related, arc-related)?

(2) Does the Siah Kuh seamount preserve evidence for progressive
changes in magmatism and/or in the nature of the (mantle)
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(3) Does this help constrain the former location of the seamount in
the Neotethys realm?

To that end, we herein present detailed petrological and geochemi-
cal data, i.e. bulk-rock analyses of major, trace elements and Sr-Nd iso-
topes, as well as dating and Hf isotope analysis of zircons from
representative lithologies.

2. Geological setting
2.1. Ocean-floor and arc preservation in the Iran-Oman Neotethys

The Zagros-Makran orogen formed through the closure of an alleg-
edly large oceanic basin, the Neotethys ocean (probably larger than

1000 km, Agard et al., 2011; Barrier and Vrielynck, 2008). Remnants of
this basin are found in Oman (including the thoroughly studied Semail

c) 95-90 Ma
N

A

approx. 500 km

Fig. 1. Geological context. a) Mesozoic and Cenozoic ophiolites and volcanic arcs along the Zagros suture zone; b) Detailed zoom of the Hajiabad-Esfandagheh zone, showing the location of
the Siah Kuh unit; ¢) Paleogeographic map of the Iranian-Omanese Neotethys during Late Cretaceous. Numbers 1 and 2 indicate two hypotheses for the former location of the Siah Kuh

seamount (see discussion for more details).
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ophiolite) and in Iran along two ophiolite belts: the Outer and Inner
Zagros/Makran ophiolite belts (McCall, 1997; Stocklin, 1981; Fig. 1a).

In the Zagros, the Outer ophiolite belt, located along the Main Zagros
Thrust (MZT) includes the (relatively coherent) ophiolitic massifs of
Khoy, Kermanshah, Neyriz and Hajiabad-Esfandagheh (from Northwest
to Southeast). The Hajiabad (Esfandagheh) ophiolitic exposures
(Fig. 1b) are associated with the only blueschist exposures in the Zagros,
which led Agard et al. (2006) to interpret the MZT as the Zagros Suture
Zone. Dismembered pieces of ophiolites are also found all along the MZT
in the so-called “colored mélange” (Gansser, 1960).

All Zagros ophiolites display a large age spread (except the Neyriz
ophiolite, where only Late Cretaceous magmatism was described;
Babaie et al., 2006; Lanphere and Pami¢, 1983; Monsef et al., 2018a),
suggesting different stages of magmatic activity, notably during the
Triassic-Liassic and Late Cretaceous to Paleocene periods (Ao et al.,
2016; Moghadam et al., 2013b, 2017; Whitechurch et al., 2013). The
Triassic-Liassic magmatism usually shows alkaline to MORB signatures,
whereas the Late Cretaceous one shows an SSZ signature (Ali et al.,
2012; Babaie et al., 2001; Khalatbari-Jafari et al., 2004; Moghadam
et al., 2013b, 2014b; Saccani et al., 2013; Whitechurch et al., 2013).

The Sanandaj-Sirjan Zone, to the North of the Zagros Suture Zone, is
interpreted as a piece of the Eurasian upper plate (e.g. Agard et al,, 2011;
Ghasemi and Talbot, 2006) that separates the Outer Zagros ophiolite
belt from the Inner Zagros ophiolite belt. This belt comprises small dis-
membered ophiolitic massifs including the Nain, Dehshir, Shahr-e
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Babak and Baft locations from Northwest to Southeast (abbreviated
hereafter as “Nain-Baft”). The magmatism within these units has strong
SSZ signatures (Moghadam et al., 2009) and occurred from ‘mid’ Creta-
ceous to early Paleocene (Arvin and Robinson, 1994; Moghadam et al.,
2013a, 2013c, 2010). Most authors separate the Outer and Inner
ophiolite belts, the former being a forearc of a northward-dipping sub-
duction zone (responsible for the Zagros blueschists), the latter being
the coeval back-arc (e.g. Agard et al., 2011; Arvin and Robinson, 1994;
Moghadam et al., 2009), although some have proposed that both
ophiolitic belts belong to the same ophiolite (e.g. Moghadam et al.,
2010).

McCall (1997) proposed a continuity between the Zagros and the
Makran ophiolites. The Outer (“Colored Mélange”) and Inner ophiolite
belts are separated by the Bajgan-Durkan complex, analogous to the
Sanandaj-Sirjan zone. Cretaceous blueschist facies ophiolitic units of
the North Makran suture are however located to the north and structur-
ally above all of these units (Hunziker et al., 2017) and suggest a slightly
different geological evolution than in the Zagros. In spite of the scarcity
of intact ophiolitic exposures in the continuity of the Outer ophiolite
belt, the study of dismembered ophiolites allowed the identification of
Late Cretaceous (possibly starting during Early Cretaceous) magmatism
with dominant SSZ and accessory MORB signatures (Saccani et al.,
2018). Ophiolites in the Inner Makran ophiolite belt, including the
Band-e Zeyarat/Dar-e Anar, Ganj, Rameshk-Mokhtarabad, Fannuj-
Maskutan, Kahiri-Espakeh and Iranshahr ophiolitic massifs testify to
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Fig. 2. Structural frame: the Siah Kuh seamount (modified after Bonnet et al., 2019a, 2019b). a) Map of the Siah Kuh unit, the meaning of the color fill for samples is shown in panel c;
b) Synthetic cross-section of the Siah Kuh seamount; c) Synthetic log of the A and B units, and proposed correlations (bon. = boninites).
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an Early Cretaceous magmatic stage, associated with alkaline (OIB)
magmatism, and Late Cretaceous SSZ magmatism (Burg, 2018; Ghazi
et al., 2004; Kananian et al., 2001; Monsef et al., 2018b).

Across the Gulf of Oman, the Semail ophiolite is commonly regarded
as having formed during the Late Cretaceous (96-94 Ma; Goodenough
et al., 2010; Rioux et al., 2013, 2012; Warren et al., 2005), in a SSZ con-
text with increasing maturity, yet never reaching a mature arc stage
(Alabaster et al., 1982; Godard et al., 2003).

Given the variety of Late Cretaceous ophiolitic remnants from the
Neotethys, linking them to a specific geodynamic context may prove
difficult (see the schematic paleogeographical map on Fig. 1c). Excep-
tional pieces of oceanic lithosphere like the Siah Kuh seamount may
help constraining the paleogeography of the Iran-Oman transect, with
critical inference for regional-scale geodynamics.

2.2. The Siah Kuh massif, an exhumed seamount

The Siah Kuh unit is a 18 x 12 kilometer-wide and >1.5 km-high co-
herent portion of ocean floor (Fig. 2a, b) belonging to the Hajiabad
ophiolite, close to the transition between Zagros and Makran. At vari-
ance to earlier map reports (“colored mélange”, Azizan et al., 2007,
Madjidi et al., 1993; Nazemzadeh et al., 2007), this unit is a coherent
magmatic unit with some sediments and subordinate serpentinite
only. It is tectonically overlain by blueschist facies units metamor-
phosed during Late Cretaceous (Agard et al., 2006; Angiboust et al.,
2016; Moghadam et al., 2017; Monié and Agard, 2009; Sabzehei,
1974) and by rocks of the Sanandaj-Sirjan zone, locally represented by
the Sikhoran ultramafic-mafic complex (itself capped by
metasediments of the Sargaz-Abshur unit, Ahmadipour et al., 2003;
Ghasemi et al., 2002). The so-called Siah Kuh granitoids (Arvin et al.,
2007) dated to 200 Ma, are located to the North and thrust upon the
Siah Kuh unit of this paper, but are not part of it.

The architecture of the Siah Kuh unit is summed up on Fig. 2 (after
Bonnet et al., 20193, 2019b). The Siah Kuh unit is separated into two
sub-units (A and B) by a major, km-scale thrust. The A unit is character-
ized by a magmatic core (A;) stratigraphically overlain by reef lime-
stone and pelagic sediments, upon which new lavas are erupted
(Figs. 2c and 3a, b).

The core of the A unit (A;) is made of pillow basalts (Fig. 3¢) and
breccias, intruded by felsic magmatic rocks (Fig. 3d). Moghadam et al.
(2013b) reported boninite lavas in this part of the Siah Kuh unit (al-
though the location of these samples is approximate - near the Avenan
village, see Fig. 2a - they are unambiguously within and close to the top
of the A unit). The felsic intrusions are associated with rhyo-dacitic lava
flows on top of the basalts.

The lava flows of the core A; unit are stratigraphically overlain by up
to 400 m of deepening-up oceanic sediments (Fig. 3a, b, d). The basal
sediment is reef to lagoon-like with remains of foraminifera, urchin
spines and gastropods (Bonnet et al., 2019a), but is locally absent.
Deeper sediments constituted of tuffaceous sandstone, clays, radiolarite
and pelagic limestone are deposited above this shallow limestone, all of
which are locally infiltrated by felsic sub-volcanic material. These sedi-
ments are assumed to be of Campanian to Maastrichtian age in former
studies (84-66 Ma; Sabzehei, 1974).

Up to 1 km-thick pillow basalts and basaltic flows (units A;-A-As-
A4 of Fig. 2a) have been erupted directly on top of the sediments
(Fig. 3a, b). While the contact between the A; unit and A;-Ay-Az-A4
was very often reworked by faults parallel to the sedimentary layer,
the original unfaulted, stratigraphic contact is preserved in some places
(such as between A; and Ay, Fig. 2a). This large volume of lavas, mark-
ing the resumption of volcanic activity after some period of magmatic
inactivity, is described as a “rejuvenation event” in Bonnet et al.
(2019a, 2019b). We later separate this rejuvenation event in “early-
stage rejuvenation” for the lavas located just above the sediments and
“late-stage” for lavas higher in the sequence. As pointed out by Bonnet
et al. (20193, 2019b), the A unit as a whole has all the characteristics
of a seamount (i.e. a bathymetric anomaly on the seafloor).

The second sub-unit (Unit B) has a serpentinized ultramafic base in-
truded by an anorthosite dike (Fig. 3e) and rodingite pods. A large vol-
ume of gabbro overlies the ultramafics, with fining-upwards grain
size. A 300 m-thick body of felsic volcanics overlain by a thin and very
discontinuous layer of pelagic sediments is intercalated in coarse-
grained gabbros and diabase (Fig. 3f). In the southern part of the B
unit, gabbros are overlain by basalts. The abundance of felsic rocks
(rare in ophiolitic rocks from adjacent areas) and sedimentary intercala-
tions that can be correlated with the structure of the A unit suggest that
this unit could be a lateral equivalent of the seamount core.

1. basalt

core of seamount
basalt

reef carbonate
core of seamount

rejuvenated magmatism

pelagic sediments

serpentinite

Fig. 3. Field pictures. a) Reef carbonates resting on top of A; unit lavas. The granite intrusion is related to felsic lavas studied hereafter. Rejuvenated magmatism of the A, unit above the
limestones; b) Sediment intercalation between the A; unit and magmatic rejuvenation in the A unit (As3); c) Pillow lavas of the core of the seamount; d) Rhyolite dykes in basalt in the core
of the seamount (A; unit); e) Anorthosite dyke intruding serpentinite at the base of the B unit; f) Structure of the northern B unit.
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The whole Siah Kuh seamount was then subducted to ~30 km depth,
as attested by very incipient high-pressure metamorphism marked by
lawsonite and aragonite crystallization (e.g. Fig. 4d, e). It was subse-
quently exhumed as an intact piece, with limited subduction-related
deformation (these aspects, beyond the scope of the present study, are
detailed in Bonnet et al.,, 2019a, 2019b).

3. Sampling and analytical methods

Approximately 100 samples of magmatic rocks and serpentinized
ultramafics were collected in different units of Siah Kuh, including the
core of the seamount, the early and late stages of the magmatic rejuve-
nation, gabbros, diabase and basalt of the B unit, as well as felsic volca-
nics and subvolcanics. After examination of thin sections, 36 samples
were selected for detailed analyses (Table 1). The precise GPS location
of each sample is given in Supplementary Material S1.

An aliquot of each magmatic sample (31 samples) was crushed and
powdered for 30 min with an electric mortar in agate to avoid contam-
ination. These samples were finely crushed to <2 um grains for major,
trace and Sr-Nd isotopes analyses. About 4 g of each sample was dried
at 110 °Cin an alumina crucible and heated twice for 1 h to 1000 °C
and reweighted for loss on ignition calculation.

Major elements analyses were performed at ALIPP6 (Sorbonne
Université) by ICP-OES spectroscopy (with an Agilent 5100 SVDV ICP-
OES) after dissolution at 80 °C with HNO3 and HF and neutralization
with B(OH)s. Trace element analyses were also performed at ALIPP6
(Sorbonne Université) through QQQ-ICP-MS spectroscopy (using an
Agilent 8800 ICP-QQQ-MS) after dissolution at 80 °C with HNO3 and
HF and neutralization with HNO3 and H3BOs.

Detailed analyses are provided in Supplementary Material S2. Geo-
chemical data were normalized to the primitive mantle values and
chondrite values (Sun and McDonough, 1989).

12 samples were selected for bulk rock Sr-Nd isotopic analyses (per-
formed at SARM, Nancy). eNd; and 87Sr/26Sr(t) values were calculated
on the basis of their expected ages (Supplementary Material S3).
These corrections change the eéNd and 87Sr/%Sr values by a maximum
of 0.7 and 0.00001, respectively.

Clinopyroxene and spinel compositions of 10 basaltic samples and 5
serpentinites have been analyzed using a Cameca SX100 electron micro-
probe (15 kV, 10 nA, 1 um spot, WDS) at CAMPARIS (Sorbonne Université),
with diopside (Si, Ca, Mg), orthoclase (K, Al), MnTiO3 (Mn, Ti), Fe,03 (Fe)
and albite (Na) as standards. The analyses were sorted and Fe** concen-
trations were estimated using the method exposed by Droop (1987). Anal-
yses are provided in Supplementary Materials S4 and S5.

Basalt

- late rejuvenation in A

Rhyollte core of seamount (A,

Rhyolite - B unit

Anorth03|te base of B unit

Fig. 4. Microphotographs of representative rocks from the Siah Kuh seamount, from Unit A (a-c), Unit B (d-f) and felsic associated rocks from both units (g-i). All pictures are at the same
scale and the white horizontal bar represents 500 pm. a) Porphyric texture of sample 1635; b) Sample 1746 with a phaneritic texture; ¢) Porphyric texture of sample 1614b; d) Poikilitic
texture of sample 1532, where zircons have been dated; e) Intergranular texture of sample 1735; f) Porphyric texture of sample 1432 where zircons have been dated; g) Porphyric texture
of sample 1601; h) Trachytic texture of sample 1725; i) Phaneritic texture of sample 1720, where zircons have been dated. Abbreviations are: Cpx: clinopyroxene, Pl: plagioclase, Chl:
chlorite, ex-Pl — Lws: replacement of magmatic plagioclase by metamorphic lawsonite, Or: orthoclase, Qz: quartz.
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Table 1
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Sample nature, performed analyses and detailed mineralogy. Abbreviations are: Cpx: clinopyroxene, Spl: spinel, PI: plagioclase, Or: orthoclase, Qz: quartz, Gl: glass, Ox: oxide, Cal: calcite,
Chl: chlorite, Ep: epidote, Pmp: pumpellyite, Prh: prehnite, Amp: amphibole, Srp: serpentine, Lws: lawsonite, Arg: aragonite.

# Description Classification Analyses Primary Secondary (alteration) High P.
Trace Sr-Nd Cpx Spl U-Pb Cpx Pl Or Qz Gl Ox Cal Qz Chl Ep Pmp Prh Amp Srp Lws Arg Amp

1606 Pillow basalt A1 mafic X X X X X X X X X X X

1628 Basalt A1 mafic X X X X X X X X X

1630 Pillow basalt A1 mafic X X X X X X X X X X X

1635 Basalt A1 mafic X X X ex X X X X X

1518 Rhyolite A1 felsic X X X X X X X X X X X

1520 Rhyolite Al felsic X X X X X X X

1601 Granitic rock A1 felsic X X X X X X X X X

1602 Granitic rock A1 felsic X X X X X X X

1707 Granitic rock A1 felsic X X X X X X X

1711 Rhyolite Al felsic X X X X X X X

1743 Rhyolite A1 felsic X ex X X X X

1609 Basalt A early rej. X X X X X X X X X

1610 Basalt A early rej. X X X X X X X X X

1744 Basalt A early rej. X X X X X

1746 Basalt A early rej. X X X X X X X X

1334 Basalt A late rej. X No thin section

1614 Basalt A late rej. X X X X X X X X X

1615 Pillow basalt A late rej. X X X X X X X

1634 Pillow basalt A late rej. X X X X X X X X X X

1719 Basalt A late rej. X X X X X X X

1723 Basalt A late rej. X X X X X X X

1626 Diabase B diabase X X X X X X X X

1735 Diabase B diabase X X X X X X X X

1307 Basalt B top X No thin section

1432 Basalt B top X X X X X X X X X X

1534 Dacite B felsic X X X X X X X X X

1724 Andesite B felsic X X X X X

1725 Andesite B felsic X X X X X X

1532 Gabbro B gabbro X X X X X X X X X X X

1738 Gabbro B gabbro X X X X X X X X X X

1720 Plagiogranite B X X X

1608 Serp. peridotite A X Spl X

1533  Serp. peridotite B X Spl X

1622 Serp. chromite pod B X Spl X

1535 Serp. peridotite B X Spl X

1639 Serp. peridotite B X Spl X

Four samples were coarsely crushed and zircon grains were sep-
arated for U-Pb dating and Hf isotope analysis, using conventional
heavy fraction and magnetic techniques. Zircon grains were placed
on epoxy mounts and then polished to expose their half-sections,
which were photographed under transmitted and reflected light
using an optical microscope to reveal internal cracks and mineral in-
clusions. Cathodoluminescence (CL) images of the zircon grains
were generated using a LEO1450VP scanning electron microscope
(SEM) with an attached Gatan MinCL detactor at IGGCAS (Supple-
mentary Material S6).

U-Pb dating and trace element analysis of zircons from 4 samples
were simultaneously conducted by LA-ICP-MS at the Wuhan
SampleSolution Analytical Technology Co., Ltd., Wuhan, China. Detailed
operating conditions for the laser ablation system and the ICP-MS in-
strument and data reduction are the same as description by Zong et al.
(2017). Laser sampling was performed using a GeolasPro laser ablation
system that consists of a COMPexPro 102 ArF excimer laser (wavelength
of 193 nm and maximum energy of 200 m]) and a MicroLas optical sys-
tem, with a spot size of 32 pm. An Agilent 7700e ICP-MS instrument was
used to acquire ion-signal intensities. Helium was applied as a carrier
gas. Argon was used as the make-up gas and mixed with the carrier
gas via a T-connector before entering the ICP. A “wire” signal smoothing
device is included in this laser ablation system (Hu et al., 2012). Zircon
91500 and glass NIST610 were used as external standards for U-Pb dat-
ing and trace element calibration, respectively. Each analysis incorpo-
rated a background acquisition of approximately 20-30 s followed by
50 s of data acquisition from the sample. An Excel-based software
ICPMSDataCal was used to perform off-line selection and integration

of background and analyzed signals, time-drift correction and quantita-
tive calibration for trace element analysis and U-Pb dating (Liu et al.,
2010, 2008). Common-Pb correction was done using the method of
Andersen (2002). Data reduction was carried out using the Isoplot/Ex
v. 2.49 programs (Ludwig, 2001). Analyses of reference zircon PleSovice
as an unknown give an accurate date within uncertainty (338.4 +
1.9 Ma, compared to 337.13 + 0.37; Slama et al., 2008). U-Pb and
trace element analyses of zircons are provided in Supplementary Mate-
rial S7, S8 and S9.

In-situ zircon Lu-Hf isotopic analyses were carried out using a Nep-
tune MC-ICP-MS with an ArF excimer laser ablation system. Hf isotopic
analyses were obtained on the same zircon grains that were previously
analyzed for LA-ICP-MS U-Pb isotopes, with ablation pits of 32-65 um in
diameter and a laser repetition rate of 10 Hz with 100 mJ was used. De-
tails of the technique are described by Wu et al. (2006). Decay constant
by Soderlund et al. (2004) and present-day chondritic ratios by Bouvier
et al. (2008) were adopted to calculate Hf(t) values. The single stage
model age (Tpym) was calculated by using the present-day depleted
mantle isotopic ratios (Supplementary Material S10, Vervoort and
Blichert-Toft, 1999).

4. Petrography

A summary of the mineralogical assemblages is provided in Table 1.
We report on Fig. 4 pictures of representative textures from mafic rocks
in A (Fig. 4a-c), in B (Fig. 4d-f) and felsic rocks in A (Fig. 4g) and B
(Fig. 4h, i).
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4.1. Mafic lavas

Mafic lavas are the main constituent of unit A and of the top of B
(Fig. 2). They are all basaltic, with clinopyroxene, plagioclase and Fe-Ti
oxides in a glassy matrix (Fig. 4a-c, f). Most samples show evidence of
hydrothermal alteration, marked by the growth of secondary phases.
Pumpellyite, epidote and chlorite wusually replace primary
clinopyroxene and volcanic glass, while primary plagioclase is often
albitized. Quartz, calcite, epidote, prehnite, and pumpellyite fill vesicles
and veins that result from strong degassing of magmas during eruption
(e.g. Fig. 4f). Green amphibole is found in one basalt. Clinopyroxene
phenocrysts are more frequent in the A; unit, but generally units cannot
be distinguished solely based on magmatic textures.

A few samples show crystallization of high-pressure minerals during
subduction, such as lawsonite and pumpellyite replacing plagioclase in
one sample, or more frequently aragonite-bearing veins (see Bonnet
et al., 2019a, 2019b for more details).

4.2. Gabbros and diabase

Gabbroic rocks are found within the B unit. They are mainly made of
plagioclase surrounded by clinopyroxene, with oxide and rare olivine.
One sample (#1532) was recovered in a sequence with strong grain
size variations (potentially cumulitic). Poikilitic textures are observed
in the zones of smaller grain size (Fig. 4d). Hydrothermal minerals in-
clude amphibole and chlorite replacing clinopyroxene and serpentine
replacing rare olivine. High-pressure metamorphism is common in
these samples with lawsonite and pumpellyite replacing plagioclase
(Fig. 4d, e).

4.3. Felsic lavas

Felsic lavas in A are mainly rhyolites, with large hexagonal quartz
crystals, crystals of orthoclase and oxides in a glassy matrix (Fig. 4g).
K-feldspar and glass are usually altered to pumpellyite, epidote and
chlorite. One rhyolite also contains aragonite and lawsonite in veins.

Felsic lavas in B are dacitic, with abundant plagioclase, quartz and
oxides in a glassy matrix (Fig. 4e). Plagioclase is albitized and the glass
is altered to epidote and chlorite during hydrothermalism.

44. Felsic intrusives

Felsic intrusives are observed within the A units. They are composed
of quartz, plagioclase and K-feldspar. They are characterized by the crys-
tallization of secondary epidote, possibly replacing unidentified primary
phases.
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4.5. Anorthosite

One anorthosite dyke (#1720) was found in serpentinized ultra-
mafics at the base of the B unit. It is composed of 95% plagioclase, 4%
titanite and contains some zircons (Fig. 4i).

4.6. Ultramafic material

Ultramafics are found within both the A and B units, and are close to
100% serpentinized (chrysotile-lizardite, except for spinel that is gener-
ally preserved). One sample of serpentinized ultramafics from the A unit
is likely a former dunite with two generations of Al-Cr-rich spinel distin-
guished by their color.

By contrast, ultramafics of the B unit more likely represents a former
harzburgite or a cumulate ultramafic sequence, with little-deformed
patches of former olivines, and abundant bastite replacing former py-
roxene, whose cleavage is revealed by Fe-Ti oxides. A chromitite pod
within the ultramafics of the B unit is made of 90% of Cr-spinel and
10% serpentine.

Spinel is the main aluminium-bearing phase in all ultramafic sam-
ples. All samples also have secondary magnetite crystallization around
serpentinized olivine domains.

5. Bulk rock geochemistry

The whole Siah Kuh volcanic sequence has been affected by hydro-
thermal alteration, as shown by the widespread occurrence of second-
ary phases such as chlorite and pumpellyite (e.g. Fig. 4f). This is
further evidenced by addition of H,0, as attested by the 0.9 to 8.5 wt%
loss on ignition of the rocks (the loss on ignition may in part correspond
to CO;, loss, from minor secondary carbonate vesicles). To avoid any bias
due to major element mobilization during hydrothermal alteration and/
or high-pressure metamorphism, we only present diagrams based on
elements assumed to be immobile (see discussion in Section 9.1).
Immobile-element-based classifications of mafic rocks are shown on
Fig. 5, trace element spectra on Fig. 6 and trace-element based discrim-
ination diagrams on Fig. 7.

5.1. Core of the seamount (A;)

Mafic rocks from the core of the seamount plot in the subalkaline ba-
saltic field in the Zr/Ti - Nb/Y diagram (Pearce, 1996; Fig. 5a) and in the
tholeiitic basalt to andesite fields in the Th - Co diagram (Hastie et al.,
2007; Fig. 5b). REE diagrams (Fig. 6a) show low LREE content compared
to MREE and HREE (with very low REE contents for two samples:
<5*chondrite for LREE and <8*chondrite for HREE). These rocks have
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Fig. 5. Classification of rocks based on immobile elements. a) Zr/Ti - Nb/Y diagram after Pearce (1996); b) Th - Co diagram after Hastie et al. (2007). Siah Kuh boninites after Moghadam

etal. (2013b).
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trace element signatures very similar to the lower V2 lavas from Oman
(Alabaster et al., 1982; Godard et al., 2003; Kusano et al., 2014).
Multielementary spider diagrams (Fig. 6b) show strong Nb-Ta negative
anomalies, and small Ti negative anomalies. They plot in the IAT field on
the Th/Yb - Nb/Yb (Pearce, 2008; Fig. 7a), in the arc field of the V - Ti
diagram (Shervais, 1982; Fig. 7b) and in the IAT and calc-alkaline fields
of the Th - Hf - Ta diagram (Wood, 1980; Fig. 7c). They range between
MORB and arc basalts in the Th/La - Sm/La diagram (Plank, 2005;
Fig. 7d). One sample (#1628) shows Th and LREE enrichment and
plots in or close to the calc-alkaline field of the former diagrams.

5.2. Boninites

Boninites from the core of Siah Kuh were not analyzed in this study,
but we herein report bulk-rock analyses by Moghadam et al. (2013b).
They are classified as subalkaline basalts in Fig. 5a, and as tholeiitic ba-
salts to andesites in Fig. 5b. REE diagrams show strong depletion in
LREE compared to HREE (Fig. 6a). They are chemically very close to
Oman boninites (upper V2, Ishikawa et al., 2005, 2002; Kusano et al.,
2014). They plot in the IAT field in Fig. 7a and in the boninite field in
Fig. 7b.

5.3. Felsic rocks

Felsic rocks plot in the subalkaline basaltic andesite/andesite field in
Fig. 5a, except for one sample in the dacite/rhyolite field (despite being
petrographically dacites and rhyolites or subvolcanic equivalents) and
in the tholeiitic dacite/rhyolite field in Fig. 5b. No obvious difference ex-
ists between the felsic rocks of the A, unit and those of the B unit (apart
from a smaller Ti negative anomaly in the latter). They have flat to
slightly decreasing REE patterns, with marked negative Eu anomaly
(Fig. 6¢). Multi-elementary spider diagrams show strong Nb-Ta and Ti
negative anomalies, and small Zr negative anomalies (Fig. 6d). They
also plot in the IAT fields in Fig. 7a and ¢ (except for one sample plotting
in the calc-alkaline field; the use of those diagrams is however
contested for felsic rocks; Pearce, 2008). They mainly plot as arc lavas
in the Th/La - Sm/La diagrams, with higher Th/La ratios than other
rocks.

5.4. Early stage rejuvenation (A unit: A;» and A)

Lavas from the early rejuvenation stage plot as subalkaline in Fig. 5a,
and as tholeiitic basalts in Fig. 5b. They are enriched in LREE compared
to HREE (Fig. 6e). Multi-elementary spider diagrams show no signifi-
cant HFSE negative anomaly (Fig. 6f). They plot in-between E-MORB
and N-MORB in Fig. 7a, and in the MORB - back-arc basalt field in
Fig. 7b. They are in the E-to-N-MORB transition zone of Fig. 7c, and are
classified as MORB in Fig. 7d.

5.5. Late stage rejuvenation (A unit: A; and Ay)

Rocks from the late stage rejuvenated magmatism are classified as
subalkaline basalts in Fig. 5a and as tholeiitic basalts to andesites in
Fig. 5b. They have bell-shaped REE patterns with depletion in LREE
and slight depletion in HREE compared to MREE (Fig. 6e). Multi-
elementary spider diagrams show very small Nb-Ta and Ti negative
anomalies (Fig. 6f). They plot close to N-MORB in Fig. 7a and in the
MORB - back-arc basalt field of Fig. 7b. They are classified as N-MORB
in Fig. 7c, and as MORB (yet closer to the OIB field the early-stage reju-
venation lavas) in Fig. 7d.

5.6. B unit diabases
Samples from the base of the B unit are classified as subalkaline in

Fig. 5a and as tholeiitic basalts in Fig. 5b. They are enriched in LREE,
but have almost flat MREE-HREE trend (Fig. 6g). Multi-elementary

spider diagrams show small positive Nb-Ta anomalies but strong nega-
tive Zr-Hf anomalies (Fig. 6h). They plot very close to E-MORB in Fig. 7a
and in the MORB-BABB field of Fig. 7b. They plot in the E-MORB to OIB
basalt transition in Figs. 6, 7c and d.

5.7. B unit basalts

Basalts from the top of the B unit are classified as subalkaline basalts
in Fig. 5a and as tholeiitic basalts in Fig. 5b. They have again a flat,
slightly bell-shaped REE patterns with a small enrichment in MREE
compared to LREE and HREE (Fig. 6g). Multi-elementary spider dia-
grams show an insignificant negative Ti anomaly (Fig. 6h). They plot
in-between the N-and-E-MORSB fields of Fig. 7a and c, in the MORB-
BABB field of Fig. 7b, and in the MORB field of Fig. 7d.

5.8. Anorthosite

Its REE pattern has high LREE to HREE ratio and a strong positive Eu
anomaly, characteristic of plagioclase (Fig. 6¢). Multi-elementary spider
diagrams show Zr-Hf and Ti negative anomalies (Fig. 6d).

5.9. Gabbros of the B unit

Two gabbros within the B unit show very distinct geochemical sig-
natures (Fig. 6g, h). One (#1738) has a REE profile very similar to the di-
abase of the B unit, with similar positive Nb-Ta positive anomalies and
Zr-Hf negative anomalies but with a positive Ti anomaly. The other
one (#1532, dated) has enriched MREE and HREE compared to LREE,
with a positive Eu anomaly and small negative Ti anomaly. The later re-
sembles the N-MORB-like basalts from the top of the B unit, but is more
depleted, probably due to cumulative effects.

6. Radiogenic (Sr and Nd) isotope analyses

Representative samples from all extrusive sequences presented
above have been analyzed for Sr-Nd isotopes. Results are presented on
Fig. 8.

All samples are relatively clustered in eNd; with positive values be-
tween 6.68 and 9.21. 87Sr/86Sr(t) is relatively more dispersed with
values between 0.7045 and 0.7063. All rocks plot out of the mantle cor-
relation line (Fig. 8). There is a progression from high 8’Sr/2°Sr(t) values
(around 0.7063) for the core of the seamount to lower values in the
felsic rocks (around 0.7055-0.706), and even lower values for the reju-
venation event in A and in the mafic rocks of the B unit (between 0.7045
and 0.7055). Isotopic data on the Siah Kuh lavas are comparable with
data from other regional ophiolites (Fig. 8; Oman: Godard et al., 2006;
Neyriz: Moghadam et al., 2014b; Nain-Baft: Moghadam et al., 2013c).

7. Mineral chemistry

Bulk-rock analyses might be affected by hydrothermal alteration on
the seafloor. Consequently, compositions of unaltered clinopyroxenes
and spinels in the rocks were measured as they may yield direct infor-
mation on the magmatic source. Compositional plots for clinopyroxene
are shown on Fig. 9a, b, c (after Leterrier et al., 1982) and for spinel on
Fig. 9d (after Dick and Bullen, 1984). Detailed analyses of clinopyroxene
and spinel are available in the Supplementary Materials S1 and S2.

7.1. Core of the seamount (A;)

Clinopyroxenes have low Ca + Na between 0.75 and 0.9 atoms per
formula unit (apfu), low Ti content (<0.015 apfu) which place them in
the tholeiitic to calc-alkaline basalt field of Fig. 9a, usually low Ti + Cr
(average at 0.01 apfu) and high Ca (0.7-0.9 apfu) placing them in the
orogenic basalt field of Fig. 9b. Due to their low Ti content, they plot in
the island arc tholeiite field of Fig. 9c.
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Fig. 6. Rare-earth element and multi-element diagrams for all rocks normalized to chondrite and primitive mantle respectively (Sun and McDonough, 1989). (a, b) Mafic rocks of the core
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Reference spectra are Oman V2 (Alabaster et al., 1982; Godard et al., 2003) and Oman boninite (Upper V2, Ishikawa et al., 2005; Kusano et al., 2014).

7.2. Early rejuvenation in A

Clinopyroxenes have higher Ti concentration of 0.02-0.04 apfu and
low Ca + Na around 0.5-0.8 apfu, high Ti + Cr (0.02-0.035 apfu),
which place them in the mid-ocean ridge tholeiite field of Fig. 9a and b.

7.3. Late rejuvenation in A
Clinopyroxenes have low Ca + Na concentration of 0.7-0.9 apfu,

placing them in the subalkaline field, and high Ti + Cr of 0.02-0.05
apfu placing them in the mid-ocean ridge tholeiite field of Fig. 9a and b.

7.4. B unit gabbro

Clinopyroxenes from sample 1532 have Ca + Na concentrations be-
tween 0.85 and 0.92 apfu, placing them mostly in the subalkaline field
(Fig. 9a), and high Ti + Cr of 0.03-0.035 apfu placing them in the
mid-ocean ridge tholeiite field in Fig. 9b.

7.5. B unit diabase

Clinopyroxenes have low Ca 4+ Na concentration between 0.7 and
0.8 apfu, placing them in the subalkaline field (Fig. 9a), and high Ti + Cr
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0f 0.02-0.045 apfu placing them in the mid-ocean ridge tholeiite field in
Fig. 9b.

7.6. B unit basalt

Clinopyroxene has 0.75-0.85 apfu Ca + Na, placing them in the
subalkaline field (Fig. 9a), and high Ti + Cr of 0.02-0.04 apfu placing
them in the mid-ocean ridge tholeiite field (Fig. 9b).

7.7. Spinel in ultramafic rocks

Two generations of spinels have been analyzed in an ultramafic rock
from A, with similar lobate (magmatic) textures yet no textural rela-
tionships (Fig. 9d, Supplementary Material S5). One has Cr# of
0.44-0.54, Mg# of 0.60-0.66 and Ti < 0.0018 apfu, while the other has
higher Cr# of 0.69-0.75, Mg# of 0.50-0.55 and Ti of 0.0010-0.0032
apfu. The first generation plots in the overlap between the abyssal and
supra-subduction fields, while the second generation has clear supra-

subduction signatures (Fig. 9d). Spinels in ultramafics from B have a
wide range of Ti concentrations (0.002-0.025 apfu), a likely indicator
of a cumulative origin. The Ti content increases toward the top of the ul-
tramafic sequence. The lowermost spinels compare with the first gener-
ation of the A unit, with similar Cr# (0.46-0.52) but slightly lower Mg#
(0.66-0.7).

8. Zircon U-Pb dating and Hf isotope analyses

Zircons have been separated from four different kinds of rocks, be-
longing to the A unit (#1518, rhyolite) and the B unit (#1720, anortho-
site; 1532, gabbro; 1432, basalt). Zircons are abundant in anorthosite
and gabbro, but scarce in rhyolite and basalt. Most of them have clear
magmatic textures (Supplementary Material S3). Only concordant zir-
cons were considered. Zircon cathodoluminescence images, trace ele-
ment analyses and trace element diagrams are available in the
Supplementary Materials S3, S4 and S5 respectively.
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8.1. Rhyolite in A

Despite the small number of zircons in the rock, five concordant zir-
cons show strong inheritance with ages scattered between 1800 and
87 Ma (Fig. 10a). The youngest zircon population (n = 2) defines a max-
imum age with a weighted average of 87.0 + 1.8 Ma. These two zircons
have positive eHf around 10, and Tpy; ages around 500 Ma (Fig. 11).

8.2. Gabbroin B

Thirteen concordant zircons yield a weighted average age of 77.8 +
0.98 Ma (Fig. 10b). Single 228U-2°°Pb ages are scattered between 81 and
75 Ma. All the zircons have very positive ¢Hf values around 14 and Tpy,
ages around 270 Ma (Fig. 11).

8.3. Anorthosite in B

Fourteen concordant zircons yield a weighted average age of 77.3 +
1.5 Ma (Fig. 10c). Single 2*3U-2"°Pb ages are scattered between and 82
and 73 Ma. Most of these zircons have positive ¢Hf values around 9
and Tpy ages around 540 Ma (Fig. 11).

8.4. B unit basalt

Despite the small number of zircons in the rock, five concordant zir-
cons show strong inheritance with ages scattered between 500 and
73 Ma (Fig. 10d). The youngest zircon population (n = 2) defines a
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maximum age for this basalt with a weighted average of 73.7 4+ 1.3 Ma,
with very distinct ¢Hf values of —3 and 16 (Fig. 11).

9. Discussion
9.1. Effects of seafloor alteration and metamorphism

Seafloor alteration and metamorphism can modify significantly the
chemical composition of ophiolitic rocks. Major elements can vary a
lot through intense hydration of rocks (represented by LOI, from 0.9 to
8.6 wt%). Here, most of the hydration occurs at the seafloor, as attested
by the appearance of chlorite, epidote and pumpellyite (e.g. Fig. 4d, f).
Examining correlations between the amount of volatiles in the rock
(LOI) and major and trace-elements concentrations (Humphris and
Thompson, 1978) can help decipher alteration effects in the rock. In
the studied samples Si and Na are inversely correlated with the LOI,
even when not considering felsic rocks that are usually much less hy-
drated than basalts (Supplementary Materials S6). Bulk rock major ele-
ments such as Si, Na, K, Ca and trace elements including Cs, Rb, Ba, Sr
(LILE) are modified by seafloor alteration (Frey and Weis, 1995; Gillis,
1995), questioning the relevance of the TAS and AFM diagrams for al-
tered oceanic rocks. Relict clinopyroxenes are likely trustworthy indica-
tors of the chemistry of the magma, as they are primary minerals with a
composition that is governed at first order by the partition coefficients
of elements with the magma (Leterrier et al., 1982). Destabilization or
recrystallization of clinopyroxene is harder than that of plagioclase
(e.g. Spilde et al., 1993).

Instead, most high field strength elements (HFSEs), and rare earth
elements (REEs) are generally considered to be immobile during alter-
ation (e.g. Cann, 1970). Rock classification based on immobile elements
should however be used with care, and cannot replace a careful petro-
graphic examination, as rhyolites in our study were misclassified as an-
desites in the Zr/Ti - Nb/Y. Trace element ratios used in discrimination
diagrams as well Sr, 87Sr/%Sr(t), Nd and eNd; values show no correla-
tion with LOI (Suppl. Material S11). Seawater alteration is however
commonly cited as one of the main factors affecting 8”Sr/2°Sr signatures
of altered lavas (Hauff et al., 2003; Kawahata et al., 2001). A careful ex-
amination of the Sr isotopic signatures shows a negative correlation be-
tween the Sr or REE and 7Sr/%6Sr (Suppl. Material S12), trending
toward seawater compositions This is best explained by a relatively

stronger effect of seawater alteration on rocks that initially contain little
Sr, i.e. the most depleted rocks.

Incipient blueschist metamorphism of the whole Siah Kuh unit (at
~200-250 °C, 0.6-0.9 GPa) should also be considered as it is associated
with fluid circulation (Bonnet et al., 2019a, 2019b). However, rocks
never fully equilibrate at these conditions making the metamorphic im-
print very limited (and restricted to some magmatic rocks of the B unit).
Associated fluid circulations at T < 300 °C make alteration during meta-
morphism less likely than alteration at the seafloor. Further we only dis-
cuss the petrogenesis based on alleged immobile elements.

9.2. Evolution of geochemical signatures and tectonomagmatic setting

The Siah Kuh seamount is the ideal place to study the evolution of
the magmatic source of an ophiolite: unlike most ophiolitic “mélanges”
or large-scale ophiolites (save the Oman ophiolite), the structural
framework as well as relative and absolute magmatic chronologies are
well-constrained here. Furthermore, the Siah Kuh seamount records
the evolution of lava chemistry in a single area, so that variations
through time may reflect either mantle heterogeneities, viscous flow
and/or chemical changes of the composition through time (i.e., due to
melt extraction, fluid circulation or source mixing).

9.2.1. An initial supra-subduction event

The supra-subduction origin of altered magmatic rocks may be
reflected by four mostly independent trends in the trace elements:
(1) rare-earth elements-depleted melts (due to the melting of an al-
ready depleted mantle, Konig et al., 2010), (2) HFSE (including Ti, Nb,
Ta, Zr, Hf) depletion compared to REE elements (due to trapping by re-
fractory phases such as Fe-Ti oxides; Briqueu et al., 1984; Gao et al.,
2007), (3) V enrichment due to oxidizing conditions above subduction
zones enhancing the solubility of V (Shervais, 1982), and (4) enrichment
of the source in LREE and Th by sediment-derived fluids (including
melts, Konig et al,, 2010; Plank, 2005). The contamination of the source
by sediment-derived melts also leads to a strong decrease of éNd to-
ward sedimentary values (around —8, Plank and Langmuir, 1998; e.g.
Kusano et al., 2017). These trends are variably observed in the rocks
from the A; unit (core of the seamount) and in the felsic rocks of B.

The lowermost basalts in A; are slightly depleted in rare-earth ele-
ments (Fig. 6a), in HFSE (Nb-Ta and small Ti negative anomalies,
Figs. 6b and 7a, b, c), but do not show enrichment in Th or V (except
for one sample, #1628, that is higher in the sequence; Fig. 7a, d).
These signatures are typical of arc tholeiites. Clinopyroxene composi-
tions from the A; basalts also show sub-alkaline signatures and are com-
parable to IAT clinopyroxenes (Fig. 9). Sr-Nd isotopes have clustered
values of eNd (6.93-7.57), yet variable Sr isotopic ratios
(0.70551-0.70633; Fig. 8). The high éNd values preclude any significant
contribution from sediments melts to the mantle source. High 87Sr/36Sr
values are best explained by hydrothermal alteration of the basalts
(Suppl. Material S12), as is commonly expected for altered oceanic
rocks (e.g. Godard et al., 2006; Hauff et al., 2003; Kawahata et al., 2001).

Felsic rocks from A and B have uniform chemical compositions, with
a strong depletion in HFSE (Figs. 6d, 7a, ¢) and small enrichment in Th
(Fig. 7a, d). eNd values (6.98-7.25) are comparable to those of the
basalts.

Boninites show a strong depletion in rare earth elements (Fig. 6a)
and Ti (Fig. 7b), but enrichment in Th and V (Fig. 7a, b). There are no
Nd isotope measurements on these rocks.

There are no clues for high-pressure melting of slab lithologies (i.e.
in the garnet stability field, which would result in HREE-depleted
adakitic magmas; e.g. Martin, 1999).

This set of data advocates for several partial melting events of a
metasomatized supra-subduction mantle source, with limited contami-
nation by sediment-derived melts (at least for the arc tholeiites and
felsic rocks, likely involving more sediments in the boninites; Haase
et al., 2015; Ishikawa et al., 2005; Kusano et al., 2017). Hence the A;
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(core) unit of the Siah Kuh seamount and the felsic rocks in the B unit
represents the magmatic evolution of an intraoceanic arc from an IAT
to [AT/calc-alkaline-transitional felsic rocks and boninites. This evolu-
tion is similar to what is currently recorded in intraoceanic arc systems,
notably at the initiation of subduction (e.g. Belgrano and Diamond,
2019; Hawkins et al., 1984; Pearce et al., 1984; Stern and Bloomer,
1992).

Concordant zircons have been analyzed in a rhyolite from this event.
They show a broad range of ages (1823-85.7 Ma), but the youngest
population (2 zircons) was dated at 87.0 & 0.9 Ma, and is a plausible
age for eruption, given the Campanian-Maastrichtian age of overlying
sediments proposed by Sabzehei (1974). The lowermost basalts (core
of A unit basaltic rocks) upon which this rhyolite was erupted should
be somewhat older. Xenocrystic zircons might originate from sediment
melts possibly contaminating the mantle source (although the contri-
bution of sediment melts to the source of these rocks is very limited),
or they were more likely assimilated from the sub-arc crust during
eruption.

9.2.2. A MORB rejuvenation event

In sharp contrast with the A; unit, lavas erupted above sediments
(i.e.in the A;-Az-As-A4 and B units) show no strong depletion in rare-
earth elements (Fig. 6e), very limited-to-absent HFSE negative anoma-
lies (Fig. 6f) and no Th enrichment (Fig. 7a, d), i.e. no supra-
subduction signatures. They are in fact clustered in two trends (with
some internal variability): the early stage lavas show an E-MORB-like
signature while the late stage is characteristic of N-MORB (Figs. 6e, f
and 7). A similar trend is observed in mafic rocks of the B unit (Fig. 6g,
h), which is thus likely to be a lateral equivalent of A, as suggested by
the spatial association and the correlation of lithologies. Clinopyroxene
analyses confirm their mid-ocean ridge tholeiitic signature (Fig. 9). The
positive eNd of basalts (6.83 to 9.21; Fig. 8) is compatible with a moder-
ately depleted mantle source (Patchett, 1983). E-MORB and N-MORB
lavas are generated in modern oceans at mid-ocean ridges (Michael,
1995; Niu et al., 1999) and in back-arc spreading centers (e.g. Stern
et al.,, 1990). In the latter configuration, the subduction signature is
very variable, but its absence may be characteristic of a large distance
from the subduction and/or influence from a more primitive mantle
(e.g. Lau Basin, Volpe et al.,, 1988; Mariana back-arc, Pearce et al., 2005).

Anorthosite and gabbro in the B unit are two favorable lithologies for
zircon dating. Both rocks have similar ages within uncertainty around
77-78 Ma. The dated gabbro (#1532) has REE and trace element pro-
files similar to N-MORB, and no obvious HFSE negative anomalies
(Fig. 6g, h). Its textural characteristics, reminiscent of cumulates (i.e.
similar to some observed on the Mid-Atlantic ridge, Tiezzi and Scott,
1980; depletion in REE and Eu positive anomaly, Seifert et al., 1996),
make it unsuitable for discrimination diagrams of Fig. 7. Clinopyroxene
analyses plot in the mid-ocean ridge tholeiite field (Fig. 9). This suggests
that this gabbro has a (likely N-) MORB affinity. An attempt to date zir-
cons in basalts from top of the B unit yielded a broad range of ages
(1080-73.1 Ma), with a youngest population (two zircons) giving a
plausible eruption age of 73.7 £ 0.7 Ma that must be cautiously
interpreted. These Late Cretaceous ages are consistent with the relative
chronology and the mapped Upper Cretaceous sediments.

These data reveal a multistage magmatic history for the Siah Kuh
seamount, which evolved from arc tholeiite and boninite to calc-
alkaline-transitional possibly until ~87 Ma, and later experienced a dis-
tinct magmatic episode of E-to-N-MORB affinity, starting around
77.5 Ma and possibly lasting until 73 Ma (Figs. 7a, 10).

9.3. Constraints on the nature and evolution of the underlying mantle

Mantle rocks found in the Siah Kuh unit are mainly serpentinized
dunites (A unit) and cumulates (B unit). The high Cr# of spinels are
characteristic of a depleted mantle (Dick and Bullen, 1984; Moll et al.,
2007). However, a second generation of Cr-richer spinel in a dunite of

the A unit might have formed by impregnation of the mantle by
boninitic melts during island arc volcanism (e.g. Barnes and Roeder,
2001).

The restricted spread of the eNd; values across all magmatic rocks
analyzed suggest the melting of a mantle source without a significant
contribution from sediment melts (<1%), in particular during the arc
stage, when it is most expected (e.g. Zamboni et al., 2016). This signa-
ture might however exist in boninites (not analyzed for Nd isotopes)
that show a significant Th enrichment. Hence, €Nd; values around
6-10 likely reflect the composition of a slightly heterogeneous mantle
that was not strongly contaminated by sediments during the subduc-
tion responsible for arc formation. These values are very similar to
those of other regional ophiolites (Oman, Godard et al., 2006; Neyriz,
Moghadam et al., 2014b; Nain-Baft, Moghadam et al., 2013c), and are
comparable with the abnormal modern Indian Ocean MORB (likely
refertilized by old subductions; Dupré and Allégre, 1983; Xu and
Castillo, 2004). eHf(t) values of zircons are in majority positive (2 values
are negative), around 14 for gabbro and 9 for plagiogranite, which
points to partially-depleted mantle sources with some heterogeneity.

The evolution from supra-subduction to MORB signatures is oppo-
site to what is observed in many other ophiolites (e.g. Oman, Godard
et al., 2003, Albania, Dilek et al., 2008), commonly explained by progres-
sive contamination of the mantle by subduction-derived fluids and
melts (occurring in ~1 My, Rioux et al,, 2013). Instead, our observations
are reminiscent of longer-term processes (~10 My) occurring in modern
arc-back-arc systems, such as the Marianas: while the arc itself has a
strong supra-subduction signature, back-arc lavas only show a limited
subduction component, due to the upwelling of uncontaminated man-
tle (Pearce et al., 2005). The dissipation of the subduction signature
could also be explained by the end of subduction and the replacement
of the underlying mantle facilitated by fast horizontal asthenospheric
flow (e.g. Faccenna et al., 2014).

The transition from E-MORB to N-MORB lavas (Fig. 10) during the
rejuvenation event might be linked with (1) initial heterogeneity of
the mantle, (2) a progressive depletion of an initially enriched mantle
source due to melt extraction, or (3) changes in the fusion rate of a de-
pleted mantle source. E-MORB lavas are usually thought to stem from
plume enrichment of the mantle or assimilation of formerly erupted
lavas (e.g. Hémond et al., 2006). The generation of N-MORB lavas
could then result from a progressive depletion of this mantle wedge
due to melt extraction. An alternative way to form N-MORB lavas after
E-MORB basalts from the same depleted mantle source would merely
require an increase of the fusion rate by a few percents. However, this
process would not explain the variability of the Nb/Yb and Th/Yb ratios
as well as the variability of zircon €Hf(t) values and whole rock eNd
values, that require some heterogeneity in the underlying mantle. The
Late Permian Tpy; age of zircons in gabbro might relate to the fusion of
a mantle depleted during the Late Permian, which corresponds to wide-
spread magmatism on both sides of the Neotethys (potentially plume-
related, Ghasemi et al., 2002; Lapierre, 2004). Older (~550 Ma) Tpy in
the anorthosite could however relate to crustal contamination.

Finally, the presence of old zircons xenocrysts (200 Ma to 1.7 Ga) in
Siah Kuh magmatic rocks as well as granitoid xenoliths in the Siah Kuh
volcanics (2-3-cm-long angular granitic-to-granodioritic enclaves ac-
cording to Sabzehei (1974) - though never observed in our study)
might reflect the nature of the sub-arc crust, partially assimilated during
the ascent of magma, or subducted sediments in the source (although
this hypothesis is less likely given the very limited contribution of sedi-
ments to the source). The ages of these zircons indeed correspond to
magmatic events recorded in the continental margins of the Neotethys
(Ahmadipour et al., 2003; Ghasemi et al., 2002; Moghadam et al., 2017).

9.4. Geodynamic reconstructions of the Neotethys realm

The regional record of processes described below is detailed in
Table 2.
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9.4.1. Initial rifting and early spreading history (Permian to Jurassic)

In the Siah Kuh region, the magmatic history associated with rifting
and early spreading of the Neotethys is relatively well preserved in the
Sikhoran complex: Late Permian to Late Triassic gabbroic complexes
have enriched to depleted tholeiitic signatures, with some crustal con-
tamination (Ahmadipour et al.,, 2003), and partially intrude the overly-
ing metamorphics. The end of high temperature metamorphism and
anatexy of Sargaz-Abshur sediments around 200 Ma (Early Jurassic;
Ghasemi et al., 2002) are coeval with the sealing of both igneous and
metamorphic rocks by Lower Jurassic unmetamorphosed sediments
(Sabzehei, 1974). The Sikhoran complex would thus correspond to a Ju-
rassic Ocean-Continent Transition (e.g. Péron-Pinvidic and Manatschal,
2009) on the Northern Side of the Neotethys. Equivalents would be
the Bajgan-Durkan complex and the ultramafic Sorkhband-Rudan mas-
sif (Delavari et al., 2016; Hunziker et al., 2015; McCall, 1997). Some of
the rifting history is recorded throughout Zagros and in Oman by the as-
sociation of the Upper Triassic to “Mid”-Cretaceous deep sediments
(grabens) and shallow sediments, the latter being described as
allochtons or “Exotics” (Gharib and De Wever, 2010; Jannessary and
Whitechurch, 2008; Ricou, 1974; Ricou et al, 1977; Searle and
Graham, 1982; Wrobel-Daveau et al., 2010). Triassic to Liassic alkaline
lavas (Ricou, 1974; Saccani et al., 2013; Searle, 1980; Whitechurch
etal, 2013) are precusors to Liassic volcanic sequences with E-MORB af-
finities (although rarely exposed, e.g. Moghadam et al., 2017, 2013b;
Searle, 1980).

9.4.2. Subduction: arc development at the northern margin (Jurassic-Oligo-
cene) and Cretaceous-Paleocene back-arcs

The structure of the Zagros suture zone suggests a strong inheritance
from northward subduction of the Neotethys/Arabian Plate below Iran
(e.g. Agard et al., 2011), yet the timing of subduction initiation is not
well-constrained. Abundant subduction-related magmatism has been
associated with this subduction (Berberian and Berberian, 1981;
Omrani et al., 2008 and references therein). Although Early to Mid-
Jurassic calk-alkaline magmatism (e.g. Jafari et al., 2018; Shahbazi
et al., 2010) suggests subduction initiation during the Early Jurassic
(see also the compilation of Hassanzadeh and Wernicke, 2016; their
Fig. 7), this interpretation is challenged by some authors, who outline
that subduction signatures could be related to crustal contamination
(Azizi and Stern, 2019; Barbarin, 1999; Hunziker et al., 2015). Instead,
these authors propose an inception of subduction during Late Creta-
ceous, which is however inconsistent with the recovery of ‘mid’ Creta-
ceous blueschists made of Neotethyan seafloor in Zagros and Makran
(as early as 120 Ma in Zagros, Agard et al., 2006; Moghadam et al.,
2017; and 100 Ma in Makran, Delaloye and Desmons, 1980), and with
Zagros eclogites possibly formed during Neotethyan subduction (with
ages ~185-170 Ma, Davoudian et al., 2008, 2016).

Extension and spreading interpreted as back-arc in the Eurasian
upper plate (Nain-Baft, Sistan and Sabzevar basins), which started dur-
ing Albian/Aptian (~125-100 Ma; Babazadeh and de Wever, 2004;
Moghadam et al., 20144, 2009; Rossetti et al., 2010; Zarrinkoub et al.,
2012), also require that subduction started at least during Early
Cretaceous.

Arc magmatism was recorded continuously in Southern Iran, in the
Sanandaj-Sirjan zone (until the Late Cretaceous; Jafari et al., 2018), the
Kermanshah arc (Paleocene-Eocene; Whitechurch et al., 2013), and
the Urumieh-Dokhtar magmatic arc (post-Eocene; Omrani et al., 2008).

9.4.3. Late Cretaceous compressional event

A main feature of the Neotethys is the intra-oceanic subduction that
started at the end of the Early Cretaceous in various areas (e.g. Oman,
Neyriz, Turkey; Table 2), leading to the emplacement of supra-
subduction ophiolites and metamorphic soles (e.g. Hacker et al., 1996).

Rocks from the core of the Siah Kuh seamount are very similar to
those from the V2 stage in the Semail ophiolite, in particular arc tholei-
ites and boninites (Alabaster et al., 1982; Belgrano and Diamond, 2019;

Godard et al., 2003; Ishikawa et al., 2005). This V2 event, dated between
96.4 and 95.5 Ma (Rioux et al., 2013, 2012) is older than what is dated in
Siah Kuh. However, felsic intrusives in the Semail ophiolite have been
dated between 90 and 85 Ma (Gnos and Peters, 1993; Lippard et al.,
1986; Searle, 1980) and could correspond to the felsic rocks in Siah
Kuh. The few My delay between forearc magmatism (arc tholeiites
and boninites) in Oman and intra-oceanic arc magmatism (felsic
rocks) recorded in Oman (and potentially in the Siah Kuh unit) corre-
sponds to the time required for the transition between forearc and arc
signatures (7-8 Myr in the Bonin arc; Ishizuka et al., 2011). The Neyriz
and Kermanshah ophiolitic complexes in Zagros potentially record sim-
ilar processes (Babaie et al., 2006, 2001; Delaloye and Desmons, 1980;
Jannessary, 2003; Lanphere and Pami¢, 1983; Monsef et al., 2018a;
Whitechurch et al,, 2013).

Subduction initiation was linked with a compressive event (Agard
et al,, 2007, 2014) responsible for the exhumation of blueschists all
along the Neotethys from Turkey to the Western Himalayas (Monié
and Agard, 2009), as well as initiation of subduction within back-arcs
(e.g. Sabzevar: Rossetti et al., 2010; Sistan: Bonnet et al., 2018).

While arc magmatism is only subordinate in Oman, the Siah Kuh
seamount core (A; unit), formed around 87 Ma, may represent the arc
products of this southern, intra-oceanic subduction (see further discus-
sion below).

9.4.4. Evidence for a second Late Cretaceous spreading phase

This study reports a Late Cretaceous MORB-type magmatic event in
the Neotethys (i.e., B unit and magmatic rejuvenation in A unit). In the
Kermanshah ophiolite, a magmatic event at ~79 Ma (Ao et al., 2016)
was likely associated with a slow-spreading event (Wrobel-Daveau
et al,, 2010). E-MORB dykes dated at ~81 and ~76 Ma in the Sikhoran
complex (Ahmadipour et al,, 2003; Ghasemi et al., 2002) could also cor-
respond to this magmatic event. In comparison, an arc-related mag-
matic phase is recorded during the Late Cretaceous in the Nain-Baft-
North Makran ophiolites (Kananian et al., 2001; Monsef et al., 2018b).

The magmatic evolution observed in the Siah Kuh seamount hints to
the change from an arc to back-arc-like setting, and its possible original
location in the Neotethys is therefore discussed below.

9.5. Where was the arc?

The Siah Kuh seamount is presently sandwiched within the Zagros
suture zone and domed below other exposures of Zagros blueschists
and of the Sikhoran complex (e.g. Agard et al., 2006; Angiboust et al.,
2016). Although challenged by some authors (e.g. Moghadam and
Stern, 2015), there is generally a consensus on the existence of two
north-dipping subduction zones within the Neotethys (e.g. Coleman,
1981; Searle and Cox, 1999; Rossetti et al., 2010; Agard et al., 2011):
(1) the long-lived North-Neotethys subduction zone initiated during
the Jurassic and lasting until Eocene, and (2) the short-lived South
Neotethys subduction zone initiated in mid-Cretaceous times and ter-
minated by the Late Cretaceous with the continental subduction of the
Arabian platform (Agard et al., 2010; Searle et al., 2004).

Geochemical evidence suggest that Siah Kuh formed in an
intraoceanic forearc/arc setting, and later evolved in a back-arc setting.
Whether this occurred in the upper plate of subduction (1) or (2) is un-
clear. We hereafter discuss two different scenarii featured in Fig. 12b
and c.

9.5.1. Hypothesis 1: arc of the Southern Intra-Neotethys Subduction

Most of the magmatic activity documented in the Southern
Neotethys (e.g. Neyriz, Oman) occurred around 95 Ma (e.g. Monsef
et al,, 2018a; Rioux et al., 2012; see Table 2). The 87 Ma age recorded
within Siah Kuh is approximately 10 Ma younger than supra-
subduction magmatism. At this time, the Semail ophiolite underwent
a ~140-150° clockwise rotation and recorded alkaline magmatism
(Morris et al.,, 2016; Umino, 2012; van Hinsbergen et al., 2019).
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Table 2

Regional analogs of the Siah Kuh massif related to their Neotethyan context: 1: main Neotethys rifting/spreading, 2: North Neotethys subduction, 3: South Neotethys subduction, 4. Late
Cretaceous spreading, Kermanshah arc (Whitechurch et al., 2013), Kermanshah ophiolitic complex (Ao et al., 2016; Delaloye and Desmons, 1980; Gharib and De Wever, 2010; Ricou et al.,
1977; Saccani et al.,, 2013; Whitechurch et al., 2013; Wrobel-Daveau et al., 2010), Zagros eclogites (Davoudian et al., 2008, 2016), Neyriz ophiolitic complex (Babaie et al., 2006, 2001;
Jannessary, 2003; Jannessary and Whitechurch, 2008; Lanphere and Pamic, 1983; Moghadam et al., 2014b; Monsef et al., 2018a; Ricou, 1974), Siah Kuh unit (Moghadam et al., 2013b, this
study), South Hajiabad ophiolite (Moghadam et al., 2017, 2013b), Zagros blueschists (Agard et al., 2006; Angiboust et al., 2016; Moghadam et al., 2017; Monié and Agard, 2009), Sikhoran
complex (Ahmadipour et al., 2003; Ghasemi et al., 2002), Sargaz-Abshur complex (Ghasemi et al., 2002; Sabzehei, 1974), Oman Exotics (Searle and Graham, 1982), Haybi complex (Searle,
1980), Semail ophiolite (Alabaster et al., 1982; Godard et al., 2003; Guilmette et al., 2018; Hacker et al., 1996; Ishikawa et al., 2005, 2002; Lachize et al., 1996; Rioux et al., 2016, 2013, 2012;
Rollinson, 2015; Soret et al., 2017), Oman blueschists (El Shazly et al., 2001; Searle et al., 2004; Warren et al., 2005; Warren and Waters, 2006; Yamato et al., 2007), Makran colored mé-
lange (Burg, 2018; Saccani et al., 2018), Makran blueschists (Delaloye and Desmons, 1980; Hunziker et al., 2017), Western Iranian Makran (Mohammadi et al., 2017), Nain-Baft ophiolite
(Moghadam et al.,, 2013a, 2009; Pirnia et al., 2019), Sistan ophiolite (Babazadeh and de Wever, 2004; Tirrul et al., 1983; Zarrinkoub et al., 2012), Sabzevar ophiolite (Moghadam et al.,
2014a; Rossetti et al., 2014; Kazemi et al.,, 2019), Sanandaj-Sirjan zone (Arvin et al., 2007; Jafari et al.,, 2018; Shahbazi et al., 2010), Urumieh-Dokhtar zone (Omrani et al., 2008).

Locality Type of rock Age Possibly Reference
represents?
Kermanshah arc, Western Arc volcanism Paleocene-Eocene 2. North Whitechurch et al. (2013)
Zagros (Kamyaran) Neotethys arc

Bisotun carbonates ~ Upper Triassic-Upper 1. Rifted Ricou et al. (1977); Wrobel-Daveau et al. (2010)
(shallow sediments) Cretaceous allochtons
Radiolarite series Lower 1. Rifted Ricou et al. (1977); Wrobel-Daveau et al. (2010); Gharib and De Wever
(deep sediments) Jurassic-“Mid”-Cretaceous allochtons (2010)

Kermanshah ophiolitic complex Alkaline lavas Triassic to Liassic 1. Rifting Saccani et al. (2013); Whitechurch et al. (2013)
(Harsin-Sahneh), Western IAT 86-81 Ma 3. Cretaceous Whitechurch et al. (2013); Delaloye and Desmons (1980)
Zagros SSz

magmatism
Rodingitized gabbro  79.3 Ma 4. Late Ao et al. (2016); Wrobel-Daveau et al. (2010)
dike in peridotite Cretaceous
spreading?
Zagros eclogites, Western Shahrekord eclogite  185-110 Ma 2. North Davoudian et al. (2008, 2016)
Zagros Neotethys
subduction?
Megalodon limestone Upper-Triassic 1. Rifted Jannessary and Whitechurch (2008); Ricou (1974)
(shallow sediments) allochtons
Pichakun unit (deep Upper 1. Rifted Jannessary and Whitechurch (2008); Ricou (1974)
sediments) Triassic-“Mid"-Cretaceous allochtons
Alkaline lavas Triassic 1. Rifting Ricou (1974)
Metamorphic sole 949 4+ 7.6 Ma 3. South Lanphere and Pamic (1983)
Neyriz ophiolitic complex, Neotethys
Central Zagros subduction
Arc tholeiite to 100-92 Ma 3. Cretaceous Moghadam et al. (2014b); Babaie et al. (2006); Jannessary (2003);
boninites SSz Lanphere and Pamic¢ (1983); Monsef et al. (2018a)
magmatism
Calc-alkaline Cretaceous 3. Cretaceous Babaie et al. (2001)
volcanics SSz
(Hassanabad unit) magmatism
Siah Kuh unit, Eastern Zagros Arc tholeiites - core  Before 87 Ma? ... 95 Ma? 3. Cretaceous Moghadam et al. (2013b); this study
of seamount SSz
magmatism
Felsic volcanism 87 Ma? 3. Cretaceous  This study
SSz
magmatism
MORB magmatism 78-73 Ma 4, Late This study
Cretaceous
spreading

South Hajiabad ophiolite, E-MORB lavas 194-186 Ma 1. Early Moghadam et al. (2013b); Moghadam et al. (2017)
Eastern Zagros spreading

Zagros blueschists, Eastern Ashin blueschists 120-60 Ma 2. North Agard et al. (2006); Monié and Agard (2009); Angiboust et al. (2016);
Zagros Seghin blueschists Neotethys Moghadam et al. (2017)

subduction
Sikhoran mafic-ultramafic Gabbroic complexes 250-180 Ma 1. Rifting and Ghasemi et al. (2002); Ahmadipour et al. (2003)
complex, Eastern Zagros (contaminated early spreading
MORB)
Diabasic dykes 160-130 Ma 1. Early Ghasemi et al. (2002)
spreading
E-MORB diabasic 81-76 Ma 4, Late Ghasemi et al. (2002); Ahmadipour et al. (2003)
dikes Cretaceous
spreading
Sargaz-Abshur complex, Eastern Unmetamorphosed ~ ~200 Ma 1. Rifting (end) Sabzehei (1974); Ghasemi et al. (2002)
Zagros sediments
Oman Exotics, Oman “Oman exotics” Up. Permian to 1. Rifted Searle and Graham (1982)
carbonates “mid”-Cretaceous allochtons
Haybi complex, Oman Alkaline lavas Triassic 1. Rifting Searle (1980)
E-MORB lavas Triassic 1. Early Searle (1980)
spreading
Semail ophiolite, Oman Metamorphic sole 105-95 + 3 Ma 3. South Hacker et al. (1996); Rioux et al. (2016); Soret et al. (2017); Guilmette
Neotethys et al. (2018)
subduction
V2 volcanism 96.4-95.5 Ma 3. Cretaceous Alabaster et al. (1982); Godard et al. (2003); Ishikawa et al. (2002,

(supra-subduction) SSz 2005); Rioux et al. (2012, 2013)
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Table 2 (continued)

Locality Type of rock Age Possibly Reference
represents?
magmatism
Calc-alkaline felsic 90-85? 3. Cretaceous Gnos and Peters (1993); Lippard et al. (1986); Searle (1980); Briqueu
intrusives SSZ et al. (1991); Ishikawa et al. (2005); Lachize et al. (1996); Rollinson
magmatism (2015)
Oman blueschists As-Sifah blueschists ~80 Ma 3. South El Shazly et al. (2001); Searle et al. (2004); Warren et al. (2005);
and eclogites Neotethys Warren and Waters (2006); Yamato et al. (2007)
subduction
Makran colored mélange Limestone rafts Permian to Late Jurassic 1. Rifted Burg (2018)
allochtons
Alkaline and arc ~130 Ma and 95-75 Ma 3. Cretaceous Saccani et al. (2018)
volcanism SSZ
magmatism?
Makran blueschists Blueschists ~100 Ma 2. North Delaloye and Desmons (1980); Hunziker et al. (2017)
Neotethys
subduction
Western Iranian Makran Detrital zircons in ~105, 95, 85, 76 Ma 2. North Mohammadi et al. (2017)
sediments Neotethys arc
Nain-Baft ophiolite, Northern SSZ volcanic rocks Early 2. North Moghadam et al. (2009); Moghadam et al. (2013a); Pirnia et al. (2019)
Zagros Cretaceous-Paleocene Neotethys
back-arc?
Sistan ophiolite, E. Iran MORB to SSZ Albian-Paleocene 2. North Babazadeh and de Wever (2004); Zarrinkoub et al. (2012); Tirrul et al.
volcanic rocks (-Eocene) Neotethys (1983)
back-arc
Sabzevar ophiolite, E. Iran SSZ volcanic rocks Aptian-Paleocene 2. North Rossetti et al. (2014); Moghadam et al. (2014a); Kazemi et al. (2019);
(-Eocene) Neotethys Mazhari et al. (2019)
back-arc
Sanandaj-Sirjan zone, Northern  Arc volcanism Early Jurassic?-Late 2. North Arvin et al. (2007); Shahbazi et al. (2010); Jafari et al. (2018)
Zagros Cretaceous Neotethys arc
Urumieh-Dokhtar zone, Arc volcanism Post-Eocene 2. North Omrani et al. (2008)

Northern Zagros

Neotethys arc

However, subduction had not ended yet (as shown by later subduction
and blueschist to eclogite metamorphism of the Arabian margin; e.g. El
Shazly et al., 2001; Searle et al., 2004; Yamato et al., 2007) and partial
melting may have occurred in the mantle north of the Semail ophiolite
(Fig. 12b). Resulting magmas would probably be erupted on early Meso-
zoic oceanic crust, possibly in the presence of extensional allochtons
similar to those of the Sargaz-Abshur complex. The development of an
arc system more mature than in Oman (i.e., including true calc-
alkaline magmas) could be favored by deeper and stronger hydration
of the mantle wedge.

The ~78 Ma event recorded in Siah Kuh corresponds to the time
when continental rocks start to be exhumed (El Shazly et al., 2001;
Yamato et al., 2007). Resistance to the convergence and subduction of
the Arabian platform, combined with the slab pull generated by the
deeper oceanic slab could induce slab roll back, possibly followed by
slab break off (a deep slab was imaged by van der Meer et al., 2018).
This process, modeled by Chemenda et al. (1996), may have generated
back-arc extension in the upper plate. An asthenospheric window
would also allow the influx of heat as well as enriched mantle that
could form the MORB lavas. If the Siah Kuh unit was located in an arc/
back-arc of the Southern Neotethys Subduction, it would belong to the
lower plate of the Northern Neotethys Subduction and get subducted
lately (i.e. close to collision, for example during the late Paleocene-
Eocene) along with remnants of the Early Mesozoic seafloor. This hy-
pothesis easily explains its underplating beneath the Ashin and Seghin
blueschist facies units (Fig. 12b; Agard et al., 2006; Angiboust et al.,
2016).

9.5.2. Hypothesis 2: arc of the Northern Neotethys Subduction?

The present position of the Siah Kuh unit below the other Zagros
blueschists (Agard et al., 2006) and sequential accretion outlined by
Angiboust et al. (2016) make it difficult to reconcile with a Northern
Neotethys subduction zone (see Fig. 12b, ¢). The main argument for a
genesis in this context is a possible genetic link between the Sikhoran-
Sargaz-Abshur complexes and the Siah Kuh seamount, as discussed

above. No clear arc magmatism at 87 Ma is however described in the
obducted ophiolites (Semail-Neyriz) or in the Sanandaj-Sirjan zone sur-
rounding the Siah Kuh unit. Genesis of Siah Kuh above the Northern
Neotethys subduction would require the existence of extensional
allochtons similar to the Sargaz-Abshur complex (to explain the zircon
distribution). Formation above the Northern Neotethys subduction
could explain the Late Cretaceous E-MORB dykes within the Sikhoran
complex. Arc magmatism in Siah Kuh likely corresponds to a magmatic
event recorded in Makran by detrital zircons aged 90-85 Ma,
interpreted by Mohammadi et al. (2017) and Burg (2018) to result
from arc magmatism on the Northern margin of the Neotethys. How-
ever, detrital zircons aged 80-75 Ma are not particularly abundant in
these studies.

In this configuration, subduction of the Siah Kuh seamount would
require (1) initiation of a new subduction zone to the north of the
Northern Tethys Subduction or (2) a northward migration of the sub-
duction zone, for example through a splay fault (dotted line in
Fig. 12c). Initiation of a new subduction zone above a pre-existing one
is observed in Southeastern Taiwan, where a large portion of the forearc
gets subducted (e.g. Malavieille et al., 2002). Boutelier et al. (2003) sug-
gested that subduction initiation would occur preferentially in the back-
arc. In this configuration, however, subduction of the largely intact Siah
Kuh seamount would require a huge mega-splay fault, much larger than
the one observed in the Nankai accretionary wedge (Park et al., 2002).

10. Conclusion

The Siah Kuh unit is a former seamount, now outcropping in the
Zagros Suture Zone. It is composed of two units separated by a major
thrust, both of which record a comparable magmatic and geodynamic
history:

1) The seamount was built around 87 Ma in an intraoceanic forearc/arc
setting and witnesses increasing maturity and metasomatism of the
mantle wedge through time.
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2) A resumption of magmatism occurred around 78-73 Ma in a 3) The Siah Kuh seamount was later subducted below the Eurasian
back-arc-like setting, with a transition from enriched to depleted plate (meanwhile, the B unit was thrust onto the A unit), at
lavas. ~30 km depth, and thereafter exhumed (Fig. 12a).

a)| 78-73 Ma: Back-arc

sea level

>0

volcanic rejuvenation

approx. 5 km

(-4

?-87 Ma: Intraoceanic arc

sea level

.

1
basalts .

approx. 5 km
b) Southern Intra-Neotethys Arc - Hypothesis 1
S Siah Kuh A ,-A B N
Oman &gl b 78732 @
ARABIA 95 Ma a EURASIA
®forearc true'arc back-arc
extension back-arc

mantle
upwelling

Siah Kuh

c - i A A -A-B
S) Northern Neotetl:)gnArc Hypothesis 2 ® sivta @ 78738 N
‘true’ back-
ARABIA @ Ma true‘are oxtonaio” EURASIA
orearc \ ¢ back-arc

~150 km spreadlng P N.B.

mantle
upwelling

Pelagic sediments
Massive limestone

Felsic volcanics and subvolcanics mmm Upper Cretaceous oceanic crust

Basaltic rocks == Early Mesozoic oceanic crust + OCT

Gabbro === Continental crust
Serpentinite

11

Fig. 12. Synthesis of the tectono-magmatic evolution of the Siah Kuh seamount. a) Two stage evolution of the Siah Kuh seamount during late Cretaceous; b) hypothesis 1: Paleogeographic
location of the Siah Kuh seamount as a southern intra-Neotethys arc, ¢) hypothesis 2: paleogeographic location of the Siah Kuh seamount as an intraoceanic arc in the northern Neotethys.
Abbreviations are San. for Sanandaj-Sirjan, N.B. for Nain-Baft, C. Iran for Central Iran.
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Combining structural and geochemical data from other magmatic
and metamorphic episodes in the Iranian-Omanese Neotethys realm
(Table 2), which was affected by two subduction zones during the
Late Cretaceous, we propose two possible tectono-magmatic settings
for the Siah Kuh seamount. This exceptional remnant might represent
(1) an arc located above the Southern Neotethys subduction zone
(Fig. 12b), and would therefore represent a non-obducted piece (and
the ‘missing arc’) of the Oman ophiolite, or (2) an arc to forearc domain
at the Northern Margin of the Neotethys (Fig. 12c). We consider the first
hypothesis more likely (Fig. 12b).

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.gr.2019.10.019.
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