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ARTICLE INFO ABSTRACT

Ophiolites are important archives of oceanic crust development and preservation in the rock record, and the
Alpine-Himalayan Orogenic Belt (AHOB) is one of the most comprehensive ophiolite depositories in earth’s
history. We have compiled published data on the field occurrences and geochemistry from 137 AHOB ophiolites,
ranging in age from Triassic through Cretaceous, in order to characterize the nature of the Mesozoic Neotethyan
oceanic crust. We have used in this synthesis our recent ophiolite classification approach and applied the most
effective geochemical discrimination diagrams to categorize the Neotethyan ophiolites within the AHOB. The
subduction-related, Backarc (BA), Forearc (FA), Backarc to Forearc (BA-FA) and Volcanic Arc (VA) ophiolites
exhibit different geochemical features, with the BA and FA types defining the end-members with low-high and
high subduction influence, respectively. The subduction-related ophiolites constitute 76% of the ophiolite record
in the AHOB, with the BA type ophiolites being the most dominant group (43%), followed by the BA-FA (19%)
and with FA and VA types as subordinate groups (8% and 6%, respectively). The subduction-unrelated ophio-
lites, making up 24% of the AHOB ophiolite archive, include Mid-Ocean Ridge (MOR), Continental Margin, and
Plume type ophiolites. The MOR type comprises 19% of this total and is the dominant type in the western part of
the AHOB. Both major ophiolite categories are commonly associated with tholeiitic to alkaline ocean island
basalt (OIB) associations, which represent the remnants of plume-proximal magmatism in different Neotethyan
seaways. Subduction-unrelated ophiolites in the westernmost end of the Neotethyan realm were derived from
downgoing oceanic plates, and were involved in high-pressure, subduction zone metamorphism prior to their
exhumation along the suture zones. Subduction-related ophiolites, derived from the upper plates at Neotethyan
convergent margins, escaped such high-pressure metamorphism and extreme fragmentation during their em-
placement. Therefore, their complete Penrose ophiolite stratigraphy with greenschist facies metamorphic
overprint is commonly well preserved in the collision zones of the AHOB. Different subduction contributions
(from zero to 100% in the MOR and FA, respectively) may attest to variable slab dip angles and fluctuations in
slab-induced elements and sediments into the mantle melt source of ophiolite-forming magmas.
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1. Introduction subduction zone environments in the earth’s past (e.g., Moores, 1982;

Abbate et al., 1985; Ishiwatari, 1994; Maruyama et al., 1996; Dilek and

Fragments of ancient oceanic lithosphere preserved in orogenic
belts constitute ophiolite complexes, which provide 3-D archives to
examine the products of geochemical, magmatic, metasomatic and
tectonic processes that operated at seafloor spreading centers and in
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Moores, 1990; Dilek, 2006; Furnes et al., 2015; Dilek and Yang, 2018).
Early studies considered ophiolites as on-land fragments of fossil mid-
ocean ridge crust (e.g., Gass, 1968; Moores and Vine, 1971;
Anonymous, 1972; Coleman, 1977), a conclusion based particularly on
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Fig. 1. A. Tectonic map showing the geographical extent of the Alpine-Himalayan Orogenic Belt (AHOB). Several published papers, as well as unspecified internet
sources, have been used for the construction of the map, and the main sources are: Lister et al. (2001); Dilek et al. (2008); Dilek and Furnes (2009); Furnes et al.
(2014); Chen et al. (2017); Liu et al. (2017). On this map the location of two of the ophiolite complexes included in the paper, i.e. the Betic ophiolite in SE Spain
(Puga et al., 2011), and the South Apuseni Mountains (SAM) ophiolite in Romania (Gallhofer et al., 2016), are indicated. The location of the maps B and C is shown.
In the upper right corner the ophiolite types are indicated. The subduction-unrelated are: MOR = mid-ocean ridge type; PI/R/CM = plume/rift/continental margin
type. The subduction-related are: BA = backarc type; FA = forearc tyoe; BA-FA = backarc to forearc type; VA = volcanic arc type.

B. Map showing the location of the seven ophiolite complexes of Italy and Switzerland (SWZ), arranged in alphabetical order. References to the relevant sources are

shown in Table 1.

C. Map showing the location of the eight ophiolites complexes of Kroatia, Serbia, Bosnia-Hercegovina and Albania, arranged in alphabetical order. References to the

relevant sources are shown in Table 1.

the previous interpretations of the Troodos (Cyprus) and Semail-Oman
ophiolites. However, subsequent work on the Troodos ophiolite re-
vealed geochemical characteristics of its lava sequences that hint sub-
duction influence on its melt evolution and possible island arc origin
(Miyashiro, 1973). This revolutionary proposal subsequently led to the
concept of supra-subduction zone ophiolites (Pearce et al., 1984) that in
turn played a major role in changing the paradigm of ophiolite—oceanic
crust analogy (Dilek, 2003a).

Further geological and geochemical studies on ophiolites have
shown a wide variety with respect to their lithological makeup and
geochemical characteristics (e.g., Dilek and Thy, 1998; Searle and Cox,
1999; Dilek and Flower, 2003; Dilek and Furnes, 2009, 2011, 2014;
Hébert et al., 2012; Pearce, 2014; Saccani, 2015). Hence, it has become

clear that not all ophiolites are the melt products of conventional mid-
ocean ridge processes, as once presumed in the 1972 Penrose definition
of ophiolites (Anonymous, 1972). Furthermore, contrary to many re-
cent models on the origin of ophiolites in different orogenic belts,
ophiolites are not invariably associated with subduction zone processes
during their magmatic construction within different subduction tec-
tonic settings (i.e., arc, forearc, backarc), either. Globally, ophiolites are
highly diverse and include subduction-related and subduction-un-
related types in regard to their primary igneous development prior to
becoming incorporated into continental margins (Dilek and Furnes,
2011, 2014). Following the development of new concepts on the ap-
plication of geochemical discriminant trace element ratios and abun-
dances (Furnes et al., 2014, 2015; Furnes and Dilek, 2017) and careful
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Fig. 2. A. Tectonic map showing the geographical extent of the Alpine-Himalayan Orogenic Belt (AHOB), and the location of map B.
B. Map of mainland Greece and the Greek islands showing the location of the twenty-five complexes of ophiolite or ophiolitic mélange, arranged in alphabetical

order. All relevant references used in the compilation are shown in Table 1.

examination of their field occurrences and regional geology, ophiolites
have been divided into several sub-categories with distinct lithological
sequences, structural architecture and geochemical fingerprints (see fig.
2 of Dilek and Furnes, 2014, and fig. 1 of Furnes and Dilek, 2017).

In this paper, we present a comprehensive review of magmatic as-
semblages that have been interpreted as ophiolites within the Alpine-
Himalayan Orogenic Belt (AHOB), which stretches from the Iberian
Peninsula in the west to the Indochina Peninsula in the east. This vast
orogenic belt formed during diachronous terminal closures of different
Neotethyan seaways, which originally evolved between Eurasia in the
north and the Gondwana-derived continental blocks in the south
throughout the Mesozoic (Dilek and Moores, 1990; Dilek and Furnes,
2019, and references therein). We provide a systematic synthesis of
field data and geochemistry of basalts (and also some isotropic gabbro
samples), available from the published sources on these ophiolites. We
further divide the data into Triassic (252-201), Jurassic (201-145 Ma)

and Cretaceous (145-66 Ma) categories, based on the time of the for-
mation of different seaways within Neotethys. A few examples, how-
ever, straddle the boundary between the Triassic and Permian, and
hence we use the term Permo-Triassic for the oldest group. These older
Permo-Triassic examples may be related to the initial continental
rifting, and hence the beginning stage of Neothetys (Dilek and Furnes,
2019). We geochemically characterize and subdivide the ophiolite oc-
currences of this vast orogenic belt into various subtypes of the sub-
duction-unrelated and subduction-related types, and quantify their re-
lative abundances. We further compare the abundance of various
ophiolite types of the collisional-type AHOB with those of the accre-
tionary-type Central Asian Orogenic Belts. This synthesis has two
major, overarching results: (1) Ophiolites in the AHOB archive are
highly diverse in their geochemical makeup and hence in their mantle
melt origins, and they display significant variations in their composi-
tional and structural features along-strike within the same suture zones;
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and (2) Subduction influence in the melt evolution of the Neotethyan
ophiolites in the central and eastern domains of the AHOB was most
dominant, and the Cretaceous SSZ ophiolites constitute the best pre-
served and complete Neotethyan oceanic crust within the AHOB.

2. The Alpine-Himalayan Orogenic Belt

The Alpine-Himalayan Orogenic Belt (AHOB) extends from the
Maghrebides in NW Africa in the west, through the European Alps,
Dinarides—Albanides-Hellenides in the Balkan Peninsula,
Anatolides-Taurides in the eastern Mediterranean region, Makran and
Oman in the west Indian Ocean, to the Tibetan-Himalaya in the east,
and to the Indochina Peninsula in the southeast. It is a nearly 10,000
km-long mountain system with high elevation, young orogenic crust
and widespread seismic activity (Fig. 1A; Dilek, 2006). The develop-
ment of this orogenic belt occurred during the evolution of a broad
Tethyan oceanic realm through prolonged and complex processes of the
opening and closure of Paleotethyan and Neotethyan seaways, and the
formation of multiple backarc basins that overlapped in time and space
(Dilek and Moores, 1990; Dilek et al., 1990; Stampfli, 2000; Stampfli
and Borel, 2002; Stampfli and Hochard, 2009; Metcalfe, 2013; Dilek
and Yang, 2018; Dilek and Furnes, 2019). In this paper, we focus on
those ophiolite complexes that represent various stages of oceanic crust
development within the Neotethyan realm, mainly during the Jurassic
and Cretaceous.

The pre-Neotethys plate tectonic history of the AHOB can be briefly
summarized as follows. Silurian rifting of the northern Gondwana
margin (Tasaryova et al., 2018) adjacent to the Prototethyan Ocean
(Rheic and Asiatic oceans) produced the Hun Superterrane (Stampfli,
2000). Continued extension led to the opening and development of the
Paleotethyan Ocean between the northern Gondwana margin and the
Hun Superterrane, at the same time as the Rheic Ocean closed during
Devonian time (Torsvik and Cocks, 2004; Stampfli et al., 2013). Loca-
lized intrusions of Permian gabbros into the continental crust of the
Southern Alps attests to a period of lithospheric extension and attendant
magmatism (Herrmann et al., 2001; Pohl et al., 2018; Dilek and Furnes,
2019) that caused rifting of the northern margin of Gondwana during
the Middle Triassic (Mohn et al., 2012; Storck et al., 2018). Resulting
detachment and drifting away of the Cimmerian continent led to the
development of the Neotethyan Ocean in its wake and the coeval clo-
sure of Paleotethys in the late Triassic (for details, see Stampfli and
Borel, 2002; Stampfli and Kozur, 2006). Around 220 Ma Neotethys
opened, and Paleotethys closed as Gondwana-derived continental
blocks became accreted to East Asia (Xu et al., 2015a; Zhao et al.,
2018).

All the AHOB ophiolite complexes examined in this study developed
during the rift-drift (MORB types) and subduction zone (SSZ types)
tectonic evolution of Neotethys. They are principally of two age groups
(Table 1): Jurassic group spanning in age from 170 Ma to 140 Ma, and a
Cretaceous group with ophiolites having igneous ages between 125 Ma
and 90 Ma. A minor Triassic group is also identified. The investigated
ophiolite occurrences in these age groups are shown in Figs. 1 through
5. These figures only display the geographical location of the ophiolites.
The geology, internal structure-stratigraphy, geochronology, petro-
genesis, and emplacement tectonics of these ophiolites are discussed in
a separate paper (Dilek et al., in preparation). The reader can find ap-
propriate references about the individual ophiolite complexes in
Table 1.

3. Classification of ophiolites

Ophiolites, as defined by Dilek and Furnes (2011), are “suites of
temporally and spatially associated ultramafic to felsic rocks evolved
from separate melting episodes and processes of magmatic differ-
entiation in particular oceanic environments”. Characterization and
classification of ophiolite complexes may be done on the basis of field
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examination, describing their rock components and structural anatomy.
The tectonic environment of melt evolution, however, is best de-
termined by the geochemical characteristics of the basaltic lavas and
intrusive rocks, and thus ophiolites can be classified on a geochemical
basis. This has been extensively described and explained in several
recent publications (Dilek and Furnes, 2011, 2014; Furnes et al., 2014,
2015; Furnes and Dilek, 2017; Furnes and Safonova, 2019, and refer-
ences therein). A brief summary of the ophiolite classification is given
here. A general view of the tectonic settings in which subduction-un-
related and subduction-related oceanic crust undergoes its magmatic
construction before emplacement into continental margins as ophiolites
is shown in Fig. 6 (middle panel), and the lithological construction of
the two main types is depicted in Fig. 6 (upper panel). The subduction-
unrelated ophiolite types may be subdivided into Rift (R) and Con-
tinental Margin (CM) types, representing the embryonic stage in ocean
crust formation. With the continental breakup and the onset of seafloor
spreading, MOR-type oceanic crust develops as an end-member of
subduction—unrelated ophiolite types. A special case is the Plume (P])-
type ophiolites which may be part of oceanic plateaus or plume-prox-
imal oceanic ridges (e.g., Iceland; Dilek, 2003b; Dilek and Furnes,
2014).

The subduction-related types, i.e. suprasubduction zone (SSZ)
ophiolites, form as part of the upper plate of a subduction zone, and can
be subdivided into four types. The Backarc (BA) and Forearc (FA) type
ophiolites represent the trench-distal and trench—proximal end--
members of SSZ ophiolites, whereas the Backarc to Forearc (BA-FA)
ophiolites constitute a hybrid type between the two former categories of
SSZ oceanic crust. The Volcanic Arc (VA) oceanic crust represents a
long-term magmatic construction in a suprasubduction zone setting (in
the order of 20-30 million-years), and constitutes a rather thick accu-
mulation of felsic to mafic intrusive and extrusive rock with a well—
developed middle crust (Dilek and Furnes, 2011; Fig. 6, upper panel).

In Fig. 6 (lower panel) we illustrate magma generation responsible
for the subduction-related ophiolite types. The BA ophiolites are li-
thologically and structurally similar to MOR crust. Their magmatic
construction was also related to decompression melting of the upwel-
ling asthenosphere beneath backarc spreading centers. However, their
geochemical character was influenced by variable but generally small
amounts of slab dehydration originated fluid flux. The FA type, on the
other hand, is characterized by large amounts of fluid-flux melt within
the mantle wedge. The BA-FA types represent a combination of these
two end-members.

The inference that we can draw from the above description and il-
lustrations in Fig. 6 is that the evolution of ophiolites, both subduction-
unrelated and subduction-related groups, was a time-dependent phe-
nomenon. Each separate example presents a snapshot picture of time
when crust-forming magmatic processes stopped operating. An ophio-
lite thus represents an ultramafic to mafic—felsic rock assemblage that is
temporally associated with mantle melting and differentiation pro-
cesses in a particular tectonic environment (Dilek and Furnes, 2014). As
to the subduction-unrelated category, tectonic extension resulting in
continental rifting and followed by rift-drift processes may ultimately
lead to the onset of seafloor spreading, which in turn produces new,
mid-ocean ridge (MOR)-type oceanic crust (Dilek and Furnes, 2011,
2014). MOR-type ophiolites display significant differences in their in-
ternal structure, igneous stratigraphy, and crustal thickness, depending
on the spreading rate at which they were formed at the oceanic stage
(Dilek and Furnes, 2011), much like the modern oceanic crust forming
at mid-ocean ridges with different spreading rates and magma budgets
(Dilek and Thy, 1998; Searle and Escartin, 2013). An example of in-situ,
modern ocean — continent transition (OCT) zone is represented by the
Early Cretaceous Iberian rifted margin (Seifert et al., 1997), which on
land, would constitute a continental margin ophiolite as, for example,
reported from the Western Alps (as discussed below) (Balestro et al.,
2015; Festa et al., 2015).

Suprasubduction-zone  (SSZ)

ophiolites, orsubduction-related
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Fig. 3. A. Tectonic map showing the geographical extent of the Alpine-Himalayan Orogenic Belt (AHOB), and the location of map B.

B. Map of Turkey showing the location of the twenty-five complexes of ophiolite or ophiolitic mélange, arranged in alphabetical order. All relevant references used in
the compilation are shown in Table 1. The major tectonic belts as indicated are taken from Asparslan and Dilek (2018). Also shown are the Baer Bassit ophiolite in
Syria (Al-Riyami et al., 2002), and the Bulfat (Ali, 2015), Mawat (Azizi et al., 2013) and Panjween (Hadi et al., 2013) ophiolite complexes in Iraq.

ophiolites, have four sub-types (as outlined above) and may develop in
peri—continental marginal or back-arc basins, or entirely in intra-
oceanic convergent margin settings (i.e., Izu-Bonin-Mariana, or
Tonga—Kermadec arc-trench systems). Structural, lithological as well as
magmatic development of SSZ ophiolites are in general more complex
than that of subduction-unrelated ophiolites, because subduction - re-
lated parameters, such as subduction rate, slab rollback, slab flux, and
dehydration melting, strongly control the mode of upper plate de-
formation, mantle heterogeneity and melting, and melt evolution of
ophiolitic magmas. The increasing complexity in the lithological ma-
keup of SSZ oceanic crust from BA to FA-BA, and further to FA and VA
settings, and their increasing geochemical differences compared to
subduction-unrelated ophiolites, are hence largely related to their
proximity to subducting slabs. Ridge segmentation and ridge within
backarc basins (e.g., Clark et al., 2008; Deschamps et al., 2008; Stern
and Dickinson, 2010; Maldonado et al., 2014; Anderson et al., 2017;
Magni, 2019) and the time spans for these processes to operate are also
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important factors in the development of different types of subduction-
related ophiolites. The Semail-Oman ophiolite is one of the well-
documented examples of an ophiolite, which underwent geochemical
changes as it evolved from initially BA-type to a FA-type in later stages
of its development (Dilek and Flower, 2003; Goodenough et al., 2014).
We hence classify it as a BA-FA-type ophiolite. Most of the ophiolites
reported in the literature do not have, however, detailed time con-
straints for their magmatic construction, like the Oman ophiolite. This
is a critical impediment in better understanding and constraining the
time—progressive melt evolution of ophiolitic magmas within different
SSZ tectonic settings.

We have used a combination of four discrimination diagrams, ap-
plied mainly to basalts and some basaltic andesite in upper oceanic
crust, as well as to subordinate isotropic gabbros, in our geochemical
classification of the AHOB ophiolites. The three diagrams that we use
first are Th/Yb vs Nb/Yb, V vs Ti/1000, and TiO,/Yb vs Nb/Yb (Pearce,
2014). As an initial step, the Th/Yb — Nb/Yb diagram is employed to
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Fig. 4. A. Tectonic map showing the geographical extent of the Alpine-Himalayan Orogenic Belt (AHOB), and the location of maps B and C.

B. Map of Iran showing the location of the fourteen complexes of ophiolite or ophiolitic mélange, arranged in alphabetical order. All relevant references used in the
compilation are shown in Table 1. The major tectonic features, i.e. the Zagros Fold-Trust Belt, and the Samandaj-Sirjan Zone are taken from Moghadam et al. (2014a).
C. Map of Pakistan showing the location of the Bela (Khan et al., 2018), Muslim Bagh (Khan et al., 2007a)) and Waziristan (Khan et al., 2007b) ophiolites.

separate subduction-related from subduction-unrelated basalts. All ba-
salts that plot within the mantle array are considered as subduction-
unrelated, whereas those plotting above it (oceanic and continental arc
types) are interpreted to have been variably enriched in elements
transported by hydrous fluids +/- melts released from subducting
oceanic slab (Fig. 7A). Following this classification scheme, ophiolitic
basalts are first divided into two main groups: subduction-unrelated
and subduction-related (Dilek and Furnes, 2011, 2014; Furnes and
Dilek, 2017). Basalts that plot within the mantle (MORB-OIB) array of
the Th/Yb — Nb/Yb diagram were further evaluated in the TiO5/Yb —
Nb/Yb diagram (Step 2), because the TiO,/Yb ratio functions as a good
indicator of the depth of mantle melting (Pearce, 2014). Basalts that
plot in the OIB or MORB arrays thus represent deep- and shallow-
generated melts, respectively (Fig. 7B). The subduction-unrelated group
can be further discriminated into Rift/Continental Margin, Mid-Ocean
Ridge (MOR), and Plume types, a subdivision that is defined by their
grouping in the TiO5/Yb-Nb/Yb diagram (Fig. 7B). MOR type basalts
plot within the MORB array, whereas plume-related basalts plot within
the OIB array and the Rift/Continental Margin types fall into the al-
kaline field of the OIB array.

A third step involves further discrimination of the basalts using the
V/Ti ratio as a proxy for SSZ derivation (Shervais, 1982). The modified
V-Ti diagram (Pearce, 2014) discriminates between magmas of
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boninite, island-arc tholeiite (IAT), MORB and alkali basalt affinity, in
which the MORB and boninite represent the tectonic environment for
the most distant and the closest from a trench and the associated sub-
duction zone, respectively. The subduction-related basalts can thus be
subdivided into Backarc (BA), Backarc to Forearc (BA-FA), Forearc
(FA), and Volcanic Arc (VA) types. The BA, BA-FA, and FA types are
recognized, among which the majority of their compositions plot in the
oceanic arc (as well as overlap the oceanic arc/continental arc) field of
the Th/Yb-Nb/Yb diagram (Fig. 7A). Further, the BA, BA-FA, and FA
types are characterized by a dominance of MORB, IAT and boninite
compositions, respectively, in the V-Ti diagram (Fig. 7C). For the
samples that we classify as VA basalts, the data also plot in the con-
tinental arc field of the Th/Yb-Nb/Yb diagram and within the IAT and
boninite fields in the V-Ti diagram.

Another useful and appropriate discrimination diagram is provided
by the MORB-normalized values of Th and Nb (Saccani, 2015). Of
major importance here is the distinction between basalts of subduction-
influenced and subduction-noninfluenced backarc basins (Fig. 8).
About half of the backarc field overlaps largely with those of N-MORB
and E-MORB without subduction influence. This is important to keep in
mind when classifying ophiolites, because those ophiolites classified as
MOR-type (D-MORB, N-MORB and E-MORB) may also be part of a
trench-distal backarc system.
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Fig. 5. A. Tectonic map showing the geographical extent of the Alpine-Himalayan Orogenic Belt (AHOB), and the location of map B. On this map the location of four
of the ophiolite complexes included in the paper, i.e. the Myitkyina ophiolite in Myanmar (Xu et al., 2017), the Naga Hills ophiolite in NE India (Dey et al., 2018), the
Manipur ophiolite in NE India (Singh et al., 2012), and the Andaman ophiolite in Andaman Island (Pedersen et al., 2010).

B. Map of the Tibetan plateau showing the location of the thirty-eight ophiolite complexes. The various terranes shown on the map are taken from Xiong et al. (2018).

4. Geological summary of the AHOB ophiolites

In this study, we have examined 137 ophiolite and island arc
complexes in the Alpine-Himalayan Orogenic Belt, distributed in 23
countries. Most of these ophiolites occur in central to eastern parts of
the orogenic system. Upper mantle and crustal lithologies,
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metamorphic conditions, tectonic framework, and main reference(s) on
each complex are summarized in Table 1. Upper mantle lithologies
have been reported from 121 of the ophiolites. Harzburgite is the most
common reported peridotite rock, followed by lherzolite and dunite.
Wehrlite and pyroxenite are reported from only several ophiolites
(Table 1). In some ophiolites, ultramafic rocks are only categorized as
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the types of oceanic lithosphere, developed in these settings (middle panel), and the details of magma production in the different settings (lower panel). Modified
from Dilek and Furnes (2009), Furnes and Dilek (2017), Furnes and Safonova (2019).

unspecified peridotites, or as serpentinized peridotites due to their
pervasive alteration. In their crustal sections, gabbro, basaltic dikes
(often reported as sheeted dike complex) and basaltic lavas are reported
in 111 of the ophiolites. Basaltic andesite, andesite, diorite and plagi-
ogranite occur in some of the complexes (e.g., Dilek et al., 2005),
whereas dacite and rhyolite are rare. Metamorphic grades of crustal
rocks have been reported from 130 of the complexes (Table 1), and the
majority (forty-two) of them display low grade, i.e., variable hydro-
thermal alteration and lower greenschist facies metamorphism. The
remaining complexes are reported to have undergone upper greens-
chist-amphibolite-blueschist, blueschist to eclogite facies meta-
morphism (Table 1).

A major population of the AHOB ophiolites exhibits a complete
crustal pseudostratigraphy, starting with a sedimentary cover on top,
extrusive sequence of mainly pillowed and/or massive lavas, a sheeted
dike complex, cumulate and isotropic gabbros, and ultramafic cumu-
lates at the bottom; beneath the Moho are serpentinized peridotites,
commonly intruded by doleritic dikes. In some of these ophiolites a
several hundreds of meters thick metamorphic sole tectonically
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underlies the upper mantle peridotites (e.g., Dilek and Eddy, 1992;
Dilek and Whitney, 1997; Dilek et al., 1999; Dilek et al., 2007; Dilek
and Thy, 2009; Dilek and Furnes, 2011, 2014; Furnes and Dilek, 2017;
Safonova et al., 2017). Some ophiolites are strongly deformed and
dismembered during emplacement and post-emplacement stages during
orogenic buildup, and they thus display a mélange character. The
magmatic sequence in many ophiolites is capped by pelagic chert,
hemipelagic siliceous mud/siltstone, turbiditic/greywacke sandstone,
limestone and/or volcaniclastic rocks as part of their original sedi-
mentary cover. It is not uncommon to find some ophiolitic subunits
making up significant components of ocean plate stratigraphy (OPS),
which is well-preserved in exhumed subduction-accretion complexes
at paleo—convergent margins (Isozaki et al., 1990; Maruyama et al.,
2010; Santosh, 2010; Wakita, 2012; Safonova and Santosh, 2014;
Safonova et al., 2016; Zhang et al., 2018a, 2018b).
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Pearce, 2014). (A) Nb/Yb — Th/Yb; (B) Nb/Yb — TiO,/Yb; and (C) Ti/1000 - V diagrams.

5. Geochemical characteristics of basaltic rocks from the AHOB
ophiolites

For the establishment of the database used in this compilation
(Table 1) we have examined the bulk rock geochemical data of basaltic
lavas and dikes, as well as a minor amount of isotropic gabbros from
152 published papers, comprising a total of 2179 analyses; in most of
the cases ten or more analyses are available from each ophiolite com-
plex. Most of these published papers (97%) are recent (2000-2019),
and hence the geochemical data reported in them are more complete
and of higher quality in comparison to the geochemical data published
in the 1980s and 1990s. It is important to note, however, that the
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literature-based geochemical data used in our synthesis here have been
produced in various laboratories, with different precisions and ac-
curacies. Nevertheless, we have employed the same techniques of data
processing (i.e., using the same diagrams for all collected data), which
should help smoothen any major uncertainties.

5.1. Element mobility

In our classification of ophiolitic basalts and isotropic gabbros, we
have applied seven elements (Ti, V, Zr, Y, Nb, Th and Yb). The majority
of the investigated ophiolites experienced alteration and/or various
degrees of metamorphism (Table 1), ranging from sub-greenschist to
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Fig. 8. Template for the Nby — Thy discrimination diagram. Modified after Saccani et al. (2015).

eclogite facies. Sub-greenschist and greenschist facies are the dominant
types of metamorphism for all various ophiolite types, adding between
72 and 82 percent. We review below how these seven elements in our
classification respond to alteration and metamorphism.

Alteration and metamorphic processes that affect the element mo-
bility in basaltic and gabbroic rocks in ophiolites are controlled by
several factors such as the composition and stability of mineral phases,
temperatures and fluxes (volumes) of fluid phases that circulate
through the upper oceanic crust. Several low- to high-temperature ex-
perimental studies, related to these topics have been performed, as well
as studies on natural systems (in particular submarine pillow lavas). It is
widely accepted that Ti, V, Y, Zr, Nb, REE (particularly HREE), as well
as Th are little mobile during alteration (e.g., Humphris and Thompson,
1978; Staudigel and Hart, 1983; Seyfried et al., 1988; Hofmann and
Wilson, 2007; Furnes et al., 2012). A most critical element in the dis-
tinction between subduction-related and subduction-unrelated char-
acter is thorium (Th), and thus the Th/Yb ratio at any given Nb/Yb
value is a significant indicator (Fig. 7A). Leaching experiments (Verma,
1992) have shown that Th remains almost constant at most conditions,
but that it is depleted during palagonitisation. Studies on the behavior
of U and Th (Valsami-Jones and Ragnarsdottir, 1997) during various
conditions of sea-floor alteration indicate mobility of Th during high-
temperature alteration, but that this element is mainly redistributed
locally within an altered rock rather than being lost. Thus, for the vast
majority of samples displaying low-grade metamorphic overprint, as
well as no reports of presented palagonite, we have taken Th and the
Th/Yb ratio of each given analysis as a near proxy for that of the ori-
ginally fresh rock. None of the ophiolites we have examined contained
palagonite as reported in the literature.

5.2. Magmatic character

For the distinction between alkaline, tholeiitic and calc-alkaline
magmatic series, the alkali — total iron — magnesium (AFM) diagram
(Irvine and Baragar, 1971) and the total alkali-silica (TAS) diagram (Le
Maitre, 1989) have traditionally been applied. However, most of the
analyzed samples in our synthesis are altered (with a dominant H,O
content ranging between ca. 2 — 5 wt.%), and metamorphosed (mostly
in greenschist, but also medium-to high grade facies; see Table 1), and
hence classification based on mobile major elements including Na, K,
and Mg may be unreliable. Instead, we have used the relatively im-
mobile elements Ti, Zr, Y, Nb, Th and Yb to test the magmatic character
of ophiolitic lavas. As a first step, we employ the Nb/Y — Zr/Ti diagram
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of Winchester and Floyd (1977) to distinguish between subalkaline and
alkaline basalts (Fig. 9). Thereafter, we isolate all the subalkaline ba-
salts and plot those in the Zr/Y — Th/Yb discrimination diagram of Ross
and Bedard (2009) to distinguish between tholeiitic and calc-alkaline
character (Fig. 10). Subalkaline basalts are by far the most dominant
compared to those of alkaline character (Fig. 9); the latter comprising
between ca. 5 and 11 percent (Table 2), and with Jurassic ophiolites
defining the highest proportion. A minor population of the Jurassic
ophiolites, represented by some basaltic pillow lavas and dolerite
samples of the Bangong Lake ophiolite in Tibet define very low Zr/Y
numbers, due to extremely low Zr values, as reported by Shi et al.
(2008). Of the subalkaline basalts, tholeiitic to transitional-type basalts
are the dominant, whereas calc-alkaline basalts in general are sub-
ordinate (Fig. 10, and Table 2). The highest proportion of calc-alkaline
basalts (16 percent) is represented by the Permo-Triassic examples.

5.3. Multi-element character of the ophiolite types

Primitive mantle (PM)-normalized multi-element diagrams, re-
presenting a collection of samples from the subduction-unrelated (Pl/
CM/R and MOR) and subduction-related (BA, BA-FA, FA and VA)
ophiolites are shown in Fig. 11. In general the subduction-unrelated
ophiolite types show Th-enriched (P1/CM/R-type) to Th-enriched/de-
pleted (MOR-type) patterns. For the subduction-related types, like those
of the MOR-type, the spread in the most incompatible elements (Th, Nb,
La, Ce) is large, and negative Nb-anomalies are common, particularly
for the FA- and VA-types.

In order to make the characterization of the multi-element character
of the basaltic rocks (as shown in Fig. 11) more distinguishable, and
hence to emphasize the differences between the various ophiolite types
more effectively, we have calculated the Nb-anomalies and the PM-
normalized La/Yb ratios [(La/Yb)N] for all the available data (Fig. 12).
The Nb-anomaly, calculated as [(Thy + Lay)/2] - Nby for each sample,
show that 80 % of the P1/CM/R-type ophiolites, and 60 % of the MOR-
type ophiolites have positive Nb-anomalies. For the subduction-related
ophiolite types, on the other hand, the negative Nb-anomalies are the
dominant feature. The BA- and BA-FA-type ophiolites display similar
results, i.e. 73% and 77%, respectively, the FA-type 93%, and the VA-
type 100% negative Nb-anomalies (Fig. 12). As to the PM-normalized
La/Yb patterns, the main part (60%) define La-enriched nature (be-
tween 1 and 10), and the MOR-type ophiolites also exhibit a significant
(35%) La-depleted character, with (La/Yb)y ratios between 0.1 and 1.
For the basalts of the subduction-related BA-, BA-FA- and FA-type



H. Furnes, et al.

Earth-Science Reviews 208 (2020) 103258

1
A. Template Rhyolite
; Trachyte
01 Rhyodacite |+
S site asalt
E An .fe %/
N asaltic andes!
0.01 Alkali
Subalkaline basalt
basalt
0.001 ' |
0.01 0.1 Nb/Y 1 10
1

B. Permo-Triassic

C. Jurassic

0.1

0.01
0.001
0.01 0.1 1 10
1
D. Cretaceous
I
0.1 -
A A — |
AN
TN NN
001 - FYe A'g:_gx;A
-
0.001 . ‘

10

Fig. 9. Nb/Y — Zr/Ti diagram to distinguish between subalkaline and alkaline
basalts (modified after Floyd and Winchester, 1975).

ophiolites the La/Yby ratios show a dominantly depleted nature, 55%,
70%, and 76%, respectively, whereas the VA-types define a pre-
dominantly enriched nature (Fig. 12).

5.4. Discrimination diagrams

We have plotted the elements Ti, Y, Zr, Nb, V, Th and Yb, applied
either as various ratios (Nb/Yb — Th/Yb, Nb/Yb - TiO,/Yb), and ele-
ment concentrations (Ti — V), or as MORB-normalized elements (Nby —
Thy) of the basaltic rocks, in the discrimination diagrams of Pearce
(2014) and Saccani et al. (2015). Before presenting the results of the
complete data set, we introduce a selection of the various subtypes of
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the subduction-unrelated and subduction-related ophiolites, demon-
strating their different positions in the various discrimination diagrams
(Fig. 13). For the subduction-unrelated category, we chose three ex-
amples demonstrating a complete range from OIB-transitional E-MORB
(P1/CM/R-type) and two MOR-type examples representing typical E-
MORB and N-MORB (Fig. 13A-D). For the subduction-related types a
representative example of each of the four types (BA, BA-FA, FA and
VA) were selected and plotted in the appropriate diagrams of Fig. 13.
The ophiolites classified as BA and BA-FA types plot rather similarly in
the Th/Yb-Nb/Yb diagram, whereas in the V-Ti diagram the BA type
plot predominantly in the MORB field, while the BA-FA types show a
much wider spread plotting in the boninite, IAT and MORB fields
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Magmatic character of the basalts of the investigated AHOB ophiolite complexes.
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Age Number of sequences and analyses in Magmatic affinity (in %)
parantesis
Alkaline Subalkaline Subalkaline division based on Zr/Y vs Th/Yb character
Nb/Y > 0.7 Nb/Y < 0.7
Tholeiite Transitional Calc-alkaline
Triassic-Permian 8 (79) 5 95 26 58 16
Jurassic 53 (857) 10.7 89.7 83 12
Cretaceous 67 (1341) 7.8 92.2 73 21 6
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Fig. 11. Representative PM-normalized multi-element diagram of the subduction-unrelated (P1/CM/R- and MOR-type) and subduction-related (BA-, BA-FA-, FA- and
VA-type) ophiolites. References to geochemical data are given in Supplementary Table 1. The PM values are from Lyubetskaya and Korenaga (2007): Th: 62.6 ppb;

Nb: 460 ppb; La: 508 ppb; Ce: 1340 ppb; P: 66 ppm; Zr: 8.42 ppm; Sm: 324 ppb; Eu: 123 ppb; Ti: 950 ppm; Y: 3.37 ppm; Yb: 346 ppb).
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Fig. 13. Representative samples of the subduction-unrelated (Pl/CM/R and
MOR types) and subduction-related (BA, BA-FA, FA and VA types) AHOB
ophiolites plotted in Th/Yb-Nb/Yb (A), TiO,/Yb-Nb/Yb (B), V-Ti (C), and Thy-
Nby (D) discrimination diagrams. The selected ophiolites are: PI/CM/R type:
Zhongba ophiolite, southern Tibet; MOR 1 type: Betic ophiolite, Spain; MOR 2
type: Elba ophiolite, Elba Island, Italy; BA type: Karadag ophiolite, Turkey; BA-
FA type: Troodos, Cyprus; FA type ophiolite: Dingqing ophiolite, Tibet; VA type:
Penjween ophiolite, Iraq. For further information on these ophiolite examples:
see Tables 1 and 4, and Supplementary Tables 1 and 2.

(Fig. 13A and C). The samples of the selected FA-type ophiolite plot
exclusively on the joint oceanic arc/continental arc field of the Th/Yb-
Nb/Yb diagram, and in the boninite field of the V-Ti diagram. The
VA-type ophiolite plots in the continental arc field of the Th/Yb-Nb/Yb
diagram, and predominantly in the MORB field of the V-Ti diagram.
The results of our synthesis of the complete data sets are shown in
Figs. 14-18. In each of the ophiolite complexes, as expressed in the
discrimination diagrams of Pearce (2014), the subduction influence
(0-100%) has been estimated (see Supplementary Table 1). All samples
that plot within the mantle array (at any Nb/Yb value) have been taken
as non-influenced by subduction. Thus, when all basalt samples from an
ophiolite plot within the mantle array, they are featured as 0% sub-
duction-influenced, and 100% subduction-influenced when they all plot
above the mantle array (see further explanation as footnotes for Sup-
plementary Tables 1 and 2. Samples that plot above the mantle array,
i.e., in the Th/Yb — Nb/Yb diagram of Fig. 15, and in the field of the
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volcanic arc array of Fig. 16, have been taken as influenced by sub-
duction processes. The results are shown as histograms in Fig. 14A. This
calculation shows that those ophiolites that are negligibly or entirely
unaffected (0-10%) by subduction-related processes comprise a sig-
nificant part; those substantially to entirely subduction-influenced
(90-100%) constitute the major part, as well. The samples that plot in
the mantle array were further plotted in the Nb/Yb versus TiO,/Yb
diagram of Fig. 16. This diagram separates the basalts that have ori-
ginated as a result of shallow—depth melting (MORB array) from those
of a deep melting origin (OIB array). The results are illustrated by two
histograms in Fig. 14B1 and B2, showing approximately equal pro-
portions of MORB and alkali basalts.

We have also plotted all samples showing subduction-influence in
the Th/Yb-Nb/Yb diagram of Fig. 15 in the V-Ti diagram of Fig. 17.
They fall into the fields of boninite, IAT, MORB and alkali basalts. The
results of this compilation are shown in four histograms (for boninite,
IAT, MORB and alkali basalt) in Fig. 14. IAT and MORB are the
dominant basalt types, occurring in various proportions in all of the
complexes we have examined (Fig. 14C2 and C3). Boninite occurs in
minor amounts and are absent in most of the complexes, and alkali
basalts are rare (Fig. 14C1 and C2).

The calculated percentages of each of the occupied fields of the
discrimination diagrams (Figs. 15-18), represented by the Permo-
Triassic, Jurassic and Cretaceous time periods, are shown in Table 3.
The calculated values for each of the 136 ophiolites are presented in
Supplementary Tables 1 and 2. The Th/Yb - Nb/Yb relationships for the
Permo-Triassic through Cretaceous ophiolites are shown in Fig.15. The
majority of the analyzed samples are subduction-influenced, in parti-
cular those of the Cretaceous complexes that add up to ca 60%. The
smallest contribution, apart from the Permo-Triassic samples, is re-
presented by the continental arc composition (Table 3). Isolating the
data of the OIB-MORB array (Fig. 7A) in the Nb/Yb — TiO,/Yb diagram
(Fig. 16), we see that the majority of the ophiolites define N-MORB
character, whereas alkali basalts are dominant among the OIB types
indicating deep melting for their origin. In further distinguishing the
subduction-related ophiolites, we plot them in the V-Ti diagram
(Fig. 17). The Jurassic and Cretaceous ophiolites mostly define an IAT
character, whereas the Permo-Triassic ophiolites dominantly show a
MORB character on this diagram (see Table 3).

The MORB-normalized Nb and Th values of the Permo-Triassic,
Jurassic and Cretaceous ophiolites have been plotted in a simplified
version of the Saccani et al. (2015) discrimination diagram (Fig. 18),
and the estimated proportions of subduction-related and subduction-
unrelated data are shown in Table 3. The Permo-Triassic and Jurassic
ophiolites demonstrate the dominance of a subduction-unrelated char-
acter (particularly those of Jurassic age), whereas those Cretaceous
ophiolites mostly display a subduction-related character (Table 3).

5.5. Nd-isotope data of basaltic rocks

Nd-isotope data were assembled from 49 of the 137 investigated
ophiolite complexes, comprising altogether 450 analyses. The refer-
ences to the isotope data are shown in Table 1. Each of the MOR-, Pl/
CM/R-, BA-, BA-FA-, FA- and VA- ophiolite types, classified as such
based on the discrimination diagrams (Figs. 15-18), has been isolated
and the Nd-isotope data for different ophiolite types are compared and
discussed regarding the nature of their melt sources. To this end we
have plotted the eyg-values versus Sm/Nd ratios, and have made his-
tograms of the eyg-values; the results of this compilation are presented
in Fig. 19.

The enq - Sm/Nd diagrams of the basalt to basaltic andesite samples
define a pronounced scatter in the Sm/Nd ratios at any given enq -value.
An explanation for this pattern may be given by the behavior of the two
elements in question. Since Nd is a more incompatible element than Sm,
the Sm/Nd ratio of a melt decreases during crystal fractionation (CF),
compared to the original value of the melt prior to fractionation. The
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Fig. 14. Histograms summarizing: (A) the percentage of subduction influence (all samples); (B) melt regime (shallow or deep) of the subduction-unrelated basalts;
(C) the percentage of boninite, IAT, MORB, and alkali basalts of the subduction-influenced basalts.

Sm/Nd ratio of melts also decreases during partial melting (particularly
low-degree of melting), but increases during repeated melting of a
progressively and strongly depleted mantle. The engq -values of ca. +7
to +11.5, as defined by the black stippled lines of the eygq - Sm/Nd
diagrams (Fig. 19), represent depleted mantle (DM) values of the
mantle growth curve at the Jurassic to Cretaceous time range (ca. 100
Ma) as defined by the given samples (Shaw et al., 1987; Vervoort and
Blichert-Ioft, 1999).

The enq -values of most of the MOR-type ophiolites fall within the
DM (depleted mantle)-range, whereas for the PI/CM/R-, BA-, BA-FA-,
FA + VA-type ophiolites the majority define lower eyq values than de-
fined by the DM range (Fig. 19). We attribute this pattern to mixing of
mantle-generated melts with variable amounts of melts generated from
continental crustal material (CM) and/or global subducted sediments
(GLOSS), defining, in general, very low, negative eyq -values (Plank and
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Langmuir, 1998). As to the P1/CM/R-types ophiolites, the generally low
€na -values might be due to contamination by crustal continental ma-
terial during ascent to the surface. These ophiolites, hence, more likely
represent Continental Margin (CM)- and/or Rift (R)-type, rather than
Plume (P1)-type ophiolites. However, caution should be taken, since we
do not know where and how the low epsilon Nd material was obtained
by the magmas.

For the subduction-related ophiolites, the pattern can easily be ex-
plained by subduction of sediments (GLOSS), of which the main com-
ponent (ca. 76 %) is terrigenous material, compositionally similar to
upper continental crust (Plank and Langmuir, 1998). The BA and BA-FA
ophiolites are similar with respect to their DM-contribution, and with
the FA and VA types showing the lowest DM-values. However, the BA-
FA types display the lowest eyq -values registered, and thus demonstrate
the close connection to subduction zone influence.
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Fig. 15. Nb/Yb - Th/Yb plots of the basaltic rocks of the Permo-Triassic,
Jurassic, and Cretaceous ophiolites of the Alpine-Himalayan Orogenic Belt.

As to the basalts of the MOR-type ophiolites and their eyq -values,
which are lower than that of the depleted mantle, this pattern cannot be
explained by active subducted sediment contribution. However, global
recycling and differentiation of the mantle have occurred as long as
some form of plate tectonic process has been active, likely dating back
to the early Archean (e.g., Dilek and Polat, 2008; Furnes et al., 2009,
2012; Komiya et al., 2015; Maruyama et al., 2016; De Wit et al., 2018;
Santosh et al., 2020), making it progressively heterogeneous (Kimura
et al.,, 2017). The mantle under some parts of subduction-unrelated
mid-ocean ridges may thus contain material from former subduction-
related regimes, yielding melts with low eyq -values, and may thus
provide an explanation to the low eyq -values of the MOR-type ophio-
lites shown in Fig.19.

5.6. Chemical character versus age and geography

The Permo-Triassic, Jurassic and Cretaceous ophiolites were orga-
nized in an approximately East-West order along the length of the
AHOB, and Fig. 20 displays the relationship between the level of sub-
duction influence (between 0 and 100%) and geographic position of the
AHOB ophiolites. Most of the ten Permo-Triassic ophiolites occur in the
western part of the AHOB, and a few in the easternmost part. Six of
these are moderately to non-subduction influenced, and three are 100%
subduction-influenced. The Jurassic ophiolites occur principally in the
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Fig. 16. Nb/Yb — TiO,/Yb plots of the basaltic rocks of the Permo-Triassic,
Jurassic, and Cretaceous ophiolites of the Alpine-Himalayan Orogenic Belt.

western and eastern parts, and are mostly absent in the middle part of
the AHOB. Subduction-unrelated MOR~-type ophiolites dominate in the
western part, but from the Balkan Peninsula onwards to the east the
AHOB ophiolites become more subduction-related. However, in the
eastern part of the AHOB, we see a substantial number of subduction-
unrelated ophiolites exposed again. The Cretaceous ophiolites dominate
in the central domain of the orogen, i.e. from the Greek islands in the
Aegean Sea and the eastern Mediterranean regions through the east-
ward extent of the AHOB (Dilek and Furnes, 2019). A fairly high pro-
portion of ophiolites is 100% subduction-influenced, particularly those
in Anatolia.

Ophiolites that exhibit OIB signature occur in all three age groups,
but are most common in the Cretaceous age category (Fig. 21).

6. Lithology versus geochemistry
6.1. Crustal rock

The relationships between crustal lithological components of the
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Fig. 17. Ti/1000 - V plots of the basaltic rocks of the Permo-Triassic, Jurassic,
and Cretaceous ophiolites of the Alpine-Himalayan Orogenic Belt.

ophiolites examined in this study are listed in Table 1, and their char-
acterization based on the geochemical characteristics (shown in
Figs. 15-18) is displayed in Fig. 22. There is a caveat, however, that the
samples presented in the literature that we used for our database col-
lection in this paper are not necessarily random samples and may re-
flect a sampling bias. Therefore, the rock type distributions may to
some extent be based on potentially unrepresentative sampling.

For all the ophiolite complexes we have examined, the occurrence of
gabbro and basalt is a common feature, representing the most abundant
ophiolitic subunits. The Backarc (BA) type oceanic crust is structurally
like MOR-generated oceanic lithosphere, and their rock type abun-
dances are, hence, similar; the Backarc-Forearc (BA-FA)-type ophiolites
also display a similar lithostratigraphy to that in BA-type ophiolites
(Fig. 22). The Forearc (FA) and Volcanic Arc (VA) type ophiolites ex-
hibit slightly higher abundances of basaltic andesite and andesite
(Fig. 22). Boninite is more frequently reported from FA-type ophiolites
in comparison to the other types. Even though many of the ophiolite
complexes do not contain all subunits of a typical Penrose ophiolite
stratigraphy (Dilek, 2003a; Robinson et al., 2008), the geochemical
classification as shown in Table 4 largely reflects the lithological
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Fig. 18. Nby — Thy plots of the basaltic rocks of the Permo-Triassic, Jurassic,
and Cretaceous ophiolites of the Alpine-Himalayan Orogenic Belt.

construction of the investigated ophiolites.
6.2. Mantle rocks

The mantle rocks of all the ophiolite types are dominated by harz-
burgite, lherzolite and dunite. Wehrlite and pyroxenite also occur in
some complexes (Fig. 23). All the ophiolites also contain peridotites and
serpentinite of unspecified type as reported in the literature. The VA-
type ophiolites only have unspecified peridotites; however, the number
of examples is limited (only 4) and may not be representative.

6.3. Metamorphic grade

The metamorphic facies of the reported ophiolites varies from low-
grade through blueschist and eclogite. The term low-grade includes
variants such as “non-metamorphic to weakly metamorphosed, sub-
greenschist, low-T alteration and hydrothermal alteration” (Table 1),
we refer to all these categories as sub-greenschist facies metamorphic
overprint in this paper. The majority of the ophiolites of all different
types have undergone sub-greenschist and greenschist facies
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Summary of discrimination character (Pearce, 2014; Saccani, 2015) of the basaltic rocks of the Alpine-Himalayan Orogenic Belt.

Discrimination (Pearce 2014) Triassic-Permian Jurassic  Cretaceous
Nb/Yb - Th/Yb proxy ( in %)

Mantle 47 58 38
Weak subduction influence 13 13 28
Oceanic arc (OA) 0 18 21
Continental arc (CA) 12 2 3
Joint OC-CA 28 9 10
Ti/V proxy( in %)

Bon 14 17 18
IAT 6 48 43
MORB 80 34 35
Alk. Basalt 1 4
Nb/Yb - TiO,/Yb proxy (in %)

D-MORB 3.4 5.5 6.4
N-MORB MORB 53.3 48.3 38.9
E-MORB array 36.7 21 29.6
OIB-tholeiite ]__ OIB 3.3 12 7.5
OlB-alkaline array 33 13.2 17.6
Discrimination (Saccani 2015)

Subduction-related (in %)

IAT & Bon & BAB 13.6 26.4 37.7
CAB 333 104 11.6
Sum 46.9 36.8 49.3
Subduction-unrelated (in %)

MORB & BAB 49.4 53.3 42.6
OIB 3.7 9.9 8.1
Sum 53.1 63.2 50.7

metamorphism of ocean floor origin (Fig. 24). Only the subduction-
unrelated (MOR and P1/CM/Rift) and BA type ophiolites exhibit am-
phibolite to blueschist to eclogite facies metamorphic overprint because
of their post-magmatic involvement in subduction related burial and
subsequent exhumation at the interface between a downgoing plate and
an upper plate (Fig. 24; Table 1). Subduction-related ophiolites com-
monly originate from the upper plates of subduction zones, whereas
subduction-unrelated ophiolites have their origins in down-going plates
(Dilek and Furnes, 2014). Therefore, the protoliths of these sub-
duction-unrelated ophiolites became subjected to high-P meta-
morphism (blueschist to eclogite facies) as they started subducting with
downgoing plates.

7. Ophiolite types of the Alpine-Himalayan Orogenic Belt

The geochemical proxies for the different ophiolite types (as shown
in Supplementary Tables 1 and 2) demonstrate that the AHOB ophio-
lites vary significantly. Ophiolite types may grade into each other, and
admittedly, in some cases it may be difficult to assign an ophiolite to
one specific type. Different ophiolite types with zero to 100% subduc-
tion contribution may occur within the same suture zone.

We have treated the geochemical data as outlined in Figs. 9-10 and
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Figs. 13-18 and classified the examined ophiolite sequences of the
AHOB according to the various tectonic settings as outlined in Fig. 6.
The compilation is shown in Table 4, and also illustrated in a pie-dia-
gram (Fig. 25). The ophiolite types classified as Backarc (BA), Backarc
to Forearc (BA-FA), Forearc (FA), and Volcanic Arc (VA) constitute
43%, 19%, 8% and 6%, respectively, making the subduction-related
ophiolites a dominant group (76%). Of the remaining 24%, the MOR
type makes up the major part (19%) and the P1/CM/R type the last 5%
(Fig. 25).

It is important to note that not all ophiolites examined in this study
have the required geochemical data to be fully processed through the
discrimination procedure as outlined in Figs. 7 and 8. In Fig. 26 we have
selected most of the ophiolite complexes from which complete geo-
chemical datasets are available. We have further split these data into
three age groups, Permo-Triassic, Jurassic and Cretaceous, and plotted
the ophiolite types of the three time periods onto the spatial map of the
AHOB (Fig. 26A-C). The Permo-Triassic (Fig. 26A) ophiolites pre-
dominantly occur in the Balkan Peninsula (Albania and Greece), and
are exclusively of subduction-unrelated character. An exception is the
Dingqing ophiolite in the eastern part of the AHOB in central Tibet. It
should be emphasized, however, that this ophiolite is considerably
younger than the others in the Balkan Peninsula, and that it straddles
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Fig. 19. eng - Sm/Nd diagrams and histograms of the eyq — values for the subduction-unrelated and subduction-related ophiolite types. The number in brackets show
the number of analyses represented.

the Triassic-Jurassic boundary.
The Jurassic ophiolites of the western AHOB (Betic-Spain, Western
Alps-France, Italy and Switzerland) and part of the Balkan Peninsula,

are exclusively of MOR type. Some Jurassic ophiolites also exist in the
Himalayan-Tibetan region (Fig. 26B). Jurassic ophiolites are scarcely
documented from the central part of the AHOB, but they are abundantly

25
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Fig. 20. Subduction-signature of the basaltic rocks of the Permo-Triassic, Jurassic, and Cretaceous ophiolites along the Alpine-Himalayan Orogenic Belt, from Spain
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to eastern Himalaya. Based on the Saccani et al. (2015) classification as shown in Supplementary Table 2.

represented in the Himalayan region by both subduction-unrelated and
subduction-related types, though most of these belong to the latter type.

In addition to the MOR-type ophiolite, BA- and BA-FA-types are the

predominant types of the subduction-related Jurassic ophiolites. The

Cretaceous ophiolites (Fig. 26C) are abundant in the central to eastern

domains of the orogenic belt (Anatolia, Cyprus, Zagros, SE Arabian
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8. Discussion

Peninsula-Oman and UAE), and are mostly represented by subduction-
related types, i.e. predominantly the BA and BA-FA types (Fig. 26C).

We have documented thusfar in this paper the distribution of the
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Fig. 21. OIB-signature of the basaltic rocks of the Permo-Triassic, Jurassic, and Cretaceous ophiolites along the Alpine-Himalayan Orogenic Belt, from Spain to
eastern Himalaya. Based on the Saccani et al. (2015) classification as shown in Supplementary Table 2.

Mesozoic Neotethyan ophiolite suites within the Alpine-Himalayan

Orogenic Belt based on their age groups and geochemical character-

istics, and have classified them into various types as outlined in Fig. 6.

We now discuss briefly the environment in which the subduction-un-

related group of ophiolites were generated, and the processes that led to
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the diversity of the subduction-related group of ophiolites.
8.1. Subduction-unrelated ophiolites

Mid-ocean ridge (MOR) ophiolites and rifted continental margin— or
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Fig. 22. Relationship between crustal rock types of the investigated Permo-Triassic, Jurassic, and Cretaceous ophiolites and their geochemical composition. The
number in parenthesis (after each ophiolite type) denotes the number of complexes.

plume-type ophiolites make up 19% and 5%, respectively, of the sub-
duction-unrelated ophiolites (Fig. 25). Some ophiolites in this last ca-
tegory may have started their development as magma-poor rifted con-
tinental margin products (e.g. Hess-type oceanic crust of the rifted
Iberian continental margin; Dilek, 2003a) and subsequently transi-
tioned into a typical MOR-type within a major ocean basin (as for ex-
ample, the Atlantic Ocean), or alternatively they may have evolved
within a trench—distal backarc basin in which the parental mantle was
not influenced by subduction processes (Fig. 6A-C). An example of the
latter-mentioned case, although of relatively minor volumetric sig-
nificance, is represented by some segments of the Scotia Sea backarc
basin oceanic crust (Fretzdorff et al., 2002).

As shown in Table 4, rock suites defined as ocean-island basalts
(OIB) are commonly associated with the AHOB ophiolites. Of the
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twenty-six OIBs recorded (applying the Nb/Yb-TiO,/Yb discriminant
diagram; Fig. 16), four are associated with MOR, eight with BA-FA,
thirteen with BA, and one with FA. It, thus, appears that OIBs are as-
sociated with any of the subduction-related ophiolite types, except the
VA type. Seamounts and ocean islands, that may have a plume origin,
are shown to have been common in all the major modern and former
ocean basins (e.g., Hofmann, 1997; Dilek, 2003b; Regelous et al., 2003;
Staudigel and Clague, 2010; Safonova and Santosh, 2014; Sarifakioglu
et al.,, 2017), as well as in in-situ (active or fossil) backarc basins
(Staudigel and Koppers, 2015). Compositionally, the basaltic rocks of
oceanic islands, seamounts and backarc basins define a wide range,
representing tholeiitic to alkaline and calc-alkaline character (see
Furnes and Safonova, 2019 and appropriate references therein). Thus,
some backarc basins may host seamounts that represent magmatic
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Proposed ophiolite types and associated complexes of the Alpine-Himalayan Orogenic Belt.
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Complex/area Reference(s) to geochemical data and previously suggested Suggested opiolite typebased on discrimination Associted magmatic
tectonic setting For Nd-isotope data, the reference is marked with  diagrams of Pearce (2014) and Saccani et al. (2015)  complex
@

Spain

Betic Mid-ocean ridge; Puga et al. (2011, 2017) Mid-ocean ridge

France & Italy
Chenaillet

Switzerland-Italy
Zermatt-Saas

Italy

Calabrian

Corsica

Elba

External Ligurides

Internal Ligurides

Croatia
Banija
Kalnik
Medvednica

Bosnia
Kozara
Krivaja-Konjuh

Serbia
Maljen Massif
Zlatibor Massif

Romania
SAM (South Apuseni
Mountains)

Bulgaria
Satovcha
W. Rhodope massif

Armenia
Sevan

Albania
Mirdita (North)
Mirdita (South)

Greece (mainland)
Almopias

Argolis
Evros
Guevgueli

Kassandra-Sithonia
Koziakas
Oraeokastron
Othris

Pindos
Rhodiani
Thessaloniki

Greek Islands
Andros
Crete oph.
Evia

Ikaria
Lesvos
Naxos
Paros
Samos
Samothraki
Serifos
Siphnos
Skyros

Syros
Tinos

Slow-spread mid-ocean ridge: Manatschal et al. (2011)
Continental rifting: Kramer et al. (2003)

Rift stage: Liberi et al. (2006); Tortorici et al. (2009)

Rift stage to ocean opening: Saccani et al. (2008a)
Slow-spreading mid-ocean ridge: Saccani and Principi (2016)
Different stages in evolution from rifting to ocean floor stage:
Montanini et al. (2008)

MORB-type oceanic crust: Rampone et al. (1998)

Backarc spreading: Lugovi¢ et al. (1991)
Ensimatic backarc margial basin: Lugovic¢ et al. (et al. (2015)
Forearc in intra-oceanic basin: Slovenec and Segvi¢ (2018)

Plume-influenced mid-ocean ridge: Cvetkovi¢ et al. (2014)
Mid-ocean ridge: Trubelja et al. (1995)

Subduction-related oceanic basin: Chiari et al. (2011)
Subduction-related oceanic basin: Chiari et al. (2011)

Mid-ocean ridge spreading centre: Saccani et al. (2001)

Suprasubduction: Froitzheim et al. (2014)
Intra-continental rifting: Bonev and Dilek (2010)

Mid-ocean ridge: Galoyan et al. (2009)

Suprasubduction: Dilek et al. (2008)
Mid-ocean ridge setting: Bortolotti et al. (2006)

Ocean-continental transition zone, and associated volcanic arc:
Saccani et al. (2015)

Embryonic ocean (Red Sea type): Saccani et al. (2003)
Intra-ocean subduction: Koglin (2008)

Backarc basin: Zachariadis (2007); Saccani et al. (2008a, 2008b,
2008¢)

Supra-subduction setting: Zachariadis (2007)

Rift stage: Pomonis et al. (2004); Chiari et al. (2012)
Supra-subduction setting: Zachariadis, 2007)

Subduction-related ocean basin: Koutsovitis and Magganas (2010)

Backarc setting: Pe-Piper et al. (2004); Dilek and Furnes (2009)
Backarc basin: Saccani et al. (2008a, 2008b, 2008c)
Supra-subduction setting: Zachariadis (2007)

Backarc basin: Bulle et al. (2010)
Subduction-related setting: Koepke et al. (2002)
Uncertain tectonic setting: Brocker et al. (2014
Oceanic crust: Pe-Piper and Photiades (2006)
Incipient rift: Koglin (2008); Koglin et al. (2009a)
Supra-subduction: Stouraiti et al. (2017)
Supra-subduction: Stouraiti et al. (2017)
Supra-subduction: Stouraiti et al. (2017)

Evolved backarc basin: Koglin et al. (2009b)
Backarc: Stouraiti (2010)

Backarc: Mocek (2001)

Supra-subduction setting: Karkalis et al. (2016); Stouraiti et al.
(2017)

Backarc: Seck et al. (1996)

Backarc: Bulle et al. (2010); Lamont et al. (2019)
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Mid-ocean ridge

Rift/Mid-ocean ridge?

Rift/Mid-ocean ridge?
Rift to Mid-ocean ridge
Mid-ocean ridge
Mid-ocean ridge

Mid-ocean ridge

Mid-ocean ridge
Backarc
Forearc

Mid-ocean ridge
Mid-ocean ridge

Backarc to forearc
Backarc

Backarc

Backarc to forearc
Rift/continetal margin

Backarc to forearc

Backarc to forearc
Mid-ocean ridge

Backarc to forearc

Mid-ocean ridge
Backarc to forearc
Backarc

Volcanic arc
Rift

Backarc
Backarc

Backarc to forearc
Backarc
Forearc

Backarc
Backarc?
Mid-ocean ridge
Backarc
Rift/Mid-ocean ridge
Backarc?
Backarc?
Backarc
Backarc
Backarc?
Volcanic arc
Forearc?

Backarc
Backarc

Ocean island

Arc?

Ocean island

Ocean island

Ocean island

Ocean island

(continued on next page)
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Table 4 (continued)

Complex/area Reference(s) to geochemical data and previously suggested Suggested opiolite typebased on discrimination Associted magmatic
tectonic setting For Nd-isotope data, the reference is marked with  diagrams of Pearce (2014) and Saccani et al. (2015)  complex
@
Cyprus
Troodos Supra-subduction: Rautenschlein et al. (1985), Dilek and Furnes Backarc to forearc
(2009), Pearce and Robinson (2010), Woelki et al. (2019)
Turkey
Anatolian Supra-subduction, mid-ocean ridge: Colakuglo et al. (2012) Backarc Ocean island
Ankara Mantle plume to mid-ocean ridge: Bortolotti et al. (2018) Mid-ocean ridge Ocean island
Antalya Supra-subduction: Bagci et al. (2006) Forearc?
Beysehir-Hoyran Rift-drift to intra-oceanic subduction: Elitok and Driippel (2008) Rift to Mid-ocean ridge Ocean island?
Bogazkoy Supra-subduction: Topuz et al. (2018) Mid-ocean ridge
Cicekdag Supra-subduction: Yaliniz et al. (2000) Backarc
Eldivan Intra-oceanic subduction: Dangerfield et al. (2011) Backarc?
GoOksun Supra-subduction: Rizaoglu (2017), Parlak et al. (2020) Backarc?
Guleman Intra-oceanic subduction: Ozek et al. (2017) Backarc
Ispendere Supra-subduction: Parlak et al. (2012) Volcanic arc
Kahramanmaras Supra-subduction: Bagci (2013) Backarc? Ocean island
Karadag Supra-subduction: Parlak et al. (2013) Backarc
Kizildag Supra-subduction: Dilek and Thy (2009) Backarc to forearc
Komiirhan Supra-subduction: Beyarslan and Bing6l (2000) Backarc?
Konya Intra-oceanic subduction: Dasci et al. (2015) Backarc to forearc Ocean island
Kiire Continental backarc basin: Alparslan and Dilek (2018) Backarc
Lycian Subduction-related setting: Celik and Chiaradia (2008) Backarc?
Mersin Supra-subduction: Celik (2008); Ishimaru et al. (2018) Backarc to forearc Ocean island
Meydan Supra-subduction: Yildirim (2015) Backarc to forearc
Pinarbasi Subduction-related: Vergili and Parlak (2005) Backarc
Pozanti-Karsanti Intra-oceanic subduction: Lian et al. (2017, 2019) Backarc
Refahiye Forearc setting: Parlak et al. (2013) Backarc to forearc Ocean island
Sahvelet Forearc setting: Parlak et al. (2013) Backarc
Sarikaraman Supra-subduction: Yaliniz et al. (1996) Backarc to forearc
Sivas Intra-oceanic subduction: Kavak et al. (2017) Backarc
Syria
Baer-Bassit Subduction-related setting: Al-Riyami et al. (2002) Forearc?
Iraq
Bulfat Arc tectonic seting: Ali (2015) Volcanic arc?
Mawat Mantle plume: Azizi et al. (2013) Mantle plume?
Penjween Supra-subduction: Hadi et al. (2013) Volcanic arc
Iran
Band-e-Zeyarat/Dar Abar Mid-ocean ridge: Ghazi et al. (2004) Backarc
Birjand Mid-ocean ridge: Zarrinkoub et al. (2012) Backarc Ocean island
Deshir Supra-subduction: Moghadam et al. (2010, 2012) Backarc to forearc
Gogher-Baft Supra-subduction: Moghadam et al. (2013a) Backarc to forearc Ocean island
Haji-Abad Supra-subduction: Moghadam et al. (2013b) Backarc Ocean island
Harsin-Sahneh Supra-subduction: Sahamich and Miradpour (2015) Backarc
Kermanshah Continental rifted margin to oceanic spreading: Saccani et al. Rift to mid-ocean ridge
(2013a)
Khoy Oceanic spreading: Hassanipak and Ghazi, (2000), Khalatbari- Mid-ocean ridge Arc
Jafari et al. (2006), Moghadam et al. (2019)
Misho Plume activity: Saccani et al. (2013a, 2013b) Plume
Nain Backarc oceanic basin: Moghadam et al. (2009) Backarc to forearc
Nehbandan Mid-ocean ridge to suprasubduction zone: Saccani et al. (2010) Mid-ocean ridge
Neyriz Supra-subduction: Babaie et al. (2006), Rajabzadeh et al. (2013),  Backarc
Moghadam et al. (2014a), Monsef et al. (2018)
Sabzevar Backarc basin: Shojaat et al. (2003); Moghadam et al. (2014b) Backarc to forearc Ocean island

Shahr-e-Babak

Backarc oceanic basin: Moghadam et al. (2009)

Backarc to forearc

Oman
Oman Supra-subduction: Goodenough et al. (2010, 2014), Ambrose and  Backarc to forearc
Searle (2019)
Pakistan
Bela Fast-spreading mid-ocean ridge: Sarwar (1992); Khan et al. (2018)  Mid-ocean ridge
Muslim Bagh Supra-subduction: Kakar et al. (2014) Backarc to forearc Ocean island
Waziristan Backarc basin: Khan et al. (2007b) Backarc?

Yarlung-Zangbo and Bangong Lake — Lijiang ophiolite belts Tibet & India (I)

Amdo Intra-oceanic backarc: Wang et al. (2016) Backarc

Asa Oceanic backarc basin: Zeng et al. (2018a) Backarc to Volcanic arc
Bangong Lake MOR and SSZ: Shi et al. (2004, 2008) Backarc to forearc
Beimarang Backarc basin: Huot et al. (2002), Dubois-Coté et al. (2005) Backarc

Beinang Backarc basin: Dubois-Coté et al. (2005) Backarc

Dazhuqu Intraoceanic arc: Bao et al. (2013); Dubois-Cété et al. (2005) Backarc

Dingqing Forearc: Liu et al. (2002, Xiong et al. (2018) Forearc

Dong Tso Continental backarc basin: Wang et al. (2008) Backarc to forearc

Dongbo & Purang

Continental margin: Liu et al. (2013, 2015)
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Rift/Continental Margin

(continued on next page)
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Table 4 (continued)
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Complex/area Reference(s) to geochemical data and previously suggested Suggested opiolite typebased on discrimination Associted magmatic
tectonic setting For Nd-isotope data, the reference is marked with ~ diagrams of Pearce (2014) and Saccani et al. (2015)  complex
@
Dongco Supra-subduction: Wang et al. (2016) Backarc Ocean island
Dongqiao Mid-ocean ridge, ocean island and island arc: Liu et al. (2016) Backarc Ocean island
Dras (I) Intraoceanic arc: Corfield et al. (2001); Clift et al. (2002) Volcanic Arc
Eastern Syntaxis Intraoceanic arc: Saha et al. (2012) Backarc
Guomangco Backarc basin: Xu et al. (2014) Mid-ocean ridge
Jiding Backarc basin: Bao et al. (2013); Dubois-Coté et al. (2005) Backarc
Jinlu Intraoceanic arc: Dubois-Coté et al. (2005) Forearc
Julu Backarc basin: Liu et al. (2014) Backarc
Kangqiong Backarc basin: Xu et al. (2015b) Forearc
Lagkor Tso Continental backarc basin: Wang et al. (2008) Backarc to forearc
Lanong Rifting and continental fore-arc setting: Zhong et al. (2017) Backarc Ocean island
Luobusa Mid-ocean ridge: Zhang et al. (2016a) Backarc
Nadong Ocean island: Fan et al. (2014) Backarc Ocean island

Namco-Renco
(150 Ma): Zhong et al. (2015)

Nidar (I) Intraoceanic arc: Mahéo et al. (2004)

Qunrang Backarc basin: Dubois-Coté et al. (2005)
Rebang Co Backarc basin: Liu et al. (2014)

Renbu Plume-influenced ocean crust: Xia et al. (2008)
Rutog Intra-oceanic backarc basin: Wang et al. (2016)
Saga Backarc - arc: Bédard et al. (2009)

SangSang Backarc - arc: Bédard et al. (2009)

Spontang (I)
Pedersen et al. (2001)

Continental marginal basin (178 Ma) to mature backarc basin

Intraoceanic arc: Mahéo et al. (2004), Corfield et al. (2001),

Mid-ocean ridge

Backarc

Backarc

Backarc

Rift/Continental Margin

Backarc

Ocean island
Ocean island

Backarc
Backarc
Backarc to forearc

Taoxinghu Continental backarc basin: Wu et al. (2016) Backarc
Xigaze Suprasubduction zone: Malpas et al. (2003), Chen and Xia (2008),  Backarc to forearc
Dai et al. (2013)
Xiugugabu Backarc basin: Bezard et al. (2011) Backarc Ocean island
Yungbwa N-MORB: Miller et al. (2003) Mid-ocean ridge
Yunzhug Slow spreading oceanic setting or an embryonic ocean: Zeng et al. ~ Mid-ocean ridge
(2018b)
Yushu Trench-arc-backarc system: Zhang et al. (2017) Backarc
Zedong Intraoceanic arc: Malpas et al. (2003) Active continental margin:  Forearc
Zhang et al. (2014)
Proto-forearc: Liu et al. (2019)
Zhongba Intra-oceanic suprasubduction zone: Dai et al. (2012) Rift/plume
Zhongcang Subduction-related setting: Tang et al. (2018) Forearc Ocean island
India
Andaman Arc-related setting: Pal, 2011), Rasool et al. (2015) Backarc?
Manipur Mid-ocean ridge: Singh et al. (2012) Mid-ocean ridge
Naga Hills Oceanic crust generated above subduction zone: Abdullah et al. Backarc Ocean island
(2018); Dey et al. (2018)
Myanmar
Myitkyina Supra-subduction: Yang et al. (2012); Xu et al. (2017) Forearc

products associated with slab dynamics (e.g., Regelous et al., 2003;
Staudigel and Koppers, 2015), whereas some others may include
magmatic construction associated with backarc spreading centers and/
or plume activities (Leat et al., 2000; Fretzdorff et al., 2002; Keller
et al., 2002; Regelous et al., 2003; Tararin et al., 2003; Pearce et al.,
2005). Also, tholeiitic to alkaline seamounts with an origin of plume
magmatism, occurring on the seafloor of backarc basins, might re-
present traces of former plumes that originally were responsible for the
opening of some backarc basins (e.g., Hickey-Vargas, 1998;
Macpherson and Hall, 2001; Deschamps and Lallemand, 2002; Sdrolias
et al., 2004; Deschamps et al., 2008; Barnes, 2008; Ishizuka et al., 2013:
Chang et al., 2016).

8.2. Subduction-related ophiolites

Among the investigated ophiolites in the AHOB we have demon-
strated large geochemical variations in the extent of slab signature in
the origin of subduction-related ophiolites (Figs. 15-18). In this section,
we briefly discuss several parameters that may directly affect the che-
mical geodynamics of oceanic crust formation in subduction zone en-
vironments: (1) variation in slab dip-angles, (2) ridge jumps, (3) sub-
duction rates, (4) spreading rates, (5) thermal structure, (6) and

31

orientation of spreading axis. We propose that each of these processes,
or a combination of them, may be responsible for the observed geo-
chemical variations.

The slab dip-angle of the modern backarc subduction systems in the
westen Pacific Ocean exhibit large variations from less than 30 degrees
to near vertical (e.g., Gvirtzman and Stern, 2004; Lallemand et al.,
2005). Furthermore, the slab geometry in these subduction zone en-
vironments may vary laterally as well as vertically through time
(Guillaume et al., 2013). Lateral variations in dip-angles of a subducting
slab beneath a backarc basin are anticipated to affect the extent of
subduction influence on its mantle under its spreading center(s). This
scenario may explain, in part, the existence geochemical hetero-
geneities in the backarc mantle and its melt products, as observed in
many of the BA-SSZ ophiolites in the AHOB.

A second important parameter involves a change in the geometry
and kinematics of spreading centres within backarc basins via ridge
jumping and ridge propagation. These processes are well documented
at fast-spreading mid-ocean ridges in major oceans (e.g., Mittelstaedt
et al.,, 2008), in modern backarc basins (Deschamps et al., 2008;
Maldonado et al., 2014; Stern and Dickinson, 2010), and even in some
ophiolites (Dilek et al., 1997). Melt regimes associated with ridge
propagation and ridge jump processes may cause significant
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Fig. 23. Relationship between mantle rock types of the investigated Permo-Triassic, Jurassic, and Cretaceous ophiolites and their geochemical composition. The
number in parenthesis (after each ophiolite type) denotes the number of complexes.

fluctuations in magma outputs and their chemical makeups both lat-
erally and vertically along spreading centers.

A third parameter, which contributes to lateral differences in slab
contribution to melt regimes beneath SSZ spreading centers, is the rate
of subduction. The global subduction rates during the Cenozoic have
varied from ca. 1.5 cm/year to 16 cm/year (Hoareau et al., 2015). In an
extreme case, in a single subduction system the rates may vary by ca. 2
cm/year within short time intervals of 1-2 million years (Hoareau
et al., 2015). The amount of sediments that is carried down within a
subduction zone (e.g., Von Huene and Scholl, 1991; Clift and
Vannucchi, 2004; Scholl and van Huene, 2007; Safonova et al., 2015)
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and the concentration of important slab derived elements in such se-
diments (e.g., Th, see Plank and Langmuir, 1998) may vary sig-
nificantly. Such fluctuations contribute significantly to varied geo-
chemical fingerprints of SSZ ophiolites, as represented by the four (BA,
BA-FA, FA, and VA) subduction-related types in the AHOB.

A fourth parameter is the spreading rate within backarc basins that
affects magma production rates and geochemical characteristics of
magmas. Examples of slow- and fast-spreading backarc basins are
documented from the Mariana Trough (e.g., Pearce et al., 2005;
Anderson et al., 2017) and the Lau Basin (e.g., Baker et al., 2019), re-
spectively. Different spreading rates along individual segments of the
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etaceous ophiolites and their geochemical composition.
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Fig. 25. Pie diagram showing the proportion (in %) of each ophiolite type.

seafloor spreading centers in these backarc basins have produced sig-
nificantly different morphological features and internal structures of
the SSZ oceanic lithosphere.

The thermal structure of a subducting slab (mainly a function of slab
age) affects metamorphic dehydration P-T-t paths, and hence the spatial
distribution of slab-derived components in the suprasubduction zone
environment (Van Keken, 2003). Thus, this parameter has a strong
control on the nature and mode of fluid and melt flux from a slab into
the overlying mantle wedge.

The sixth parameter, the orientation of the spreading axis within a
backarc basin relative to the trench/arc orientation, may play a sig-
nificant role in geochemical signatures of ophiolitic magmas. In such
cases the distance between the sites of magma production along the
spreading center and the subduction zone will be different. An Example
of such a case is represented by the North Fiji Basin (Price et al., 1990).
As a result, magmas produced along the same spreading axis may be
influenced differently by melts/fluids derived from a subduction slab.

8.3. Proportions of subduction-related and subduction-unrelated ophiolites
in the AHOB

Fig. 25 shows the proportions of subduction-related and subduction-
unrelated ophiolites of the AHOB. The ophiolites in the former group
[Backarc (BA), Forearc (FA), Backarc to Forearc (BA-FA), and Volcanic
Arc (VA)], define the majority of ophiolite occurrences in the AHOB,
constituting 43%, 8%, 19%, and 6%, respectively, adding up to 76%.
Mid-ocean ridge (MOR) and plume + continental margin + rift (Pl/
CM/R) types of the subduction—unrelated category define 24% of the
total, with the MOR-type as the dominant (19%) group. Contribution by
continental material to mantle melts (Yamamoto et al., 2009; Safonova
et al., 2015) is also supported by the Nd-isotope data, i.e., low pro-
portion (27%) of the basalt data that plot within the field of depleted
mantle (DM) (Fig. 19). However, although we must consider the
MOR-generated oceanic lithosphere and their ophiolite derivatives in
the earth’s rock record, it is widely accepted that MOR-originated
oceanic lithosphere was mostly subducted entirely and recycled into the
deep mantle due to slab-pull forces throughout the evolution of the
earth (Cloos, 1993). It appears, then, that subduction-related ophiolites
are by far the most dominant ophiolite occurrences that became part of
the rock record through all times, even in the very early stages of the
earth (Furnes et al., 2014, 2015).

34

Earth-Science Reviews 208 (2020) 103258

8.4. Comparison with other orogenic belts

Orogenic belts can be classified into (a) collisional and (2) accre-
tionary types (Windley, 1992; Maruyama et al., 1996; Cawood et al.,
2009). In the case of a collisional orogen, the classic model involves
opening of an ocean and its subsequent closure (also referred to as the
Wilson cycle) leading to orogenesis, caused by collision between either
two continental blocks or a continent and an island arc. Accretionary
orogens are produced by subduction of an oceanic plate beneath a
continental plate or along an archipelago of island arcs (e.g. Japanese
Islands). Such orogens form at both intraoceanic convergent margins
and Andean-type, active continental margins. SSZ backarc to forearc
ophiolites are common in accretionary-type orogenic belts.

Orogens of both types have developed through most of the earth
history (e.g. Collins et al., 2011). We present below a comparison of the
AHOB ophiolites in the collisional Alpine-Himalayan Orogenic Belt
with the ophiolites in the accretionary-type Central Asian Orogenic Belt
(CAOB; Furnes and Safonova, 2019). This comparison is shown in
Fig. 27, in which the ophiolite types, as well as the proportion of basalt
types generated within mantle arrays are displayed. The subduction-
unrelated category is slightly higher in the AHOB (24%) in comparison
to the CAOB (21%), whereas the sum of FA + VA is significantly higher
in the latter (22%) than in the AHOB (14%). As to the generation of
basaltic melts in the mantle array, there is also a significant difference
between the AHOB and CAOB ophiolites. For the AHOB ophiolites, 77%
contain basalts that were asthenospheric mantle-array-produced, com-
pared to 64% for those of the CAOB, and the proportion of samples is
45% and 33%, respectively. It is highly probable that this low record is
a reflection of preservation in the case of the CAOB, as much of
MOR-generated oceanic lithosphere in its multiple seaways was mostly
recycled into the deep mantle without leaving a trace at the surface.

The asthenospheric mantle-array-produced, shallow-melting gener-
ated MORB basalts have been divided into depleted (D), normal (N),
transitional (T), enriched (E) types, and the deep-mantle generated OIB
basalts have been divided into tholeiitic (OIB-Th) and alkaline (OIB-alk)
types (See Fig. 7). Geochemical characterization of basaltic rocks of the
AHOB (Fig. 27) shows that the N-type basalt is the dominant one among
the MOR-ophiolites of the AHOB (with insignificant amount of D-type).
For the D-type MOR-ophiolites, the pattern is different, with only minor
N-type but significant D-, T-, and OIB-type basalts. For the BA ophiolite
types of both AHOB and CAOB, the proportion of D-type basalts be-
comes higher, particularly for those of the CAOB. For the ophiolites of
the BA-FA category of the CAOB, the T- and E-type basalt is dominant
compared to those of the AHOB. As to the FA and VA ophiolite types of
both orogens, the number of examples with reliable data is too low in
order to allow meaningful categorization.

In an investigation of ophiolite types globally (Furnes et al., 2014), a
classification of 17 examples of the accretionary Western Pacific-Cor-
dilleran Orogenic Belt shows that the proportion of subduction-un-
related and subduction-related types is 24% and 76%, respectively.
Further, a compilation of 105 ophiolite occurrences of the Eoarchean
through Archean and Proterozoic Eons indicates that 85% of them are
subduction-influenced (Furnes et al., 2015). These observations suggest
that plate tectonics and plate subduction played a significant role in the
production of oceanic lithosphere throughout the earth history (Dilek
and Furnes, 2011).
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plotted. For the more precise location of each ophiolite, the reader is referred to the various maps of Figs. 1-5.
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Ophiolite types of collisional (AHOB) and accretionary (CAOB) orogenic belts
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Fig. 27. Comparison of ophiolite types of the collisional Alpine-Himalayan orogenic Belt (AHOB) and the accretionary Central Asian Orogenic Belt (CAOB). The
histograms of the two categories show the proportions of mantle-array-basalts (D=depleted, N =normal, T =transitional. E= enriched MOR-types), and tholeiitic

and alkaline ocean island basalts (OIBs) of the various ophiolite types.

9. Summary

Geochemical characterization of basaltic rocks from 137 ophiolite oc-
currences within the Alpine-Himalayan Orogenic Belt with ages ranging
from the Triassic through Cretaceous shows a variety of subduction-un-
related and subduction-related ophiolite types, and hence a wide diversity in
oceanic crust generation during the evolution of the Mesozoic Neotethys.

1. The ophiolites of subduction-related origin, subdivided as Backarc
(BA), Forearc (FA), Backarc to Forearc (BA-FA) and Volcanic Arc (VA)
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types, comprise the major group (about 76%). Thus, subduction
zone processes contributed significantly to magmatic construction of
SSZ oceanic lithosphere within the Neotethyan realm.

2. The BA ophiolite is the dominant type (43%), followed by BA-FA
(19%), and subordinate occurrences of FA (8%) and VA (6%) types.

3. Subduction influence is highly variable among the BA-type ophiolites,
generally high in the FA type. The BA-FA and VA types define inter-
mediate levels of subduction influence between the two end-member
types (BA and FA).

4. The subduction-unrelated group of ophiolites (24%) are subdivided
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as mid-ocean-ridge (MOR) type and a combined group of rift (R),
continental margin (CM) and plume (P) type (referred to as PI/CM/R
type). The MOR-type ophiolites are dominant (19%), particularly in
the westernmost trunk of the AHOB.

5. The Jurassic ophiolites constitute the dominant population of sub-
duction-unrelated examples, whereas the Cretaceous ophiolites are
almost entirely made of subduction-related types.

6. Low-grade to greenschist metamorphic grade is the most common in all
ophiolite types and commonly reflect ocean floor (hydrothermal) meta-
morphism of the original oceanic lithosphere. High-grade (eclogite)
metamorphic overprint is also preserved in the subduction-unrelated
category and the BA-type of the subduction-related category.

7. Highly variable subduction influence in the basalts between adjacent
ophiolite complexes along the same suture zone may be explained by
lateral variations in the slab dip angles, as well as by variable
amounts of hydrated sediments and subduction-important elements
(such as Th) incorporated into mantle wedges. Such variable quan-
tities of material and fluid flux into the mantle should affect the
compositions of melts generated above subducting slabs.

8. The gyq -values of most of the MOR-type ophiolites fall within the range
of depleted mantle, whereas the eyq -values of the plume/rift/continental
margin types and the subduction-related BA-, BA-FA-, FA+ VA-type
ophiolites define values lower than those defined by the DM range. This
phenomenon may be the result of mixing of sediments and/or sediment-
contaminated mantle with the rising melt column beneath spreading
centers.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.earscirev.2020.103258.
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