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a b s t r a c t

The Durkan Complex is a tectonic element of the Makran Accretionary Prism (SE Iran) that includes frag-
ments of Late Cretaceous seamounts. In this paper, the results of map- to micro-scale structural studies of
the western Durkan Complex are presented with the aim to describe its structural and tectono-
metamorphic evolution. The Durkan Complex consists of several tectonic units bordered by mainly
NNW-striking thrusts. Three main deformation phases (D1, D2, and D3) are distinguished and likely
occurred from the Late Cretaceous to the Miocene–Pliocene. D1 is characterized by sub-isoclinal to close
and W-verging folds associated with an axial plane foliation and shear zone along the fold limbs. This
phase records the accretion of fragments of the seamount within the Makran at blueschist facies meta-
morphic conditions (160–300 �C and 0.6 – 1.2 GPa). D2 is characterized by open to close folds with sub-
horizontal axial plane that likely developed during the exhumation of previously accreted seamount frag-
ments. An upper Paleocene – Eocene siliciclastic succession unconformably sealed the D1 and D2 struc-
tures and is, in turn, deformed by W-verging thrust faults typical of D3. The latter likely testifies for a
Miocene – Pliocene tectonic reworking of the accreted seamount fragments with the activation of out
of sequence thrusts. Our results shed light on the mechanism of accretion of seamount materials in
the accretionary prisms, suggesting that seamount slope successions favour the localization and propa-
gation of the basal décollement. This study further confirms that the physiography of the subducting
plates plays a significant role in the tectonic evolution of the subduction complexes.

� 2022 China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Seamounts are topographic highs of the seafloor ranging in
height from 50–100 m to �8 km (Hillier and Watts, 2007;
Wessel et al., 2010). As elements of the oceanic plates, seamounts
are passively carried toward convergent margins and their fate is
the interaction with the frontal part of subduction zones.
Seamounts-subduction zones interactions have been observed in
several present-day convergent margins, such as the Nankai
(Bangs et al., 2006), Hikurangi (Barnes et al., 2020), Japan
(Lallemand et al., 1989), Costa Rica (von Huene et al., 2004), and
Northern Chile (Geersen et al., 2015). Geophysical data from these
subduction zones show that seamounts of different sizes are likely
subducted (e.g., Lallemand et al., 1989; von Huene and Lallemand,
1990; Watts et al., 2010). Data from modern and fossil subduction
complexes, as well as numerical modelling indicate that seamount
fragments are transferred from the subducting plate to the accre-
tionary prism with different mechanisms. These include either
deformation within the subduction channel (e.g., Cloos and
Shreve, 1988, 1996), or accretion via decapitation of seamount
summit by the basal décollement of the prism (e.g., Cloos and
Shreve, 1996; Bangs et al., 2006; Watts et al., 2010; Yang et al.,
2015), or again offscraping and underplating of thrust-bounded
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assemblages at both shallow (4–8 km) and deep structural levels
(20–30 km) of the prism (Isozaki et al., 1990; Isozaki, 1997; Park
et al., 1999; Ueda, 2005; Vannucchi et al., 2006; Clarke et al.,
2018; Bonnet et al., 2020; Zeng et al., 2021; Yang et al., 2022). In
this complex scenario it is not completely clear which are those
factors controlling deformation mechanisms and localization of
the basal décollement below, inside, or above the subducting sea-
mount. Moreover, subduction of seamounts may influence the
seismic activity at modern subduction zones either promoting or
inhibiting large earthquakes ruptures and their propagation (e.g.,
Scholz and Small, 1997; Kodaira et al., 2000; Bilek et al., 2003;
Watts et al., 2010 and reference therein; Wang and Bilek, 2011;
Geersen et al., 2015; Sun et al., 2020).

Improving the knowledge on the role of subducted seamounts
in subduction zones is, therefore, a key aspect for understanding
the tectonic evolution of both fossil and active subduction zones.
Complementary data with respect to geophysics and seismological
dataset on modern convergent margins can be obtained from
structural investigations of fossil seamounts accreted in ancient
accretionary prisms or within collisional belts. To this purpose,
the western Durkan Complex in the Makran Accretionary Prism
(SE Iran Fig. 1a, b) represents an excellent case-study. In fact,
according to some authors, this Complex includes tectono-
sedimentary assemblages derived from the deformation of both
continental and oceanic domains (McCall, 1985; Glennie et al.,
1990; Hunziker et al., 2015; Burg, 2018). The oceanic assemblages
are largely exposed in the western sector where they have recently
been interpreted as representing a Late Cretaceous tectonically dis-
rupted seamount chain (Barbero et al., 2021a, b), whereas the con-
tinental parts are documented in the eastern sector of the Durkan
Complex (Hunziker et al., 2015). This complex has been deformed
during the convergent stages associated to the northward subduc-
tion of the NeoTethys Ocean below the Eurasia margin (McCall and
Kidd, 1982; Glennie et al., 1990; Hunziker, 2014; Burg, 2018;
Moghadam et al., 2022). However, no detailed structural data are
available in literature and, therefore, the deformation history of
this complex remains poorly constrained. In this paper, we present
the results of a new multiscale structural study to describe the
structural setting and evolution of the Durkan Complex in the
western North Makran (i.e., the oceanic part of the complex). This
approach allows us to define the role of the Durkan Complex in the
tectonic history of the Makran Accretionary Prism. Finally, we also
discuss the implication of these data for a better understanding of
the mechanisms of seamounts accretion within convergent plate
margins.

2. Regional geological setting

The Makran Accretionary Prism (hereafter Makran) is an E–W
trending accretionary prism extending along strike
for � 1000 km between the dextral Minab-Sabzevaran-Nayband
and the sinistral Chamal-Ornach-Nal faults systems (Fig. 1a, b;
McCall and Kidd, 1982; Burg et al., 2013; Burg, 2018; Haberland
et al., 2021). This prism resulted from the convergence between
Arabia and Eurasia resulted in the northward subduction of the
NeoTethys oceanic lithosphere since the Cretaceous (Dercourt
et al., 1986; Omrani et al., 2017; Barrier et al., 2018; Burg, 2018;
Barbero et al., 2020a; Moghadam et al., 2022). The onshore Makran
has been subdivided into four tectono-stratigraphic domains that
are, from the structural top to the bottom, the North Makran, the
Inner Makran, the Outer Makran, and the Coastal Makran
(Fig. 1b; Dolati and Burg 2013; Burg, 2018). The North Makran is
composed of several units (Fig. 1c, d) deformed at different depths
within the accretionary prism during the Late Cretaceous – Pale-
ocene (McCall, 2002; Omrani et al., 2017; Saccani et al., 2018,
2

2022a, 2022b; Barbero et al., 2020b, Barbero et al., 2021a;
Pandolfi et al., 2021; Esmaeili et al., 2022). This domain is sepa-
rated from the Inner Makran by the Bashakerd Thrust, which rep-
resents a mainly E–W striking and N dipping thrust zone (Dolati,
2010; Burg et al., 2013; Burg, 2018). The Inner, Outer, and Coastal
Makran domains progressively formed because of the incorpora-
tion of trench succession within the frontal wedge during the
post-Eocene evolution of the accretionary prism (Platt et al.,
1985; Burg et al., 2008, 2013; Mohammadi et al., 2016,
Mohammadi et al., 2017).

The Durkan Complex is included in the North Makran domain,
and it crops out from west to east for � 250 km (Fig. 1c). It includes
an assemblage of tectonic slices, consisting of deformed strati-
graphic successions, which are non-metamorphic or slightly meta-
morphic with a metamorphic overprint ranging from very low- to
low-grade (McCall, 1985; Hunziker et al., 2015; Barbero et al.,
2021a). The Durkan stratigraphic successions mainly consist of:
(i) Upper Cretaceous – lower Paleocene shallow-water limestone
associated with igneous rocks; (ii) alternation of pillow basalt,
sandstone, shale, breccia, volcaniclastic rock, and chert; (iii) minor
marble and schist (McCall, 1985, 2002; Barbero et al., 2021a). In
addition, rare tectonic slices of Jurassic and Permian carbonate
platform limestone have also been described (McCall, 1985,
2002). Hunziker et al (2015) have described in the eastern Durkan
Complex an Early to Late Jurassic granitoid suite, intruding Jurassic
shallow-water limestone. In the western Makran, Barbero et al.
(2021a) distinguished three types of successions associated with
transitional and alkaline basalts. Type-I consists of pillow basalt
and volcaniclastic rock interbedded within a Coniacian – early
Campanian pelagic succession of alternating chert, shale, marl,
and cherty limestone. Type-II consists of a basal Cenomanian vol-
canic and volcaniclastic sequence followed by a pelagic and hemi-
pelagic sequence. Both sequences are characterized by
intercalations of mass-transport deposits suggesting volcanic
activity and deposition in a slope setting (Barbero et al., 2021a).
Type-III includes a volcanic sequence covered by a Cenomanian
carbonate platform, in turn followed by a pelagic and hemipelagic
sequence (Barbero et al., 2021a).

Given this complex tectono-stratigraphic architecture, differ-
ent interpretations for the Durkan Complex have been so far pro-
posed. In early studies, the Durkan Complex was interpreted as
deformed remnants of a Permian – Paleocene sedimentary cover
of a microcontinental block (the so-called Bajgan-Durkan micro-
continent; see McCall and Kidd, 1982 for details). According to
this view, the Bajgan Complex, which is formed by metamorphic
assemblages interpreted as a Paleozoic continental basement was
interpreted as the remnants of this continental block (McCall and
Kidd, 1982; McCall, 1985). According to some geodynamic recon-
structions, this continental block was detached from the southern
Eurasia margin in response to a Middle – Late Jurassic rift
(Hunziker et al., 2015; Burg, 2018). In contrast, recent multidisci-
plinary studies of the western Durkan Complex demonstrated
that this complex mainly consists of remnants of a tectonically
disrupted Late Cretaceous seamounts chain (Barbero et al.,
2021a, 2021b). These authors distinguished three stratigraphic
successions. In detail, Type-I recorded pelagic sedimentation
and volcanism during the deep-water stage of growth of a sea-
mount; Type-II and Type-III resulted from sedimentation and vol-
canism within slope and cap of an emerged seamount,
respectively. These interpretations are supported by new data
on the Bajgan Complex, which demonstrated that it is composed
of Jurassic – Cretaceous meta-ophiolite deformed at high pres-
sure and low temperature conditions rather than remnants of
the Bajgan-Durkan microcontinent (Pandolfi et al., 2021;
Barbero et al., 2022).



Fig. 1. (a) Location of the Makran Accretionary Prism with respect to the Alpine-Himalayan orogenic belts (modified from Festa et al., 2018) showing the main tectonic plates;
(b) simplified structural map of the Makran Accretionary Prism showing the different tectono-stratigraphic domains (from Burg et al., 2013); structural map (c) of the western
Makran Accretionary Prism and geological cross-section (d) showing the tectonic units of the North Makran Domain (modified from Eftekhar-Nezhad et al., 1979; Samimi
Namin, 1982, 1983; Burg, 2018; Barbero et al., 2021a).
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3. Structural setting of the Durkan Complex in the western
sector of the Makran

The Durkan Complex is bordered by the Dar-Anar Fault, to the
north, and the Bashakerd Thrust, to the south (Fig. 1c, d). In the
western Makran, this NW–SE striking thrust is crosscut by the
NNE-striking dextral Sabzevaran Fault (Fig. 1c). In the next sec-
tions, we present multiscale structural data (from geological map-
ping to meso- and micro-scale structural analysis) from selected
areas of the western Makran (Figs. 2 and 3; see Fig. 1c for area loca-
tions). For the stratigraphic architecture of the Durkan Complex,
3

we follow the subdivisions into the Type-I, Type-II, and Type-III
successions as proposed by Barbero et al. (2021a).

3.1. Lithostratigraphy and map-scale structural setting

The studied areas, namely Chah Shahi and Dehendar areas, are
located in the hanging wall of the Bashakerd Thrust (Fig. 1c). Their
map-scale structural setting is mainly influenced by this regional-
scale thrust. In both areas NW- to NNW-striking and NE- to E-
dipping thrusts juxtapose tectonic slices up to 1–2 km in thickness
(Figs. 2 and 3a, b). These thrusts correspond to pluri-decametric



Fig. 2. (a) Simplified geological-structural map of the Durkan Complex in the Chah Shahi area (based on Samimi Namin, 1983 and modified according to our fieldwork and
photointerpretation with satellite images) and related cross-section; (b) cross section showing the map-scale structural setting; (c) stereographic projections of the SAC shear
zone along the main thrust zones shown in Panel (b). Labels indicate the different tectonic units. WU: Western Unit; EU: Eastern Unit; CU: Central Unit; SU: Southern Unit.
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fault zones that are characterized at the mesoscale by SAC shear
zones. As shown by stereographic projection in Figs. 2c and 3c,
the relationships between C and S planes indicate top-to-SW and
-W thrusting. The stratigraphic successions in the different tec-
tonic slices are deformed by two fold generations (Figs. 2b and
3b). In particular, the map-scale structural setting of the studied
area is mainly influenced by kilometric sub-isoclinal and recum-
bent folds (Figs. 2b and 3b) formed during the D1 deformation
phase (see section 3.2.1).

3.1.1. The Chah Shahi area
In the northeast, different tectonic units (eastern units EU1 and

EU2; Fig. 2a) are formed by Type-III stratigraphic successions
4

showing abundant volcaniclastic rock within the volcanic and
volcano-sedimentary sequences (Fig. 2a, b). These tectonic units
are thrust westward onto tectonic units (i.e., central units CU1

and CU2, and western units WU1 and WU2; Fig. 2a, b) showing
stratigraphic successions of Type-II, which are particularly rich of
volcaniclastic rocks within the basal volcanic and volcano-
sedimentary sequence. At different structural levels, lenticular
and � 100 m thick slices of massive marble of the Type-III carbon-
ate platform occur along the main thrusts (Fig. 2a). In the southern
sector of Chah Shahi area, a km-thick unit composed of Type-I suc-
cession occurs between Type-II successions (southern unit SU1 and
SU2; Fig. 2a). The stratigraphic succession of the tectonic unit SU2
is made up by a pelagic sequence showing pillow basalt



Fig. 3. (a) Simplified geological-structural map of the Durkan Complex in the Dehendar area (based on Samimi Namin, 1983 and modified according to our fieldwork and
photointerpretation with satellite images) and (b) cross-section showing the map-scale structural setting; (c) stereographic projections of the SAC shear zone along the main
thrust zones. Labels indicate the different tectonic units. WU: Western Unit; EU: Eastern Unit.

E. Barbero, M. Di Rosa, L. Pandolfi et al. Geoscience Frontiers 14 (2023) 101522
interlayered with chert, cherty-limestone, and shaly marl. It is
worth to note that the major thrust zones are preferentially local-
ized within volcaniclastic sequence and commonly include lentic-
ular tectonic slices of the Type-III carbonate platform sequence
(Fig. 2a, b).

3.1.2. The Dehendar area
This area is located a few km to the east of the emergent tip of

the Bashakerd Thrust (Fig. 1c). It is characterized by the juxtaposi-
tion of different tectonic units, whose successions belong to the
Durkan Complex, the Bajgan Complex, and a Cenozoic siliciclastic
turbiditic sequence (Fig. 3b). This sequence consists of centimetric
to pluridecimetric beds of quartz-rich arenites alternated with
shales and minor pluridecimetric beds of turbiditic limestone. For-
aminifera biostratigraphy suggest a late Paleocene – Eocene age
(see also McCall, 1985). In the Dehendar area, the Durkan Complex
mainly crops out in two separated NNW–SSE trending belts, which
occupy different structural positions within the tectonic stack of
this area (Fig. 3a, b). The structurally uppermost belt is character-
ized by several tectonic units (i.e., the eastern units EU1, EU2, and
EU3 in Fig. 3a, b) juxtaposed by thrust zones. The stratigraphic
5

succession of the tectonic units, as well as in the thrust zones is
basically comparable to that of Type-II succession (Fig. 3a, b). In
addition, massive marbles, platform limestones, and alkaline
basalts commonly occur along the thrust zones separating the var-
ious tectonic units (Fig. 3a, b). The origin of limestones and marbles
is enigmatic as these rocks do not show clear stratigraphic rela-
tionships with the other rocks and their fossils contents do not
allow any age determination. However, they can be correlated with
the carbonate platform sequence of the Type-III succession of the
Durkan Complex based on similar lithostratigraphic features,
though another origin cannot be completely ruled out. Some tec-
tonic units of the Durkan Complex (e.g., EU1) are unconformably
covered by upper Paleocene – Eocene turbiditic sequences
(Fig. 3a, b). These units are thrust onto a tectonic unit of amphibo-
lites and calcschists of the Bajgan Complex (Fig. 3a, b). The latter is
thrust onto the structurally lowermost belt of the Durkan Complex,
which is composed of two distinct tectonic units (i.e., WU1 and
WU2, Fig. 3a, b). The upper unit (WU2; Fig. 3a) includes a strongly
foliated volcanic and a volcano-sedimentary sequence that can be
correlated either with the Type-II or Type-III successions. The
lower tectonic unit (WU1; Fig. 3a) is composed of alternating
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cherty-limestone and shale, and a volcanic sequence of Type-II
affinity (Fig. 3a, b). Along the thrust contact between WU1 and
WU2, slices of massive marbles and a succession of alternating
arenites are observed (Fig. 3a, b). The arenites are quartz-rich with
foraminifera association of late Paleocene – Eocene age and repre-
sent the upper Paleocene – Eocene turbiditic sequence (see also
McCall, 1985). Similar to the Chah Shahi area, tectonic slices of
marbles and/or carbonate platform limestones occur along the
major thrust zones that are preferentially developed within the
volcaniclastic sequence of Type-II and/or Type-III successions
(Fig. 3a, b). Finally, in the Dehendar area, a siliciclastic succession
defines a relatively undeformed monocline gently dipping to E–
NE (Fig. 3a, b). This succession rests on the composite structural
stack with an erosional and angular unconformity (Fig. 3a, b). This
succession includes arenites, conglomerates, as well as minor cal-
carenites, and it can be correlated with the Eocene succession rest-
ing unconformably onto the North Makran units (the Marich Unit
of McCall, 1985). Additional biostratigraphic studies are needed
to better constraint its depositional age, and consequently, the tim-
ing of the deformation of the Durkan Complex.

3.2. Deformation history of the western Durkan Complex

The new schematic geological maps (Figs. 2a and 3a) and the
meso- and micro-scale structural analysis performed in the studied
area allowed us to recognize three deformative phases, namely the
D1, D2, and D3 phases.

3.2.1. D1 phase
The D1 deformation phase is associated with macro- to micro-

scale asymmetric folds, which are non-cylindrical similar folds
(Ramsay, 1967), ranging from sub-isoclinal to close (Fig. 4a, b).
They are characterized by thickened and generally rounded hinge
zones, as well as stretched and thinned limbs (Fig. 4b) locally
affected by boudinage of the competent beds. In some tectonic
slices (in the Chah Shahi WU1, WU2, and EU1, see Fig. 2a; in the
Dehendar EU2, see Fig. 3a), the folds are more pervasive at the
mesoscale, isoclinal to sub-isoclinal, and characterized by signifi-
cant stretching of the overturned limb (Fig. 4b). The D1 folds are
associated with an axial-plane foliation S1 sub-parallel or at low
angle to the S0 bedding (Fig. 4b and 5). The S1 foliation is well
developed in all the lithotypes (see section 4) and produces an
intersection lineation with the S0 bedding (i.e., L0–L1), which is rep-
resented by either a marked colour variation along the foliation
surface in shales (Fig. 4c) or mullion structures where more com-
petent beds are abundant. The L0–L1 lineation is parallel to the fold
axes (Fig. 5). In the slices showing pervasive meso-scale folding
deformation, the foliation is well developed in all the lithotype
from the meta-basalts to the marble and shale (see section 4). By
contrast, in the units with less pervasive folding (in the Chah Shahi
CU1, CU2, and EU2, see Fig. 2a; in the Dehendar WU1, WU2, EU1, and
EU3 see Fig. 3a), the foliation shows different features based on the
rock types at both meso- and micro-scale. In the shales, the S1 foli-
ation corresponds to a penetrative and mm-spaced slaty cleavage
(Fig. 4d). In the meta-limestone and/or meta-volcaniclastic arenite,
the S1 foliation corresponds to a pressure solution cleavage. How-
ever, in the less deformed tectonic slices, the S1 foliation generally
corresponds to a disjunctive cleavage preserved in the more com-
petent meta-limestone and meta-arenite (Fig. 4d).

The D1 folds show a general W-vergence and have sub-
horizontal or slightly plunging axes trending mainly NW to NNW
in most of the tectonic slices (Fig. 4a, b, Fig. 5). However, NE–SW
orientation can locally be observed due to later deformation
(Fig. 5). The axial planes are generally gently dipping toward NE
(Fig. 5). The D1 folds are locally associated with syn- to late-D1

reverse shear zones generally developed along the overturned
6

limbs of D1 folds (Fig. 2a, b, Fig. 4e). These shear zones border
the distinct tectonic units and show pluridecametric thickness.
Internally, they correspond to strongly deformed zones showing
a block-in-matrix fabric consisting of plurimetric to centimetric
lens-shaped slices of meta-basalt and marble within a foliated
matrix (Fig. 4f, g). The matrix is composed of foliated cataclasites
preferentially formed from the deformation of volcaniclastic
sequences (Fig. 4f) and it is characterized by shear bands and
SAC structures (Fig. 4f, g). According to the geometry of shear
bands and SAC structures, the shear zones show a general top-
to-west sense of shearing and are locally folded by the D2 folds.
In the studied areas, the D1 shear zones are commonly overprinted
by brittle thrusting deformation associated with the D3 phase.

3.2.2. D2 phase
The D2 deformation is characterized by heterogeneous folds

from macro- to micro-scale; these folds are open to close and gen-
erally asymmetric (Fig. 4a and 6a, b) and deform the structural ele-
ments of the D1 phase (Fig. 4a and 6c), providing thus relative
chronological constraints for these two deformation phases. They
generally show a parallel geometry. However, where the folded
sequence shows an increase of the shale/competent beds (e.g.,
meta-arenite and meta-limestone) ratios, D2 folds are similar with
acute hinge zones. The superimposition on the folds and structural
elements of D1 phase produces a type 3 interference pattern
(Ramsay, 1967) (Fig. 4a and 6c). The D2 folds are associated with
an axial plane foliation S2 that is a disjunctive cleavage in the most
competent beds and a crenulation cleavage in shales (Fig. 6b, c). It
is worth to note that, differently from S1 foliation, S2 foliation is not
associated with metamorphic recrystallization. The axial planes of
D2 folds are generally curviplanar and slightly inclined surfaces
(Fig. 6c). Their orientations are different in the various tectonic
slices, trending from NW–SE to W–E (Fig. 5). The axes of D2 folds
are generally sub-horizontal and show mainly NW–SE direction
(Fig. 5). However, the trend of D2 axes in some tectonic slices is
NAS (Fig. 5), likely because of later deformation. The asymmetry
of the folds indicates a NE- to E-vergence (Fig. 6b, c). Locally the
D2 folds are associated with low-angle and E-dipping extensional
faults showing strike parallel to the D2 fold axis and direction of
movement to E–ENE.

3.2.3. D3 phase
D3 structures deform all the D1 and D2 structures of the Durkan

Complex (Fig. 6d, e), as well as the upper Paleocene – Eocene tur-
biditic succession. D3 deformation is characterized by W-verging
thrust zones that are commonly responsible for the map-scale jux-
taposition of the different units. At the meso-scale, the D3 thrust
zones are characterized by brittle deformation localized along dis-
crete fault planes showing SAC deformation zones (Fig. 6e). The D3

thrusts zones are locally associated with meso-to macro-scale
ramp folds (Fig. 6f). These folds are open to close, and asymmetric,
showing a sub-vertical to rather inclined axial plane, sub-
horizontal axis (Fig. 6f), and they are not associated with an axial
plane foliation.

4. Features of syn-D1 metamorphism
4.1. S1 foliation in the different lithologies: Petrography and mineral
chemistry
4.1.1. Petrography
As shown in the previous section, the S1 axial plane foliation

relating to the D1 folds shows different features and dynamic



Fig. 4. Field occurrences of the D1 deformation phase recognized in the Durkan Complex: (a) macroscopic W-verging D1 anticline re-folded by E-verging D2 folds; (b)
mesoscopic D1 sub-isoclinal folds within alternating meta-limestone and shale (white and red lines indicate the bedding S0 and S1 foliation, respectively); (c) varicoloured
shale showing intersection lineation between bedding S0 and S1 foliation (L0–L1); (d) relationship between bedding S0 (white line) and foliation S1 (red line) in alternating
meta-limestone and shale along an overturned limb of D1 anticline; (e) panoramic view of the D1 shear zone along overturned limb of a macroscopic W-verging D1 anticline.
Black arrows indicate the polarity of the succession. White line and black line indicate thrust fault and trace of fold axial plane, respectively; (f) mesoscopic features of the D1

shear zones showing up to metric-thick blocks of whitish marble within a foliated matrix composed of cataclasites derived from volcaniclastic rocks; (g) close-up of the D1

shear zones showing block-in-matrix fabric with foliated cataclasite and anastomosed faults enclosing and bounding marble and meta-basalt blocks (red line and white line
represent fault and boundary of the blocks, respectively). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 5. Stereographic projections (equal area, lower hemisphere) of the structural elements of D1 and D2 phases for the different tectonic units in the Chah Shahi and
Dehendar areas (labels and locations of each unit are reported in Figs. 2 and 3). Planar structural elements are plotted as pole to plane. WU: Western Unit; EU: Eastern Unit;
CU: Central Unit.
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recrystallization depending on the rock type. In this section, we
will briefly describe the microstructural features (Fig. 7) and the
mineralogy (Fig. 8) of the S1 foliation in the different rock types,
as these data are the starting point for the pressure–temperature
(P–T) estimates for the D1 tectono-metamorphic event (see section
4.2 and Supplementary Data S1).
8

In the meta-basalts (samples MK823 and MK507), the S1 folia-
tion is heterogeneously developed. In sample MK507 the volcanic
texture is still well recognizable with clinopyroxene porphyro-
clasts set in a fine-grain matrix (Fig. 7a, b). The S1 foliation is
weakly developed, and it is defined by an aggregate of chlorite,
fine-grained amphibole, and epidote (Fig. 7b). In sample MK823



Fig. 6. Field occurrences of the D2 (a–c) and D3 (d–f) deformation phases recognized in the Durkan Complex: (a) macro-scale open fold (light blue line indicate axial plane)
deforming stratigraphic alternation (white line) of meta-limestone and volcaniclastic meta-arenites and shales; (b) close-up of asymmetric NE-verging open folds deforming
primary stratigraphic alternation of meta-limestone and shale (white line) as well as S1 foliation (red line) in the shale; (c) meso-scale occurrence of type 3 interference
pattern between D1 and D2 folds (red lines: D1 axial plane; light blue lines: D2 axial plane; white lines: bedding); (d) meso-scale relative chronological relationships between
deformations phases: W-verging reverse faults (black lines) crosscut D2 E-verging crenulation folds (light blue lines represent axial planes) that, in turn, deform the S1
foliation (red lines); (e) meso-scale W-verging thrust zone showing SAC structure (black and red lines indicate C and S planes, respectively) crosscutting structural elements
of D1 and D2 folds (red line: S1 foliation; light blue line: D2 axial plane); (f) macro-scale open D3 folds deforming normal flank of macro-scale D1 anticline (white line: bedding
S0; red line: S1 axial plane; black line: D3 axial plane). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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the metamorphic recrystallization almost completely overprinted
the volcanic texture. In this case, the S1 foliation is defined by
the alternation of fine- to medium-grained aggregate of
chlorite + muscovite and lenticular aggregates of fine-grained
albite (Fig. 7c). In addition, less abundant epidote and amphibole
grow along the foliation (Fig. 7c). Finally, rare titanite occur in
the S1 foliation as well (Fig. 7c). The S1 foliation wraps porphyro-
clasts of magmatic clinopyroxene that were, in turn, re-oriented
along the foliation. These porphyroclasts are in some cases pseudo-
morphosed by epidote and/or amphibole.

The meta-volcaniclastic rocks range from meta-volcaniclastic
arenites to meta-volcaniclastic breccias. In meta-volcaniclastic
arenites (samples MK820 and MK821), the S1 foliation is a
9

millimetric-spaced planar fabric defined by the alternation of min-
eralogically different domains (Fig. 7d). In detail, aggregates of
chlorite and white mica define a clear planar anisotropy (Fig. 7e).
These domains alternate with lens-shaped domains composed of
fine- to medium-grained aggregates of calcite, quartz, and albite,
with subordinate chlorite and white mica (Fig. 7d). In the samples
from the slightly metamorphosed tectonic slices, the S1 foliation is
characterized by isooriented calcite grains together with very fine-
grained and indistinguishable phyllosilicates and clay minerals. In
the meta-volcaniclastic breccias (samples MK844 and MK858) the
S1 foliation is less continuous, wrapping around volcanic clasts
and/or detrital individual crystals (mainly clinopyroxenes), and it
is well developed in the pressure shadows of the pre-existing



Fig. 7. Photomicrographs of microstructures of the D1 phase recognized in the Durkan Complex (abbreviations: Ab, albite; Amp, amphibole; Chl, chlorite; Cpx, clinopyroxene;
Ep, epidote; Ms, muscovite; Qtz, quartz; Ti, titanite); (a) relict of a magmatic clinopyroxene surrounded by the fine-grained S1 foliation (red line) in meta-basalt; (b) detail of
the metamorphic S1 foliation defined by amphibole, epidote, and minor albite in meta-basalt; (c–d) back scattered electron (BSE) images showing the textural feature of S1
foliation in meta-basalt (c) and meta-volcaniclastic arenite (d). The foliation in the meta-basalt wraps around zoned magmatic clinopyroxene and it is defined by aggregate of
albite and quartz, aggregate of chlorite and white mica, as well as amphibole, and rare titanite. The foliation in the meta-volcaniclastic arenite is defined by the alteration of
phyllosilicate-rich and albite-quartz-rich domains; (e) texture and mineralogical composition of the S1 foliation in meta-volcaniclastic arenite. S1 foliation is mainly defined
by the isooriented chlorite and white mica; (f) feature of the S1 foliation in volcaniclastic rock. S1 is defined by an aggregate of quartz and albite alternating with chlorite and
clay minerals bands; (g) D1 microfolds deforming a stratigraphic alternation (S0 in figures, white dashed line) of coarse-grainedmeta-limestone and fine-grainedmeta-impure
limestone. S1 foliation (red line) is defined by elongated calcite grains and dissolution seems; (h) photomicrographs showing S1 foliation (red dashed line) in volcaniclastic
rock deformed by D2 microfolds (light blue line indicate fold axial planes). D2 folds produce a weak reorientation of the phyllosilicates of the S1 foliation. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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clasts. The foliation includes aggregates of isooriented calcite and
albite grains and minor quartz, as well as chlorite and white mica
(Fig. 7f). Calcite, albite, and quartz aggregates generally shows
crystallographic preferential orientation.

In the meta-sedimentary rocks, the S1 foliation is well devel-
oped in the carbonate rocks, which include marble and impure
10
marble. In the marble, the foliation is defined by isooriented calcite
grains, ranging from fine- to medium-grained and rare white mica,
chlorite, and quartz. The impure marble differs from the marble for
a greater abundance of phyllosilicate phases (chlorite and white
mica) and quartz; it also shows the occurrence of dissolutions
seems of reddish to brownish clay minerals (Fig. 7g). In the shales,



Fig. 8. Micro-photographs acquired with the microprobe showing the S1 foliation (withe dashed lines) in the studied samples. (Abbreviations: Ab, albite; Amp, amphibole;
Cal, calcite; Chl, chlorite; Qtz, quartz; Ti, titanite; Wm, white mica). (a) Al intensity map of sample MK844; (b) Al intensity map of sample MK858; (c) Si intensity map of
sample MK820; (d) Si intensity map of sample MK821; (e) Al intensity map of sample MK823 and (f) Al intensity map of sample MK507.
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the very fine grain makes difficult the recognition of the mineral
assemblages. However, in some cases the S1 foliation is a slaty
cleavage defined by clay minerals and less abundant quartz and
calcite.

Finally, the S1 foliation is folded by open and generally asym-
metric micro-scale folds corresponding to the D2 phase (Fig. 7h).
The overprinting relationship is well identified at the micro-scale
within the fine-grained meta-volcaniclastic rocks (Fig. 7h). The D2

folds are not associated with metamorphic recrystallization; by
11
contrast they are associated to a S2 disjunctive cleavage marked
by either the localized re-orientation of phyllosilicates (e.g., chlo-
rite) of the S1 foliation or microfaults along the hinges zone
(Fig. 7h).

4.1.2. Mineral chemistry of S1 foliation in meta-basalts and meta-
volcaniclastic rocks

To characterize the D1 metamorphic condition, major element
mineral chemistry of chlorite, white mica, and amphibole recrys-
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tallized within the S1 foliation was determined on selected samples
of meta-basalts and meta-volcaniclastic rocks. Detail of methods
and analytical conditions are given in the Supplementary Data
S1. Representative analyses are shown in Tables 1–3, whereas
the complete dataset is shown in the Supplementary Data S2.

In the meta-basalts (samples MK823 and MK507), chlorite com-
position is characterized by Altot (AlIV + AlVI) content ranging from
1.90 to 2.40 a.p.f.u., Si content between 2.85 and 3.00 and XMg

(=Mg/(Mg + Fe2+)) between 0.50 and 0.60 (Fig. 9a, Table 1). A slight
chemical difference can be seen among samples from different tec-
tonic units (Fig. 9a and Fig. 2a, 3b for location of the different
units). The (FeO + MgO)/SiO2 proportion indicates their affinity
with clinochlore/daphnite endmembers (80%–95%) with minor
miscibility with amesite and minor sudoite (Fig. 9a). White mica
was only found in sample MK823. It is characterized by Si and Al
contents of 3.40–3.60 and 1.60–2.10 a.p.f.u., respectively. The K
content is higher than 0.70 a.p.f.u. (Table 2). Their composition is
predominantly that of muscovitic celadonite (40%–70% of celado-
nite) due to activation of Tschermak substitution, with minor ten-
dency to muscovite (Fig. 9b). Amphibole occurs in the meta-basalts
sampled in the tectonic units EU1 (MK823, Fig. 2a) and WU1

(MK507, Fig. 3a). They are mostly calcic (actinolite) and subordi-
nately calcic-sodic (winchite) amphiboles (Leake et al., 1997;
Table 3).

In meta-volcaniclastic rocks (MK844, MK858, MK820 and
MK821 samples), chlorite has Si content between 2.65 and 3.00
a.p.f.u. (Fig. 9a). Al in chlorite strongly varies from sample to sam-
ple, as well as XMg, which tends to be higher than 0.60. The typical-
ity of the samples is reflected on end-member affinities: in the
tectonic unit WU2 (Fig. 2a), chlorite crystals of sample MK858 have
the structural formula close to pure clinochlore/daphnite, whereas
those of samples MK844, MK820, and MK821 are mixed with ame-
site and minor sudoite (Fig. 9a). White mica is characterized by Al
content ranging between 1.60 and 1.80 a.p.f.u. in MK858, 1.50–
2.20 in MK820 and MK821 and 1.50–2.30 a.p.f.u. in MK844,
Table 1
Representative electron microprobe analyses of chlorites from the Durkan Complex. Calcu

Locality - unit Chah Shahi – western unit Chah Shahi – east

Sample MK844 MK858 MK820

Mineral 1 10 9 1 3 6 2 5 7

wt.%
SiO2 27.43 27.20 30.51 29.64 29.79 28.61 28.34 28.60 2
TiO2 b.d.l. 0.02 0.06 0.11 0.05 0.12 0.01 0.03
Al2O3 21.87 22.14 22.32 17.68 17.41 16.24 19.25 20.14 1
FeO 18.20 18.88 17.42 13.01 12.59 16.01 18.69 17.96 1
MnO 0.04 0.05 0.08 b.d.l. 0.06 0.12 0.29 0.26
MgO 20.23 19.03 17.00 25.98 26.89 24.88 21.77 21.94 2
CaO 0.11 0.22 0.43 0.22 0.08 0.39 0.03 0.08
Na2O 0.02 0.02 0.02 0.06 0.04 0.06 b.d.l. 0.03
K2O 0.01 0.02 1.00 0.01 0.02 0.04 b.d.l. 0.01
Total 87.92 87.60 88.84 86.72 86.92 86.46 88.39 89.05 8

a.p.f.u.
Si 2.761 2.758 3.015 2.951 2.953 2.920 2.852 2.841
Al IV 1.239 1.242 0.985 1.049 1.047 1.080 1.148 1.159
Al VI 1.356 1.404 1.615 1.025 0.978 0.873 1.136 1.200
Ti 0.000 0.002 0.005 0.009 0.004 0.009 0.001 0.002
Fe2+ 1.532 1.601 1.440 1.083 1.044 1.366 1.573 1.492
Mn 0.004 0.004 0.007 0.000 0.005 0.010 0.025 0.022
Mg 3.036 2.877 2.505 3.856 3.974 3.785 3.267 3.249
Ca 0.012 0.024 0.045 0.024 0.008 0.042 0.004 0.008
Na 0.004 0.005 0.004 0.011 0.007 0.011 0.000 0.006
K 0.002 0.003 0.126 0.002 0.003 0.005 0.000 0.002
Total 9.944 9.921 9.745 10.010 10.031 10.103 10.005 9.981
XMg 0.665 0.642 0.635 0.781 0.792 0.735 0.675 0.685

Note: XMg = Mg / (Mg + Fe2+); b.d.l. � below detection limits.

12
whereas Si content strongly varies in samples of WU (MK858
and MK844) from those of EU (MK820 and MK821, Fig. 9b). K in
white mica ranges between 0.50 and 1 in almost all the samples
except for MK844 in which vary from 0.70 and 1.00. The end-
members are expressed in different proportions into the samples,
making the white mica of the samples MK858, MK844 and
MK820 muscovitic celadonites and those of the sample MK821
muscovites with minor celadonite (Fig. 9b). Analyses with sum of
oxide too low with respect to typical end-member or with mixed
chlorite-phengite compositions were not used for thermobaromet-
ric estimation.

4.2. Estimation of the P–T conditions during the D1 phase

Different methods have been applied to estimate the P–T condi-
tions during the D1 tectono-metamorphic evolution of the Durkan
Complex. In detail, P–T conditions on meta-basaltic and meta-
volcaniclastic rocks were estimated by crossing the results
obtained from petrological geothermobarometers based on chlo-
rite and white mica compositions. The detailed description of the
methods used is given in Supplementary Data S1. All the calcula-
tions were performed setting the water activity to 0.8 because all
the samples contain calcite (see Di Rosa et al., 2020a, 2020b;
Frassi et al., 2022).

Temperature conditions were calculated with the chlorite-
quartz-water method (Vidal et al., 2006) on all the samples from
Chah Shahi and Dehendar areas. Calculations were performed fix-
ing 4 different pressure values (0.7, 0.8, 0.9 and 1.0 GPa; see Sup-
plementary Data S1). We considered the best fit (i.e., the
optimized starting pressure value) those in which the larger num-
ber of analyses has an equilibrium tolerance of 30 �C (Fig. 10a). This
latter value is the error related to the methodology (Vidal et al.,
2006). Wide T ranges were obtained for all the samples, but all of
them show well defined peaks which are included between 175
and 280 �C in the samples of WU and Dehendar area and between
lation of atoms per formula unit (a.p.f.u.) is based on 14 oxygen.

ern unit Dehendar

MK821 MK823 MK507

2 3 7 4 6 9 2 4 8

9.26 28.32 27.72 29.02 29.46 28.92 28.69 27.47 28.17 28.25
0.03 0.08 b.d.l. 0.06 0.06 0.07 0.13 0.06 0.02 0.02
9.29 20.30 20.48 20.28 16.79 18.20 18.83 17.94 17.72 17.89
8.98 18.76 20.43 19.32 25.49 25.63 26.00 26.09 26.13 26.25
0.38 0.29 0.26 0.27 0.46 0.45 0.44 0.54 0.51 0.53
0.44 20.62 19.72 19.98 17.86 17.06 17.48 16.79 16.42 16.85
0.07 0.07 0.15 0.09 0.08 0.13 0.12 0.09 0.14 0.11
0.04 0.04 0.04 b.d.l. 0.03 0.06 b.d.l. 0.01 b.d.l. 0.03
0.03 0.03 b.d.l. 0.04 0.04 0.05 0.10 0.03 0.05 0.01
8.53 88.51 88.80 89.06 90.26 90.57 91.79 89.02 89.15 89.93

2.937 2.843 2.801 2.896 3.007 2.942 2.885 2.866 2.929 2.912
1.063 1.157 1.199 1.104 0.993 1.058 1.115 1.134 1.071 1.088
1.219 1.245 1.240 1.282 1.027 1.125 1.116 1.072 1.101 1.085
0.003 0.006 0.000 0.004 0.005 0.006 0.010 0.005 0.001 0.001
1.593 1.575 1.726 1.613 2.176 2.181 2.186 2.277 2.272 2.263
0.033 0.024 0.022 0.023 0.039 0.039 0.038 0.047 0.045 0.046
3.058 3.086 2.970 2.973 2.718 2.588 2.620 2.612 2.546 2.589
0.008 0.008 0.016 0.010 0.009 0.014 0.013 0.010 0.015 0.012
0.008 0.008 0.008 0.000 0.005 0.013 0.000 0.003 0.000 0.005
0.004 0.004 0.000 0.005 0.005 0.007 0.013 0.003 0.006 0.002
9.925 9.956 9.984 9.909 9.983 9.970 9.996 10.029 9.986 10.003
0.657 0.662 0.632 0.648 0.555 0.543 0.545 0.534 0.528 0.534



Table 2
Representative electron microprobe analyses of phengites from the Durkan Complex. Calculation of atoms per formula unit (a.p.f.u.) is based on 11 oxygen.

Locality - Unit Chah Shahi – western unit Chah Shahi – eastern unit

Sample MK844 MK858 MK820 MK821 MK823

Mineral 2 3 7 1 3 4 2 5 7 2 4 6 4 5 7

wt.%
SiO2 47.26 46.27 49.79 53.28 53.76 54.47 51.16 50.88 51.48 51.69 52.88 52.02 52.18 52.53 53.44
TiO2 0.43 0.14 0.10 0.17 0.11 0.22 0.19 0.21 0.08 0.36 0.35 0.20 0.04 0.06 0.03
Al2O3 28.31 28.36 29.30 21.93 22.62 22.68 25.13 23.91 24.93 26.60 26.72 27.5 21.94 22.07 22.11
FeO 3.82 4.43 3.16 4.98 3.97 4.82 5.28 5.64 4.92 3.38 2.98 2.04 6.92 7.49 6.09
MnO b.d.l. 0.02 0.01 0.01 0.01 0.03 0.01 b.d.l. b.d.l. 0.05 0.02 b.d.l. 0.07 0.03 0.04
MgO 2.96 3.17 2.01 4.24 4.20 4.27 3.20 3.50 3.27 2.81 3.29 2.96 3.79 3.71 3.90
CaO 0.43 0.33 0.34 0.03 0.04 0.07 b.d.l. 0.01 b.d.l. b.d.l. 0.08 0.02 0.05 0.07 0.04
Na2O 0.26 0.34 0.29 0.10 0.12 0.05 0.34 0.16 0.25 0.19 0.33 0.38 0.07 0.04 0.05
K2O 8.90 9.72 9.66 10.08 10.06 10.35 9.94 10.33 10.01 9.49 9.46 9.56 10.62 10.65 10.97
Total 92.36 92.78 94.66 94.82 94.89 96.96 95.26 94.64 94.97 94.57 96.11 94.68 95.68 96.64 96.68

a.p.f.u.
Si 3.265 3.217 3.340 3.604 3.609 3.598 3.454 3.476 3.454 3.462 3.475 3.456 3.552 3.547 3.583
Al IV 0.735 0.783 0.660 0.396 0.391 0.402 0.546 0.524 0.546 0.538 0.525 0.544 0.448 0.453 0.416
Al VI 1.571 1.541 1.656 1.352 1.399 1.364 1.454 1.401 1.454 1.561 1.545 1.610 1.312 1.304 1.331
Ti 0.022 0.007 0.005 0.009 0.006 0.011 0.010 0.011 0.010 0.018 0.017 0.010 0.002 0.003 0.002
Fe2+ 0.221 0.258 0.177 0.282 0.223 0.266 0.298 0.322 0.298 0.189 0.164 0.113 0.394 0.423 0.341
Mn 0.000 0.001 0.001 0.001 0.001 0.002 0.001 0.000 0.000 0.003 0.001 0.000 0.004 0.002 0.002
Mg 0.305 0.329 0.201 0.428 0.420 0.421 0.322 0.356 0.322 0.281 0.322 0.293 0.385 0.374 0.390
Ca 0.032 0.025 0.024 0.002 0.003 0.005 0.000 0.001 0.000 0.000 0.005 0.001 0.004 0.005 0.003
Na 0.034 0.046 0.038 0.013 0.016 0.006 0.045 0.021 0.045 0.025 0.042 0.049 0.009 0.005 0.007
K 0.784 0.862 0.827 0.870 0.862 0.872 0.856 0.900 0.856 0.811 0.793 0.810 0.922 0.918 0.938
Total 6.969 7.068 6.929 6.955 6.929 6.947 6.986 7.012 7.013 6.888 6.890 6.887 7.032 7.033 7.015

Note: b.d.l. – below detection limits.

Table 3
Representative electron microprobe analyses of amphibole from the Durkan Complex. Calculation of atoms per formula unit (a.p.f.u.) is based on 23 oxygen.

Locality - Unit Chah Shahi – eastern unit Dehendar

Sample MK823 MK507

Mineral Amp5 Amp8 Amp10 Amp4 Amp8 Amp9

wt.%
SiO2 55.13 55.39 55.81 55.36 54.63 53.59
TiO2 0.04 0.07 0.02 0.06 0.08 0.03
Al2O3 0.84 1.31 0.83 2.23 1.19 2.14
FeO 14.57 14.58 14.65 23.05 19.21 16.53
MnO 0.30 0.30 0.24 0.17 0.30 0.36
MgO 14.19 14.02 14.90 8.45 12.16 13.36
CaO 11.94 10.72 10.84 1.87 8.31 11.01
Na2O 0.69 1.24 1.31 6.51 2.47 1.12
K2O 0.08 0.05 0.09 0.04 0.06 0.09
Total 100.53 99.90 101.10 100.94 101.27 100.73

a.p.f.u.
Si 7.941 7.971 7.931 7.992 7.844 7.725
Al IV 0.059 0.029 0.069 0.008 0.156 0.275
Al VI 0.084 0.194 0.071 0.371 0.045 0.089
Ti 0.005 0.007 0.002 0.006 0.009 0.003
Fe3+ 0.072 0.161 0.316 1.215 0.839 0.449
Fe2+ 1.755 1.594 1.425 1.568 1.468 1.544
Mn 0.036 0.036 0.029 0.021 0.037 0.044
Mg 3.047 3.008 3.157 1.819 2.603 2.871
Ca 1.843 1.653 1.651 0.289 1.278 1.700
Na 0.193 0.345 0.361 1.822 0.688 0.314
K 0.015 0.009 0.016 0.008 0.010 0.016
Total 15.050 15.007 15.028 15.119 14.977 15.030
XMg 0.63 0.65 0.69 0.54 0.64 0.65

Note: XMg = Mg / (Mg + Fe2+); b.d.l. – below detection limits.
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150 and 350 �C in EU of the Chah Shahi area, respectively (Fig. 10a).
These results were compared with those calculated with the
Cathelineau and Nieva (1985) geothermometers (Fig. 9a) applied
to all the samples, getting a good fit largely included in the error
of the method (i.e., ±30 �C).

The phengite-quartz-water method (Dubacq et al., 2010) was
applied to samples from the eastern and western units by fixing
13
T and %Fe3+ on the base of the results from the chlorite-quartz-
water method. For each analysis, the phengite-quartz-water
method was applied fixing different P value. The results obtained
are temperatures that vary with the water content (XH2O). To esti-
mate the metamorphic conditions of the rocks we therefore chose
the T values based on the concordance of the water content of the
phengites analysed, thus obtaining a range of T dependent on P. We



Fig. 9. Chemistry of (a) chlorite and (b) white mica of samples studied in this work (the whole dataset of analyses used for this figure is shown in Supplementary Data S2). The
locations and labels of the tectonic units where the samples have been collected and the locations of the samples for geothermobarometric investigations are shown in the
Fig. 2a and 3a.
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note that, in the ranges of 0.7–1.2 GPa for the western unit and of
0.4–1.3 GPa for the eastern unit, water content (XH2O) > 80% is
reached by each single phengite in a narrow range of temperature
(Fig. 10b, e.g. Di Rosa et al., 2020b; Frassi et al., 2022). These tem-
peratures are included within the error of those obtained with the
Chlorite-quartz-water method and the Cathelineau and Nieva
(1985) geothermometer. Considering the distribution of the single
analysis within the P–T spaces, a range of 0.6–1.2 GPa and 0.4–1.3
GPa will be used for the tectonic units WU1 and EU2 of Chah Shahi
area, respectively (Fig. 10b).

Finally, the chlorite-phengite-quartz-water method (Vidal and
Parra, 2000) was applied on the chlorite-phengite couples found
into the S1 foliation. Only the cases in which the sum of the ener-
gies of independent reactions is lower than 1 kJ were considered. A
second selection based on the T range previously calculated with
the chlorite-quartz-water method combined with the values
obtained with the Cathelineau and Nieva (1985) geothermometer
has been adopted. We thus propose P–T conditions of 0.7–1.0
(±0.2) GPa and 220–280 (±20) �C for the tectonic unit WU1 and
0.6–1.2 (±0.2) GPa and 160–310 (±20) �C for the tectonic unit
EU2 (Fig. 10c).
5. Discussion

5.1. Significance of the structural evolution of the Durkan Complex
within the Makran

Modern and ancient subduction complexes are characterized by
various deformation stages occurring at different depths and times
of their accretion-subduction history and subsequent exhumation
(Platt et al., 1985; Clift and Vannucchi, 2004; Marroni et al.,
2004; Ueda, 2005; Meneghini et al., 2009; Kusky et al., 2013).
Accordingly, multiscale structural data from the Durkan Complex
allow us to recognize a polyphase deformation history achieved
in the Makran Accretionary Prism. The Late Cretaceous age of the
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Durkan Complex (Barbero et al., 2021a), the crosscutting relation-
ships between the observed tectonic features (section 3.2), and the
stratigraphic unconformity documented in the Dehendar area (sec-
tion 3.1) provide constraints for the relative chronology of this
deformation history. D1 and D2 phases occurred from the latest
Late Cretaceous to the early Paleocene, whereas the D3 phase can
be referred to post Eocene times, as indicated by the involvement
of the upper Paleocene – Eocene succession along the D3 thrusts
(Fig. 11a). The tectonic significance of these phases will be
described hereafter and summarized in Fig. 11.
5.1.1. Latest Late Cretaceous – Early Paleocene stages: Accretion and
exhumation in a subduction complex

D1 developed during the accretion of seamount fragments
within the Makran prism (Fig. 11a, b). The occurrence of isoclinal
folds associated with a pervasive and continuous axial plane folia-
tion showing metamorphic recrystallization indicates that D1

occurred at relatively deep levels of the accretionary wedge
(Fig. 11b). According to the mineralogical assemblages of the axial
plane foliation S1 and the petrological geothermobarometer, D1

took place at T = 160–300 �C and P = 0.6–1.2 GPa (Fig. 10c, 11b,
12). Though at the estimated P–T conditions lawsonite should be
stable, the lack of this mineral in the studied samples do not con-
trast our geothermobarometric estimates. In fact, lawsonite stabil-
ity is controlled by several other factors such as the bulk rock
composition of the protoliths as well as the composition and
amount of water during the metamorphism (Poli and Schmidt,
2002; Manzotti et al., 2021). In addition, during both prograde
and peak metamorphism lawsonite could have been replaced by
chlorite, muscovite, and epidote aggregates as similarly suggested
in literature (e.g., Manzotti et al., 2021). The P–T estimates for D1

correspond to a depth of 25–40 km and are coherent with defor-
mation at blueschist facies conditions within the Makran subduc-
tion complex during the latest Late Cretaceous – early Paleocene
ages (Fig. 11b and 12). These P–T conditions are typical of high P



Fig. 10. Results of the pressure–temperature (P–T) estimates for the western unit 2 (left side) and eastern unit 1 (right side) in the Chah Shahi area (for locations of samples
see Fig. 2a, 2b). The same colour is used for the same sample in the legend (i.e., name and indications within the diagrams), histogram and box. (a) Histogram showing the T
results obtained with the chlorite-quartz-water method; (b) results of the phengite-quartz-water method. Open circles along each line indicate different water contents (from
XH2O = 0.99 to XH2O = 0.95) for single phengite analysis; the position in the P–T diagram in which the optimized value of XH2O for each sample is reached is indicated by solid
circles. The P range (horizontal lines) for each sample is assumed considering the P values at which each single phengite analysis (i.e., lines) reached the optimized XH2O;
(c) P–T conditions estimated with the chlorite-phengite-quartz-water method. The results (all the equilibrium reached with chlorite-phengite couples for which the sum of
energy required do not exceed 1000 J) are plotted as crosses. The size of crosses is proportional to the energy involved in the reaction. Coloured areas in the background
indicate the T ranges obtained in panel (a).
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– low T metamorphism of cold subduction zones characterized by
geothermal gradients in the range 7–8 �C/km (Fig. 12a). Similar
thermal conditions have been proposed for the Siah Kuh subducted
seamount in the neighbouring Zagros suture zone (Fig. 12a; Bonnet
et al., 2020). P–T estimates on the Bajgan Complex in the western
North Makran (Pandolfi et al., 2021; Barbero et al., 2022), the
15
blueschist units in the eastern North Makran (Hunziker et al.,
2017; Omrani et al., 2017), and the Ashin and Seghin complexes
in the Zagros suture zone (e.g., Angiboust et al., 2016) suggest war-
mer thermal gradient during the subduction of the NeoTethys
(Fig. 12a). Angiboust et al. (2016) hypothesized the cooling of the
thermal gradient of the NeoTethyan subduction zones between



Fig. 11. (a) Summary of the Late Cretaceous to middle Miocene – Pliocene tectonic evolution of the Makran Accretionary Prism. Cartoons showing conceptual models for the
tectonic evolution and deformative mechanism for D1 (b), D2 (c), and D3 (d) phases. Orientation of stress axes ϭ1 and ϭ3 during seamount subduction are based on Ruh et al.
(2016) and Wang et al. (2021).

E. Barbero, M. Di Rosa, L. Pandolfi et al. Geoscience Frontiers 14 (2023) 101522
95 Ma and 65 Ma, proposing that this cooling may have been
related either to acceleration of closure across the NeoTethys or
to the subduction of oceanic lithosphere with a cool thermal
regime. Similarly, data from the Durkan Complex and their com-
parison with others metamorphic units in the western and eastern
North Makran suggest that the thermal gradient in the Makran
subduction zones could have significantly changed both along
strike and over time. The D1 folding was also coupled with the
development of W-verging D1 shear zones along the overturned
limb of macro-scale anticlines (Figs. 2 and 3). The occurrence of
16
these shear zones indicates that the observed juxtaposition of tec-
tonic slices from different seamount settings occurred during the
D1 phase. The nature of these shear zones with a foliated matrix
showing shear bands and SAC structures, and their occurrence
along D1 folds limb suggest deformation in a brittle-ductile regime
indicating that the accretion of the fragments of different sea-
mount successions occurred with alternating diffuse (i.e., folding)
and localized (i.e., shear zone) deformations. D1 deformation style
is compatible with underplating of seamount materials and can be
interpreted as related to non-coaxial deformation along and/or



Fig. 12. (a) Pressure–temperature (P–T) range for the Durkan Complex and other metamorphic units in the North Makran domain (data from Hunziker et al., 2017; Omrani
et al., 2017; Pandolfi et al., 2021), and the south-eastern Zagros suture zone (data source Angiboust et al., 2016; Bonnet et al., 2020). Black dotted lines indicate geothermal
gradients. (b) Comparison of the P–T range of the Durkan seamount and selected subducted seamounts from worldwide accretionary and collisional belts. Data source: CA,
Maruyama and Liou, 1989; CGC, Buchs et al., 2013; IwC, Ueda, 2005; Gs, Zeng et al., 2021; OM, Vannucchi et al., 2006; SKs, Bonnet et al., 2020; SB, Hashimoto et al., 2002; SM,
MacPherson, 1983; FMgr and FMbl, Ukar and Cloos, 2014, 2015. The approximate P–T range at the source of slow earthquakes from modern convergent margin showing
seamount subduction (grey fields, data source from Kirkpatrick et al., 2021 and references therein) and T range for the seismogenic zone along subduction complexes
(Hyndman et al., 1997) are also shown. Metamorphic facies abbreviations: A, amphibolite; eA, epidote amphibolite; eB, epidote blueschist; egA, epidote-garnet amphibolite;
G, greenschist; gA, garnet amphibolite; jeB, jadeite-epidote blueschist; jlB, jadeite-lawsonite blueschist; lB, lawsonite blueschist; PA, prehnite-actinolite; PP, prehnite-
pumpellyite; Z, zeolite; zaE, zoisite-amphibole-eclogite facies.
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above the basal décollement of the North Makran prism (Fig. 11b),
as seen in several world-wide fossil accretionary prisms (e.g.,
Isozaki et al., 1990; Kimura and Mukai, 1991; Isozaki, 1997;
Kusky and Bradley, 1999; Marroni et al., 2004; Ueda, 2005;
Vannucchi et al., 2006; Meneghini et al., 2009; Wakabayashi,
2017; Agard et al., 2018; Tewksbury-Christle et al., 2021).

D2 is characterized by folds deforming D1 structural elements
with sub-horizontal axial plane associated with an axial plane foli-
ation, which is selectively development according to the types and
rheology of the rocks, ranging from a disjunctive cleavage in areni-
tic and limestone beds to a crenulation cleavage in the shale. The
characteristic of the S2 foliation (i.e., disjunctive and crenulation
cleavage without metamorphic recrystallization) suggest that D2

phase developed at shallower structural levels with respect to D1

blueschist phase. These evidence and the overprinting relation-
ships between D1 and D2 structures clearly suggest that D2 phase
developed after the D1 underplating stage, most likely during the
progressive exhumation of the accreted units (Fig. 11a, c). In addi-
tion, the association of folds with sub-horizontal axial planes and
low-angle extensional faults striking parallel to the fold axis well
agrees with an exhumation phase during which the maximum
principal stress axis was subvertical (Fig. 11c). This agrees with
data from many fossil accretionary prisms worldwide, where the
combination of sub-horizontal folds and normal faults acts in equi-
librating the critical taper angle during the exhumation of the pre-
viously accreted units and after the thickening caused by the
continuous underplating (e.g., Davis et al., 1983; Platt, 1986,
1993; Marroni et al., 2004; Ueda, 2005; Meneghini et al., 2020).
D2 exhumation can also have been favoured by subduction of rel-
atively high seamounts that could have promoted uplift and exten-
sion of the prism close to the incoming seamount and the
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exhumation of the underplated units (Fig. 11c). This interpretation
agrees with observations from both modern and fossil convergent
margins (e.g., Lallemand and Le Pichon, 1987; Park et al., 1999;
Ueda, 2005) and from numerical modelling (Dominguez et al.,
1998; Ruh et al., 2016; Ruh, 2020). In this context, the uplift can
be followed by extension and subsidence of the fore-arc and the
inner wedge while the subducted seamount progressively moves
down along the subduction zone (Park et al., 1999). Extensional
deformation during seamount subduction is also described by
numerical modelling seaward of and above the subducting sea-
mount (Ruh et al., 2016; Ruh, 2016; Wang et al., 2021).

5.1.2. Post-Eocene stage: Post accretion sedimentation and out-of-
sequence thrusting

The unconformable deposition of the upper Paleocene – Eocene
turbiditic siliciclastic succession onto the exhumed Durkan Com-
plex marked the transition from D2 and D3 phases (Fig. 11a, d). This
succession is characterized by alternating quartz-rich arenites
absent in the Durkan succession and suggests the erosion of conti-
nental basement rocks and/or volcanic and intrusive acidic rocks.
During this stage, a new accretionary frontal wedge existed, and
it is now represented by the Coloured Mélange (Fig. 11d). This
includes remnants of the subducting oceanic lithosphere, Creta-
ceous pelagic sedimentary cover, and Paleocene siliciclastic tur-
biditic successions and it is thought to have formed by
offscraping in the trench of a north dipping subduction zone during
the Paleocene (McCall and Kidd, 1982; McCall, 2002; Burg, 2018;
Saccani et al., 2018; Esmaeili et al., 2020, Esmaeili et al., 2022).
The Durkan Complex represented the indenter of this actively
building frontal wedge (Fig. 11d). This interpretation agrees with
the provenance data from the turbidites from the Coloured
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Mélange, which consist of litharenites and feldspathic litharenites
fed by the erosion of an unroofed volcanic arc (Esmaeili et al.,
2020). This hypothesis also agrees with the provenance data from
the turbidites of the Inner and Outer Makran domains that point
out for a magmatic arc and recycled accreted sediments as the
main source rocks (Mohammadi et al., 2016, 2017; Burg, 2018).

D3 involved both the Durkan Complex and the upper Paleocene
– Eocene succession and it is characterized by a thrusting deforma-
tion associated with folding close to the main thrust zones (section
3.2.3). These features suggest a post-Eocene compressive deforma-
tion of the inner part (i.e., the present-day North Makran domain)
of the Makran subduction complex (Fig. 11d). The significance and
age of this phase is still puzzling as more biostratigraphic and
structural data are needed from the upper Paleocene – Eocene
and post-Eocene stratigraphic successions. Published structural
and stratigraphic data from the Inner, Outer, and Coastal Makran
indicate that these domains have been deformed from the early-
middle Miocene to the Pliocene during the propagation of a S-
verging fold-and-thrust system (Dolati, 2010; Burg et al., 2013).
Distributed shortening was assumed to be an important mecha-
nism of deformation by Burg et al. (2013), though the decrease of
apatite-zircon fission-track ages and the progressive deactivation
of thrusts from north to south indicate an oceanward propagation
of the deformation during this time (Dolati, 2010; Burg et al.,
2013). D3 deformation phase recognized in this study can thus be
correlated with the early-middle Miocene – Pliocene compres-
sional stage that affected the Makran subduction complex at
regional-scale, or alternatively as a slightly older (i.e., Oligocene
– Miocene) phase. In both cases, D3 thrusts likely represent out-
of-sequence thrusts that reworked the nappe pile formed during
the D1 and D2 phases (Fig. 11d). These thrusts are interpreted as
linked to the Bashakerd Thrust, which corresponds to a first order
tectonic element juxtaposing the North Makran domain to the
Inner Makran (Dolati, 2010; Burg et al., 2013), and they are respon-
sible for the final structuration of the units of the North Makran
domain (Fig. 11d).

5.2. Incorporation of seamount fragments within an accretionary
prism: The role of seamount stratigraphy

Our structural data indicate that fragments of the Durkan sea-
mounts chain (Fig. 13a; Barbero et al., 2021a,b) have been under-
plated within the Makran subduction complex during D1

deformation phase at blueschist facies condition (Fig. 12). The
underplating produced several tectonic slices juxtaposed by D1

shear zones (Fig. 11a). The evidence that D1 shear zones show a
block-in-matrix fabric with lens-shaped marbles and meta-
basalts blocks within a foliated volcaniclastic matrix (Fig. 4f, g),
suggest that deformation concentrated and propagated along a
specific rheological and stratigraphic horizon. This shear surface
developed at the boundary between the volcanic and volcano-
sedimentary sequence of the seamount slope succession, which
is rich of volcaniclastic sediments (Fig. 13a). The internal arrange-
ment of the D1 shear zones with a clear block-in-matrix fabric and
their pluridecametric thickness (Fig. 4g and Fig. 13b for conceptual
model) are well comparable with broken-formations formed by the
tectonic disruption along the basal décollement of a heterogeneous
Ocean Plate Stratigraphy without including exotic blocks (e.g.,
Wakita, 2015; Wakabayashi, 2017; Festa et al., 2018, Festa et al.,
2019, Festa et al., 2022 and reference therein). All these evidence
document that (i) D1 shear zones can be interpreted as the basal
décollement of the prism and (ii) seamount slope succession has
a key role in controlling shear zones localization and propagation,
as suggested for subducting (e.g., Barnes et al., 2020) and sub-
ducted seamounts (e.g., Vannucchi et al., 2006; Clarke et al.,
2018; Bonnet et al., 2020). Once the D1 décollement propagated
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within the seamount slope sediments, it is likely able to further
step down within the superficial part of the volcanic edifice of
the seamount, as it is composed of hydrothermally altered basalts
covered by carbonate platform limestone (Fig. 13a, b). The altered
basalts likely behave as a weak horizon, as described by Kimura
and Ludden, (1995), who suggest that altered basaltic oceanic crust
may represent a preferential horizon for the localization of the
décollement. The propagation of the décollement inside the sea-
mount volcanic edifice is testified by the incorporation of basalts
and carbonate platform blocks within the block-in-matrix D1 shear
zones (Fig. 4f, Fig. 13b for conceptual model). This mechanism trig-
gered the underplating of tectonic slices composed of the upper
part of the seamount with rather thin volcanic sequence at the
base of most of the accreted units (Figs. 2, 3 and Fig. 13b for con-
ceptual model).

The comparison of the proposed model with previous works on
active and fossils subduction complexes bearing seamounts in the
subducting plate strongly support our conclusion (e.g., Cloos and
Shreve, 1996; Vannucchi et al., 2006; Clarke et al., 2018; Barnes
et al., 2020; Bonnet et al., 2020; Zeng et al., 2021). Generally, sea-
mounts entering within a convergent margin are largely subducted
and just their superficial parts can be accreted into the accre-
tionary prism (Cloos and Shreve, 1988, 1996; Isozaki et al., 1990;
Isozaki, 1997; Park et al., 1999; Ueda, 2005; Yang et al., 2015;
Bonnet et al., 2019, Bonnet et al., 2020), as schematically shown
in Fig. 13b. Only exceptionally high and large seamounts and ocea-
nic plateau can entirely be accreted to the subduction zone, jam-
ming the subduction zone and inducing collision-like
deformation (Cloos, 1993; Kerr et al., 1998). Although fragments
of seamounts are thought to be incorporated within the accre-
tionary prism with different models and at different depths or
structural levels (Isozaki et al., 1990; Cloos and Shreve, 1996;
Isozaki, 1997; Ueda, 2005; Vannucchi et al., 2006; Yang et al.,
2015; Clarke et al., 2018; Zeng et al., 2021), our interpretation well
agrees with what recently proposed by Bonnet et al. (2019, Bonnet
et al., 2020), who suggested that the heterogeneities of the sea-
mount stratigraphic architecture plus the role of serpentinites
from the subducting plate likely play a major role in controlling
the localization of the deformation. Accordingly, other authors
indicate that a significant role for the seamount fragments accre-
tion is played by the seamount slope successions (e.g., Vannucchi
et al., 2006; Clarke et al., 2018; Barnes et al., 2020), supporting
our observation and conclusion.

Finally, studies on active convergent margins outline that sea-
mount subduction can significantly influence the seismic activity
at subduction zone, both promoting (e.g., Cloos, 1992; Scholz and
Small, 1997; Bilek et al., 2003) or restraining (e.g., Kodaira et al.,
2000; Das and Watts, 2009; Wang and Bilek, 2011; Geersen
et al., 2015) large earthquakes ruptures and their propagations.
Structural investigations on accreted seamounts in ancient sub-
duction complexes have the potential to provide data complemen-
tary to the geophysical and seismological dataset from modern
subduction zones. In fact, fragments of seamounts are found in sev-
eral mountain belts such as the Japanese Islands (Isozaki et al.,
1990; Hashimoto et al., 2002; Ueda, 2005), the Cimmerian orogenic
belt (Bagheri and Stampfli, 2008; Buchs et al., 2013), the Costa Rica
exhumed accretionary prism (Vannucchi et al., 2006), the Zagros
Belt (Bonnet et al., 2019, Bonnet et al., 2020), the Asian collisional
belts (Yang et al., 2015, 2022; Safonova et al., 2016; Wan et al.,
2021; Zeng et al., 2021), the California Coastal Range and the Fran-
ciscan Complex (MacPherson, 1983; Maruyama and Liou, 1989;
Ukar and Cloos, 2014, 2015). Tough differing in age and location,
it is important to note that these seamount fragments, including
the accreted Durkan seamounts chain, are deformed within a sub-
duction complex at T–P condition that are in the range of those
typical of seismogenic zone and slow earthquakes in modern con-



Fig. 13. (a) Conceptual model for the localization of the plate interface décollement during subduction of seamounts; (b) décollement shear zone structural architecture
during underplating of seamount fragments. Figures are loosely based on Barnes et al. (2020). Stratigraphic columns in (a) are from Barbero et al. (2021a).
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vergent margins (Fig. 12b). Therefore, these data suggest that field-
based studies on accreted seamount in ancient subduction com-
plexes have the potential to shed light on the mechanism of defor-
mation and role of subducting seamount during seismic cycle.
6. Conclusion

The western Durkan Complex is a tectonic element of the North
Makran domain, which has recently been interpreted as remnants
of a Late Cretaceous seamount chain. Our macro- to micro-scale
structural study documents its tectono-metamorphic evolution.
The main conclusions of this study are summarized as follows.
(1) The Durkan Complex is composed by several tectonic units
bounded by NW- to NNW-striking and SW- to W-verging thrust
systems. The stratigraphic successions in the different slices
mainly represent the slope and summit of Late Cretaceous sea-
mounts. These successions are both tectonically juxtaposed and
unconformably covered by an upper Paleocene – Eocene strati-
graphic succession. (2) The crosscutting relationships between
the structural elements and the stratigraphic uniformities allow
us to recognize three phases of deformations, namely D1, D2, and
D3. D1 is characterized by W-verging folds, locally associated with
shear zones along the limbs, which show block-in-matrix fabric
and are mainly composed of volcaniclastic material from the sea-
mount slope successions. D2 is characterized by NE- to E-verging
open to close folds. D1 and D2 folds are unconformably covered
by the upper Paleocene – Eocene succession. D3 is characterized
by W-verging thrust zones during the Miocene – Pliocene stages.
(3) The microstructural study indicate that the S1 foliation shows
different features and dynamic recrystallization based on the rock
type. Relict magmatic textures are generally preserved in themeta-
basalts. The foliation in themeta-volcaniclastic rocks and themeta-
sedimentary rocks is defined by chlorite, white mica, clay minerals,
calcite, quartz-albite aggregate in different proportions according
to the rock types.(4) Petrological geothermobarometers on the S1
paragenesis suggest that D1 developed during blueschists facies
metamorphism, with P in the range 0.6 – 1.2 GPa and T in the range
160–300 �C.

These data allow to reconstruct the Late Cretaceous – Miocene-
Pliocene structural evolution of the western Durkan Complex
within the Makran prism. D1 and D2 phases likely record the Late
Cretaceous – early Paleocene underplating of seamount fragments
at blueschist facies conditions, and the subsequent exhumation at
shallower structural levels of the prism, respectively. These stages
are followed by a renewed phase of convergence showing the acti-
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vation of out-of-sequence thrusts, likely during the Miocene – Plio-
cene. As a rule, we suggest that the stratigraphy of the subducting
seamount possibly controls the position of the basal décollement
of the prism during underplating. In detail, the occurrence of thick
volcaniclastic succession around the subducting seamount likely
plays a key role for the localization and propagation of the décolle-
ment within the upper part of the seamount edifice. Our results
provide new data for a better understanding of the deformation
pattern of the accretionary prism during the subduction of topo-
graphic relief.
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