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The architecture and pressure-temperature conditions reached by a Cretaceous block-in-matrix — serpen-
tinite mélange exposed in the Zagros suture resemble those imaged in the active Mariana subduction
zone. There, large magnitude-earthquakes (My > 9) have never been recorded but smaller events ...of
poorly-constrained physical origin ...in the range M,, 3-6 are widespread. Field and petro-structural
constraints led to a “rst report of blueschist-facies seismic fault-related rocks in the Zagros serpenti-
nite melange, including breccias, foliated cataclasites and ultracataclasites; all observed within a foliated
ma“c metatuffaceous block embedded in serpentinite schists. Fine-scale petrological characterization of

Keywords:

Mariana-type margins ultra“ne-grained, "uidized cataclastic material reveals the presence of newly-formed glaucophane, law-
blueschists sonite, phengite, albite and pumpellyite, an assemblage inferred (based on thermodynamic modelling)
earthquakes to have crystallized in the lower lawsonite-blueschist facies at 0.6-1.0 GPaand 230-300 C. Extensional

paleo-earthquakes
ultracataclasites
Zagros suture

veins containing similar mineral assemblages are observed crosscutting the aforementioned rocks but are
also identi“ed as comminuted fragments in all fault-related lithologies. Crosscutting relationships among
the multiple generations of "uidized ultracataclasites and brecciated blueschists suggest that episodic
faulting and hydrofracturing were contemporaneous processesat 20-35 km depth, i.e., at similar condi-
tions as reported for metabasalts expelled by Mariana serpentinite mud volcanoes. Mechanical modelling
con‘rms that the studied fault-related features can only have formed under nearly lithostatic pore "uid
pressure conditions, maintaining the system in a critically unstable regime that promoted recurrent seis-
mic faulting, as monitored in the Mariana seismogenic zone. These "uids are likely associated with
externally and deeply-generated "uid pulses that may have reached the seismogenic window, imprinting
a Ta-Th-Nb-HREEs-enriched trace element signature. This new faulted blueschist occurrence highlights
the physical nature and the mechanical processes operating within "uid-saturated fault zones in the

serpentinized subduction channel.
2021 The Author(s). Published by Elsevier B.V. This is an open accessarticle under the CCBY license
(http://creativecommons.org/licenses/by/4.0/ ).

face at shallow depths inhibiting earthquake nucleation. Recently,
Emry et al. (2011) and Eimer et al. (2020) challenged this hy-
pothesis demonstrating that the seismogenic region of the Mari-

1. Introduction

Mariana-type subduction settings are believed to represent

the saseismicZ, non-accretionary end-member where moderate-
magnitude seismicity is widespread but no large megathrust earth-
quakes (Mw >9.0) are so far reported (e.g. Emry et al.,, 2011 and
references therein). This absence was explained by Hyndman et
al. (1997) who suggested that a highly serpentinized mantle

thought to promote aseismic creep ...intersects the plate inter-
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E-mail addressesjmunoz@correo.ugr.es (J. Mufioz-Montecinos),
angiboust@ipgp.fr (S. Angiboust), agcasco@ugr.es(A. Garcia-Casco).
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ana subduction zone spans the depth range 10 to 60 km along
a highly serpentinized region of the plate interface (Fryer et al.,
2020), demonstrating that brittle deformation is actively occurring
there. Emry et al. (2011) emphasized that the lack of large earth-
quakes along the Mariana margin is produced by frictional strength
heterogeneities of the megathrust possibly associated with sub-
ducting roughness, "uid overpressuring and serpentinization of the
forearc mantle. In addition to moderate magnitude megathrust
earthquakes, extensional seismicity is commonly observed in the
outer rise region in the vicinity of the trench (Eimer et al., 2020)

2021 The Author(s). Published by Elsevier B.V. This is an open accessarticle under the CCBY license (http://creativecommons.org/licenses/by/4.0/ ).
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or as tensional normal-faulting in the subducting slab (Emry et
al., 2011), possibly associated with gravitational slab pull and roll-
back.

On a petrological perspective, rock fragments dredged from
serpentinite  mud volcanoes in the Mariana forearc preserve min-
eral paragenesis indicating lower blueschist-facies metamorphism
( 150-250 C at 0.5-0.6 GPa; Maekawa et al., 1993). Recent dis-
coveries demonstrate that some of the blueschist fragments may
have been buried to greater depths of 50 km (590 C at 1.6 GPa)
before being exhumed (Tamblyn et al., 2019). These rock clasts
were brought back to the surface through channel "ow and ser-
pentinite  mud volcanism which is thought to be triggered by slab
devolatilization and subsequent "uid "ow along normal faults in
the forearc (Fryer et al., 2020). These observations suggest that the
Mariana forearc is extensively serpentinized and the ascent of "u-
idized serpentinite material (protrusion) and rare blueschist frag-
ments is due to diapiric buoyancy forces associated with deep re-
turn "ow in an extensional regime (Maekawa et al., 2004). On-land
fossilized analogues to Mariana-type serpentinite channel are ex-
ceptionally preserved in HP-LT suture zones where smélangesZ ex-
hibit blueschist-facies metavolcanic (and metasedimentary) blocks
wrapped by a serpentinite matrix. Some key localities correspond
to the Franciscan complex (California, United States; Cloos, 1986;
Grove and Bebout, 1995), the Kamuikotan belt (Hokkaido, Japan;
Maekawa et al., 2004) and the herein studied Seghin complex
(Soghan region, Iran; Mufioz-Montecinos et al., 2021).

Although most of the worldwide observed earthquake activity
is reported in subduction zones (e.g., Scholz and Campos, 2012),
evidence for localized slip at seismic rates from exhumed high
pressure-low temperature (HP-LT) metamorphic complexes is ex-
tremely scarce (e.g., Austrheim and Andersen, 2004; John and
Schenk, 2006). In the blueschist-facies, it is expected that the me-
chanical behaviour of the subducting slab is transitional between
conditionally stable aseismic creep and unstable stick-slip faulting
(Austrheim and Andersen, 2004; Behr and Platt, 2013; Angiboust
et al.,, 2015). Evidence for seismic faulting includes the forma-
tion of pseudotachylytes and/or fault gouges which are commonly
found in dry crystalline rocks (Sibson and Toy, 2006; Bonnet et
al., 2019). Recent studies arguing for pseudotachylyte formation
in water-saturated fault zones demonstrate the presence of "u-
ids during frictional melting/sliding processes (Meneghini et al.,
2010; Menant et al., 2018), but the "uid-rock mechanical feed-
backs during seismic slip remain to be better documented (Rowe
et al.,, 2005; Di Toro et al., 2009; Fagereng et al., 2018). Even if
elevated pore "uid pressures reduce the effective normal stresses
promoting brittle faulting and inhibiting the formation of frictional
melts (thermal pressurization and lubrication; Rice, 2006; Di Toro
et al., 2009), the low shear stresses expected in subduction settings
(e.g., Dielforder et al., 2020) suggest that the occurrence of "u-
idized fault gouges (e.g., "uidized ultracataclasites) are likely more
representative of earthquakes in these environments (e.g., Ujiie et
al., 2007; Meneghini et al., 2010).

We herein present a “rst report of "uidized fault rocks (cata-
clasites and ultracataclasites) interpreted to represent blueschist-
facies paleo-earthquakes in ma“c blueschists discovered in the
Zagros suture (Seghin complex); a HP-LT mélange composed of
blueschist blocks wrapped by a serpentinite matrix which presum-
ably formed in a Mariana-type paleo-subduction margin (Mufioz-
Montecinos et al., 2021). This work addresses water-saturated fric-
tional sliding processes combining petro-structural observations
with mechanical modelling and compares the observed structural
features with what is currently being imaged and dredged in the
active Mariana subduction margin.
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2. Geological context of the Seghin complex
2.1. Regionalbackground

The Soghan region exhibits the unique HP-LT remnants of the
paleosubduction zone between Eurasia and Arabia plates (Lower
Cretaceous-Eocene) exposed now in the Zagros suture (Fig. 1A;
Delaloye and Desmons, 1980; Agard et al., 2006 and references
therein). In this region, the uppermost Ashin complex represents a
paleo-accretionary system (comprising ultrama“c domains) meta-
morphosed at amphibolite-facies conditions during middle Cre-
taceous times, followed by blueschist-facies overprinting (Angi-
boust et al., 2016). While the lowermost Siah-Kuh massif has been
characterized as a former seamount subducted down to lower
blueschist-facies conditions during Upper Cretaceous times (Bon-
net et al.,, 2019, 2020). We focus here on the Seghin complex
(Fig. 1B), a km-thick tectonic sliver structurally sandwiched be-
tween the Ashin and Siah-Kuh complexes, composed of blueschist
blocks embedded in a serpentinite matrix. Peak metamorphic con-
ditions of 1.5-1.8 GPa( 430-530 C; Fig. 1C) at 62-75 Ma are
recorded by some of the ma“c blocks (Sabzehei, 1974; Angiboust
et al.,, 2016). Overall, petrological investigations demonstrate that
the tectonic slices exposed in the Soghan region record contrasted
P-T-time metamorphic paths documenting the cooling of the sub-
duction thermal gradient from 17 down to 7 C/km from 95 to
65 Ma (Angiboust et al., 2016; Fig. 1C).

2.2. Geologyof the Seghincomplex

The Seghin complex is composed of a moderately dipping
antigorite-rich  ultrama‘“c  schistose matrix wrapping stiffer, metre
to hectometre-sized, blueschist tuffaceous blocks showing a sub-
vertical main foliation striking ENE-NE (Fig. 1B; see also Sabzehei,
1974). In the serpentinites, no remnant of the ultrama“c protolith
is observed while the lithological contacts with the blueschist
blocks are generally sharp and devoid of blackwall rinds. The
blueschist blocks are mainly “ne-grained glaucophane-, lawsonite-
and jadeitic-omphacitic  clinopyroxene-bearing rocks (Angiboust et
al., 2016). The same index phases are present in prograde, cen-
timetre-wide metamorphic veins that follow or crosscut the main
foliation, while aragonite occurs as vein-“ling material in hy-
draulic breccias. It is worth mentioning that these veins are highly
strained due to burial-related shearing according to the main
foliation (Mufioz-Montecinos et al., 2021). Minor metasedimen-
tary material is present as isolated blocks or interlayered within
blueschists, mostly in the basal part of the Seghin complex.

3. Field observations on fault-related rocks

In the studied area (Fig. 1A), an elongated block of blueschist
occurs in direct and sharp contact with the surrounding antig-
orite schist matrix (Fig. 2A and B). The latter also enclosing further
dismembered blueschist fragments and showing cataclastic fabrics
such as reworked serpentinite and vein fragments in the foliated
serpentinite  matrix (Fig. S1A). These brittle networks are di cult
to follow at several metres scale, due to the strong weathering of
the soft serpentinite. A brittle fault zone (up to 4 m-wide but vari-
able along strike) crosscuts at high angle the studied well-foliated
hectometre-sized blueschist block from the mélange (Fig. 2A, C and
S1B). In the damage zone of this fault network, the most common
lithology is a chaotic blueschist breccia including unsorted, up to
tens of centimetre-wide angular to rounded blueschist and vein
fragments enclosed in a very “ne-grained foliated cataclastic ma-
trix (Fig. 2D and E). A precise localization of the fault core was
not possible. Brittle deformation was accompanied by extensive



J. Mufioz-Montecinos, S. Angiboust and A. Garcia-Casco Earth and Planetary Science Letters 573 (2021) 117135

A W\ |:| Urumief.1-Dok{1t(j1rvolcanics / elglelplefe a one B 5 C RSCM X/ ’ 65—
E] Mesozoic ophiolites Siah Kuh fault /_/ d
z mTehran "‘ = - \;!‘/
< o = = -// ——— -y 62-75Ma* v
- - =4
Central Iran Seaghin complex Siah Na-amphibole ‘
block = \ J P N\ o Kuh fau stability field
LT e =Yy k- ]
. £, Ve, %
I\ “’“, > // < / - -
% <Y Q- A | i ‘ v
/n > 5 NN ’ |
Soghan_\
c.3cm/yr \ i
- :\g‘ Persian Q\ ) y
Gulf 35
¥
Later accreted > ]
e f}J“ Siah Kuh seamount| Y z
e N Ashin complex N =
d=
1km % . g
“ T T | | X
56° 50 56°55' 200 300 400 500 T(Q

Fig. 1. A. Regional geological map of southeastern Iran showing major geological features (modi“ed from Angiboust et al., 2016). B. Local geological map of the Soghan
region emphasising the Seghin complex fabric (modi“ed from Angiboust et al., 2016). The lower hemisphere equal area stereographic projection depicts main foliation and
studied fault attitudes. C.Pressure-Temperature (P-T) diagram showing the path followed by the upper blueschist-facies blocks from the Seghin complex together with Raman
spectroscopy of carbonaceous material (RSCM) temperatures (after Angiboust et al., 2016). Peak conditions for the adjacent Ashin complex as well as inferred subduction
thermal gradients are shown for comparison. For further details regarding phase stabilities and facies subdivision the reader is referred to Evans (1990) and Angiboust et al.

(2016). MS,metasediment;  Ser,serpentinite; BS,blueschist; A,amphibolite-facies;
eclogite-facies; GS,greenschist-facies; PA,pumpellyite

Or,orthoclase; Pmp,pumpellyite;  Ph,phengite; Py,pyrite; Qz,quartz; Ttn,titanite.

grain-fragment rotation as evidenced by the mismatch between fo-

liated fragments and their respective counterparts (e.g., Fig. 2E).

The slip boundaries between pristine and brecciated blueschists
are sharp and subplanar (e.g., Fig. 2C and S1C), while breccia-
tion intensity increases towards a discontinuously exposed fault
core. At the meso-scale, shearing-related brecciation appears to be
post-dated by further ductile shearing as evidenced by the devel-
opment of a foliation within the matrix surrounding fragments.
Extensional veins containing albite, glaucophane, lawsonite, phen-
gite and pumpellyite crosscut pristine non-brecciated blueschist
domains (e.g., Fig. S1C). Remnants from the same vein set are
also found as breccia clasts within adjacent brecciated domains
(Fig. 2E and S1C). Unlike higher grade prograde blueschist-facies
veins showing shearing-related deformation parallel to the main
foliation (Mufioz-Montecinos et al., 2021), the veins reported in
this study developed as purely extensional structures devoid of vis-
cous features.

Cohesive, ultra“ne-grained zones with a darkish satin appear-
ance (hereafter referred to as ultracataclastic veins) are associated
with brecciated blueschists within the central region of the fault
zone. These veins, that resemble pseudotachylytes (e.g., Lin, 2007),
crosscut the host blueschist (Fig. 2F) and more commonly the brec-
cias as thin injection (<5 mm-wide) or fault veins (<3 cm-wide),
the latter with planar slip boundaries (Fig. 2F, 3A, B and C). Several
layers of fault-related material commonly exhibit "ow textures and
streaks (Fig. 3B and C). Note that reworked ultracataclastic veins
are observed as fragments in the brecciated domains (Fig. 3A).

4. Microstructures and mineral chemistry
Petrographic observations and petro-geochemical analyses, in-

cluding thermodynamic modelling, on ultracataclastic veins, brec-
ciated blueschists and extensional vein material have been per-

BS,blueschist-facies; EBS,epidote blueschist-facies; EA,epidote amphibolite-facies; Ecl,
actinolite-facies. Mineral abbreviations used along this paper are: Ab,albite; Act,actinolite;
calcite; Cb,carbonate; Chl,chlorite; Chm,chamosite; Clc,clinochlore; Cpx,clinopyroxene;

Amp,amphibole; Cal,

Ep,epidote; Fac,ferro-actinolite; ~ Gln,glaucophane; Jd,jadeite; Lws,lawsonite;

formed using (i) scanning electron microscope in back-scattered
(SEM-BSE)and energy dispersive X-ray spectroscopy (EDS; includ-
ing X-ray maps and estimates of the chemical composition of large
scanned surfaces) modes, (ii) electron probe microanalyzer (EPMA;
including defocused beam surface estimates), (i) powder X-Ray
diffractometry (XRD), (iv) in situ laser ablation-inductively coupled
plasma-mass spectrometer (LA-ICP-MS) and (v) Perple_X software
(version 6.8.9). Details of the analytical techniques, parameters and
software used are outlined in the supplementary material.
Micro-scale observations show that the fault breccia is com-
posed of blueschist clasts and extensional vein fragments (Fig. 4A)
enclosed in a very “ne-grained foliated comminuted matrix (mostly
<30 pm in diameter; Fig. S2A and S2B). The blueschist clast
morphologies are subangular, containing mainly glaucophane (lo-
cally exhibiting actinolitic cores and/or rims) and pumpellyite
(>50 vol.%) and minor lawsonite, phengite, chlorite, winchite,
titanite and albite. The same mineralogy is present in the pris-
tine foliated host blueschists and in the comminuted matrix,
but chlorite and winchite are absent in the latter (Fig. 4B).
In addition, Si-rich phengite (up to 3.7 a.p.f.u.; Fig. 5A), glau-
cophane and albite fringes occur in the interclast breccia ma-
trix (Fig. 4A). Such features are not observed in the blueschist
host, which is mostly devoid of phengite and albite, indicat-
ing that the phase-assemblage distributions cannot be envisioned
by clast comminution alone, but involved the formation of new
minerals. Note that structurally similar foliated cataclasites and
blueschist breccias have been observed upstream in other high
grade blocks, that contain abundant lawsonite and clinopyrox-
ene and only very minor pumpellyite. In the studied locality,
carbonate- and silicate-rich lawsonite-bearing vein fragments and
vugs occur, the latter characterized by highly rounded and ir-
regular morphologies apparently devoid of cataclastic imprint,
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Fig. 2. Field pictures of the investigated fault zone from the Seghin complex. A. General view of the studied blueschist block surrounded by serpentinite matrix. Note the
fault features in the upper part of the image and the width ( 4 m) of the well-preserved fault zone. Black arrow pointing to a geologist for scale. B. Detailed view of the
sharp blueschist block-serpentinite matrix contact. C. Crosscutting relationships between the fault zone and the pristine foliated blueschist block. Note how the fault crosscuts

at high angle the main blueschist foliation.

likely representing crystallized "uid-“lled cavities present during
comminution  (Fig. 4C). Glaucophane-lawsonite-phengite-bearing

albite-rich vein clasts, identical in mineralogy to the aforemen-
tioned extensional veins, also occur in the fault breccias beside
blueschist clasts. The contact between the brecciated blueschist

D. Blueschist breccia. E. Blueschist chaotic breccia showing highly angular and foliated blueschist, albite-glaucophane-phengite-
bearing vein and metasedimentary fragments. F. Ultracataclastic injection and fault vein structures in a blueschist breccia. BS,blueschist;

MS, metasediments.

domains and the ultracataclastic veins is sharp and clean (Fig. 3D
and 4A).

The ultracataclastic veins consist of several layers of dark-
shaded regions (hereafter referred to as Brown and Black regions,
respectively; see Fig. 3D) separated by sharp, subplanar slip bound-
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