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Iran is a Natural Geoscience Laboratory

e Study Cadomian rocks to understand how new continental crust
forms

 Study Jurassic Sanandaj-Sirjan Zone rocks to understand the
formation of continental rifts and volcanic passive margins

* Study Late Cretaceous ophiolites to understand how new subduction
zones form

* Study Paleogene igneous rocks and associated sediments to
understand extensional continental arcs

* Study Neogene igneous and sedimentary rocks and Zagros structure
to understand early stages of continental collision
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Iran is a large country (~1.65
million km?), more than 4 times the

size of Japan, about 2.5 times the
size of France, and more than twice

the size of Texas.
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Today Iran lies on the upper plate of a convergent plate margin
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The Arabian plate was created by rifting from NE Africa ~¥25 Ma to form Red Sea
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GPS shows convergence of Arabian plate with Eurasian plate

— 20 mm/year

Elevation (m)
3,000

TURKMENISTAN

35°N 1,000
v
©
=
£ 0
(1°]
|
%I SAUD \ AR S WA= e PAKISTAN | Stab depth (km)
EGYPT & e ARABIA ‘ | \ 80
L gw' 40
25°N RO B 243
30°E 40°E 50°F 60°E
Longitude
Figure 3

Neotectonic setting of Iran showing deformation of Iran and surrounding regions. Note regions that are underlain by subducted
lithosphere of the African plate in the west and Arabian plate in the east (ye/low-orange regions) and the intervening ~2,500 km where
no subducting slab is imaged. Arrows are GPS velocities determined for Africa, Arabia, and Iran with respect to Eurasia. GPS data from
Khorrami et al. (2019) and Blewitt et al. (2018). Sites used to construct the Eurasia plate model from supplementary table S2 of
Altamimi et al. (2017). Geometry of subducted slab from Hayes et al. (2018). Elevation data from Jarvis et al. (2008).
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Table 1 Instrumental records of the 10 deadliest earthquakes in Iran

Epicenter (°latitude
North-"longitude
Number Date East) Location My | Mg | My Fault type Deaths
1 June 20, 1990 36.99-49.22 Rudbar 6.2 | 74 | 7.3 | Reverse fault with lett 40,000
lateral strike-slip
component
2 December 26, 28.95-58.27 Bam 5.9 | 6.6 | 6.6 | Rightlateral strike-slip fault | 37,500
2003
3 September 33.24-57.38 Tabas-e 6.7 | 7.4 | 7.3 | Reverse fault 20,000
16, 1978 Golshan
4 September 2, 35.55-49.83 Buin Zahra 6.9 | 7.2 | 7.2 | Reverse fault 12,200
1962
5 August 31, 34.04-58.95 Dasht-e 6.0 | 7.2 | 7.1 | Leftlateral strike-slip fault 10,000
1968 Bayaz
6 January 23, 33.38-49.28 Silakhor 7.2 | 7.4 | 7.4 | Rightlateral strike-slip fault 8,000
1909
April 10, 1972 28.41-52.78 Karzin 6.0 | 6.9 | 7.6 | Reverse fault 5,010
8 May 6, 1930 38.15-44.67 Salmas 7.0 | 7.2 | 7.1 | Reverse fault with right 2,514
lateral strike-slip
component
9 May 10, 1997 33.84-59.81 Zirkuh-e- 6.5 | 7.2 | 7.2 | Rightlateral strike-slip fault 1,568
(Qaenat
10 July 2, 1957 36.06-52.48 Sangchal 7.0 | 6.8 | 7.1 | Reverse fault 1,500
(Bandpay)

Mb = body wave magnitude; Ms = surface wave magnitude; M,, _.moment magnitude. Table modified
from Berberian (2014).



Seismic tomography and earthquakes reveal a continuous subducted slab

Sea of Japan Honshu racitic  peneath most convergent
Ocean  plate margins but not

0
beneath Iran!
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Small circles show earthquakes Zhao et al., 1994
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What happened to the subducted slab beneath Iran?
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(#) P-wave seismic tomography cross sections across northern Iran from Iraq to the Alborz Mountains (Mahmoodabadi et al. 2019).
The location is shown on Figure 2. Topography is indicated in light brown. (§) Interpretation of seismic tomography cross section.
Subduction of the Zagros Mountains can be imaged to a depth of 200 km. Deeper high-seismic-velocity bodies, outlined with solid
lines, may be detached slabs of oceanic lithosphere. Sinking dense material is compensated by upwelling warm mantle material with a
low seismic velocity, outlined with dashed lines. Abbreviations: H1, mantle high-velocity zones; .1 and L3, mantle low-velocity zones 1
and 3; MZ'T, Main Zagros Thrust; SSZ, Sanandaj-Sirjan Zone; UDMA, Urumieh-Dokhtar magmatic arc; ZML, Zagros mantle
lithosphere.



Iran 1s an excellent example of a Continental Arc System
with an accretionary prism (Zagros Fold-and-Thrust Belt)

Continental arc: Easier
to study and often
associated with an
accretionary prism

Oceanic Arc: Harder
to study and generally
lack an accretionary
prism
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~¢_ Continental collision ~4_ Subduction @ Hormuz salt diapir
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The Zagros Fold-and-Thrust Belt is the Accretionary Prism of the

Arabia-lran Subduction/Collision Zone
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Crust and Lithosphere
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Figure 2

Crust and lithosphere thicknesses for Iran and surrounding regions. (#) Crustal thickness for Iran and neighboring regions based on
seismic measurements. We estimate uncertainties in crustal thickness to be 20%, which is +/—8 km for 40-km-thick crust. Data from
Prodehl & Mooney (2012) and Mooney (2015). The thick dashed black line shows the location of the tomographic section in Figure 4.
(b) Lithospheric thickness determined by combining topography and the geoid beneath Arabia and Iran (Jiménez-Munt et al. 2012).




Six Key Events and Episodes in the Geologic Evolution of Iran

1. Cadomian (500-600 Ma) continental crust formation on the
northern margin of Gondwana.

2. Paleozoic rifting from Gondwana and accretion to Eurasia in Permo-
Triassic time.

3. Jurassic continental rifting to form the Sanadaj-Sirjan Zone.
4. Late Cretaceous Subduction Initiation.

5. Paleogene extensional convergent margin

6. Neogene collision with Arabia
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Cadomian of SE Europe, Turkey, and Iran
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The Cadomian of Iran: A Continental Arc on the N margin of
Greater Gondwana
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Continental crust of Turkey and Iran are very similar; crusts of Iran and Afghanistan are very different!

‘ Isotope age dates from Siehl (2015) and Faryad (2016)
O Isotope age dates (Ar-Ar) from Motuza & Sliaupa (2017)

O Isotope age dates (U-Pb) from Motuza & Sliaupa (2020)
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Afghanistan has very

little Cadomian crust

(Shroder et al., 2021)
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This is an important crustal boundary!
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Paleozoic rocks of Iran

Total thickness of Ediacaran
through Paleozoic sediments is
remarkably constant across Iran,
from 3 to 4 km thick (Stocklin,
1968).

This succession suggests that Iran
mostly behaved as a marine
platform during Paleozoic time.



Paleozoic Ophiolites of N. Iran show where
and when Iran was sutured to Eurasia
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Paleozoic Ophiolites

Non-ophiolitic rocks
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Mesozoic Rocks of Iran
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Zone is especially
interesting!
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The Sanandaj-Sirjan Zone is often depicted as an arc
above a Jurassic subduction zone
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Two endmember types of Rifted Continental Margins: Volcanic margins

and Nonvolcanic margins. Based on nature of Transitional Crust
Volcanic Passive Margin

Magnetic & Gravity High
Minor Extension (craton & inner transitional crust) Outer Transitional Crust: Basalt & Gabbro
| II ~100km |
Sedimentary Basin Post-breakup sediments

Early Rift Flood Basalts

~_ B e ]

""""" 2 - \/olcanic
margins;
s SDRint and SDRext: internal and external aka VRM

seaward-dipping lavas (i.e.’Seaward-Dipping
Reflectors'in offshore studies); figure

modified from Geoffroy 2005 CR Geosciences 337 S aS 2 l I l ay
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Outer Transitional Crust: Serpentinite &
Minor Extension (craton & inner transitional crust) Continental slivers
| Il ~100km |
Sedimentary Basin oo

Post-breakup sediment

w £-S
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As we have seen, these will form and evolve differently.
Most rifted continental margins are volcanic.




Many Volcanic
Rifted Margins
(VRMs) around
the world
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The SaSZ as a Jurassic VRM

A. Early to Middle Jurassic Iran Paleo-Tethys suture

Central Iran(Cl) S. Alborz (SA)
Jurassic basin

Arabian Plate
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—. "1 ~ assimilation
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SW margin of Iran evolved as a passive continental
margin until mid-Cretaceous (~100 Ma)
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~150 Ma (Late Jurassic)
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Ophiolites: fragments of oceanic lithosphere

OCEANIC IDEALISED
» Ophiolites are argued to be  Jzoae | g:g:ﬂﬂi
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. sediments
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U-Pb zircon ages for Late Cretaceous “Subduction

Initiation” ophiolites along the Bitlis-Zagros suture
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lzu-Bonin-Mariana  The crust of the IBM forearc formed
(IBM) arc system in

the Western Pacific

south of Japan

when subduction began ~50 Ma

Major Geologic

+  Frontal arc island
. R Japan
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Philippine o

Sea ?

0 Plate 2

500 km

]
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Arc System
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Transform margin collapse (Uyeda & Ben
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How did IBM subduction zone form?

1. Exploitation of Lithospheric Weakness (fracture zone or transform
fault) separating old, dense oceanic lithosphere and young, buoyant
oceanic lithosphere

Section Map View
Transtorm or Fracture Zone Young
/ v I

Old

'H




How did IBM Subduction Zone form?
2. Lithospheric Collapse & Formation of Infant Arc
(proto-forearc*) by seafloor spreading

Section Map View

Spreading Retreating

(proto-forearc) hinge

\/ A

>

Sinking

*Nursery of most ophiolites



How did IBM subduction zone form?

3. Proto-forearc widened by seafloor spreading as lithospheric
subsidence continued

spreading Trench rollback
7 T

A A.

200

Lithospheric subsidence and trench rollback drew in more asthensophere



How did IBM subduction zone form?

4 Forearc cools soon after true subduction (down-dip
motion of plate) begins

forearc

Lithospheric
subsidence evolves to
down-dip motion and
true subduction

100 —
150 -

200
i ST NEW ARC
!t‘ LITHOSPHERE

250 - A ARC voLCANO

1] BACK-ARC
# BASIN CRUST

I8

300

Mature arc system begins as forearc cools Stern & Bloomer 1992



E. Mature Subduction Zone

Section

Arc Volcano Forearc

Subduction




Geochemical implications of lithospheric collapse S| model

A Young : Oceanic crus: Old

No igneous activity 7 LM No Forearc
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(FAB) slab-derived fluid activity
C Late protoforearc spreading (VAB/BON) (ophiolite
Flux melting :
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VAB) strong interaction
with slab-derived fluid
Normal D Localized magmatic arc Forearc crust
subduction and (volcanic front) \ P No Forearc

arc magmatic

6! igneous activity
activity - --7

—

True subduction;
trench rollback slows



Test the Subduction Initiation model by
drilling into forearc crust” IODP Drill Site
350 in the lzu forearc

Major Geologic :
Features of the IBM
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»  Frontal arc island )
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_300
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Expedition 352: Izu-Bonin-Mariana Forearc
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Late Cretaceous Subduction Initiation and Ophiolite Formation
along the SW Eurasian margin
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Subduction initiation causes

i broad upper plate extension:
. ur
n 0 Platfor The Late Cretaceous Iran

-

100-78 Ma i eXample
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~95 Ma (early Late Cretaceous)
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<90 Ma (Late Cretaceous)

N S N S
Back-arc UDMB Zagros Zagros accretionary
ophiolite Zagros accretionary prism begins to grow
ophiolites  icm begins Back-arc ophiolites
to grow

True subduction
Sedimentary basins /

CrossSection



Back-arc
compression-g

—

Shallow trench

Young, thin, hot,
buoyant lithosphere

oW O Chilean type
Sy ¢ :

gt (Arc under compression)

Back-arc?

extension Deep trench

e, ~W——— ———

-
" Mante Old, thick, cold, &
%g?tgl dense lithosphere
!/
558 .
53 Mariana type
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O 4
2

Convergent margins can be under
compression or extension,
depending on the buoyancy (age)
of subducted lithosphere

Uyeda &
Kanamori, 1979

The Paleogene Iran
arc was strongly
extensional



Paleogene Iran
Magmatic Arc was
unusually broad
(up to 1000 km
wide)

BA = Back Arc
MF = Magmatic Front
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Paleogene Iran Convergent Margin was strongly extensional, as shown by interbedded marine sediments
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Paleogene
“Ophiolites”
of Kurdistan
testify to very
strong
extension ~37
Ma (Late
Eocene)

Simplified map showing
the distribution of Late
Cretaceous forearc
ophiolites and
Paleogene oceanic
rocks (Walash—
Naopurdan—Kamyran
series) along the lran—
Iraq border (modified
after Ali et al. (2013)).

Schematic cross section
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Contact between dacitic
dikes and (basaltic-)
andesitic dikes from SE
Kamyaran.

Outcrop of Paleogene pillow
lavas from SE Kamyaran.

Granitic dikes injected into

Granitic dikes injected into
gabbros.

gabbros.

Gabbro inclusions within the

overlying pillow lavas — at Pa |e0gene

the contact between “ o« e ”

gabbros and pillow lavas. OpthIltes of
Kurdistan

These demonstrate
very strong
extension!

F, G: Outcrops of NW
Kamyaran pillow lavas.
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Simplified cross-section of the Paleogene convergent margin of Iran, emphasizing
extreme extension in the Iranian plateau during Paleogene (50-35 Ma).

SW Urumieh-Dokhtar NE
50-35 Ma Magmatic Belt ~ Core complex Back-arc
Extreme-extension Rifted forearc X l magmatism
_|_
| Jaee

200 km

Moghadam et al. 2020 JGSL



A Tale of Three Continental Collisions Late Stage
(India-Tibet)

Middle Stage Going on for 50 Ma

Early Stage (Arabia-Iran)

(Australi.a—lr.\donesia) Going on for 25 Ma
Just beginning

Eurasia
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Iran is a Natural Geoscience Laboratory

e Study Cadomian rocks to understand how new continental crust
forms

 Study Jurassic Sanandaj-Sirjan Zone rocks to understand the
formation of continental rifts and volcanic passive margins

* Study Late Cretaceous ophiolites to understand how new subduction
zones form

* Study Paleogene igneous rocks and associated sediments to
understand extensional continental arcs

* Study Neogene igneous and sedimentary rocks and Zagros structure
to understand early stages of continental collision



