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Abstract

The Jalal Abad magmatic rocks, situated at the southern edge of the Saghand-Bafgh-Zarand
district, include a thick pile of Cadomian extrusive and pyroclastic units intruded by younger
granitoid stocks. New zircon U-Pb ages show eruptions at ~552 Ma, followed by emplacement
of granodiorite at ~537 Ma. The Jalal Abad magmatic rocks have typical high-K and
shoshonitic signatures, and are characterized by enrichment in large-ion lithophile elements
(LILEs) and depletion in high-field-strength elements (HFSE). Zircon ¢Hf(t) from the Jalal
Abad magmatic rocks ranges from +3.9 to —3.9 for volcanic rocks and —1.2 to +8.1 for
granodiorite. Zircon 8'%0 values for the Jalal Abad are variable from +5.1 to +8.8%o,
progressively higher than those of mantle-derived melts. The whole-rock eNd(t) values range
between —7.7 to —7.4 for granodiorite, —4.6 to —3 for volcanic rocks and —6.2 to —8.2 for
ignimbrites/tuff. The whole-rock Nd and zircon Hf crustal model ages (Tpu®) for the Jalal
Abad magmatic rocks range between 0.8 and 2.3 Ga. All of the Jalal Abad magmatic rocks
have quite similar trace element patterns, and slightly different whole-rock Nd and zircon Hf
isotopic composition, indicating the involvement of the thick continental crust during the
formation of these rocks. Modeling of zircon Hf~O data, bulk-rock trace elements, and Sr—Nd
isotopes suggest the magmas were generated by interaction of mantle—derived melts with thick
continental crust through assimilation/fractional crystallization (AFC) processes. However,

crustal architecture studies in the Iranian Cadomian arcs show that AFC processes were more



important during the Mesoarchean—Early Neoproterozoic (3000-1000 Ma), whereas juvenile
magmas became increasingly important to the Cadomian (600-500 Ma) magmatism. Early
Cambrian intrusive magmas seemingly intruded sedimentary sequences in the study region and
provided magmatic constituents and a heat source for hydrothermal processes and

mineralization.

Keywords: Zircon U-Pb dating, Cadomian magmatism, AFC processes, Iran.

Introduction

Magmatic rocks associated with the Cadomian orogeny are thought to have formed at the
northern border of Gondwana along an active continental margin at c¢. 750—-540 Ma (e.g.
Linnemann et al., 2008 and references therein) and were later affected by Early Paleozoic
rifting at ca. 530-485 Ma (e.g. Sadnchez-Garcia et al., 2008; Nance et al., 2010 and references
therein) associated with opening of the Rheic Ocean. Geochemical data suggest that these
Cadomian plutons formed due to subduction of the Proto-Tethys Ocean underneath the
northern margin of Gondwana during the Late Neoproterozoic. They are often thought to be
fragments rifted away from the Arabian—Nubian Shield (ANS), which is dominated by
Neoproterozoic continental crust formed between 900 and 580 Ma through the accretion of

Intra-oceanic arcs.

Iran was located on the northeastern margin of Gondwana during the Neoproterozoic and Early
Cambrian (Hassanzadeh et al., 2008; Balaghi Einalou et al., 2014). The widespread uniformity
of Ediacaran strata that cover the central basement of Iran suggests that it was once part of an
undivided Paleozoic ANS platform belonging to Gondwana (e.g., Stocklin, 1968, 1974). There
was relatively simultaneous emplacement of crystalline Cadomian magmatic rocks with
various sizes distributed in the Golpayegan (western Cadomian exposure), Khoy-Salmas,
Zanjan-Takab (northwestern Cadomian exposure), Torud, Taknar (north-eastern Cadomian
exposures) and Saghand-Bafgh-Zarand (central-southeast Cadomian exposures) regions of Iran

(Moghadam et al., 2017¢) at this time (Fig. 1).

The central-southeast Cadomian magmatic rocks of Iran are mostly composed of orthogneiss,
amphibolite, granite and metagranite, with sparse mafic rocks (e.g. Hassanzadeh et al., 2008;
Moghadam et al., 2015a). In particular, zircon U-Pb ages from these lithologies have revealed

a distinct magmatic peak during the Late Neoproterozoic—Early Cambrian, from 610 Ma to 520



Ma (e.g. Ramezani and Tucker, 2003; Hassanzadeh et al., 2008; Moghadam et al., 2015a;
Rossetti et al., 2015; Badr et al., 2017).

Iron oxide deposits are commonly linked to volcanic and sub-volcanic rocks in
volcanic—plutonic belts, with many Proterozoic to Cenozoic occurrences known worldwide.
Well-documented examples include magnetite deposits (e.g., El Romeral; Bookstrom, 1977),
magnetite—apatite (Kiruna-type) deposits (e.g., El Laco; Nystrom and Henriquez, 1994), and
magnetite deposits with economic Cu and Au mineralization (the IOCG sensu stricto deposits,
described by Chen et al., 2010a,b for Marcona-Mina Justa, in the Chilean iron belt). Such
deposits are genetically associated with intermediate calc-alkaline magmas in a volcanic-
plutonic continental arc setting. The source of these deposits has been the issue of much
research, with both magmatic models that confirm immiscible iron oxide-rich melts (e.g.,
Nystrom and Henriquez, 1994;) and hydrothermal models (e.g. Ménard, 1995; Sillitoe, 2003)

being proposed, although their origin remains contentious.

The Saghand-Bafgh-Zarand district is, a world-class iron oxide province located in the central
Cadomian magmatic belt, and is a well-known iron-apatite province containing iron oxide +
Cu £ Au = Bi £ Co and Kiruna deposits related to Cadomian magmatic systems (Ramezani and
Tucker, 2003). This district consists of massive magnetite and magnetite-apatite ores hosted in
Early Cambrian sequences of sedimentary and volcanic rocks (lavas, pyroclastic and epiclastic

rocks).

The Jalal Abad magmatic complex and associated iron oxide mineralization is located in the
southern part of the Saghand-Bafgh-Zarand district. It is of particular interest in terms of its
large size and high grade, as well as its characteristic ore and mineral associations (i.e. + Cu £
Au =+ Bi + Co within magnetite). [ron mineralization at Jalal Abad is likely of magmatic origin
with subordinate hydrothermal overprinting (Mehrabi et al., 2019). Previous studies of Jalal
Abad have focused on its isotope characteristics, microthermometry and the chemistry of fluid
inclusions in the deposit (Mehrabi et al., 2019). However, the nature and tectonic affinity of
the volcanic host rock is still controversial and competing models for its genesis include a rift-
related origin (Samani, 1988, 1998; Daliran, 1990, 1999, 2002; Forster and Jafarzadeh, 1994)
and a subduction-related origin (Ramezani and Tucker (2003). Furthermore, some earlier
studies (e.g. Vesali et al., 2020; Vesali et al., 2018) addressed the genesis of Paleozoic alkaline
intrusive rocks of Jalal Abad iron deposits and focused mainly on the age of magma

emplacement in the Paleozoic extension zone, whereas basic descriptions of the geology and



mineralogy of the Cadomian volcanic rocks and associated deposits are rare, as well as the ages

of formation and tectonic setting being uncertain.

To improve tectonic models for the evolution of the Central Iranian Terrane, new constraints
on the geological processes, ages and the original positions and geotectonic settings of
Cadomian volcanic rocks are needed. In this paper, the geology, paragenetic sequence,
mineralization styles, and mineral chemistry of the Jalal Abad deposit are described in detail.
New whole-rock geochemical and Nd—Sr isotopic analyses, U-Pb zircon ages and zircon Hf-
O isotopic compositions are represented for the Jalal Abad volcanic rocks of central Iran, which
is a typical example of Cadomian magmatic exposures in the Saghand-Bafgh-Zarand district.
These data are then combined to provide preliminary constraints on the genesis of the Jalal

Abad deposit.
2. Regional geology and field observations

The Saghand-Bafgh-Zarand district is located within the Kashmar-Kerman Tectonic zone
(KKTZ), which is situated between the Yazd block to the west and the Tabas block to the east.
The regional geological and tectonic setting of the KKTZ has been described extensively (e.g.,
Charvet et al., 2011; Gao et al., 2009) and its structural architecture is regarded to have
developed due to subduction of the Proto-Tethys Ocean. The zircon Hf and whole-rock Nd
isotopic compositions of KKTZ magmatic rocks suggest that they formed during mixing
between juvenile melts derived from mantle and old continental crust or/partial melting of older

continental crust (Abbo et al., 2015; Moghadam et al., 2015; Moghadam et al., 2017a).

The KKTZ contains variably deformed and fault-bound Neoproterozoic supracrustal rocks of
the Boneh-Shurow and Task complexes and Early Cambrian volcano-sedimentary unit. During
subduction of the Proto-Tethys Ocean, Early Cambrian arc magmatism produced many
volcanic and intrusive complexes in the KKTZ (e.g., Ramezani and Tucker, 2003), including
the Rizu-Desu Formations, which are composed predominantly of greywackes and a volcano-
sedimentary unit of siltstones, tuffaceous sandstones, thick iron-rich layers, tuffites,
intermediate to felsic volcanic rocks, tuffaceous limestones and conglomerates (Horton et al.,
2008; Ramezani and Tucker, 2003). The Rizu-Dezu Formations are widespread throughout the
KKTZ, ranging in age from Middle Neoproterozoic (760 + 120 Ma), Late Neoproterozoic (595
Ma) (Huckriede and others, 1962) to Early Cambrian (528 Ma) (Horton et al., 2008; Ramezani
and Tucker, 2003). It is the main host to various styles of mineralization in the KKTZ, including

iron oxide-Cu-Au + Bi-Co mineralization (Mehrabi, et al., 2019).



Several iron deposits (e.g., Chador Malu, Se-Chahun, Esfordi, Choghart, and Jalal Abad) have
been explored in the past decade during geological surveys through the KKTZ. These iron
deposits collectively form a 200-km-long and 10-20-km-wide iron belt, termed the Saghand-
Bafgh-Zarand district (Fig. 1). Most iron deposits are hosted by rocks of the Rizu-Desu
Formation. The iron mineralization is characterized by high-grade magnetite ores that are
accompanied by wide alteration zones of sodic-calcic and potassic alteration, and sericitization

and silicification metasomatism.

Jalal Abad magmatic rocks from the southeast Saghand-Bafgh-Zarand district in Iran occupy
an exposed area of ~50 km? (Fig. 2). The oldest units in the Jalal Abad complex are Ediacaran
sandstones and shales of the Morad series (Fig. 2), based on radiometric dating, stratigraphic
position and different Ediacaran and Cambrian fossils (Horton et al., 2008; Ramezani and
Tucker, 2003). Cadomian clastic rocks of the Morad series are overlain with Cadomian clastic
rocks of the Rizu Formation (Fig. 2). A U-Pb zircon age of 537.5 £1.6 Ma for dacites and
rhyolites from the Zarand, north of Jalal Abad, indicates an Early Cambrian age of formation

(Sepidbar et al., 2020).

The Rizu Formation is the main host rock of the Jalal Abad deposit (Vahdati, 1995) and is
subdivided into two main units. The lower units mainly consist of a basal grey, green to pink
greywacke sandstone member, which has a limited surfce exposure in the western sector of the
mining area and is known as the “floor sandstone” (Gotlov and Esev, 1976). This unit is
conformably overlain by a thick sequence of volcano-sedimentary rocks including siltstone,
tuff sandstone, thick magnetite layers, tuffites, intermediate to acid volcanic rocks, tuffaceous
limestone and conglomerate. The main distinctive feature of this unit is a sharp facies change
from detrital to marine deposit, indicative of a change of depositional environment (Gotlov and
Esev, 1976). This volcano-sedimentary unit covers a considerable area in the eastern and
southern part of mineralized zone, where it reaches a thickness of more than 1100 m (Fig. 2a).
The volcanic rocks of this unit include rhyolite, rhyodacite, dacite, ignimbrite and pyroclastic
rocks (Gotlov and Esev, 1976). Rhyolite occurs as isolated dome-like outcrops in the eastern
and southern mineralized zones, and are probably equivalents to silicic volcanic units of the
Kahar and Qara—Dash Formations in N-NW Iran (Moghadam et al., 2017c). Rhyolitic to
rhyodacitic tuffs and dolomite occur intercalated between rhyolitic (flow) layers (Fig. 3a and
b). Several ignimbrite sheets also occur in the vicinity of the rhyolites, and commonly have
gradational contacts with rhyolites and rhyodacites. The ignimbrite shows a variety of

coloration from gray, grayish green to pink and are characterized by several lenticular and



flattened fiammes ranging in diameter from 2 to 6 cm (Fig. 3¢). Fiamme usually indicate a
single compactional flattening event; however, in some welded tuffs, the fiamme are stretched
and show a lineation parallel to the flow foliation, which indicates secondary displacement of
the tuff during welding (rheomorphism) (Cas and Wright, 1987). Dusty quartz and feldspar
infills in the matrix, pumice cavities and reticulated veinlets probably formed during

percolation of fluids through ignimbrites during their devitrification.

The tuff and ignimbrite change laterally to tuffite and sandy tuffs, which are distal expressions
of this volcanism, and show that units in this stage of the Cadomian arc formed near to sea
level. Evidence of both subaerial and submarine extrusion exists in the form of fluvially

reworked crystal tuff and lapillistone with inverse grading as well as hyaloclastite, respectively.

The thick sequences (~350-400 m) of Lower Cambrian dolomitized limestone overlie the older
Rizu-series , and form a part of the Desu series, which is stratigraphically equivalent to the
Early Cambrian Soltanieh dolomite formation in the Alborz-Azerbaijan region (Mehrabi et al.,
2014). Small intrusive bodies of granodiorite, gabbro, diorite and diabasic dykes were
emplaced into the volcano-sedimentary unit and Early Cambrian dolomites and produced a
narrow contact metamorphic aureole. Granodiorites occur as small stocks in the southwest of
the Jalal Abad domain and crosscut rocks of both the Ediacaran Morad series and Early
Cambrian sedimentary rocks of the Rizu Formation (Fig. 3e). The small and irregular (~200 %
300 m) coarse-grained mafic to intermediate rocks are widespread in the southern and
southeastern parts of the mineralized area, and intrude across Early Cambrian sedimentary
rocks of the Rizu Formation. The NW-SE-trending mafic dykes and sills are some of the main
magmatic rocks in the mineralized area and cut all lithological units. The dykes are mostly
confined to tectonized zones and widely vary in thickness, but most are up to 1 km long and

2-25 m wide (Gotlov and Esev, 1976).
3. Jalal Abad mine geology

The Jalal Abad ore body is lens-shaped and trends NW-SE across an area of open folding.
Based on its magnetic anomaly, the ore body is approximately 2500 m long. In the Jalal-Abad,
iron oxide-Cu-Au + Bi-Co mineralization is identified mainly from borehole samples. The
cross section of the deposit (Fig. 2b) is based on exploratory drill cores that demonstrate iron
mineralization down to 486 m below the surface with variable oxidation state depending on
topographic location and fault displacements. The surface outcrop of iron ore is limited to the

northwestern part of the body. The ore-bearing horizon is 250—-180 m thick and consists of



chloritized siltstone, sandy siltstone, rhyodacitic tuff and dolomite (Fig. 3f) with iron oxide and
sulfide mineralization. Siltstone, sandstone, conglomerate, rhyodacitic ignimbrite, rhyodacitic
tuff, dolomite, breccia and alluvium occur above the ore body. There is no iron oxide

mineralization in this upper zone (Fig. 2b).

Most of the iron oxide ore bodies, particularly the large ones, are hosted by Early Cambrian
volcano-sedimentary units of sandy siltstone, dolomite and felsic volcanic rocks (Fig. 2), which
are intruded by younger diorite and gabbro sills or dykes (Fig. 2). Rhyodacitic tuff and
ignimbrite and rhyodacite lavas are widespread in the central and southeastern part of the area,
although dolomite units only host a small part of the ore. The felsic volcanic rocks in the ore
body zone are strongly altered and secondary minerals such as magnetite, actinolite, chlorite
or a quartz-pyrite-sericite assemblage preserve relics of the volcanic textures. The ore bodies
of the Jalal Abad iron deposit are controlled by NE-SW trending faults, whereas N—S and E—
W trending faults have a less important role. The form of ore bodies is also controlled by the
contact zone and the fracture in volcano-sedimentary units and most of these are massive,

layered, lenticular and irregular in shape.

The grade of ore varies from 30 to 50 wt. % Fe. Ore minerals are mainly magnetite, followed
by apatite, pyrite, hematite, chalcopyrite and a small amount of pyrrhotite, bornite, gold and
cobaltite. Gangue minerals are actinolite, calcite, dolomite, and a small amount of chlorite,
epidote, and talc. The ores commonly have euhedral and subhedral granular, xenomorphic
granular, reaction rim, and lattice-like textures. They also have disseminated, massive, striped-
banded, mottled, crystal cave, and brecciated structures. Wall rock alteration is widespread in
the mining area, and shows a close relationship with the ore bodies. Three stages of iron oxide
Cu—Au mineralization are observed according to mineral assemblages and metasomatism
producing an iron oxide stage (magnetite + actinolite + apatite + pyrite + quartz + chlorite)
close to the gabbro-diorite, followed by the copper stage (pyrite + chalcopyrite + arsenopyrite
+ cobaltite + quartz + calcite) and the supergene stage (hematite + covelite + talc + Azurite +
malachite + goethite) within the volcano-sedimentary host rock. The iron oxide stage is
associated with three main alteration zones, from deep to shallow, of sodic-calcic (actinolite +
albite + chlorite), potassic (K-feldspar + biotite) and sericitic and silicic, and calcium (dolomite
+ calcite + epidote) alteration, which are controlled by NW trending faults. The sodic-calcic
alteration is characterized by massive, vein-type, spotty and disseminated actinolite, which is
for the most part common at deep levels, formed during iron oxide stage mineralization in

association with magnetite, pyrite, apatite and minor amounts of zircon (Fig. 3g). Potassium



silicate alteration is characterized by biotite and K-feldspar in felsic volcanic rocks (Fig. 3h),
which is developed at moderate to shallow levels. The sericitization and silicification alteration
is represented by sericite, quartz, muscovite and hematite. Plagioclase and K- feldspar in felsic
volcanic rocks are replaced by clay minerals and sericite. This alteration is common in shallow
levels and is mostly associated with malachite mineralization, whereas silicification is in the
form of veins and vugs of quartz in magnetite ore and host rocks. The Ca-alteration zone is
represented by minerals such as dolomite, calcite and epidote replacing or overprinting earlier
minerals. Dolomites formed as coarsely crystalline dolomite and saddle dolomite adjacent to
the iron ore bodies. Saddle dolomite is normally associated with magnetite and occurs as veins

and open space fillings.
Petrography

Petrographically, Jalal Abad volcanic rocks are classified into rhyodacite, rhyolite, tuff and
ignimbrite, whereas most intrusions are granodiorite. Rhyolite displays rounded phenocrysts
of quartz in a uniformly aphanitic and vuggy groundmass in hand samples (Fig. 31). It has
porphyritic textures and contains phenocrysts of biotite (5-7%), sanidine (~5-10%), and quartz
(47%) set in a cryptocrystalline-felsite groundmass. The sanidine phenocrysts are characterized
by idiomorphic to sub-idiomorphic shape with sieve and polysynthetic twinning textures which
have been altered to sericite. The accessory minerals are biotite, titanite and iron oxides such
as magnetite, ilmenite and hematite, whereas calcite, sericite, chlorite and hematite are

secondary minerals.

Rhyodacite has a faulted contact with sedimentary (dolomite) rocks of the Rizu Formation (Fig.
3b) and shows aphyric to porphyritic textures in samples located close together in the field,
with plagioclase (~50%), quartz (27%) and alkali feldspar (9-13%) phenocrysts set in a
microcrystalline to cryptocrystalline groundmass of quartz, intergrowths of sodic plagioclase
and K-feldspar. Quartz with resorbed texture is the main phenocryst and plagioclase is altered
to epidote and calcite, whereas K-feldspar is altered to sericite. Apatite, biotite and iron oxides

are accessory minerals, while calcite, sericite, hematite and chlorite are secondary minerals.

The ignimbrite occurs between rhyolitic rocks. It is white to red in color and contains abundant
grey, aligned, and lenticular fiammes (Fig. 3¢ and j). The ignimbrites typically are composed
of angular crystals of quartz, plagioclase, K-feldspar and crystal fragments set in a laminated
tuffaceous matrix. Quartz crystals are generally corroded and have a thin overgrowth of quartz

and sericite. The matrix consists of quartz, feldspar and iron oxides. Fiammes are easily



identified at the hand specimen and microscopic scale. Flattened pumice clasts or fiamme,
ranging from 0.1-4 mm in diameter, are generally filled by sericite and quartz. The flattening
orientation of the pumice is indicative of the diagenetic compaction orientation of the

ignimbrites.

Welded tuffs consist predominantly of quartz, minor feldspar crystals and crystal fragments,
set in a fine quartzofeldspathic matrix (Fig. 3k). The groundmass of the welded tuffs is
extensively devitrified and recrystallized, which has transformed a vitroclastic texture to a fine

crystalline matrix of anhedral quartz and K-feldspar.

Granodioritic rocks have porphyritic to granular textures and contain euhedral to subhedral
phenocrysts of quartz (25%), K-feldspar (30%), plagioclase (35%), amphibole and biotite (3—
8%) (Fig. 31). Subhedral to anhedral K-feldspar (0.5-2 mm) grains are usually anhedral, occurs
interstitially between plagioclase grains and are partly replaced by clay minerals. Magnetite,
ilmenite, zircon and apatite are accessory minerals, while mafic minerals are replaced by

secondary minerals such as chlorite and calcite.

4. Results

We studied >100 samples petrographically, 19 for whole-rock chemical analysis, two for LA-
ICPMS U-Pb zircon ages, two for Lu-Hf analysis and eight for Sr-Nd isotopes. We selected
fresh samples for whole-rock geochemistry. Analytical details are presented in supplementary

files.
4.1. Whole-rock geochemistry

Fifteen samples of volcanic rocks (rhyolite and rhyodacite) and volcano-sedimentary rocks
(tuff and ignimbrite) underwent whole-rock elemental analysis. While many magmatic rocks
from the Jalal Abad have experienced surface alteration, relatively fresh samples were selected
for major, trace and rare earth element (REE) analyses. The results of major oxides and trace

elements in the different volcanic rocks are presented in Supplementary Table 1.

The effects of alteration are revealed by moderate loss-on ignition (LOI) measurements for all
igneous rocks of Jalal Abad (1.0-3.8 wt. %). Major elements are re-calculated on volatile-free
basis to avoid any misinterpretation arising from the alkali and large ion lithophile elements

(LILE), which are more mobile during alteration processes and we use immobile trace elements



for classification. Most rhyolites and rhyodacites have lower SiO, contents (64.1-72.5 wt. %)
and Zr/Ti ratios (0.01-0.18) than the ignimbrite (73.5-76.4 wt. % and 0.21-0.22, respectively),
but similar to those values for tuff (71.2-71.5 wt. % and 0.11-0.13, respectively). Measured
MgO contents are 0.47-0.93 wt. % in the rhyolite and rhyodacite, 0.20-0.45 wt. % in the
ignimbrite, 0.43—1.40 wt. % in the tuffs. Relatively variable Al,O; concentrations occur in the
rhyolite and rhyodacite (11.7-20.5 wt. %) but is constant in the ignimbrite (11.2—-11.3 wt. %)
and in the tuffs (12.4-14.7 wt. %). Low Fe,O3 content occurs in the rhyolite (1.0-5.2 wt. %),
ignimbrite (0.7-2.2 wt. %) and tuff (2.9-4.5 wt. %). Granodiorite samples are characterized by
68.6-71.2 wt. % Si0,, 0.55-1.75 wt. % MgO, and Zr/Ti ratios of 0.04—0.28. They also have
relatively constant Al,O5 (12.9-14.5 wt. %) and low Fe,O5 (3.1-4.2 wt. %) contents.

Based on an Nb/Y vs. Zr/Ti0, diagram (Pearce 1996), all samples fall in the rhyolite and
rhyodacite-dacite fields (Fig. 5a). They also demonstrate calc-alkaline and high K-calc-alkaline
and shoshonite affinity, and all plot in the calc-alkaline rhyolite-dacite field on a plot of Co vs.
Th (Hastie et al., 2007) (Fig. 5b). According to the Co vs. Th diagram (Fig. 5b) (Hastie et al.

2007), all granodiorite and volcanic rocks classify as medium- to high-K calc-alkaline series.

The REE patterns (Fig. 6a and c) normalized to chondritic values (McDonough & Sun, 1995)
exhibit LREE/HREE enrichment and a negative Eu anomaly (Eu/Eu* = ~0.4—0.7). Calculated
(La/Yb)y ratios vary from 6.6 to 7.9 in the rhyolite/rhyodacite, 6.6 to 29.1 in the ignimbrite/tuff
and 6.5 to 14.1 in the granodiorite. The trace-element signatures of the studied granodiorite,
volcanic and volcano-sedimentary rocks are presented as N-MORB-normalized (McDonough
& Sun, 1995) spider plots (Fig. 6b and d). Most of the samples show enrichment in LILEs and
depletion in HFSEs with negative anomalies in Nb, Sr, Ti. The geochemical features of
granodiorites and rhyolite/rhyodacite, including high K calc-alkaline features, depletion in Nb,
Ti and LILEs, and high LREE/HREE ratios, show affinity to continental arc magmatic rocks
(Ducea et al., 2010; Moghadam et al., 2014)).

4.2. U-Pb zircon ages

Zircons from two representative igneous samples from host volcanic rocks of the Rizu series
ZRD-12 (rhyolite) and intrusive rocks of ZRD-16 (granodiorite) were analyzed using LA-ICP-
MS, with all data listed in Supplementary Table 2 and shown in Figure 7.

Rhyolite (sample ZRD-12)



Rhyolite sample ZRD-12 produced concordant ages from 25 separated zircon grains. Most are
colorless, euhedral to subhedral and prismatic in shape, and characterized by regular concentric
zoning in CL imagery. They range in length from 50 to 400 um, with length to width ratios
between 1:1 and 4:1. These zircons contain U (194—-1811 ppm) and Th (71-663 ppm) contents
and Th/U ratios of 0.3 to 1.0. All these characteristics are consistent with the zircons being of
magmatic origin (Hoskin & Schaltegger, 2003). Twenty-five analyzed grains form a cluster
with weighted mean ages of 552.3 3.2 Ma (MSWD =2.1) (Fig. 7a). One zircon core produced
a 206Pb/238U age of 2101 + 53 Ma, which is interpreted as the age of the crustal protolith that

melted to form the lava.
Granodiorite (sample ZRD-16)

Twenty zircon grains from granodiorite sample ZRD-16 were analyzed for U-Pb ages
(Supplementary Table 2). Most separated zircon grains are colorless, euhedral to subhedral
prismatic, and characterized by regular concentric zoning in CL images. They range in length
from 100 to 200 um, and have length to width ratios between 1:1 and 2:1. Their U and Th
contents are 153—-654 ppm and 86692 ppm, respectively. Most Th/U ratios range from 0.4 to
1.0, which are characteristic of magmatic zircons (Belousova et al., 2002). Zircons from sample
ZRD-16 yielded a concordia age of 536.9 £ 2.7 Ma (MSWD = 2.5) (Fig. 7b), which is
interpreted as the crystallization age of this granodiorite. One zircon core shows a 2°Pb/>38U

age of 2180 =+ 24 Ma, which is inferred to be the age of the crustal protolith.
4.3. Zircon Hf-O isotopes

The measured 7°Lu/!7"Hf and '7°Hf/!'77Hf ratios and 8'%0 values of zircons in magmatic rocks
of Jalal Abad are summarized in Supplementary Table 3. The '7°Hf/!7"Hf ratios are
0.282423-0.282684 and 0.282340-0.2825869 for the granodiorites and rhyolite, respectively.
The ¢Hf(t) values for zircons from volcanic rocks have variable eHf{(t) values of —3.9 to +3.9
(Fig. 8a). Zircons from granodiorite have variable eHf{(t) values of —1.2 to +6.3. Crustal
model ages of zircons (Tpy©) from both volcanic and plutonic rocks of Jalal Abad vary
between 0.9 and 1.7 Ga, except one point with a Tpy© age of 3.4 Ga. (using '"Lu/!7"Hf =
0.015; Griffin et al., 2004). The 3'30 value of zircons from the volcanic rocks varies between
5 and 8.8 %o, whereas granodiorites show 6'0 values of 3.3 to 8.7 %o (Fig. 8b). These values
are slightly higher than the 8'30 typical of zircons from mantle-derived melts (~5.3 %o; Eiler
et al., 2000).

4.4 Whole rock Sr—Nd isotopes



Eight bulk-rock samples (two granodiorites, two rhyolites, two tuffs, and two ignimbrites) from
the Jalal Abad were examined for Sr—-Nd isotopes to determine their modes of origin
(Supplementary Table 4). Initial 8Sr/%¢Sr and '*Nd/'*Nd ratios for these rocks were re-
calculated based on 552 Ma and 537 Ma crystallization ages for rhyolite and granodiorite,
respectively. The Jalal Abad rhyolites display initial Nd isotope ratios of 0.5116024—0.5116031
while ignimbrite and tuff have 0.5115023—-0.5116042 values. eNd (552) of all samples show
narrow variations between —4.6 to —5.6 and —6.2 to —8.2 for rhyolite and tuff/ignimbrite,
respectively. They plot within the continental crust field (Fig. 8c) on a eNd (t) vs. 87Sr/3¢Sr
diagram and give depleted mantle model ages (Tpy) of 1.6—1.8 Ga (Supplementary Table 4).
The Jalal Abad granodiorite show initial Nd isotope ratios of 0.5115500-0.5115678, and eNd
(537) of all samples show narrow variations between —7.4 and —7.7. They also plot within the
continental crust field (Figure 9) of eNd (t) vs. ¥’Sr/%Sr diagram and give Tpy of 1.8 Ga
(Supplementary Table 4).

5. Discussion

The new data presented in this study offers new understandings into several features of
Cadomian magmatism within Iran: 1 —the magma sources and petrogenetic processes involved
during generation and evolution of the Jalal Abad magmatic rocks; 2 — crustal architecture in
the Iranian Cadomian arcs; 3 — the geodynamic significance of the Cadomian magmatic arc;

and 4 — implications for the metallogeny of the Jalal Abad.
5.1. Magma source and petrogenesis

The Jalal Abad magmatic rocks are comprised mainly of pyroclastic rocks intercalated with
lava (~552 Ma) and intruded by younger granitoid intrusion (~537 Ma). Intermediate and silicic
lavas tuffs and ignimbrites comprise >90 vol. % of the Jalal Abad magmatic rocks. Basalts and
mafic intrusive rocks with Silurian ages (Vesali et al., 2020) are also present. Jalal Abad
intermediate to felsic rocks have high-K calc-alkaline to shoshonitic signatures and show

geochemical characteristics of I-type granitoids.

The magmatic rocks of Jalal Abad are characterized by negative Nb, Ta, Ti anomalies, and are
strongly enriched in incompatible elements, including Rb, Th, U, K and LREE in a primitive
mantle-normalized multi-element diagram (Sun and McDonough, 1989) (Fig. 5), which are

typical features of subduction-related magmas (Khedr and Arai, 2016). Incompatible trace



elements, such as Ta, Th and Nb, show similar behaviors during melting and fractional
crystallization, but are decoupled by the subduction process. Ytterbium is often used as a
normalizing factor to minimize the effects of fractional crystallization and crystal accumulation
(e.g. Pearce and Peate, 1995; Pearce et al., 2005). Thus, Th/Yb and Ta/Yb ratios were used for
evaluation of the mantle metasomatism by slab-derived components. Since the addition of
subducted components (e.g. sediments) generally increases Th but not Ta or Yb, an increase in
Th/YD ratio with nearly constant Ta/Yb ratio reflects addition of slab-derived components
(Pearce et al., 2005). The source enrichment signatures in the Rizu igneous rocks can be
deciphered on a plot of Th/Yb vs. Ta/Yb (Pearce et al., 1990) (Fig. 9a), with high Th/Yb ratios
indicating a lithospheric mantle source enriched by subduction components (Dilek et al., 2010).
This is supported by a Pb/Ce vs. La/YDb plot (Fig. 9b) (Embey-Isztin et al., 1993) that suggests
that the mantle source of Rizu volcanics was modified by subduction-related components, such
as melts and/or fluids released from the subducting slab (e.g. Hawkesworth et al., 1991, 1997,
Elliott et al., 1997; Dhuime et al., 2009; Hernandez-Uribe et al., 2020).

All major geochemical signatures of the Jalal Abad igneous rocks, including Nb depletion,
LILEs (e.g., Cs, Rb, Th, U, Sr, K) and LREEs (e.g., La, Ce) enrichment (Pearce and Peate,
1995; Thirlwall et al., 1994), and high Ba/La (8.4-26.1) and low Nb/La (0.08-0.30) ratios
compared to N-MORB (Sun and McDonough, 1989) indicate generation at a convergent plate
margin. In particular, the felsic volcanic rocks of the Jalal Abad have high Zr (114-250 ppm),
Hf (3.8-7.1 ppm) and Y (12-25 ppm) contents, which are typical of continental arc magmas.
Even though these geochemical features indicate a crustal influence, the relative depletion of
Nb and other HFSEs relative to the LILEs, and enrichment of LILEs may be related to
downgoing slabs or inherited from anatexis of an existing arc above a subducting plate (Khedr
and Arai, 2016). However, given the lack of S-type granite in the region, it is likely that crustal
anatexis did not occur (Zhang et al., 2020). Isotopically, the Jalal Abad granodiorite and felsic
volcanic rocks appear cogenetic. Thus, except for variation in the Sr isotope compositions of
the granodiorite, variations in whole-rock Nd and zircon Hf values can be ascribed to the

different degrees to which the juvenile melt interacted with continental crust.

High-K, I-type felsic rocks are likely derived from (1) melting of hydrous intermediate to mafic
high-K meta-igneous rocks (e.g., (Roberts and Clemens, 1993); (Sisson et al., 2005); (2) mixing
of mantle—derived magmas with crustal melts (e.g., (Hildreth et al., 1991); (Huang et al., 2013),
or (3) fractional crystallization (FC) of mantle-derived magmas (Grove et al., 2005). The Jalal
Abad rocks show high SiO, contents (64.1-76.4 wt. %), low MgO contents (0.2—1.9 wt. %)



and radiogenic Sr—Nd—Pb isotopes, signifying they did not equilibrate with the upper mantle.
However, the occurrence of the alkaline mafic counterparts (gabbro) in Zarand near the study
area (Sepidbar et al., 2020), confirm derivation of the Jalal Abad magmas from mantle melts
via FC and/or mixing of mantle-derived magmas with crustal-derived materials. The Nd
isotopic compositions of the Jalal Abad magmatic rocks are also somewhat similar and suggest

cogenetic relationships.

Based on the Sr—Nd isotope characteristics and the enriched LILE and K signature of the Jalal
Abad magmatic rocks, the source is thought to be an enriched subcontinental lithospheric
mantle (SCLM) that resembles EM II (Hofmann, 1997). However, the lack of basaltic
shoshonitic rocks — the melting products of SCLM — cannot be easily addressed with this
hypothesis. Therefore, the Sr—Nd isotopic data and trace element features of the Jalal Abad
units require interaction of the mantle-derived magmas with thick continental crust during
ascent, storage and evolution. The wide range of Hf isotopic composition of the Jalal Abad
zircon (¢eHf = -3.9 to +8.1) also precludes a simple evolution of the Jalal Abad magmas by
fractional crystallization, but other mechanisms such as wall-rock assimilation can potentially
explain the observed Hf isotope variation. Therefore, the heterogeneous distribution of the
zircon Hf-isotope data, as well the isotopically heavy O isotopes of zircon (Fig. 8b) and the
whole-rock Nd isotopic compositions of the Jalal Abad rocks indicate that mantle-derived
magma and pre-existing crustal material were involved in their genesis. Given the lack of
Cadomian ophiolites throughout Iran, the isotope signatures of mantle melt components in the
region cannot be directly examined; however, whole-rock Nd and zircon Hf-isotope model
ages suggest that c¢. 0.8-2.3 Ga old continental crust interacted with juvenile magmas, with the
Jalal Abad magmatic rocks being mixing products of this interaction. Crustal outcrops with
these ages (~0.8-2.3 Ga) are absent in Iran, but as the Late Neoproterozoic volcano—
sedimentary rocks host the Jalal Abad deposits, we assume the Paleoproterozoic-
Mesoproterozoic lower crust as the continental components. The presence of inherited cores in
the zircons used for U-Pb dating confirm the role of a Paleoproterozoic—Mesoproterozoic

lower crust.

As such, both whole-rock trace-element/isotope and zircon Hf-O isotopic modeling are
consistent with an AFC process involving interaction between a thick continental crust and a
mantle-like melt. The Posht-e-Badam block, which hosts the Jalal Abad magmatic rocks and

associated mineralization, contains abundant outcrops of Cadomian basement, with



Paleoproterozoic-Mesoproterozoic lower crust components, indicating that this block may

have experienced sustained AFC processes.
5.2. Crustal architecture in the Iranian Cadomian arcs

The Hf “crustal” model ages, or Tpy©, of zircons from Cadomian magmatic rocks through Iran
can be used to evaluate the age at which their host magmas were extracted from the presumed
depleted-mantle source (cf. Griffin et al., 2002). The studied Cadomian magmatic rocks have
various origins from different magmatic domains. Therefore, comparison of Hf isotopic results
for these magmatic zircons is used to evaluate their origin. Published data along with new
results signify that there is no important variation in the sources of various rocks from these
magmatic zircons. As a result, all measured Hf isotopic compositions of magmatic zircons in
western-northwestern (Golpayegan, Khoy-Salmas, Zanjan-Takab), northeastern (Torud,
Taknar), and central Iran (Saghand) are considered together with Cadomian magmatic zircon
from the southeast (Jalal Abad) for the subsequent discussion. The calculated TpyC ages of all
zircons from different domains of Iran are shown as histograms (Fig. 10). The combined Tpy®
age histogram of magmatic zircons from northeastern domain mainly ranges from 1.0 to 1.8
Ga with a major peak at ~1.6 Ga, whereas those from western and northwestern Iran
dominantly ranges from 0.8 to 3.4 with a major peak at ~1.4 Ga (Stockli et al., 2004; Gilg et
al., 2006; Hassanzadeh et al., 2008). The Tpy* age histogram of magmatic zircons from the
southeastern domain — including Jalal Abad — mostly varies from 0.8 to 2.3 Ga with a major
peak at ~1.1 Ga, whereas Tpy®© age histogram of Nd-Sr isotopic results from central Iran

dominantly ranges from 0.9 to 3.4 with a major peak at ~1.4 Ga (Hassanzadeh et al., 2008).

Cadomian magmas in northwest Iran mainly comprise granitic to tonalitic gneiss, granitoid,
migmatite, granulite, rhyolites, metagranites, orthogneisses and felsic dikes, and are
characterized by mostly variable zircon ¢Hf(t) values of —30.5 to +10 (Mohammadi et al.,
2017). However, in northeast Iran (560-530 Ma) (Moghadam et al., 2015) and central Iran
(550-530 Ma) (Mohammadi et al., 2016), the same Cadomian magmatic rocks show a wide
range in zircon ¢Hf(t) values (—43 to +18; Moghadam et al., 2017a), which are more variable
than those from northwestern Iran. In addition, both northeast and northwest Iran contain
components of the Cadomian magmatic flare-up at ~570-530 Ma, whereas intrusions in central
Iran were mostly emplaced at ~550 to 530 Ma, with an increased contribution from mantle-
derived melts trending from northeast and northwest Iran to central Iran. Such a pattern for

central Iranian Cadomian rocks is interpreted to record slab breakoff of the Proto-Tethys Ocean



lithosphere and associated extensional basins beneath central Iran (Sepidbar et al., 2020).
However, isotopic data suggests that Cadomian magmas interacted less with continental crust
than later magmas in the Mesoproterozoic-Early Neoproterozoic (Fig. 10). A 7¢Hf/!7"Hf vs U-
Pb age plot (Fig. 8a) suggests that AFC processes were more important during magmatism in
the Mesoproterozoic—Early Neoproterozoic (3000—-1000 Ma), whereas juvenile magmas
became increasingly important in the Cadomian (600-500 Ma) (Fig. 11). The Mesoarchean—
Early Neoproterozoic magmatic rocks (3000—1000 Ma) are extensively exposed in Iran, where
the Cadomian rocks also crop out as parts of the extensive Proto-Tethys subduction-related

magmatic activity (Moghadam et al., 2017).
5.3. Geodynamic significance of Cadomian magmatic arc

It is commonly suggested the Cadomian arc was established after final amalgamation of the
Gondwana supercontinent (Foden et al., 2006; Cawood et al., 2007; Ramezani and Tucker,
2003; Hassanzadeh et al., 2008). This period of arc magmatism was also an important
basement-forming episode for Turkey (Gilirsu and Gdnciioglu, 2005, 2006) and the Iranian
terranes (Hassanzadeh et al., 2008; Jamshidi Badr et al., 2013). The Cadomian magmatic flare-
up in Iran represents magmatic pulses (Moghadam et al., 2017c; Sepidbar et al., 2020) that
formed during a ~100 Myr period, producing an Andean-type belt of intrusive and extrusive
rocks now present in the northwest, northeast, central and southeast regions of the country. Our
study confirms that intrusive and extrusive rocks of Jalal Abad emplaced at ca. 552 to 537 Ma
and are related to the Cadomian magmatic flare-up. Roll back of the subducted oceanic
lithosphere beneath central Iran (e.g., Moghadam et al.,2018; Sepidbar et al., 2020) is suggested
to have caused these Cadomian magmatic activities throughout Iran, leading to compressional
orogenic movements and subsequent high magma fluxes at 600-500 Ma (Moghadam et al.,
2017c). Slab rollback may have been especially important because this is routinely associated
with extension, crustal thinning and juvenile crustal addition (Miskovic and Schaltegger,
2009). Slab roll-back is the most important cause of upper plate extension and has produced

elevated rates of magma generation in nearly all arcs worldwide (Ducea et al., 2017).

A large part of the basement of Central Iran, including Bafq and Jalal Abad regions, contains
variably deformed and metamorphosed supracrustal rocks of the Neoproterozoic Morad series,
Early Cambrian Rizu series, and volcano-plutonic rocks of Cadomian magmatic arc that lie on
Cadomian crystalline basement (Moghadam et al., 2016a, b; 2017). In central Iran, Cadomian

rocks occur along an arcuate and fault-bounded Kashmar-Kerman volcano-plutonic zone



within the Poshte-Badam block (Ramazani, 1997; Ramazani and Tucker., 2003). Extensive U—
Pb zircon dating of igneous rocks throughout the Kashmar-Kerman zone and dating results in
this study demonstrates three major periods in the geodynamic evolution of Cadomian arc
magmatism in central Iran (Ramazani.,1997; Ramazani and Tucker., 2003). The early stage is
characterized by development of a Cordilleran-type continental magmatic arc and
emplacement of several granitic intrusions between 610 and 540 Ma (Ramazani and Tucker.,
2003). This period of Cadomian arc magmatism was introduced by Ramazani and Tucker
(2003) as a plutonic arc stage that was associated with emplacement of the main body of
Cadomian granite plutons, which were subsequently deformed, such as Boneh-Shurow granit-
orthogneiss (542 + 9 Ma), Bornanvard intrusion, the Zaman Abad granite-gneiss, and the
Poshteh Sorkh granite-gneiss. Cadomian plutonic rocks are metaluminous and have a high-K
calc-alkaline affinity, and so show most similarity to I-type granites (Ramazani and Tucker,

2003).

Arc plutonism in the KKTZ was followed soon afterwards by the predominantly felsic to
intermediate volcanism of the Cambrian Rizu Formation, which was emplaced over a short
period of 533 to 525 Ma (Ramazani and Tucker, 2003). This event in the KKTZ is characterized
by felsic arc volcanism and extensive volcanoclastic and pyroclastic eruptions, and
sedimentation of thick sequences of volcano-sedimentary rocks in the ensialic to ensimatic
back-arc basins (Ramazani.,1997; Ramazani and Tucker., 2003; Verdel,2007; Vesali and
Esmailiy, 2016). The igneous crystallization age of the Rizu series in the Jalal Abad region (ca.
552-537 Ma) can be correlated with the first and second major period of Cadomian arc
magmatism in the KKTZ. Slab retreat and extension following slab roll-back are thought to
have been responsible for back-arc basin formation in Europe (i.e. the Rheic Ocean; Nance et
al., 2010) and a series of the extensional ensialic back-arc basins in Iran and Turkey
(Moghadam et al.,2016a, b; 2017). The development of the Cadomian arc was accompanied
by formation of an ensialic back-arc basin, where the deposition of the Cambrian volcano-
sedimentary rocks (Rizu, Desu, Ravar, Derin and Hormuz series) occurred (e.g. Linnemann et

al., 2008).

Previous studies have shown that subduction-related arcs and back-arc basins were common
throughout the KKTZ at ca. 550-525 Myr, as part of a much wider domain extending from
Central Iran (KKTZ) and Bafq to the Takab in NW of Iran (Ghorbani, 2003). Our results are
consistent with an interpretation that the Jalal Abad volcanic and plutonic rocks as well as

associated thick sequences of sedimentary rocks formed in an extensional basin behind the



Cadomian magmatic arc. This basin seems to have developed during the Ediacaran at ca. 570-
560 Ma with the deposition of Ediacaran Morad to Lower Cambrian Rizu-Dezo sedimentary
rocks and seems to have become magmatically active at ca. 550-535 Ma, as shown by the
formation of both high K calc-alkaline-shoshonitic magmatic rocks. The opening and spreading
of back-arc basins likely occurred parallel to the convergence (Proto-Tethyan) margin
(Nabatian et al., 2013). Thus, we suggest that southward subduction of the Proto-Tethys
oceanic lithosphere produced an Andean type magmatic arc along the northern Iranian Plate,
where equivalent volcanic and plutonic rocks formed at the active continental margin of the
Arabian Plate. Rollback of the subducting Proto-Tethys oceanic lithosphere resulted in
extension and opening of an intra-arc basin along the northern margin of the Iranian Plate
(Moghadam et al., 2018; Sepidbar et al., 2020). The intrusion of the mafic dykes of the Jalal
Abdad between 560 and 545 Ma as well as andesitic extrusions emplaced at around 550 Ma
may be related to this extension. Extension and crustal thinning permit decompression melting
of the SCLM or sub-arc mantle beneath the back arc. The new isotopic data from this study
emphasize that the Jalal Abad calc-alkaline igneous rocks are connected to the pooling of mafic
magmas in the continental crust of the Poshte Badam block, producing thermal anomalies and

reworking of the Poshte Badam crust (Fig. 14)
4.4. Implications for the metallogeny of the Jalal Abad

Several iron-oxide deposits occur in the Saghand-Bafgh-Zarand district, hosted by Cadomian
volcanic and sedimentary units, and these define an important iron metallogenic province in
central Iran. As some critical data for the conditions of ore formation (e.g., isotopic data, fluid
inclusion data) are unavailable, we can only place broad constraints on the metallogenesis by
using basic geological and mineralogical characteristics. The orebodies of Jalal Abad are
composed of high-grade massive ores, as well as low- to moderate-grade ores that include
banded, brecciated, and disseminated ores. The massive magnetite orebodies, which make up
the major mineralization at Jalal Abad, generally have sharp contacts with their host rocks. In
addition, the vesicular-like texture, identified as a characteristic of magmatic ores in other iron
deposits (Henriquez and Martin, 1978), is also locally developed in the Jalal Abad orebodies.
The brecciated ore, with angular fragments of volcanic host rock cemented by magnetite, can
plausibly be interpreted as resulting from an explosion of magma, caused by a sudden release
of volatiles in response to decreasing pressure during ascent to near surface levels. The various
forms of alteration associated with the Jalal Abad orebodies are characterized by a suite of

metasomatism that range from an early Na—Ca-Fe alteration, overprinted by a high-



temperature K—Fe alteration, to a dolomitization, similar to those found in IOCG deposits
(Hitzman et al., 1992; Williams et al., 2005). However, the occurrence of copper mineralization
confirms the Jalal Abad orebodies as being categorized as an [OCG sensu stricto deposit (Chen,

2013; Williams et al., 2005).

Magnetite commonly occurs as anhedral-subhedral crystals or as fine-grained aggregates, and
magnetite with replacement textures is rare. Notably, dendritic and platy forms of magnetite
are present at Jalal Abad, similar to those observed at El Laco (Henriquez and Martin, 1978)
and Kiruna, Sweden (Nystrom, 1985; Nystrom and Henriquez, 1989, 1994) where they were
suggested to be the product of rapid crystallization during quenching, and diagnostic of a
magmatic origin. This viewpoint was supported by the experiment of Philpotts (1967), in which
dendritic magnetite developed as a result of rapid crystallization from a magnetite—fluorapatite
system. For example, in Kiruna-type deposits, platy forms of magnetite are found mainly
within the high-grade portions of the Jalal Abad orebodies, consistent with a magmatic origin
for these ores. It is important to keep in mind that the interpretation of such features can be
somewhat ambiguous and controversial. As noted by Rhodes et al. (1999), dendritic textures
may be indicative of ultra-rapid cooling, but not necessarily of a melt (Sillitoe and Burrows,
2002). In general, the Jalal Abad magnetite ores share mineralogical features with the well-
known magnetite deposits and magnetite—apatite deposits in the Chilean iron belt. A magmatic
origin for the Jalal Abad deposit is therefore very plausible, based on the mineralogical
evidence. The iron mineralization at Jalal Abad is spatially related to intermediate—mafic
magmatic rocks, and in some cases a genetic link between them has been established (Mehrabia

etal., 2019).

As noted above, melting of a mantle wedge, fertilized by fluids released from subducted
oceanic crust and interaction of these mantle—derived magmas with thick continental crust
during ascent, storage and evolution, is the most likely origin of the ore-related magmatism
(Groves et al., 2010). The cause of the separation of Fe-rich melts (or fluids) from the arc
magma is not known. It has been speculated that silicate liquid immiscibility, caused by crystal
fractionation, magma mixing, an abrupt change in oxygen fugacity, and/or an introduction of
phosphorus, may lead to the release of an oxidized melt from silicate magma (Hou et al., 2009).
This model has been proposed for some of the magnetite—apatite deposits in the Chilean iron
belt (Nystrom and Henriquez, 1994; Travisany et al., 1995) and Kiruna (Frietsch, 1978). The
occurrence of large amounts of the apatite as a gangue mineral is conspicuous in Kiruna-type

deposits. Apatite in the Jalal Abad district occurs as an accessory phase in iron oxide stage



assemblages, and it has spatial association with the iron mineralization. This seems, therefore,
the model involving immiscible magmatic liquids caused by the introduction of phosphorus
cannot be completely excluded. However, Lledé (2005) has shown experimentally that even
P,0Os-poor andesitic magmas could readily generate immiscible Fe—P-oxide melts, owing to the
strong melt polymerization characteristics of the final stages of crystallization (Chen et al.,
2010b). This would be a viable mechanism to generate immiscible Fe-rich melts from parental
magma, which were responsible for the iron mineralization at Jalal Abad. An alternative model
involves unmixing of H,O—CO,—NaCl + CaCl,—KCl magmatic-hydrothermal fluids, caused by
decreases in temperature and/or pressure (Pollard, 2001), to result in the precipitation of iron

oxides and associated K—Na—Ca alteration in the Jalal Abad iron deposit.

As such, the results presented here indicate that the Jalal Abad deposit is a typical IOCG
magnetite deposit, as described by Dill (2010), and that it formed in a subduction setting during
the Cadomian. The mantle wedge overlying the subduction zone was fertilized by fluids from
the subducted slab, and the consequential partial melting of the wedge probably resulted in the
generation of hydrous, metalliferous, and fertile mafic magma (Groves et al., 2010; Li et al.,
2013) This is consistent with evidence of Ti-rich ferropicritic magmatism during arc
magmatism in Arabian Nubian Shield (see Khedr et al., 2020). The Jalal Abad iron deposit was
formed from Fe-rich melts (or fluids) that were derived from the mafic magma and channeled
along major faults and fractures within the volcano-sedimentary rocks of Rizu Formation. The
source of the iron can ultimately be ascribed to the mafic magmas derived from the mantle
wedge, which may contain ~7.5-10.5 wt. % FeO if generated at fore-arc mantle potential

temperatures (Weller et al., 2019).
5. Conclusion

The Cadomian Jalal Abad magmatic rocks are part of a voluminous Cadomian magmatic arc
in Iran, the southeastern Kashmar-Kerman tectonic zone. This zone is recognized as a
Cadomian flare-up and associated mineralization dominated by calc-alkaline and shoshonitic
rocks. The Jalal Abad magmatic rocks are characterized by high K,0 and enrichment in LREEs
and LILEs, along with depletion in HFSEs, and resemble those erupting along active
continental margins. These intrusive and extrusive rocks have similar geochemical and Sr—Nd
isotope compositions, suggesting they are cogenetic and erupted during a ~15 Myr interval.

The whole-rock Sr—Nd-Pb and zircon Hf-O isotope data show that the Jalal Abad magmatic



rocks probably formed from significant interaction of juvenile melts with old (~0.8-2.3 Ga)

continental crust through AFC process.

Magnetite is the dominant primary iron-oxide mineral in the orebodies associated with Jalal
Abad magmatic rocks, commonly occurring as anhedral-subhedral crystal or as fine-grained
aggregate. Dendritic and platy magnetite is also present, mainly within high-grade massive
ores, suggesting a magmatic origin for the Jalal Abad deposit. The alteration associated with
the magnetite ores ranges from an Na—Ca alteration that may be overprinted by a high-
temperature K alteration, to a late-stage alteration involving low-temperature hydration, similar

to those found in IOCG deposits.
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Figure captions

Fig. 1. Simplified geological map of Iran showing the distribution of Cadomian basement
rocks, Paleozoic-Mesozoic volcano-sedimentary rocks, Cenozoic igneous rocks and Paleozoic-

Mesozoic ophiolites as we as Saghand-Bafq-Zarand district.

Fig. 2. (a) Geological map of the in the Jalal Abad region with location of study area (modified
after 1:100000 Davaran geological map); (b) Geological cross section of the Jalal-Abad iron
ore deposit (modified after Technoexport, 1976).

Fig. 3. Field photographs of igneous rocks of the Rizu series in the Jalal Abad region. (a) White-
colored interlayers of rhyolite to rhyodacitic tuffs and ignimbrite sheet occur between the
rhyolitic (flow) layers; (b) field occurrence of rhyodacites and their relationship with overlying
Desu limestones; (¢) light-colored lense-shaped fiammes in the Jalal Abad ignimbrites; (d) field
exposures of tuffs and their relationship with overlying Desu limestones, (¢) emplacement of
the granodiorite into volcanic rocks of the Rizu series; (f) drill core of iron oxide and related
volcano-sedimentary host rocks; (g) Ca-Na metasomatism with actinolite (Act) in a magnetite
ore body (drill core); (h) biotite (Bt) and orthoclase (Or) in potassic alteration in felsic volcanic

rocks; (1) the engulfed margin of quartz crystals in the quartz porphyry rocks; (j) lense-shaped



fiammes in the Jalal Abad ignimbrites; (k) welded tuffs consist predominantly of quartz, minor
feldspar crystals and crystal fragments, set in a fine quartzofeldspathic matrix; (1) granodioritic
rocks have porphyritic to granular textures and contain quartz, K-feldspar, plagioclase,

amphibole and biotite.
Fig. 4. Paragenetic sequence of iron oxide Cu—Au mineralization in the Jalal-Abad deposit.

Fig. 5. Zr/Ti02 vs Nb/Y (a) and Th vs Co (b) plots for the classification of magmatic rocks
from Jalal Abad. Data for Cadomian calc-alkaline rocks come from (Badr ef al. 2013; Balaghi
et al. 2014; Moghadam et al. 2015, 2016, 2017¢, 2020b).

Fig. 6. SiO, vs. selected major and trace element Harker diagrams for Sik Kuh and Bobak

volcanic rocks.

Fig. 6. Chondrite-normalized rare earth element (a and c) and N-MORB-normalized trace
element patterns (b and d) for the magmatic clasts from Jalal Abad. Chondrite and N-MORB

normalized values are taken from (Sun and McDonough 1989).

Fig. 7. Concordia and weighted mean 2°Pb/>*8U age plots for the investigated zircons from the

Cadomian magmatic rocks from Jalal Abad.

Fig. 8. a) Initial Hf isotopic composition vs 2°°Pb/?*3U crystallization ages of the Jalal Abad
magmatic rocks; b) Plot of 3'%0 versus ¢Hf(t) for Cadomian rocks of Jalal Abad and Iran
(modified after Kemp et al. 2007), showing curves corresponding to magma evolution by
crustal assimilation—crystallization (AFC). Hfpy/Hf = ratio of Hf concentration in the parental
magma (pm) to Hf concentration in crustal (c) rocks. Zircon Hf-O isotope data for Iran
Cadomian rocks, Eocene Kurdistan juvenile gabbros and Nain ophiolite are from Moghadam
et al. (submitted). The Kurdistan and Nain ophiolite zircons present mantle-derived juvenile
melts and are for comparison to reveal crustal input in Cadomian rocks; ¢) Bulk rock Sr-Nd

isotopic composition of the magmatic rocks from Jalal Abad.

Fig. 9. (a) Th/Yb vs. Ta/Yb diagram (Pearce, 1982) showing high Th/Yb ratio for the magmatic
rocks which displays a lithospheric mantle source enriched by subduction components; (b)

Plots of (a) Pb/Ce v. La/Yb for magmatic rocks of Jalal Abad.

Fig. 10. Histograms of Tpy© ages of the Cadomian magmatic zircons in Iran. The data from

Iran are from Moghadam et al. (2017) and references therein.



Fig. 11. 7Hf/!77Hf (initial) vs zircon 2°Pb/233U. This shows that Cadomian magmas have less
crustal influence with time and that Mesoproterozoic-Neoproterozoic igneous rocks show the

greatest crustal influence.

Fig. 12. A schematic crustal column through the Cadomian arcs of in the Jalal Abad.

Supplementary Table Captions

Supplementary Table 1. Whole rock composition of the Chah-Gaz and Mishdovan alkaline and

high-K calc-alkaline to shoshonitic rocks
Supplementary Table 2. Zircon U-Pb age results for the Jalal Abad Cadomian magmatic rocks.

Supplementary Table 3. Zircon Hf-O isotopic results for the Jalal Abad Cadomian magmatic

rocks.

Supplementary Table 4. Whole rock Nd—Sr isotopic composition of the Jalal Abad magmatic

rocks.
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¢ The Jalal Abad magmatic rocks have identical zircon U-Pb ages of ca 552537 Ma.

«» Jalal Abad igneous rocks have high-K signature with identical whole rock and zircon
isotopes.

« Assimilation of thick continental crust by mantle melts generated the Jalal Abad magmatic
rocks.

% AFC processes were more important in the Mesoarchean—Early Neoproterozoic, whereas

juvenile magmas became increasingly important in the Cadomian.



