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ABSTRACT

The study area is located in the Kuradawe village, 30 Km NE of Sulaimania City, in the
east of the Kurdistan Region. The sulfide mineralization in the Kuradawe area is hosted by
gabbro of the Mawat ophiolite. The petrographic study shows that the metagabbro has various
microdomains, which contain different amphiboles and plagioclase. This indicates that the
original magmatic rock and minerals were influenced by metamorphic overprint. The mineral
assemblage of the metagabbro is represented by white amphibole, green amphibole,
plagioclase, chlorite, quartz, epidote, pyrite, chalcopyrite, goethite and hematite. The
metamorphic history can be subdivided into three stages (M1, M2, and M3). The first stage of
metamorphism is recorded by the formation of green amphibole (tschermakite) replacing
clinopyroxene. The second stage shows a decrease of temperature and pressure which resulted
in the formation of white amphibole (tremolite); growing on the previous amphibole. While
the late stage of metamorphism is recorded by the formation of chlorite and epidote. Three
stages of mineralization are concluded from ore microscopic study: orthomagmatic stage,
hypogene stage and supergene enrichment stage. Pyrite and chalcopyrite represent the main
primary sulfide ore minerals. Hematite and goethite are the secondary ore minerals occurring
as alteration products of the primary ore minerals. The §**S values of the sulfides range from
+ 7 to + 9 %o, which indicate granitic composition for the mineralized fluids.

(Oliand S anld) ¢ g g1l )9S Ay 1S Gdnal B 3 jEiaal) oy Sl RS a5 g Aina
1Al @ Jlad

I e Ol e

galdivall
O ) oS aall) (350 A dplalidl 30 58 Jled oS 30 20 e gl )5S 48 8 Al )all ddlaia o
el [ sia 55l ge gl a5l sdia b Ailinian (5500l S b Aaaiall il S
Dzl G G et 13 5 S oSl 5 Y saialT (e dilida gl il e (5 5ia3 3 de sile 45 Sie i e
ey JsniaVIL Jic 5 pleliall el Claanill 4848 Jead Glleas 3 il Al Caladl s 4 eall
el 5l gadl gl b STl 5l solall 5 g g 3551 S 5 ol IS5 (andS a3l 5 el J sudaV

Department of Geology, University of Sulaimani, Sulaimani, Kurdistan Region, Iraq,
e-mail: irfan.mosa@univsul.edu.iq

GEOSURV-Iraq: www.geosurvirag.iq
ISSN 1311 — 4539 63 IBGM: http://ibgm-iq.org/
Academic Scientific Journals: www.iasj.net


http://www.geosurviraq.iq/
http://ibgm-iq.org/
http://www.iasj.net/
mailto:irfan.mosa@univsul.edu.iq

Mineralogy and Stable Sulfur Isotopes of the Sulfide Mineralization in the Kuradawe area,
Mawat Ophiolite, Kurdistan Region, Northeastern Iraqg Irfan O. Yara

GrsSE b e Jsaill e (o1 Als el Jesasi 23 M3 5 M2 5 M1 daloall S Jsaill o )5 s oSy
3all da o A Lalaas) Al As yall jedat | auS 5 5l SN o da 53 (CaSle yad) puad¥) JsniaV)
s el Jinas i Ly alad) Jsmia) e sains (Cu¥ s 5) Oand) Jomda¥) 08 ol Las Laraall 5
el e Jal e GO g gl et al e selst sy oISl iS5 sk e Jsadl) (e AL
fle V) g Byl Als jo & AN A jall oy Sl Qe Lol Gun sagll Ads je o3 Aglaclall 61 dls )
Jid O (o Al lahy S Gabae gl il sSIAT 5l ) Syl 5 sl 5 <l 531 ety Jiadi
gl i AV L S Aiaed) LAl 5aSY) Gllee Juiy @i o5 Ay sl (palae gl gall 5 calilaggdl ke

e S 53 Al dallaall Jaae o (Ao Ja laa + 9 %05 + %0 O (83S) Sl il

INTRODUCTION

The Zagros Orogen is subdivided into three parallel belts, these are; from northeast to
southwest (Fig.1), the Tertiary Urumieh Dokhtar Magmatic Belt (Berberian and King 1981,
Alavi, 1994), the Sanandaj-Sirjan Tectonic Zone (Alavi, 1994; Mohajjel and Ferguson, 2000;
Mohajjel et al., 2003; Agard et al., 2005) and the Zagros Fold Belt (ZFB) (Stocklin, 1968;
Alavi, 1994; Mohajjel et al., 2003). The ZFB in the Kurdistan Region of Iraq can further be
divided, from the northeast to the southwest, into three parallel NW — SE — trending structural
domains, these are i) the Zagros Suture Zone (ZSZ), ii) the High Folded Zone, and iii) the
Foot Hill Zone (Fig.1; Jassim and Goff 2006; Fouad, 2010).

The Kuradawe mineralization is located in northeastern Iraq, 30 Km northeast of
Sulaimania City within the Mawat Ophiolite Complex, covering about 250 Km? within the
Iragi Zagros Zone (Jassim and Goff, 2006). It represents one of the Tethyan ophiolite
complexes and part of croissant Ophiolite Belt (Ricou, 1971) which extends from Semail
ophiolite of Oman to Troodos ophiolite of Cyprus passing through Iraq, Iran, Turkey and
Syria (Fig.1). The Mawat ophiolite comprises the upper thrust sheet of the Mawat Nappe
(Albian — Cenomanian) (Al-Mahaidi, 1975; Jassim and Goff 2006), and consists of
600 — 1000 m of basaltic and metabasalt intruded by plutonic complexes of ultrabasic
pyroxenite, layered and massive gabbros, diorite, dolerite dikes and late-stage plagiogramite
(Fig.2). Gabbro is the largest unit and includes banded gabbro, intruded from the east by
coarse massive gabbros. This is followed by ultramafics (dunite and peridotite) that are
variably serpentinized. The western contacts of the banded gabbro with the metavolcanics
form a north-south trending shear zone, where the gabbro is highly deformed, brecciated and
intruded by basic and acidic intrusions (Buday 1980, Buday and Jassim 1987, Zakaria 1992).
The gabbro was thrust onto the metavolcanics during the final stages of solidification
resulting in marginal shearing along the contact.

Copper occurrences are widespread all over the area of the Zagros Suture Zone, but only
a few of them may be of economic interest. The distribution of mineral deposits in the
northeastern part of Kurdistan is shown in Figure 3. Many of these occurrences are related to
the serpentinized ultramafic rocks and gabbros of the Penjween, Mawat and Bulfat massifs.
The Mawat area is characterized by a variety of metallic mineral deposits bearing Cu, Cr, and
Mn (Fig.3). Copper ore mineralizations, mostly of the hydrothermal type, make up most of
which in this area.

Williams (1948) reported the possibility to outline a zone of low-grade copper deposit
near Waraz Police Post after which it was named the Copper Hill. The country rocks consist
of diorite with an intrusion of quartz and brown schistose epidiosite. Williams (1948)
referred in his report to the low-grade value of the copper in this occurrence. He considered
the origin of the copper as the result of hydrothermal processes. He also reported that the
copper content varies from 0.01% to 0.04%. Smirnov and Nelidov (1962) and Al-Hashimi
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and Al-Mehaidi (1975) reported many copper mineralizations from the crush zone in gabbro
SW of Kuradawe village and from granodiorites, pyroxenites and gabbros south of Konjrin
village. The Cu-mineralization consists of chalcopyrite, pyrite, malachite and azurite, with Cu
content between 2.84 and 23%. The main aim of this work is to study the mineralogy, mineral
paragenesis and source of sulfur of the sulfide mineralization in the Kuradawe copper
occurrence in the Mawat igneous complex, using petrographic, geochemical and stable
isotopes methods.
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Fig.3: Distribution of metallic mineralizations in the Kurdistan Region,
northeastern parts of Iraq (after Vanecek, 1972)

METHODOLOGY
= Sampling and field observations

The Kuradawe mineral occurrence lies in the Iragi Zagros Suture Zone, at the south
entrance of the Kuradawe village, where five meters of mineralization occur within the
gabbro unit of the Mawat Ophiolite Complex. Fifteen surface samples of the mineralization
and associated rocks were collected from the study area during two field trips. The samples
are characterized by pale yellowish green weathered color in the weathered surface, but differ
in the fresh surface where they appear grayish green with fine mineralization grains. The
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fieldwork shows that the unit is moderately foliated metagabbro with irregularly scattered
sulfide mineralization.

= Petrography and mineral chemistry

Fifteen thin sections were prepared for petrography and mineral chemistry investigation.
All thin sections were studied by transmitting light polarizing microscope for texture and
mineral identification. Four polished thin sections and three mount-polished sections were
prepared for the mineralized samples. All polished sections were studied by reflected light
polarizing microscope to identify texture and mineralogy. Scanning Electron Microscopy
(SEM) equipped with Energy Dispersive Spectrometer (EDS) at TU Bergakademie Freiberg
is used for microchemical analysis of the minerals constituents. The acceleration voltage used
was 15 kV and the beam current was at 20 nA with the beam focused in a 2 um diameter spot.

= Sulfur stable isotope analysis

Isotopic composition of three sulfide samples is determined at the isotope analytical
facility of TU Bergakademie Freiberg. The results are reported as 8>S values in per mil (%o),
where: 6 (%o0) = [(R sample/ R standard) — 1] x 1000. The sulfur isotope composition of the
analysed sulfides was determined using the elemental analyzer (Fisons Carlo Erba) coupled to
mass spectrometer (CF-IRMS — Delta plus Thermo Quest-Finnigan) (e.g., Giesemann et al.,
1994). The values were calibrated using one internal BaSO4 standard for drift correction and
three international reference standards (IAEA-S-2, IAEA-S-3 and NBS 127) are used; to
calibrate the instrument (Kornexl et al., 1999; Ding et al., 2001). All samples were analyzed
at least in triplicate. The long-term reproducibility of sulfur isotopes was < 0.3%o, although
the internal error of three successive measurements was often smaller.

RESULTS
= Petrography and Mineral chemistry

The petrographic study shows that the samples mainly consist of amphibole (green and
white), chlorite, pyrite, chalcopyrite, epidote, plagioclase, and quartz. Amphibole represents
the most abundant mineral and it is formed from alteration of preexisting pyroxene. The most
common feature of the studied samples is that the amphibole has formed, partially or
completely overgrowing the clinopyroxene. Two types of amphibole are distinguished,;
1) white amphibole, formed due to intense deformation of preexisting pyroxene, and
amphibole along their edges. It is more abundant than green amphibole and shows schistosity
texture (Fig.4a). 2) Green amphibole (tschermakite) occurs in subhedral to euhedral forms,
and it shows parallel and subparallel pleochroism to the main foliation (Fig.4c). Petrographic
study and chemical data show the different types of amphibole (Table 1). The amphiboles
which are characterized by dark green color with pleochroism are tschermakite-hornblende to
tschermakite (Fig.5). Actinolite and tremolite are pale green to colorless and characterized by
fibrous texture (Fig.5).

Plagioclase occurs as anhedral grains. Two types of plagioclase are recognized; a) coarse
grained with sutured boundary and undulose extinction (PI 1) Figure 4d and b) fine grained
which is observed along the grain boundaries and fractures of the coarse plagioclase grains
(Pl 1) Figure 4d. The plagioclase hosted the fibrous amphibole which is formed as a
deformation results (Fig.4d). In most samples the plagioclases are showing alteration to
epidote (Fig.4d). Chemical data show that plagioclase is labradorite to bytownite (Ang7.77)
(Table 2).
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Fig.4: Photomicrographs of A) Trimolite showing mylonitic texture (back-scattered electron
images), B) Euhedral pyrite formed by replacement growing and pushing aside the fibrous
amphibole (back-scattered electron image), C) Back-scattered electron image showing
subhedral to euhedral green amphibole, D) Plagioclase altered to epidote and fibrous
amphibole growing into plagioclase, E) Oriented quartz (Qtz) aggregates,

F) Biotite (Bio) and chlorite (Chl) showing two stages of deformation.

(Tri) = Trimolite; (py) = pyrite; (Am) = amphibole; (pl) = plagioclase;

(ep) = epidote; (Qtz) = quartz; (Bio) = biotite; (Chl) = chlorite
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Fig.5: Compositional field and classification of the zoned Ca-amphiboles

after Leake et al., (1997)

Table 2: Selected EDS analyses of chlorite, and plagioclase from Kuradawe metagabbros

Chlorite

Sa,\rl';p'e kur2-22 | kur-39 | kurl-43 | kurl-24 | kur2-13 | kurl-55 | kurl-56 | kurl-57
Sio, 25.87 26.07 39.45 26.34 33.58 25.15 25.73 25.77
TiO, 0.9 0.6 06 0.1 0.6 0.5 0.9 07
Al,O, 28.1 28.44 21.38 28.42 26.93 27.32 28.26 27.83
FeO 18.92 19.1 22,51 20.71 14.08 20.15 19.38 19.34
MnO 0.2 0 0 0 0.1 0 0 0.1
MgO 27.11 26.4 16.66 24,52 25.41 27.38 26.63 27.06
Cao 0 0 0 0 0 0 0 0
Na,O 1.9 2 1.9 0.1 13 1.8 1.3 2.1
K,0 1.8 1.2 15 03 1.1 1 1.6 1.9

Chlorite Plagioclase

Sample | 165 | kur-1.13 | MY | ur23 | kur-225 | kur-236 | kur-335 | kur5.11
No. my hb
Sio, 25.98 64.05 63.13 62.68 64.11 61.5 67.12 65.3
TiO, 05 0 0 0 0.1 0.13 0.17 0.19
Al,O, 27.58 24.34 24.18 25.62 238 25.12 23.9 24.1
FeO 18.88 2.45 2.11 1.9 1.6 0.35 0.29
MnO 0.3 0 0 0 0 0
MgO 27.56 0 0 0 0 0
Cao 0 11.61 10.24 9.59 8.1 9.2 7.81 9.1
Na,O 18 1.8 2.1 2.6 2.1 1.89 1.98 1.92
K,0 2.1 0.2 0.12 0.34 0.23 0.13 0.13 0.11
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Quartz occurs as aggregates and veins within the samples. Quartz aggregates display a
strong crystallographic preferred orientation (Fig.4e); the long axes of quartz grains are
arranged subparallel to parallel to the schistosity. The quartz is characterized by a sutured
boundary, undulose extinction, deformation bands, and deformation lamella. Biotite is
scarcely observed, grown parallel to the schistosity (Fig.4e), and thus representing the first
stage of deformation (Fig.6). Chlorite is growing perpendicular to the biotite (Fig.4f).

»= Ore Mineralogy

The studied samples are hosting disseminated sulfide and oxide minerals. Pyrite is the
most dominant sulfide mineral, in addition to a minor amount of chalcopyrite. Pyrite is found
in two types; a) Coarse grained pyrites which are characterized by cataclastic texture (Figs.7a
and b) and sigma clast with strain shadow of amphibole and quartz (Fig.7c). Due to alteration,
pyrite is partially replaced by goethite and hematite as rim replacement or island shape texture
(Fig.7d). b) Fine grained pyrite occurs as aggregates of subhedral to euhedral grains. During
deformation via replacement, the euhedral pyrite is grown by pushing aside the fibrous
amphibole (Fig.4b). Chalcopyrite occurs in irregular form as inclusions in pyrite (Fig.7a), and
it is the only copper-bearing mineral. Goethite and hematite are oxide minerals and they
formed due to the oxidizing of the chalcopyrite and pyrite. They form rim, vein, and island
shape replacement textures (Fig.7d).

Magmatic

MI MII MIII
stage

Pyroxene ?
| ——— |

Plagioclase 1 | Plagioclase2
L B IN BN BN BN BN

Quartz
S W ¥

Green Amphibole

White Amphi:)ole
- n

Epidote

Biotite
(L 1 11 BN

Chlorite

H N N

Chacopyrite

Pyrite

Hematite
1 I I

Goethite
| I | F

Fig.6: Mineral paragenesis in the Kuradawe metagabbro
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Fig.7: Photomicrographs of A and B) Back-scattered electron image showing catacalstic
texture of pyrite and chalcopyrite as inclusions in pyrite, C) Coarse grained pyrite
showing sigma clast with strain shadow of amphibole and quartz, D) Back-scattered
electron image showing rim and island shape pyrite replacement by hematite.
(chpy) = chalcopyrite; (py) = pyrite; (Am) = amphibole; (pl) = plagioclase;

(Qtz) = quartz; (hem) = hematite

= Stable sulfur isotope analysis

The sulfur stable isotope composition (5**S) of the sulfide minerals from three selected
metagabbro samples were measured (Table 3). The 8*S values of the sulfide minerals
fall into a narrow range of +7.4 to +8.6 %o, with an average of +7.9 %o.. The magmatic
hydrothermal source hypothesis, which is primarily based upon the petrographic
investigation, is supported by the sulfur isotope compositions (Fig.8). The &**S values of
sulfides plot within the range of values assigned to granitic rock reservoir (Hoefs, 2009).

Table 3: Sulfur stable isotope 5**S values of pyrite
(Measurement errors external reproducibility < 0.3%o)

Sample No. 8>S [%o]
Ku2 8.6
Kul0 7.9
Kul 7.4
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Fig.8: Sulfur isotope composition of pyrite from the Kuradawe metagabbro (red dots). The
shaded areas represent the isotopic range of some geologically important
sulfur reservoirs (after Hoefs, 2009)

DISCUSSION

Arabia — Eurasia continental collision recorded different stages of metamorphism. The
investigated samples have been classified as “gabbro” (Al-Mahaidi, 1975). The petrographic
investigation reveals that the pyroxene is absent in all samples as a result of metamorphism
and replacement to green amphibole. Multiple amphibole equilibrium thermometers have
shown that metabasite mineral assemblages with growth-zoned Ca-amphiboles manifest a
high potential for pressure — temperature (P — T) reconstructions (e.g., Bégin and Carmichael,
1992; Triboulet, 1992; Schulz et al., 1995). Zoned amphiboles in magmatic and metabasic
rocks are common and typical (e.g., Bégin and Carmichael 1992; Bachman and Dungan 2002;
Schulz et al., 2001), and more rarely observed in metapelitic rocks (e.g., Vogl, 2003; Cruz,
2010). Rebay and Messiga (2007) concluded that the amphibole has various range of
composition due to the high number of cation substitutions.

Metamorphic amphibole represents the major mineral in all the studied samples,
suggesting persuasive effect of gabbroic rock metamorphism. Petrographic study and mineral
chemical data show the zonation in the Ca-amphiboles where the grains show various Si
content from core to rim (Fig.5). Green (tschermakite) and white (actinolite and tremolite)
amphiboles are indicators of different stages of metamorphism. The first stage is recorded by
tschermakite and in the second stage; actinolite and tremolite are replaced by green
amphibole. The last stage is highlighted by chlorite overgrowth perpendicular on the main
foliation of the rock (Fig.4f). In addition, the presence of pyrite showing sigma clast with
strain shadow of amphibole and quartz points to area underwent shearing (Passchier and
Trouw, 2005). Thus, this rock can be classified as metagabbro and the area as a sheared zone.

Ore microscopy shows that the samples are characterized by predominant sulfides and
oxides ore minerals. They occur as disseminated and veinlets (Fig.4 and 7). The primary
sulfide minerals include coarse subhedral and euhedral of pyrite and chalcopyrite as
inclusions in pyrite (Fig.7a and b). The petrographic observations suggest that pyrite belongs
to two stages: Pre-tectonic pyrite and Post-tectonic pyrite. The Pre-tectonic pyrite occurs in
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coarse disseminated texture within the rock, showing catacalstic texture and sigma clasts
(Fig.7a-c) (Yassin et al., 2015; Yara and Mohamad, 2018 and Yara, 2019). These textures
indicate that the ore minerals are of orthomagamtic origin and they are derived from
immiscible sulfide liquids (Ramdohr, 1981; Candela and Blevin, 1995; and Matthews et al.,
1995; Musa, 2007). This type of pyrite was probably deformed during regional tectonic
events of the Eurasian and Arabian plates obduction and subduction (Yara, 2019).

Post-tectonic pyrite occurs as euhedral and vein filing (Fig.4a and e), formed after the
tectonic events (Musa, 2007; Yassin et al., 2015; Yara and Mohamad, 2018; and Yara, 2019).
Such texture suggests that the source of pyrite is hydrothermal solution and this is emphasized
by the sulfur isotope values with an average of +7.9 %.. Rim, island shape and vein
replacement of pyrite by oxide and hydroxide ore minerals represent the last stage of
mineralization. Pyrite replacement by goethite is common under oxidizing condition as
weathering product of iron-bearing minerals (Gilbert and Park, 1986; and Borg, 2004). This
stage represents supergene enrichment stage of mineralization. Paragenetic sequence of ore
mineral is given in figure 8 according to ore mineral texture relationship. Pyrite and
chalcopyrite are the main ore minerals crystallized from immiscible sulfide liquid.

CONCLUSIONS

The studied samples are metagabbro within the sheared zone. The mineralogy of the
Kuradawe Cu-mineralization is sulfide minerals including pyrite and chalcopyrite as primary
minerals and hematite and goethite as secondary minerals. The petrographic study suggests
that the ore minerals and the host rocks suffered the same metamorphic history. Paragenetic
sequence show three stages of mineralization; orthomagmatic, hypogene and supergene. The
8%S data of the sulfide minerals reveal that the source of the mineralized fluids is of granitic
composition.
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