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1-Introduction

Sediment-hosted stratabound copper (SSC-type) deposits constitute 23% of the world's copper production
(Singer, 1995), which are primarily formed in 20-30 degree latitudes (Kirkham, 1989). These deposits are
formed along with continental red clastic sequences (Hitzman et al., 2010; Borg et al., 2012; Zientek et al.,
2014a, 2014b, 2015a, 2015b; Hayes et al., 2015; Borg, 2017). These deposits are characterized by fine-
grained copper-iron-sulfide minerals that occur as stratabound disseminations in siliciclastic or dolomitic
sedimentary rocks (Brown, 1997, 2009; Hitzman et al., 2010; Box et al., 2012; Taylor et al., 2013; Borg et
al., 2012; Borg, 2017). Sedimentary copper deposits are an essential source of metals that rank first in global
cobalt (Co) production and fourth in silver (Ag) production (Bornhorst and Williams, 2013; Bourque et al.,
2015; Fern'andez-Mort et al., 2018; Twite et al., 2019). SSC-type deposits are generally hosted in black,
gray, green, or white (reduced) sedimentary rocks within or above a thick section of clastic red (oxidized)
beds (Brown, 1997, 2009; Hitzman et al., 2010; Taylor et al., 2013; Box et al., 2012).

Iran is between the Alpine and Himalayan mountain ranges (Agard et al., 2011; Alavi, 1994). This
orogenic belt contains a large number of SSC-type deposits in Iran. The age of SSC deposits in Iran is from
Cambrian to Pliocene (Maghfouri et al., 2020). The stratigraphic sequence of Iran's sedimentary copper
deposits, mainly formed within continental red clastic sequences, evaporates, and limestone, is similar to
other areas containing stratigraphic copper deposits worldwide (Maghfouri et al., 2020). The Tabas Block
and Central Iran Zone are the most promising metallogenic belts of Iran for the exploration of sediment-
hosted stratabound copper deposits, which include the Markesheh deposit in the Tabas Block and
significant Cu mineralization in the Miocene red clastic sequence in the Bostanabad-Tabriz-Tasuj and Avaj-
Dozkand-Moshamp areas in Iran (Maghfouri et al., 2020). The main period of sedimentary copper
mineralization in Iran is the Upper Jurassic (Garedu Red Bed Formation) and Miocene (Upper Red
Formation) (Azaraien et al., 2016; Sadati et al., 2016; Rajabpour et al., 2017; Azizi et al., 2018; Maghfouri
et al., 2020). The Cenozoic sedimentary sequence in the northwest of Iran hosts numerous SSC-type
mineralizations.

This paper describes the geology, stratigraphic position, mineralogy features, and genetic model for the
Sorkheh copper deposit. Studies have been completed using mineral elemental mapping and scanning
electron microscopy (SEM-EDX) analysis of Cu mineralization in this deposit.

2-Material and methods

In this study, based on field operations perpendicular to the layering and due to studies on the Cenozoic
sequence in the northwest of Iran, a geological map of the Sorkheh Cu deposit was drawn, and the
stratigraphic features, the relationship between mineralization and the host rock in the Sorkheh Cu deposit
have been determined. Ten thin and thin-polished sections were studied in the mineralogy laboratory of
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Tarbiat Modares University for lithology, mineralogy, structure, and texture studies. 2 thin-polished
sections were selected and examined through the SEM in the Applied Research Center of the Geological
Survey of Iran. Microscopic examination in reflected light and scanning electron microscope-energy
dispersive spectrometer (SEM-EDS) analysis showed us the amount and chemical variety of elements in
copper-bearing minerals and woody fragments in the Sorkheh deposit.

3-Results and discussions

The Sorkheh Cu deposit is located in the 1:100000 scale geological map of Tasuj (Khodabandeh and
Aminifazl, 1993). The primary sedimentary sequences in the Sorkheh deposit include red and green
sandstone, shale, conglomerate, and evaporate layers. The most important host rock of copper
mineralization in the Sorkheh deposit is the sandstone unit of the Miocene age, which has an interlayer of
evaporite (gypsum and halite) (Khodabandeh and Aminifazl, 1993). In the Sorkheh Cu deposit, repeating
sequences of oxide-red and green-gray reduced layers can be seen; according to Tucker (2001), the
alternation of red and green-gray sandstone sediments indicates the change of environmental conditions at
the deposition time.

The most important feature of the host sandstones is their fine-grained nature and the presence of woody
fragments, which are rich in primary copper minerals. This unit, extending several kilometers, is the longest
among the sedimentary sequences in the studied area and has been extended with a thickness varying from
a few centimeters to 20 meters (Aghazadeh and Badrzadeh, 2011). In the Sorkheh Cu deposit, a group of
dykes of Upper Miocene age (9.95+0.11) with a width of 1 meter and a length of 300 meters can be seen,
which cut into the stratigraphy units such as the Upper Red Formation (Karimzadeh Somarin, 2004;
Aghazadeh et al., 2015; Sadati et al., 2016). These dykes were injected during the subduction of the
Neotethys oceanic crust and the evolution of the Zagros orogeny in northwest Iran, which characterize the
final stage of the closure of the Neotethys (Aghanabati, 2004).

In the mineralization host sequence, ore-bearing layers with Cu mineralogy are accompanied by organic-
rich parts, especially woody fragments. In the reduced environment, copper sulfides have replaced woody
fragments or primary framboidal pyrites. The main mineralogy in the Sorkheh deposit includes chalcocite,
digenite, covellite, and pyrite. Various structures and textures can be observed in this deposit; these textures
have generally kept their original shape, and we can mention replacement and disseminated texture.

We used the SEM-EDS method to accurately identify and specify the constituent elements of copper-
bearing minerals and woody fragments containing mineralization, showing us the chemical variety of
minerals. In the Sorkheh deposit, to accurately determine the chemical composition of mineral phases, SEM
studies were performed, and according to the results, sulfur and copper are the main constituents of
minerals.

4-Conclusion

The Sorkheh Cu deposit was formed in the Bostanabad-Tabriz-Tasuj basin and the sedimentary sequences
of the Upper Red Formation of the Miocene age (Maghfouri et al., 2020). Reduced sandstone-siltstone unit
is the primary host rock of mineralization in the Sorkheh deposit. Due to tectonic activities, ore-bearing
sequences have been disturbed. A series of gabbro dykes of upper Miocene age can be seen in this deposit,
which penetrated and cut the Upper Red Formation. One of the characteristic features of the studied deposit
is the presence of abundant woody fragments in the reduced green-gray sandstone layers, and copper is
often formed of chalcocite mineral. The high-grade part of Cu mineralization is in reduced sandstone with
replacement texture woody fragments. The elemental maps that show the distribution of the main elements
in copper ores and woody components indicate that copper and sulfur are the main constituents of the
minerals in the studied deposit. The characteristics of the Sorkheh deposit are similar to red bed-type
sedimentary copper deposits.
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Fig. 1. Distribution map of the SSC-type deposits according to the age of host rocks in the main tectonic domains of Iran

(Aghanabati, 1998, 2004; Alavi, 1996; Maghfouri et al., 2020) .

CIGS, Central Iranian gradual zone; E, East Iran ranges; K, Kopeh-Dagh zone; KR, Kermanshah radiolarites subzone;
KT, Khazar-Talesh-Ziveh structural zone; L, Lut Block; M, Makran zone; O, Ophiolite Belts; PB, Posht-e-Badam Block;
SSZ, Sanandaj-Sirjan zone; T, Tabas Block; TM, Tertiary magmatic rocks; UD, Urumieh-Dokhtar magmatic arc; Y, Yazd

Block; Z, Zabol area; Za, Zagros zone.
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Fig. 2. (a) Simplified geological map of NW Iran, showing the location of sediment-hosted copper deposits (Modified
after Moritz et al., 2015; Maghfouri et al., 2020). The number 9 shows the location of the Sorkheh Cu deposit, it was
formed in the Oligo-Miocene sequence (1: Kalu; 2: Alvandi; 3: Tazeh Kand; 4: lvand, Nahand and Marano; 5: Ana
Khaton; 6: Cheshmeh-Konan; 7: Chehregan; 8: Topchi; 9: Sorkheh; 10: Zanjereh and Valadian; 11: Kozeh-Konan; 12:
Ghareh Aghaj; and 13: Ghareh Tapeh), and (b) Geological cross section of Oligo-Miocene sedimentary sequences in the
north region of the Tasuj city, where Cu mineralization occurred in organic matter- rich sandstone-siltstone units
(Maghfouri et al., 2015).
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Fig. 3. Geological map of the Sorkheh copper deposit, mineralization is formed in the sandstone-siltstone unit of the
Upper Red Formation (modified after Khodabandeh and Aminifazl, 1993).
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Fig. 4. Geological cross-section of Miocene red and green sandstone sequences, which host copper mineralization in the
Sorkheh deposit.
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Fig. 5. (&) General view of the Upper Red Formation, where the green-gray units host of Cu mineralization in the Sorkheh
deposit (view to the NW), (b) General view of the reduced ore-bearing sandstone in the Upper Red Formation, (c) Sub-
volcanic dacitice dome intruded the upper Miocene sedimentary sequence (view to the south), and (d) Gabbro dyke

intruded the red bed sequence of the Sorkheh deposit (view to the northwest).
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Fig. 6. (a) Stratigraphic column of Sorkheh Cu deposit, where the mineralization horizons are marked with reduced

sandstone-siltstone host rock, (b) Hand specimen of the host sandstone with woody fragment containing Cu
mineralization, and (c, d) Hand specimens of woody fragments in reduced sandstones, whose original texture is well

preserved and replaced by Cu minerals.
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Fig. 7. (a) General view of reduced ore-bearing sandstone-siltstone in the Sorkheh deposit (view of the northwest), (b)
Close-up view of the host reduced sandstone showing woody fragments containing copper mineralization, (c¢) Hand
specimen of the host reduced sandstone showing copper mineralization along with woody fragment containing Cu
mineralization, and (d) Hand specimen well-preserved original texture of woody fragment remainder in reduced sandstone

replaced by Cu minerals.

WYY



\ O)Lo.a::J NF 0,92 ALY )Led

w

PN s, . &s
A iy (69 )5 (glids (e j.',;forf/:,‘.-;a@b

) bl Lome Lyl 5 035 Lis |, 555 4y
Bl a led e sl cpl alex 5l caiS o uSaie
Sy 4 3 50 20,5 o lil eauSTpasls cdl 4 il

w2l s Ll ! 51 S ye myd 4 Lassd

il CBL-1-0

il L A s e SLilS o Lol o le g 2él
BUNPSTRE PR SUWESP SO S S i  NEA PPN E
(el byl s 4 el als sla Jowd 5 JTolge
LgL;b‘SSlf Wﬁ)l} 9 J_,.S.MS 6‘)‘? ‘51..,..:[.2.4 NESEIN
4 .(Subias et al., 2003) cel oo ool,8 soud)gu
aile o oo sl S5 a5 el el s
ety lasd Sl olyz gz oSS
<l g ot ool slo Jowd sl slaisu g Lo ol
a5 0gd o cddlin Ohgo 90 4 daxlllhe g0 LuilS
Sl 4 e Sl il ol S8 Lol
Sl ,m gl a4 CudgsS 5 LawsSIET SIS il
(DA USLs) il oo canlice bl JloSsesl 3

oSy ails cdL-Y-0
ehalt sl ag Blbl o san causTyasls sl
2ideis gl s )3 (2 5 (Al Jed 5l (28 0
sl S 5l JSae 5 d9b o0 o (JI slge syl
HLls o cauSTpails cdl asl co oy 5 ComsSIS
ol o5 o slaails Slgl8 as Ll yisw 0 a5 0
e 5 e slaails (8Ll o ail e camlin LB
Sl oo slis Cdb ol aslend idy b S
5 oXi S 50 S SIS e j0 (P oole
o cwl ol saums LSas Ol ple b ool yen
oS, ails il aS s JU o 5 ol JlaSgnal )3

(C,bA USs) 56,38 o imles a1

Yo

53 I olge b loasls sla ise o (Soop bl
g JoBs aeo oo lid aS 0ad e onuo gl 5 slaasU
sl @i s Jlw oL Gl el Jele olsl s
4.7-)..\.9 )L...,.Jl.f BLENS ‘5)|)=L:L§ ‘t5l§ oJls> o |
e Sy e — (S S B o 50 sl 4y Sgae
5ol as @Y USs bandss) cwl JTosles
Bl oo LS nl Gogr ol Sz

PR slazly Gl b (2o, e oLl o
Clgd 5l o (505 (6,185, b Glojer al> e )0 S
51 (Framboidal pyrite) asle Slied Co y «Slige,
Love and Brockley, ) sgi oo jobite (soutlgw J3
Coym Oy e gailsw sla SIS g 09l oo 0y
2lo,S ol 56 s e (DA USE) sl oal
IV BV G W LIV S VIO IVONT'S ¥ | L Sppw] O Ly
aS el ool olis cond alaml (slo cwy (3 9 A JSE)
\Vig B Ja.ww )L:.C 54.5}.») Py U0 )L.ulf )
Vor BA Lo b (Sl Jpame (loie 40,8 5 000
Aghazadeh and ) col sas 5,155 o5 ,0 p,5
(Badrzadeh, 2011; Rajabpour et al., 2017

i S5 g bl g e L0
JLlS 3 e goilgms oljalS gla Sy anillas
50 oud camline Cdl 4 cle glgl alex 5l s
anle 1iSig,0 S b sl b3l gz (o 5 laailS
Ao bl Gl abal pyailn S
ol ey wolyd aloz Sl (lidiira) slnysiS
Jo5eis (K98 5l (e S50 4 plyon ((S59ESS
Ol Sl (G diged yelaie (pas 0 p o S
Mgy 090 Sy o il cdl g colu glgl 5 olals
5o oad odline sl SIS .ol suls cils ol
5 CelssS Cwind (awsSI aslllae 550 LS
st s Ll o Sase eole ol oy
US Logas Lol opl 45 ams o olid |, 3s5UsS



\ O)LA.:J AfF 0)5\) ALY )LQ).

V%

PSPy . M &
A i (60,5 (omlid (ro) ny;rc;gmfakf'b

S5 5] o55s Sen sl (B,6,0) iy el ot S5 (LS Jd yglme 10 45 argSIS IS 51 095 Sen g (@) A S
(Whitney and Evans, 2010) c.JssS CV:iouwsSISCCL: ¢ 5 Lais! wille . wloads (olS Joud (yuiile a5 CdgsS 5 ComnsSIS

Fig. 8. (a) Microscopic photograph of chalcocite mineral formed near woody debris, and (b,c,d) Microscopic photograph
of chalcocite and covellite minerals that have replaced in woody debris. Abbreviation; Cct: chalcocite, Cv: covellite

(Whitney and Evans, 2010).
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Fig. 9. (a) Hand specimen of red sandstone, that reduced and mineralized roll front part is marked with gray color, (b)
Microscopic photograph of framboidal pyrites replaced by chalcocite and covellite minerals, (c) Microscopic photograph

of framboidal pyrite accompanied by chalcocite, (d) Microscopic photograph of massive texture of chalcocite mineral,
and (e,f) Microscopic photograph of chalcocite mineral replaced by digenite mineral. Abbreviation; Cct: Chalcocite, Cv:

Covellite, Dg: Digenite, F.py: Framboidal pyrite (Whitney and Evans, 2010).
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Fig. 10. Elemental distribution and correlation in the elemental mapping of chalcocite mineral. (a) A SEM/BSE image
showing chalcocite in the Sorkheh deposit, (b) An elemental map showing the distribution of S, Cu, Si, Al, O, Mg and
Fe, (¢) The graph shown on the right represent energy-dispersive spectroscopy analysis presenting the mineral
composition, and (d-j) A TEM/BSE elemental maps showing the distribution of Si (d), Cu (e), S (f), O (g), Al (h) Mg (i)

and Fe (j) in the chalcocite mineral
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Fig. 11. Elemental distribution and correlation in the elemental mapping of chalcocite mineral. (a) A SEM/BSE image
showing chalcocite in the Sorkheh deposit, (b) An elemental map showing the homogenous distribution of O, Cu, S, Si,

Fe, Al and Mg, (c) The graph shown on the right represent energy-dispersive spectroscopy analysis presenting the mineral
composition, and (d-i) A TEM/BSE elemental maps showing the distribution of Cu (d), S (e), O (f), Si (g), Al (h) and Mg

(i) in the chalcocite mineral.
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Fig. 12. Elemental distribution and correlation in the elemental mapping of woody fragment containing Cu mineralization.
(a) A SEM/BSE image showing woody fragment in the Sorkheh deposit, (b) An elemental map showing the homogenous
distribution of Cu, S, O, Si, Mg and Al, (c) The graph shown on the right represent energy-dispersive spectroscopy
analysis presenting the mineral composition, and (d-i) A TEM/BSE elemental maps showing the distribution of Cu (d), S

(e), O (), Si (g), Al (h) and Mg (i) in the plant fossils containing Cu mineralization.
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Fig. 13. (a) Schematic model showing the sedimentary depositional environment of the Sorkheh Cu deposit that occurred
in the reduced layers of green-gray sandstone with the remains of woody fragments. As the fluid flows through the
evaporate layers, the ore-bearing brine fluid containing elements such as copper, when it collides with the reduced
sandstone unit due to the redox conditions of the environment, causes the sedimentation of the mineral and the formation
of the deposit, (b) As a result of burial diagenesis, woody fragment trapped in sandstone are destroyed and reduced the
environment, and (c) Microscopic photograph of copper mineralization with chalcocite and digenite mineralogy, which

have replaced the woody debris in the reduced sandstone host rock. Abbreviation; Cct: Chalcocite, Dg: Digenite, W.F:
Woody fragment (Whitney and Evans, 2010)

¥



w

Vo,led VF 600 N FAY Lo i @3 b o st:fwf/;’#'fvé}i

Redbed s g e sl )lusls L a5 s JLdlS sl S aulio ) Jsoxr
Table 1. Comparison of the characteristics of Sorkheh deposit with Redbed-type sedimentary copper deposits

Age of sequence Upper Miocene Neoproterozoic-Late Mesozoic-Early Cenozoic
Tectonic setting Rift Continental basin/Rift
Depositional Delta environment Continental lacustrine and delta environment
environment
Deposit form Stratabound Stratabound
Host/associated Sandstone Red sandstone, siltstone, micro conglomerate
rock types
Ore mineralogy Chalcocite, covellite, digenite, chalcocite, covellite, bornite, natural copper and silver
malachite (sphalerite and galena)
Texture Replacement, disseminations and Replacement, disseminations and laminae
laminae
Alteration Bleaching Bleaching
Reduced factor Fossil planet and pyrite Fossil planet and pyrite
References This study Cox et al. (1991); Woodward et al. (1974); Avila-
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al. 2005; Hitzman et al. 2010; Zientek et al. 2010; Borg,
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