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EXTENDED ABSTRACT

Introduction

Porphyry copper deposits are usually formed by
subvolcanic, hydrated, oxidized I-type granitoids
with intermediate composition (Richards, 2015).
However, not all I-type granitoids have the potential
to be fertile, and even in a deposit, multiple stocks
intrude that formed under almost the same
conditions, but only a few of them produce porphyry
copper deposits, which is very questionable?

Tin deposits are divided into porphyry, skarn,
greisen, placer, and low-temperature hydrothermal
deposits that can be emplaced in carbonate rocks.
Based on geodynamic conditions, tin mineralization
can be formed by two different types of granites: 1-
S-type granites in the continental collision zone and
2- A-type granites in the intracontinental rift
environment. Both of these granites have a
continental crustal origin. Of course, not all S- and
A-type granites have sufficient potential for tin ore
formation. So, certain conditions must prevail in the
origin and geochemistry of the resulting magma,
which will be discussed in this paper.

The aim of this paper is to investigate the genetic and
geodynamic factors affecting the formation,
reserves, and grade of Iranian porphyry copper
deposits and the classification of I-type granitoids
associated with these deposits, as well as to
investigate the important geodynamic factors and
geochemical variables in the infertility or fertility of
S-type granites for tin ore deposits.

Result

Figure 15 shows that, based on the Sr/Y ratio versus
Y content, the fertile magnetite I-type granitoids
associated with porphyry copper deposits of the
Nain-Jiroft are located in the adakite range
(granitoids have Sr/Y ratios between 70 and 170 and
Y values less than 13 ppm). In contrast, the barren
granitoids, which are mainly located in the Saveh to
Nain, are non-adakite (granitoids have Sr/Y ratios
between 5 and 15 and Y values greater than 10 ppm)
and are plotted in the normal arc field (Figure 15).
The fertile granitoids of the Dali deposit are located
in the middle and are non-adakite (granitoids have
Sr/Y ratios between 20 and 25 and Y values greater
than 15 ppm).

Figure 25 shows that the fertile adakitic I-type
granitoids associated with the porphyry copper

deposits of the Nain-Jiroft belt have a high (La/Yb)n
ratio (between 10 and 30) and an Eu/Eu* ratio of
more than 1.1. The value of the Eu/Eu* ratio can
indicate the oxidizing-reducing conditions in the
source of magma. The Eu/Eu* ratio indicates that the
mineralogical composition of the source rock and the
melting conditions were super-oxidizing. Therefore,
these granitoids originated from a super-oxidizing
source and formed at great depth (Figure 25). While
the Tertiary barren granitoids of the Saveh-Nain-
Jiroft belt, with a (La/Yb)n ratio between 1 and 7,
originated from shallow depths and the Eu/Eu* ratios
are mainly less than 1.1, indicating more reducing
conditions in origin and greater involvement of the
continental crust (Figure 25). The samples from the
Dali deposit are also in the middle, meaning that in
terms of oxidation conditions, they were oxidant but
less than the fertile granitoids of the Nain-Jiroft
magmatic belt, and in terms of depth, they are in the
middle of the fertile and barren granitoids (Figure
25).

According to Karimpour and Sadeghi (2019), the
subducted oceanic slab in the Saveh-Nain-Jiroft belt
was of the warm-cold type with a thermal gradient
between 8 and 12 °C/km (Figure 27). This is very
important and has led to the release of a smaller
amount of water in the fore-arc region (depth 30 to
50 km) and the release of more than 80% of water in
the arc region (depth 100 to 130 km) (Figure 27). The
release of water causes a decrease in the melting
point and plays an important role in the rate of partial
melting. Under water-saturated conditions, 20 to
25% partial melting occurs and a magma with a high
fluid content is produced that can carry a lot of
copper and form porphyry copper deposits with
appropriate reserves and grades.

The Rb content in the tin-bearing granites of China
is very high, so the Rb/Sr ratio is between 30 and
100, while this ratio is less than 1.5 in the barren S-
type granitoids of Iran. Also, the EUu/Eu* ratio in the
barren granitoids of Iran is between 0.3 and 0.7,
indicating a reduced environment of the continental
collision zone, but this ratio in the tin-bearing
granites of China is less than 0.04, indicating a strong
reduced origin (Figure 22).

The Y content in granite samples from tin deposits in
China is between 50 and 200 ppm, while the content
of this element in the barren S-type granitoids of Iran
is between 20 and 40 ppm (Figure 23). The barren S-
type granitoids of Iran also formed in the continental
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collision zone with Eu/Eu* values between 0.3 and
0.7 and the (3’Sr/®®Sr)i ratios are between 0.707 and
0.708, indicating the role of the continental crust in
the formation of magma. However, the tin-bearing A
and S-type granites of China with Eu/Eu* values less
than 0.04 and (¥’Sr/®®Sr)i ratios greater than 0.711
and 0.718 indicate a strong reduced origin in the
continental crust (Figure 31).

Discussion and Conclusion

Table 8 summarizes the geochemical, isotopic and
magnetic  susceptibility of I-type granitoids
associated with porphyry copper deposits in the
Saveh-Nain-Jiroft magmatic belt and eastern Iran.
Based on these characteristics, I-type granitoids can
be classified into four types: adakite-1, adakite-II,
Regular-1 and Regular-11. Several factors play key
role in the formation, grade, and storage of gold and
copper in porphyry copper deposits that can be
considered in their exploration. The most important
of these parameters are:

1 .The thermal gradient of the subducted slab, which
should be of the cold-warm type with a thermal
gradient between 8 and 12 degrees per kilometer.

2 .The percentage of partial melting for magma
production, which is suitable in the range of 15 to 25
percent.

3 .The amount of water released in the subduction
zone at suitable depths for partial melting (depths
greater than 70 km).

4.Partial melting of rocks with the suitable
composition and melting under the suitable
conditions of oxygen concentration (super-oxidant
environment and oxygen fugacity DFMQ+1.5).

5.A positive Eu anomaly and a Eu/Eu* ratio between
1 and 1.6, which indicate super-oxidant conditions in
the magma source.

6 .The number of intrusions is directly related to the
amount of reserves and grades.

7.The manner of intrusions that causes synergism.

8 Barren intrusions and their manner in which they
interfere with fertile intrusions and their temporal
relationship with fertile intrusions, causing a
decrease in grade.

9.The percentage and radius of the pyrite-bearing
zone.

10.The intensity and extension of alteration zones.
11.The intensity and extension of the gossan zone.
12 .Host rocks with suitable porosity and structures
for the concentration of ore-bearing solutions.

13.The proximity of limestone that lead to skarn
mineralization.

Some of these factors are of particular importance in
the formation of a porphyry copper deposit. For
example, the Simorgh exploration area in South
Khorasan Province (31.00 N, 59.23 E) has
superficial ~ evidence of  porphyry  copper
mineralization, but lacks copper mineralization
(Borabadi et al., 2018). Based on Figures 33 and 34
and the comparison of the geochemistry of the source
rocks of the porphyry copper deposits (NJMB) and
Simorgh, two very important issues can be
concluded: 1- The mineralogical composition and
the presence of organic matter in the source rock of
Simorgh caused partial melting and formation of
magma under hyperreductive conditions. The sulfur
content of the source rock was very good. Melting
under reduced conditions prevents copper from
entering the magma. Therefore, the amount of
oxygen fugacity during magma formation is very
important in the fertilization of intrusions. 2- The
depth of magma formation in the Simorgh granitoids
was also much lower compared to porphyry copper
deposits (NJMB). Certainly, the mineralogical
composition, copper content of the source rock, and
the percentage of partial melting played an important
role in the lack of copper and gold mineralization in
the Simorgh.

Tin deposits associated with S and A-type granitoids
have the following geochemical characteristics, and
these parameters can be important exploration keys
for the detection of fertility of intrusions:

1. The chemical composition of the intrusions must
be a silica-rich granite with a SiO, content of more
than 75%.

2. Depletion of Ba (less than 200 ppm) and
enrichment of Y (more than 60 ppm) and the Rb/Sr
ratio (more than 30) are seen.

3. A strong negative anomaly in the element Eu and
the Eu/Eu* ratio less than 0.lindicate a strong
reduced origin. The mineralogical composition of the
source rock and the presence of organic matter in
partial melting conditions causes hyper reduced
conditions in magma formation.

4. The (¥Sr/*®Sr)i ratio is greater than 0.711, which
confirms the great thickness of the continental crust
and the highly reduced origin of the magma.

5. The Rb/Sr+Y ratio in the fertile intrusions for tin
is greater than 100.
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Fig. 1. Grade and tonnage values of different types of Sn deposits (Kamilli et al., 2017)
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Table 1. Different types of tin minerals (Kamilli et al., 2017)

Mineral name

Chemical formula

Location of geographic occurrence

Berndtite SnSy Cerro de Potosi, Bolivia
Canfieldite AggSnSg Bolivia; Tasmania, Australia
Cassiterite SnOy Worldwide

Colusite Cuz(As, Sn, V, Fe)Sy Butte, Montana; Australia
Cylindrite Pb3SnyFeSboSq4 Bolivia; Tasmania, Australia
Franckeite PbsSn3ShoS14 Bolivia; Tasmania, Australia

Herzenbergite SnS Bolivia

Hulsite (also called

(Fe**, Mg) (Fe®**, Sn)BO

Brooks Range and Seward Peninsula, Alaska;

Paigeite) eastern Siberia Russia
Malayaite CaSnSiOg Malaysia; Cornwall, United Kingdom
. Cug Fe Sn S . .
Mawsonite 6 New South Wales; Tasmania, Australia
Native tin is found in placer deposits and in
Native tin Sn unusual igneous intrusions. Australia has the

recognized type locality.

Nigerite (More correctly,
Ferronigerite—2N1S)

(2Zn, Mg, Fe**)(Sn,Zn)

Nigeria

Nordenskidldine

CaSnB,0g

Norway; Namibia

Ottemannite

SnyS3

Bolivia

Democratic Republic of the Congo (Congo

ieri Cuq(Fe, Ge, Zn)(S,As . o

Renierite 3( )(S,As)4 [Kinshasa]): Namibia
Sorensenite NaySnBe)SigO16(0H)4 Greenland

Stannite CupFeSnSy Worldwide

Stannomicrolite
SnyTayO

(Sukulaite) 218207 NA

Stokesite CaSnSi30g-2H-0 Cornwall, United Kingdom

Teallite PbSnS, Bolivia
Thoreaulite SnTayOg Democratic Republic of the Congo (Congo

[Kinshasa])

Varlamoffite (?)

(Sn, Fe)(O,0H)»

Democratic Republic of the Congo (Congo
[Kinshasa]); Bolivia
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(Mineral commodity summaries, 2025) Y+ YF 5 Y+ Y¥ sladlu js & Sle Gladd 5 5 53 015 ¥ Jouar

Table 2. World mine reserve and production of tin in 2023 and 2024 (Mineral commodity summaries, 2025)

Mine production 2023 Mine production 2024 Reserves
(in metric tons) (in metric tons) (in metric tons)
Australia 9,850 9,900 620,000
Bolivia 18,700 21,000 400,000
Brazil 29,300 29,000 420,000
Burma 34,000 34,000 700,000
China 70,000 69,000 1,000,000
Congo (Kinshasa) 20,000 25,000 120,000
Indonesia 69,000 50,000 NA
Laos 1,700 1,500 NA
Malaysia 3,770 3,000 NA
Nigeria 7,000 7,000 NA
Peru 26,200 31,000 130,000
Russia 2,700 3,000 460,000
Rwanda 3,600 3,600 NA
Vietnam 7,600 6,700 23,000
Other countries 1,840 1,800 310,000
World total (rounded) 305,000 300,000 >4,200,000
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Fig. 2. Classification of granitoids based on source and tectonic setting (Chappell and White, 1974)
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Fig. 3. Magnetite and ilmenite compositions and different ionic charge, which show- oxidant and reduced state.
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Fig. 5. I- and S-type granitoids and their relationship with different types of ore deposits
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Table 3. Location of porphyry copper deposits in the Lut Block and eastern Iran

Name Y X
Maherabad 32.501 58.988
Shadan 32.301 59.688
Gazu 33.214 57.390
Tannurjeh 35.385 58.608
Janja 31.122 60.367
Madeh Kariz 31.215 60.350
Siastgry 30.583 60.467
North Lar 29.857 60.873
South Lar 29.684 60.870
South Zahedan 29.348 60.834
Taftan 28.673 60.968

Ol mosle s 08T (6 05 5 e (SO s 505 Gl (unbse  J9i
Table 4. Location, grade, ore reserve and age of porphyry copper deposits in the Saveh-Naein belt

Ore

Deposit Reserve Cu% Mo% Au Age Coordinates Reference
name MT (ppm) Ma

Kahang 40 0.53 0.02 - 15.1 32°55'N, 52°28'E Avyati et al., 2013
Darreh 0 277 o [y ;

Zereshk 23 0.9 0.004 - 16.5 31°33'N, 53°50'E Zarasvandi et al., 2005

Ali Abad 40 0.73 0.0059 - 16.5 31° 38'N, 53° 50'E Zarasvandi et al., 2005
Dalli 8 0.5 - 0.75 21 34° 16'N, 50°19' E Avyati et al., 2013
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Table 5. Location, grade, ore reserve and age of porphyry copper deposits in the Naein-Jiroft belt

Deposit Rel\s}le_ll:ve Cu% Mo% p'?)Lrjn ﬁ/lg: g)eoor%riig?ég References

lju 74 0.31 - - 9.2 30°33'N, 54°57'E Golestani et al., 2018
Meiduk 176 0.61 0.007 0.05 12.5 30°20'N, 55°10'E  Aghazadeh et al., 2015
Dar Alu 240 0.36 0.007 0.031 12.96 29°25'N, 57°06'E  Aghazadeh et al., 2015
Sarcheshmeh 1200 0.85 0.03 0.06 13.6  29°56'N, 55°52'E Mclnnes et al., 2003
Now Chun 80 0.32 - - 13.71  29°55'N, 55°51'E  Aghazadeh et al., 2015
Darreh Zar 283 0.38 0.018 0.036 14.9 29°51'N, 55°53'E  Aghazadeh et al., 2015
Sar Kuh 16 0.46 0.003 0.038 15.14 29°55'N, 57°46'E Mirnejad et al., 2013
Bagh Khoshk 24 0.27 - - 17.85 29°49'N, 55°59'E  Aghazadeh et al., 2015
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Table 6. Location, grade, ore reserve and age of porphyry copper deposits in the Arasbaran belt

Ore reserve

MT Cu% Mo% Au (ppm) Age Coordination
Sungun 740 0.66 0.024 — 21 38°43'N, 46°42'E  Aghazadeh et al. (2015)
Masjed Daghi 240 0.34 - 2 20.5 39°8'N, 46°8'E  Aghazadeh et al. (2015)
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Table 2
Symbols Group Porphyry
Litholo ’ 1 |Sungun-Anjerd
By © Cu Porphyry Saveh Jiroft 2 [Dalli
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MH Karimpour 2026 12 Bagh Khoshk
13 Dar Alu
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Fig. 8. Location of porphyry copper deposits in the Saveh-Naein-Jiroft magmatic belt, Arasharan, Lut Block and eastern
Iran
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Fig. 9. Location of porphyry copper deposits in the Saveh-Naein-Jiroft magmatic belt, Arasbaran, Lut Block and eastern
Iran on the aeromagnetic map of Iran (Source of aeromagnetic map from Saleh, 2006) (modified after Karimpour et al.,

2021a)

DOI: 10.22067/econg.2026.1171

\ UL.: ALYSTH AF0 c&b@‘ ‘f»uwﬁj

AN


https://doi.org/10.22067/econg.2026.1171

o e bt 3 S S 58 5 S e ST S5 Me 5 oSl 55 355l 031k 5 50 S

45°0'0"E 50°0'0"E 55°0'0"E 60°0'0"E
| | 1 L | 1 i 1 | 1

Azerbaijan

Turkmenistan N

Caspian

]
i
I
)
I
|
1
I
L
]
I

Saudi Arabia

z
o
24
o
N
0 150 300 . Table 2 :
mmm Km I-Typ e Granitoids Group Porphyry
MH Karimpour 2026 ® Cu-Porphyry (Adakite, Miocene) 2 Dalli
© Cu-Porphyry ( No Adakite, Miocene) 3 Kahang,
© No-Adakite (No Mineralization, Tertiary) 4 l?arrch Zereshk
€ CuPorphyry Lut Block S Ijll
[l Cu Porphyry Eastern Iran 6 Par !(alll (Sara)
= Adakite Belt (Naein-Jiroft Magmatic Belt) 7| Meiduk
xxxx No Adakite Belt (Saveh-Naein Magmatic Belt) 8 Chah Firouzeh
* St 9 Sarcheshmeh
avee 10 | Now Chun
ot 11 | Darreh Zar
= Fault - 12 | Bagh Khoshk
Fault 13 | Dar Alu

6J:3J}-]_w&u)uKLQTLu)‘)QK—uﬁ.L—G‘jL&dL&fLﬁu\dﬂSl tydb@k‘f@f‘i‘yﬁjg;;‘JTC_»_:.hLA&_Lu.\‘ J&.:)
((Karimpour et al., 2021a) ol,Ses 5,5 s’f; 54 ol i L) ((Saleh, 2006) e 3l alsp ublie a2 SledL)

Fig. 10. Demonstrating the nature of adakitis and non-adakitis of I-type granitoids of the Saveh-Naein-Jiroft magmatic
belt and their relationship with porphyry copper deposits (Source of aeromagnetic map from Saleh, 2006) (modified after
Karimpour et al., 2021a)
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Fig. 11. Plot of granitoid samples of the SNJMB on the total alkali vs. SiO, diagram (Middlemost, 1994)
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Fig. 12. Granitoids of the SNJMB show affinities with volcanic arc granite on the Pearce et al. (1984) discriminant granite
tectonic setting diagrams. A: Rbvs. Y + Nb, and B: Rb vs. Ta + Yb. ORG: ocean ridge granite, WPG: within-plate granite,

VAG: volcanic arc granite, syn-COLG: syn-collisional granites
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Fig. 13. Chondrite- normalized REE patterns of barren and mineralized I-type magnetite series granitoids in the SNJMB.

Data used for normalization are from Boynton (1984)
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Normalizing values after Pearce (1983)
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Fig. 14. MORB-normalized trace elements spider diagram for barren and ore-bearing Tertiary granitoids in the SNJMB.
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Fig. 15. Plot of barren and ore-bearing Tertiary granitoids in the SNJMB on the Sr/Y vs. Y (ppm) diagram. Base diagram
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Fig. 16. Location of S-type granitoids of Iran on the simplified geological map
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Fig. 17. Location of S-type granitoids of Iran on the aeromagnetic map (Source of aeromagnetic map from Saleh, 2006)
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Fig. 18. Plot of barren S-type granitoids of the SSZ and Sn-bearing granites of China on the total alkali vs. SiO diagram
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(Jimenez-Munt et al., 2012). The thickness of continental crust along the Saveh-Naein magmatic belt is less than 48 km
and Naein-Jiroft magmatic belt changes from 48 to upper 58 km, and B: The depth of magmatism and crustal thickness
for different Miocene I-type magnetite series granitoids are estimated based on the (La/Yb)n vs. Ybn diagram.
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Fig. 28. The Cu content in the accumulated melt during partial melting as a function of degree of partial melting under
different oxygen fugacity. Red lines and blue dash-dot lines represent slab and lower crust melting model, respectively,
varied from AFMQ + 0, AFMQ + 1, to AFMQ + 1.5. Mantle wedge partial melting in dark blue lines of Lee et al. (2012)
is compared to slab and lower crust partial melting. The pink and blue shadows label the Cu concentration area at the
partial melting degree to produce the Sr/ Y and La/Yb characteristics of adakite. The light blue shadow label the Cu
concentration areas from mantle wedge partial melting to form an arc magma. The brown dash line represents the lower
limit of Cu concentration for mineralized porphyry magma. Only slab melts satisfy the condition to generate a Cu

mineralized porphyry (Zhang et al., 2017a). The possible areas of fertile adakite magma of the NJMB, barren non-adakite
of the SNMB and Dalli deposit samples are shown.
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Table 7. The Cu content in the accumulated melt from different parts during partial melting as a function of degree of
melting under different oxygen fugacity. Data are driven from Fig. 18 (Zhang et al., 2017a).

Oxygen Partial Melting
Cu cirftéﬁfm) Fugacity at maximum ﬁunggprrnn;
(AFMQ) Cu g
0 70 120
Cu =70 1 45 160
. S=1000
Oceanic . . 10
Slab (White and Klein, 17
2013).
013) 15 30
0 23 100
Mantle _ 1.1 17 160
Wedge S L6 5 280
peridotite >2 4
Cu =30 0 30 60
S =400 1 20 110
Lower Crust Rudnick and 15 5

Fountain (1995)
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Table 8. Geochemical-isotopic-magnetic susceptibility characters and division of I-type granitoids from the Saveh-Naein-
Jiroft magmatic belt and eastern Iran

z Ore Cu
gt 5 Magnetic
Granitoids . 5 by Magnetite ol ? Reserve  Ore Name
(La/Yb)y Sr/Y EuwEu* RbSr (SrfSn)i Timeni e Susceptibility x10- Alteration Mt Grade
Addite] 520 50 113 01 <jo4s  Maguetie 500-1500 Broad- 1500 1% Sarcheshmeh
Series Intense
Additell 520 50 081 011  <gos  Magwetie 500-1000 No No  No  Najmabad
I-Type Series
Regular] 1015 812 081 051 <0705 h“gifi:‘;‘e 200-800 Broad 80 04% Dali-Kahang
Regularl 510 210 0507 051  <0.706 L“g‘g’gﬁ‘e 200-800 No No  No  Saveh-Nayein
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Fig. 29. Age chart of S-type granitoids (ilmenite series) of Iran and their relationship with Sn mineralization
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Fig. 30. Magnetic susceptibility vs. Eu/Eu* values of barren S-type granitoids of SSZ and Lut block and Sn-bearing
granites of China comparison with I-type magnetite series granitoids associated with porphyry copper deposits of the

Kerman belt
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Fig. 31. (]7Sr/éSr)i vs. EU/Eu* values of barren S-type granitoids of SSZ and Lut block and Sn-bearing granites of China
comparison with I-type magnetite series granitoids associated with porphyry copper deposits of the Kerman belt
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Fig. 32. Rb/Sr+Y vs. Eu/Eu* values of barren S-type granitoids of the SSZ and Lut block and Sn-bearing granites of

China
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Table 9. Geochemical-isotopic-magnetic susceptibility characters and reserve-grade of barren S-type granitoids of Iran

and Sn-bearing granites of China
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Fig. 33. (La/Yb)n vs. EUu/Eu* diagram, demonstrating the oxidation state and depth of samples for ore-bearing adakitic

granitoids in the NJMB and barren, non-adakitic granitoids of Simorgh area, Lut Block. Dividing line between reducing
and oxidizing magma, and trend of increasing the depth of magmatism
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Fig. 34. Plot of ore-bearing adakitic granitoids in the NJMB and barren, non-adakitic granitoids of the Simorgh area, Lut
block, on the Sr/Y vs. Y (ppm) diagram. Base diagram after Defant and Drummond (1990)
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ARTICLE INFO ABSTRACT

The demand for Rare Earth Elements (REES) has necessitated the need to

Avrticle Histor: . . . L
' Istory search for REEs from sources aside from carbonatites leading to granitoids

Eggfgggéi gé I';’L?;uzaori”'z 026 currently being assessed globally as possible sources of REES. Granitoids
Accepted: 01 March 2026 from parts of southwestern Nigeria were studied using field observations,

textural features, and mineralogy. The dominant rock units observed were
granitic gneisses, granites, diorites, and monzonites with minor intrusions
of pegmatites and quartz veins. Petrogenesis and tectonic setting
Keywords classification using geochemical data grouped the granitoids as calc-alkalic
to alkalic, mostly metaluminous and emplaced mainly Within Plate
Tectonic settings which may be related to post-collision settings. The REES
concentrations for the studied granitoids show higher concentrations of
Light Rare Earth Elements (LREES) compared to the Heavy Rare Earth

granitoids
rare earth elements
mineralization

it . . L
g;:?ilt:ss Elements (HREESs) with a negative Eu anomaly indicating that these rocks
Nigeria have been formed from the crystallization of melted crustal materials with

plagioclase fractionation. The XLREEs for the granites (XLREEs 13.10-
1083.6 ppm, XHREEs 0.44-50.79 ppm) and monzonites (XLREEs 14.9-
795ppm, XHREEs 0.34-33.86ppm), respectively were found to compare
favorably with the Granites of China, (XLREEs 152-402ppm, XHREEs 16-
53ppm) where REEs exploitation is ongoing. REE-bearing minerals in
*Corresponding author granitic gneisses, granites and monzonites include synchysites, allanites,
monazites, apatites and tritomites from which the economic concentrations
of REEs can be extracted. These granitoids are, therefore, rock units of
interest in understanding the economic potential of REEs in Nigeria.
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Research Highlights

- Granite gneisses, granites and monzonites within
the study areas were investigated for their REES
mineralization potentials and they showed higher
REEs concentrations when compared with
concentrations of granites from China and Indonesia
where REEs mining is currently ongoing.

- REE-bearing minerals within these rock units
include synchysites, allanites, monazites, apatites
and tritomites from which REEs can be profitably
extracted and areas of REEs mineralization within
these study areas were delineated for further
exploration by prospective investors.

Introduction

The wuse of fossil-fuel-driven engines and
technologies  has  resulted in  unintended
environmental consequences including pollution and
extreme climatic changes. These adverse effects
have led to an increased awareness of the drastic
global shift towards green technology. The
application of this technology involves solar array
production, reusable materials, wind generators and
biogas production (Goodenough et al., 2016;
Batapola et al., 2020) which has encouraged
worldwide exploration of Rare Earth Elements
(REEs) which are essential raw materials for these
technologies.

REEs are a group of 17 elements grouped together
on the periodic table because of their similar
chemical properties and these include the fifteen
Lanthanides (atomic numbers 57 - 71). They are
generally subdivided into light (Sc, La, Ce, Pr, Nd
and Pm), medium (Sm, Eu, and Gd), and heavy (Tb,
Dy, Ho, Er, Tm, Yb, Lu and Y) REEs (Balaram,
2019).

In the world today, REEs have been sourced
primarily from Carbonatites which are igneous rocks
that contain greater than 50% carbonate minerals
alongside other silicate minerals such as pyroxenes,
olivine, and amphiboles (Chakhmouradian and Wall,
2012). They exist in continental rift settings and,
because of this peculiarity, are not widely distributed
globally. However, other sources of REEs include
alkaline igneous rocks, pegmatites, iron-oxide
copper-gold deposits, skarn deposits, ion absorption
clay deposits, and monazite-xenotime rich phosphate
deposits  (Chakhmouradian and Wall, 2012;
Dushyantha et al., 2020). These sources have become
sources of REES in various parts of the world,

leading to increased production and greater
flexibility in the global supply of REEs. The
centralities of REES to green technology and the fast
momentum towards carbon -neutral society have
made REEs one of the groups of critical minerals
globally. It is therefore very important that the
Nigerian nation is not left behind in this important
task of looking for REEs deposits to be an REE-
producing country.

Nigerian geologic endowments include large
volumes of granitoids found as Pan African suits
(Garba, 2003) and the Younger granites of north-
central Nigeria (Adetunji et al., 2016; Umaru et al.,
2023) making these rock units’ potential hosts for
REEs that need to be investigated. This study is thus
devoted to investigate the REEs mineralization
potentials of some Pan African granitoids in the
southwestern Precambrian Basement Complex of
Nigeria using petrographic analysis, Inductively
Coupled Plasma Mass Spectrometry and Scanning
Electron Microscopy (EDX).

Geological Setting

Generally, the geology of Nigeria consists of three
major components; Precambrian basement complex,
Jurassic Younger Granites and Cretaceous to recent
sedimentary basins. In the Nigerian sector of West
African region, the Precambrian complex domain
comprises four main rock units; migmatite gneiss
complex, metasedimentary and metavolcanic rocks,
granitoid suite and undeformed acid and basic dykes
(Carter et al., 1963; Burke and Dewey, 1972;
Offodile, 1976; Black, 1980; Rahaman, 1988; Dada,
2006). This study focuses on areas within the
Precambrian Basement Complex, which were
reported to have been affected by the 600Ma Pan-
African orogeny (Black, 1980; Burke and Dewey,

1972; Dada, 2006). The basement lithologies
reported by different researchers include The
Migmatite Gneiss Complex (MGCQC),

Metasedimentary and Metavolcanic rocks (Schist
Belts); the Pan African Granitoid Suite, and the
undeformed acid and basic dykes (Russ, 1957;
Klemm et al., 1984; Rahaman, 1988). The rock units
within these lithologies include granite gneisses,
granites, granodiorites, quartzites, and charnockites
of different sizes and dimensions (Olarewaju, 2006;
Fig. 1). Samples for this study were obtained from
three areas, as shown in Table 1 and Fig. 2A-C;
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Fig. 1. Geological Map of Nigeria showing study areas and numbers of samples per area (modified after Obaje (2009))

Table 1. Coordinates of Ila Orangun, Iseyin-Oyan and EKkiti-Akure study areas

Study area Lithologies Northings Eastings
lla Orangun granites and granite 08°00°00°"N — 08°04°00N 04%45°00""E — 04°57°00""E
gneisses
Iseyin-Oyan granites, diorites and 500,000\ - 08%07°00°N  03%00°00”E — 03%08°00”E
monzonites
Ekiti- Akure diorites and monzonites 07°15°00’N — 07°50°00°°’N 05°00°00°E — 05°30°00°°E
Methodology A total of forty-eight (48) rock samples were

Twelve (12) rock samples were collected along the
Ila-Oyan axis; 26 rock samples from the Iseyin axis
and 27 rock samples from the Ekiti-Akure axis. The
collected rock samples were labeled, bagged, and
taken to the Activation Laboratory Limited
Laboratory, Canada for further analysis.

prepared as thin sections and viewed under an optical
petrographic microscope to determine their mineral
compositions. All 48 samples were then crushed,
pulverized, and analyzed using Inductively Coupled
Plasma Mass Spectrometry (ICP-MS) to determine
the major, trace, and rare earth elements (REESs)
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concentrations. Prior to ICP-MS analysis, pulverized
samples were mixed with excess Lithium Borate,
heated until the mixture formed a homogenous mass,
and then dissolved in 5% HNOs. Blank fusion
solutions were provided so that calibration standards
and blanks could be matched while quality assurance
and quality control procedures were carried out using
standard  reference  materials: OREAS101b,
NCSDCB86318, BCR-2, USZ42-2006, REE-1, and

Bt
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W-2b. Detection limits for MnO and TiO, were
0.001%; SiO», Al,Os, Fe,03(T), MgO, CaO, Nax0,
K20, and P,Os were 0.01%; Bi 0.4 mg/g; Ag, Sh, and
Cs was 0.5 mg/g; Sc, Be, Y, Co, Ga, Ge, Nb, Sn, and
W was 1mg/g; Ba, Sr, Zr, Rb, and Mo was 2 mg/g;
V, As and Pb was 5 mg/g; Cu 10 mg/g: Cr and Ni
were 20 mg/g while Zn was 30 mg/g. Duplicate and
blank samples were collected throughout the
experiment.
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Fig. 2. A-C: Map of Iseyin-Oyan, Ila Oyan, and EKkiti-Akure showing sample locations
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Five (5) pulverized samples of selected rock units
were sent to the Department of Geology, University
of the Free State, South Africa for SEM/EDX
analysis to determine  morphological and
compositional characteristics of specific minerals
such as apatite, monazite, xenotime, rutile and zircon
that are notable host minerals for REEs. A portion of
each of these five samples (1.5 x 1.5 x 1cm blocks)
was prepared in epoxy, polished and analysed using
a Jeol JXA-iSP100 Super Probe equipped with a Jeol
EDS. To prevent charging of the samples, they were

carbon-coated (the carbon in carbonates cannot be
determined because of this) using a Quorum - Q150T
sputter-coater. Analysis of the samples was
completed by following the procedure to search for
“bright” minerals (minerals with high atomic
masses), as REEs have high atomic masses. All
“bright” minerals were documented. The minerals
documented here have different appearances,
ranging from euhedral grains to inclusions within
other minerals, to what could possibly be secondary
minerals (Fig. 3).

FIELD _)l LABORATORY METHODS > DATA ANALYSES
METHODS |
Sample Preparation. Geochemistry
* Rock * Rocks (n=48)
v Acquisition  of | | Thin sectioning (n=48) | | LITHO-ICPMS o ArcMap
geologic maps Pulverizing (n=48) 1071
l o GCD tool
. kit
Mineralogy Mineral Chemistry| |, Logplot8
Sample collection | | Rocks * Rocks (n=3) o Microsoft
* Fresh rock samples | | Photomicrographs SEM-EDX 0
(=48 fice

Fig. 3. Flowchart of the methodology for granitoids of the Ila-Oyan, Iseyin-Oyan, and Ekiti-Akure areas

Results and Discussions

Field Occurrences and Petrography

The granitoids observed within the study area were
identified as porphyritic granites, granitic gneisses,
diorites, and monzonites (Fig. 4A—F). The detailed
modal compositions of these rock units are presented
in Table 2 and typical photomicrographs of the rocks
are presented in Fig. 5A-F.

The granitic gneiss outcrops were found in the
northern part of Ila as highly weathered, low-lying,
and extensive rock units trending in the NE-SW
direction confirming the Pan-African Orogeny

imprint with varying degrees of quartz veins and
pegmatitic intrusions. They are generally leucocratic,
medium - coarse-grained, and have varying degrees
of foliation planes as well as mineral lineation of
biotite and quartz minerals. Minerals identified
through photomicrographs included Quartz (24-
35%), alkali-feldspar (5-30%), plagioclase (6-22%),
muscovite (4-6%), biotites (8-21%), garnet (2-5%)
and opaque minerals (2-10%, Table 2).

The granites around the Ila_Oyan and lIseyin areas
mostly occur as high-rise plutons with characteristic
porphyritic textures with intrusions. The granites
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were of two varieties, notably hornblende biotite
granite and biotite granites, with a notable
occurrence of partially digested xenoliths within the
groundmass. Some of the granites intruded the older
quartz-mica schists within the study area. Thin-
section analysis showed the presence of quartz (20-
36%), alkali feldspar (3-20%), biotite (8-34%),
plagioclase (7-15%), muscovite (1-3%), hornblende
(1-15%) and opague minerals (2-10%) with
porphyritic texture defined by phenocrysts of
feldspars surrounded by quartz, biotite, and
hornblende.

The diorites are intermediate igneous rocks that
occur as plutons within the Iseyin-oyan and EKiti-
Akure areas, extending to approximately 20meters
with  porphyritic textures defined by large
phenocrysts of plagioclase embedded in a matrix of
biotite, feldspars, titanite, apatite, monazites and

other accessory minerals. Lineation, defined by the
parallel alignment of mafic minerals, was also
observed. The modal compositions of minerals
include quartz (8-9%), plagioclase (22-32%), alkali
feldspar (2-7%), biotite (8-15%), hornblende (11-
16%) and opaque minerals (1-4%).

The monzonites were abundant within the EKiti-
Akure areas occurring mostly as hills and high-rising
plutons extending to more than 50meters on the
surface with occasional occurrence as low-lying
outcrops. They are generally coarse-grained and
appear dark green, greenish-grey to greyish white
with notable quartz vein intrusions. Mineral
composition in hand specimens and
photomicrographs includes; quartz (5-20%), biotite
(10-25%), alkali feldspar typically Microcline and
Orthoclase  (7-23%), plagioclase  (10-45%),
hornblende (10-20%) and opaque minerals (5-20%).

HeR P

Fig. 4. Field photographs A and D: Ila-Oyan Porphyritic Granite and Granite Gneiss, B and E: Iseyin-Oyan Porphyritic
Granite and Diorites, C and F: Ekiti-Akure Monzonites
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Table 2. Modal composition of granitoids within Ila Oyan, Iseyin-Oyan and Ekiti-Akure areas

Minerals Granitic Gneiss (n=9)  Granites (n=16) Diorites (n=8) Monzonites (n=15)
Quartz 24-35 20-36 8-9 5-20
Plagioclase 6-22 7-15 22-32 10-45
Microcline 5-15 8-20 2-5 10-20
Orthoclase 7-30 3-15 3-7 7-23
Muscovite 4-6 1-3 - -
Biotite 8-21 8-34 8-15 10-25
Hornblende - 1-15 11-16 10-20
Garnet 2-5 - - -
Opaque 2-10 2-10 1-4 5-20

Fig. 5. Photomicrographs of primary and secondary minerals in lla-Oyan, Iseyin-Oyan, and Ekiti-Akure areas (XPL and
PPL (X40)). A to F: Plg: Plagioclase, Q: Quartz, Ho: Hornblende, Mic: Microcline, Bio: Biotite, Mym: Myrmekite and
Op: Opaque. A-B: granites, C-D: diorites, E-F: monzonites
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Geochemistry of the Granitoids

Geochemical results showed the major oxides
concentrations ranged as follows (Table 3): For the
granitic gneisses SiO, ranged from 65.2-72.2%,
Al;O3, 13.05-15.21%, Fe 0s(t), 1.54-7.24%, MgO,
0.25-0.87%, Ca0 0.79-2.77%, Na,0 2.22-3.9%, K0
3.15-7.72%, TiO2 0.26-0.91%, P,05 0.11-0.67% and
MnO, 0.03-0.1%;

The granites; revealed a range of 66.3-74.96% for
Si0,, 11.55-17.04% for Al,Os, 1.03-3.3% Fe,0s(t),
0.1-0.58% MgO, 0.55-2.7% CaO, 2.86-5.5% Na0,
4.16-6.93% KO, 0.15-0.35% TiO,, 0.07-0.44%
P,0Os and 0-0.17% MnO; diorites is characterized
with 45.65-65.59% SiO, 13.73-19.15% Al>O3, 6.34-
15.40% Fe,0Os(t), 2.77-8.16% MgO, 3.44-10.44%
CaO, 2.63-4.11% Naz0O, 0.91-3.29% KO, 0.62-
3.13% TiOy, 0.13-2.61% P,0s and 0.10-0.17% MnO;
The composition of monzonites showed a range of
51.20-65.75% for SiO,, 14.57-17.41 % for Al2Os3,
3.31-11.81% for Fe:0s(t), 0.10-2.22% for MgO,
1.23-7.33% for CaO, 2.79-7.75% for Na,O 2.99-
6.98% for K>0, 0.25-2.99% for TiO,, 0.07-1.87% for
P,0s and 0.04-0.22% for MnO.

The Cao concentrations in all rock units were higher
than the MgO concentrations, which may be an
indication of the remobilization of pre-existing
minerals within the igneous rocks or varying
compositions of protoliths before metamorphism
(Omotunde et al., 2020).

The Low Field Strength Elements (LFSE) including
Cs, Rb, Ba, Pb, Sr, Thand U ranges between the rock
units as follows: granite gneisses 1.3-6.3ppm Cs,
162.5-277.1ppm Rb, 326-1071ppm Ba, 1.1-5.7ppm
Pb, 70.6-113.6ppm Sr, 3.7-71.7ppm Th, 1-5.4ppm
U; granites 2.2-2.7ppm Cs, 99.9-242.6ppm Rb,
225.13-831.78ppm Ba, 6.3-32ppm Pb, 15.9-
187.1ppm Sr, 19.23-65.4ppm Th, 6-8.8ppm U;
diorites 0.5-1.9ppm Cs, 309-1029ppm Ba, 6.0-
32.0ppm Pb, 155-680ppm Sr, 1.7-33.2ppm Th, 0.3-
17.6ppm U; monzonites 0.50-1.70ppm Cs, 75.00-
218.00ppm Rb, 988.00-2223.00ppm Ba, 18-46ppm
Pb, 156.00-469.00ppm Sr, 5.60-93.90ppm Th, 1.50-
5.70ppm U while the High Field Strength Elements
(HFSE) including Zr, Hf, Nb, Ta and Ti have values
in the range of: granite gneisses 7.3-35.5ppm Hf, 8.5-
103.8ppm Nb, 1.9-3ppm Ta, 241.9-1298.1ppm Zr,
0.3-1.5ppm Ti; granites 17.1-35.3ppm Hf, 19.6-
127.3ppm Nb, 1.9-3ppm Ta, 170.8-1175.6ppm Zr,
0.3-0.4ppm Ti; diorites 2.0-9.4ppm Hf, 11.3-
146.0ppm Nb, 0.3-2.8ppm Ta, 76-316ppm Zr, 0.1-

0.8ppm Ti; monzonites 6.50-31.50ppm Hf, 54.60-
217.80ppm Nb, 0.70-2.70ppm Ta, 360-1279ppm Zr,
0.3-0.8ppm Ti.

Concentrations of Be and Ta were generally low in
all granitoids studied whereas those of Pb, Ni and Co
were higher in diorites and monzonites than in
granite and granitic gneisses. These variations may
be the result of the primary magma composition.

Petrogenesis and Tectonic Setting

The plot of TiO, against SiO. (Tarney, 1977)
showed all Granite gneisses samples fall within the
igneous field indicating igneous origin for the
gneisses (Fig. 6A) while the plot of Na;O + K0 Vs
SiO; (Middlemost, 1994) described the lithologies of
the granitoids to include granites, monzonites,
diorites and grabbroic diorites (Fig. 6B).

Granite geochemical classification scheme by Frost
et al. (2001) showed all granitoids plotted within the
Calc-alkalic to Alkalic boundaries, while the
Aluminum Saturated Index plot indicated that the
Granites, Diorites, and Monzonites were all
metaluminous and the Granite gneisses were
peraluminous indicating their granitic protoliths may
have suffered some level of magma contamination
(Olanrewaju 2006; Fig. 6C, D and E).

On the Hacker plots, SiO, was correlated against all
the other major oxides to determine their relationship
(Fig. 7A-H). Only K;O showed a positive
correlation with SiO; as opposed to other oxides that
showed negative correlations an indication of the
fractional crystallization as the dominant mode of
formation for the magmas that produced the rocks
while the other oxides showed negative correlation
with SiO,. The moderate to high silica and alumina
concentrations within the granitoids further explains
the abundance of quartz, feldspars and biotite. The
scattered correlation between Na,O and SiO, may
suggest contamination of the melt bringing about
formation of heterogeneous granitic rocks (Ahmadi
Khalaji et al., 2007).

Trace elements geotectonic discrimination plots
(Pearce et al., 1984) of Nb Vs Y revealed Within
Plate Granites classification for most of the
granitoids implying enriched mantle sources and
crustal materials inclusions while some Granitic
gneisses fell within the Orogenic boundary
indicating their metamorphic changes may have been
as a result of the Pan African Orogeny (Fig. 8).
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Table 3. Geochemical concentrations of Granitoids within lla Oyan, Iseyin-Oyan and Ekiti-Akure areas (Major Oxides

wt.%, Trace and Rare Earth Elements in ppm)

Granite Gneisses Granites Gabbro-diorites Monzonites
SiO2 65.2-72.22 66.3-74.96 45.65-65.59 51.20-65.75
Al203 13.05-15.21 11.55-17.04 13.73-19.15 14.57-17.41
Fe20s 1.54-7.24 1.03-3.3 6.34-15.40 3.31-11.81
MgO 0.25-0.87 0.1-0.58 2.77-8.16 0.10-2.22
CaOo 0.79-2.77 0.55-2.7 3.44-10.44 1.23-7.33
Na20 2.22-3.9 2.86-5.5 2.63-4.11 2.79-7.75
K20 3.15-7.72 4.16-6.93 0.91-3.29 2.99-6.98
TiO2 0.26-0.91 0.15-0.35 0.62-3.13 0.25-2.99
P20s 0.11-0.67 0.07-0.44 0.13-2.61 0.07-1.87
MnO 0.03-0.1 0-0.17 0.10-0.17 0.04-0.22
Ba 326-1071 225.13-831.78 309-1029 988.00-2223.00
Be 1-10 1-5 1.00-4.00 2.00-3.00
Co 2.6-8.5 1.6-2.8 14.0-60.0 4.00-32.00
Cs 1.3-6.3 2.2-2.7 0.5-1.9 0.50-1.70
Ga 11.9-25.6 17.7-33.8 17.0-24.0 19.00-27.00
Hf 7.3-35.5 17.1-35.3 2.0-94 6.50-31.50
Nb 8.5-103.8 19.6-127.3 11.3-146.0 54.60-217.80
Rb 162.5-277.1 99.9-242.6 16.0-189.0 75.00-218.00
Sn 3-11 3.15-9 1.0-3.0 1.00-4.00
Sr 70.6-113.6 15.9-187.1 155-680 156.00-469.00
Ta 1.1-8.1 1.9-3 0.3-2.8 0.70-2.70
Th 3.7-71.7 19.23-65.4 1.7-33.2 5.60-93.90
U 1-54 6-8.8 0.3-17.6 1.50-5.70
\% 9-43 0-28 55-291 0-204.00
W 0.6-5.1 <0.5 0-1 0-1
Zr 241.9-1298.1 170.8-1175.6 76-316 360-1279
Mo 0.1-2.9 0.8-1.5 2.0-3.0 3-13
Cu 0.4-15.7 3.8-22.12 19.7-160.0 10-30
Pb 1.1-57 6.3-32 6.0-32.0 18-46
Zn 18-171 20.4-177.9 50.0-170.0 50-180
Ni 1.6-5.8 1.3-26.21 20.0-310.0 22.79-35.38
As 0.6-8.7 0.04 2.1-44 0.82-15.69
Ti 0.3-15 0.3-0.4 0.1-0.8 0.30-0.80
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The REEs concentrations of all granitoids (granitic
gneisses, granites, diorites, and monzonites) within
the study area are presented in Table 4. Granites have
the highest concentrations of REEs followed by
monzonites, granitic gneisses, and diorites with the
lowest concentrations. The LREEs in all granitoids
have higher concentrations when compared with the
HREEs (Sm-Lu). The general enrichment in LREEs
and depletion in HREEs (displayed by ratio La/Ybn
which ranged between 2.67- 72.19) with a negative
Eu anomaly (Eu/Eu* range 0.15-1.35) in the
granitoids indicate the magma that produced these
granitoids crystallized plagioclase and most of the Eu
was incorporated in the minerals (Fig. 9). The values
of ZLREE, XHREE, and XREE for each rock unit

were:  Granitic gneisses 3947.55, 916.44, and
4863.99; Granites 15221.7, 1818.01, and 17039.7;
Diorites 2903.5, 426.96 and 3330.46; Monzonites
11108.3, 1094.9 and 12203.2 which may point to
origin of their magma being from upper continental
crust. Both LREEs and HREEs are abundant in the
rock units in the order
Granites>Monzonites>Granitic  gneisses>Diorites.
Spider plot of REEs for all granitoids normalized
using Chondrite values after Boynton (1984) showed
values of REEs were greater than 1 indicating the
formation of granitoids was from continental crust
materials. These characteristics compare favorably
with the geochemical properties of granites of
Dingnan, Southern China (Ishihara et al., 2008).
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REE Mineralization Potentials

The concentrations of REEs in the different rock
units within the granitoids were compared with
concentrations of REEs in mineralized areas to
determine the mineralization potentials (Table 3).
The REEs concentrations of the granitoids studied
when compared with those of granites of Masamba,
South Sulawesi, Indonesia (Maulana et al., 2012)
showed similarities with the granitic gneisses and
diorites while the granites and monzonites had far

higher REE concentrations, especially the LREEs.
However, a comparison of the REEs concentrations
with the granites of Dingnan, Southern China, where
REEs exploration is ongoing, showed higher
concentrations of LREEs in the granites and
monzonites with lower HREEs concentrations in all
the rock units. These might suggest that the granites
and monzonites of the study areas are places of
interest for further investigation in the search for
potential sources of rare earth elements in Nigeria.
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Mineral Chemistry

Representative samples of granitic gneisses (2),
Older Granites (1) and monzonites (2) that have
shown enrichment in REEs based on comparison
with places where mining is currently ongoing were
further studied using SEM-EDX back scattered
electron images (BSE) to ascertain their REE-
bearing accessory minerals with emphasis on the
chemical composition of minerals with significant
Rare Earth Elements concentrations within their
structures (Table 5).

The REE- bearing accessory minerals found in the
granitic gneiss samples in the order of abundance

include: synchysite Ca(Ce, La)(COs).F with range
values of REE concentration of La 7.19-16.93%, Ce
17.27-24.83%, Nd 8.03-14.85% and Y 3.39-7.51%;
tritomite (Y,Ca,La,FE)s(Si,B,Al)s(0,0H,F)ls with
range values of La 7.72-10.46%, Ce 12.43-18.13%,
Nd 4.98-8.7% and Y 8.47-10.28%; allanite
(Ce,Ca,Y,La)z(AI,Fe3*)3(SiO4)3(OH) with  range
values of La 1.97-2.65%, Ce 4.71-8.96%, Nd 2.39-
3% and Y 6.31-10.12%. The concentrations show the
granite gneisses have higher LREESs concentrated in
synchysites, tritomite (a member of apatite
Supergroup) and allanites (a member of the epidote
supergroup) minerals (Fig. 10).
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Table 4. REEs concentrations within Granitoids in the study area compared to other granitoids lla Oyan, Iseyin-Oyan

and Ekiti-Akure areas

(ppm) 1 2 3 4 5 6
La 67.8-204.5 70.31-944.39 12.6-136 79.20-629.59 7.6-75.1 33.4-101.00
Ce 126-385.3 153.35-1083.6 24.0-301.0 145-795 16.6-157  73.2-196.00
Pr 13.72-40.07 13.10-103.02 2.7-35.3 14.9-70.9 2.11-17.2 8.11-20.00
Nd 49.5-136.6 47.07-326.69 11.3-146.0 54.6-217.8 8.9-53 30.4-71.30
Sm 10.18-27.65 7.79-50.79 2.3-26.0 9.5-33.86 2.3-7.18 6.49-13.60
Eu 1.24-4.92 1.41-3.51 1.0-5.8 2.04-5.68 0.10.92 0.22-1.65
Gd 11.16-29.69 8.29-45.91 2.0-18.6 6.90-22.96 2.41-5.98 5.71-15.00
Th 2.07-5.23 3.01-4.92 0.3-24 1.0-3.5 0.5-0.86 0.89-2.62
Dy 13.75-33.34 6.91-43.59 1.8-17.0 5.4-21.79 2.23-5.88 4.48-15.2
Ho 2.97-7.21 2.94-5.18 0.3-2.3 1-34 0.39-1.31 0.76- 2.95
Er 9-21.8 4.74-34.70 0.9-94 2.6-17.35 1.22-4.21 1.94-7.98
Tm 1.17-3.12 0.68-4.96 0.1-1.2 0.35-2.48 N/A 0.28-1.19
Yb 6.64-20.71 4.54-32.58 0.8-8.3 2.20-16.29 N/A 1.72-7.45
Lu 0.92-2.99 0.44-4.76 0.1-14 0.34-2.38 0.03-0.21 0.24-1.05

LREE 13.72-385.3 13.10-1083.6 2.7-301.0 14.9-795 38-310 152-402

HREE 0.92-33.34 0.44-50.79 0.1-26.0 0.34-33.86 9-17 16-53

1.Granite gneisses of lla Oyan area

2. Granites of Ila Oyan, Iseyin-Oyan areas

3. Gabbro-diorites of Iseyin-Oyan and Ekiti-Akure areas
4. Monzonites of Ekiti-Akure area

5. Masamba granitic rocks in South Sulawesi, Indonesia
6. Granites of Dingnan, Southern China

Accessory minerals found in the Older Granite
samples enriched in REEs are as follows in the order
of REEs abundance: apatite Caio(PO4)s(OH,F,Cl) in
the range of La 17.94-19.89% and Ce 32.39-33.97%;
monazite (Ce,La,Nd,Th)(PO,,SiO,) in the range of
La 19.69-20.39% and Ce 29.23-32.69%; allanite
(Ce,Ca,Y,La)z(Al,Fe*")3(Si04)s(OH) in the range of
La 3.06% and Ce 3.21-8.87%. The results further
confirmed earlier analysis which classified the Older
Granites as rock units essentially enriched in LREEs
which are hosted in apatite, monazite and allanites
(Fig. 11).

The monzonite samples had essentially two REE-
bearing minerals with dominantly Light Rare Earth
Elements (La and Ce). synchysite minerals Ca(Ce,
La)(CO3)2F had La concentration ranging from
13.65-25.65% and Ce concentration between 25.65-

30.29% while allanite
(Ce,Ca,Y,La)2(Al,Fes)s3(SiO4)3(OH) had La
concentration between 1.64-5.64% and Ce

concentrations of 4.39-11.77%. These monzonites
also indicate enrichment in LREEs similar to the
granitic gneisses with synchysites and allanites as
their REE- bearing minerals but no tritomite (Fig.
12).
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Fig. 9. Spider plot normalized by REE Chondrite (Boynton, 1984) for all granitoids within Ila Oyan, Iseyin-Oyan and
Ekiti-Akure areas

Table 5. Summary of LREEs and HREES concentrations in host minerals within the various rock types of lla Oyan,
Iseyin-Oyan and EKkiti-Akure areas

Rock type REE minerals LREEs (%) HREES (%)
La Ce Pr Nd Er Y Dy
Synchysite 7.2-16.9 17.3-24.8 _ 8.0-14.9 _ 3.3-75
Granitic Tritomite 7.7-105 12.4-18.1 B 4.9-8.7 _ 8.5-10.3
gneisses
Allanite 1.9-2.7 4.7-8.9 _ 2.4-3.0 _ 6.3-10.2
Allanite 0.1-3.1 3.2-8.9 _ _ _ _ _
Granites Apatite 17.9-19.9 32.4-33.9 _ _ _ _ _
Monazite 19.7-20.4  29.2-32.7 _ _ _ _ _
Synchysite 13.7-25.7 19.1-30.3 _ _ _ _ _
Monzonites
Allanite 1.6-5.6 44-11.8 _ _ _ _
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Fig. 10. Back-scattered electron (BSE) images of REE-bearing minerals synchysite, apatite, tritomite and allanite within
the granite gneiss samples of lla Oyan area
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Fig. 11. Back-scattered electron (BSE) images of REE-bearing minerals allanite, monazite and apatite within the Older
Granites samples of 1la oyan and Iseyin Oyan areas
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Fig. 12. Back-scattered electron (BSE) images of REE-bearing minerals allanite and synchysite within the monzonite
samples of Ekiti-Akure area

Journal of Economic Geology, 2026, Vol. 18, No. 1 DOI: 10.22067/econg.2026.1116

63


https://doi.org/10.22067/econg.2026.1116

Aminu et al.

Petrography, geochemistry, tectonic Setting and rare earth elements mineralization potentials of ...

Conclusion

The Nigerian Granitoids within the study areas were
observed to consist of granitic gneisses, granites,
diorites, and monzonites generally occurring as high
rising plutons with occasional low-lying features
with a general foliation trend of NE-SW directions
which is typical of outcrops that have experienced
Pan African Orogeny. Petrographic studies showed
the presence of minerals such as quartz, plagioclase,

microcline,  orthoclase, = muscovites, biotite,
hornblende, and opaque minerals in varying
proportions.

Geochemical classification indicated that the
granitoids are calc-alkalic to alkalic, mostly

metaluminous except for the granitic gneisses that
showed peraluminous implying they are linked to
areas of post continental collisions events. Tectonic
discrimination plots showed granitoids were mostly
associated with WPG indicating formation within
plates while the Granite gneisses fell within the ORG
(Orogenic events), further confirming they had
experienced some level of Orogeny. All Granitoids
were enriched in LREEs, depleted in HREEs, and
had negative Eu anomaly similar to the granites of
Dingnan and indicating moderate fractionation and
preservation of alkali and plagioclase feldspars.

Mineral chemistry analysis of selected samples of
granite gneisses, granites and monzonites showed the
important REE-bearing minerals within these
samples include synchysites, allanites, monazites,
apatites and tritomites. A comparison of REEs
concentrations with concentrations from Masamba,
Indonesia, and Dingnan, Souther China indicated
higher REEs especially the LREEs in the granites
and monzonites investigated. Thus, this suggests that
the granites and monzonites investigated are
potential REEs mineralization zones hosted in

synchysites, apatites, monazites and allanite minerals
and these prospects can be further be explored.
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enrichment of peridotites in LILEs and LREEs, alongside a depletion in HFSEs
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EXTENDED ABSTRACT

Introduction
Understanding  the  origin, evolution, and

metallogenic processes of mantle peridotites is
fundamental for reconstructing the geodynamic
history of oceanic basins and supra-subduction zone
(SSZ) settings. Ophiolitic mantle peridotites and
their associated podiform chromitites preserve robust
records of mantle melting regimes, melt-rock
interactions, and tectonomagmatic evolution during
oceanic spreading and subduction initiation (Leblanc
and Nicolas, 1992; Arai, 1994). Within the Neo-
Tethyan realm, the Makran Accretionary Prism
(MACP) of southeastern Iran represents a key
tectonic domain containing accreted fragments of
oceanic lithosphere formed during the convergence
of the Arabian and Eurasian plates (McCall, 2002;
Shafaii Moghadam and Stern, 2015). Despite
extensive investigations, the petrogenesis, mantle-
source characteristics, and tectonic significance of
chromitite-bearing peridotites from the Bashagard
Ophiolite Mélange Complex (BOMC) remain poorly
constrained. Previous studies have variously
interpreted Makran ultramafic—mafic assemblages as
products of mid-ocean ridge (MOR), plume-related,
or SSZ magmatism, highlighting the lack of an
integrated petro-geochemical and mineral-chemical
framework (e.g., Ghazi et al., 2004; Delavari et al.,
2016; Ghasemi Siani et al., 2021a; Ghasemi Siani et
al., 2021b; Ghasemi Siani et al., 2025). In particular,
the processes controlling podiform chromitite
mineralization and the role of slab-derived hydrous
melts in modifying the mantle wedge beneath the
MACP remain debated. The principal objective of
this study is to constrain the tectonomagmatic setting
and mantle evolution of chromitite-hosting
peridotites in the BOMC through an integrated
dataset  including  petrography,  whole-rock
geochemistry, mineral chemistry, and detrital-zircon
U-Pb geochronology to discriminate between
abyssal and SSZ mantle processes and refine
regional geodynamic models for the MACP.

Material and methods
To characterize chromite mineralization and its

petrogenetic  controls  within  the BOMC,
representative surface samples were systematically
collected from ultramafic and mafic lithological
units during detailed geological field surveys, guided
by lithological variability and field relationships.
Polished thin sections and polished blocks of
ultramafic, mafic, and felsic igneous rocks, as well
as associated chromitite ore bodies, were prepared
for petrographic, mineralogical, and textural
analyses using transmitted- and reflected-light
microscopy at Kharazmi University.

Following microscopic examination, representative
chromite-bearing host rocks and massive chromitite
samples were selected for whole-rock geochemical
analyses. Major-element concentrations  were
determined by X-ray fluorescence (XRF), whereas
trace and rare-earth elements (REE) were analyzed
by inductively coupled plasma—mass spectrometry
(ICP-MS; Agilent 7900) at the Iranian Mineral
Processing Research Center and Ankara University.
Prior to analysis, samples were crushed, powdered in
an agate mill, and prepared following standard
analytical protocols.

Mineral chemical compositions of orthopyroxene,
clinopyroxene, and chrome-spinel were measured
with a CAMECA SX100 electron microprobe at the
State Key Laboratory of Geological Processes and
Mineral Resources, China University of Geosciences
(Wuhan), under well-defined analytical conditions.
Ferric-iron contents in pyroxenes were calculated
using the charge-balance method of Cawthorn and
Collerson (1974). In addition, detrital zircon grains
separated from a sandstone sample were examined
by cathodoluminescence imaging and analyzed by
LA-ICP-MS U-Pb geochronology using a 193 nm
excimer laser system at China University of
Geosciences (Wuhan).

Results and Discussion

Petrographic, whole-rock  geochemical, and
mineral-chemical data from the BOMC indicate that
the ultramafic and mafic rocks were derived from a
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strongly depleted mantle source that was
subsequently modified by supra-subduction-zone
(SSZ) processes during the early stages of
subduction initiation. The dominant harzburgite,
Iherzolite, and dunite units display adcumulate to
mesocumulate textures and variably deformed
protogranular to cataclastic fabrics, consistent with
upper-mantle peridotites formed in fore-arc settings.
Widespread serpentinization, development of mesh
textures, and preservation of relict olivine and
clinopyroxene indicate post-magmatic hydration
under tectonically active conditions.

Whole-rock geochemical data reveal extremely low
Al;0O5 and TiO; contents, implying high degrees of
partial melting. Elevated Cr# values in
chrome-spinel and high Mg# values in pyroxenes
further support derivation from a strongly depleted
mantle source genetically linked to hydrous SSZ
settings and comparable to fore-arc peridotites (e.g.,
Kamenetsky et al.,, 2001). Clinopyroxene
compositions plotted on TiO; vs. Al,Os, TiO; vs.
Mg#, and Cr# vs. Mg# discrimination diagrams
display transitional trends between abyssal and SSZ
peridotites,  reflecting  pervasive  melt-rock
interaction  with  slab-derived melts during
subduction initiation (Johnson et al., 1990). These
melts were likely boninitic to island-arc tholeiitic in
composition.

Field observations of dunite channels, coupled with
petrographic evidence for Cr-rich melt infiltration,
suggest focused melt transport and channelized
percolation that enhanced chromium enrichment and
promoted the formation of podiform chromitite
lenses typical of fore-arc ophiolitic systems
(Gonzalez-Jiménez et al., 2014a; Gonzélez-Jiménez
et al., 2014b). Mafic units including olivine gabbro,
gabbronorite, diabase dikes, and plagiogranite
display predominantly tholeiitic affinities on SiO vs.
(Na2O + K;0), Zr/Y vs. Th/Yb, and Zr vs. Y
diagrams, with subordinate calc-alkaline signatures,
indicating a composite magmatic evolution
influenced by both MORB-like and SSZ melts.
U-Pb analysis of detrital zircons from sandstone
lenses yielded Early Carboniferous (Tournaisian)
ages of approximately 350 + 6 Ma, with Th/U ratios
indicative of magmatic origin (e.g., Cherniak and
Watson, 2000; Kirkland et al., 2015). These inherited
zircons record sediment supply from older
continental or arc-related crust. Integrated with
regional tectonic constraints, the BOMC documents
a multistage evolution involving Neo-Tethyan
seafloor spreading, subduction initiation, fore-arc
development, and final accretion and obduction
during convergence between the Arabian Plate and
the Lut Block (e.g., McCall, 2002; Shafaii
Moghadam and Stern, 2015; Barbero et al., 2025).
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Himalayan orogenic system (modified from Verdel et al.,

2007; Shafaii Moghadam and Stern, 2015). Main Iranian
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Fig. 3. A: Ophiolitic complexes in southeastern Iran together with the location of the Bashagard ophiolite mélange (with
modifications from McCall, 1985; Kananian et al., 2001; Ghazi et al., 2004), and B: A simplified geological map of the
Bashagard region adapted from the Taherouei 1:250,000 map with modifications from McCall (1985).
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Fig. 4. View of the igneous and metamorphic units of the Bashagard Ophiolite Mélange Complex. A: Dike-like intrusion
of dunite into harzburgite, accompanied by the development of secondary calcite veinlets, B: Rugged topography of the
harzburgitic units (view toward the west), C and D: Serpentinization within the harzburgite unit, E: Gabbro outcrop at
higher elevations, together with mafic and ultramafic lithologies of the Bashagard ophiolite—mélange complex (view
toward the west), F: Leucogabbro and its contact with adjacent shaly units, G: Outcrops of diabasic dikes in the study
area (view toward the west), H: Exposure of a plagiogranite dike, I: Outcrop of the serpentinite unit (view toward the

northwest), J: Association of dunite with high-grade chromitite displaying a massive texture, K: Exposure of a chromitite
vein in the Bashagard area, and L: Outcrop of a large, high-grade chromitite lens
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Fig. 5. A: The Streckeisen (1979) and Le Bas (2000) triangular diagrams were used for the classification of ultramafic
rocks from the Bashagard ophiolite—-mélange complex, and B: Modal composition of the gabbroic rocks from the
Bashagard ophiolite—-mélange complex plotted on the IUGS classification diagram (Gibson, 2002)
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Fig. 6. Microscopic images of ultramafic units from the Bashagard Ophiolite Mélange Complex. A: Olivines affected by
intense serpentinization (dunite), B: Coarse-grained orthopyroxene with prominent cleavage (harzburgite), C: Olivine and
pyroxene phenocrysts (lherzolite), D: Tectonized serpentine with bending (pyroxenite), E: Intergrown hornblende
phenocrysts (hornblendite), F and G: Lamellar texture formed by simultaneous growth of orthopyroxene and
clinopyroxene blades, H: Clinopyroxene crystals undergoing transformation into secondary amphibole, and I: Interstitial
pyroxene phase between primary hornblende crystals. All images were taken in transmitted cross-polarized light (XPL).
Abbreviations after Whitney and Evans (2010) (Ol: Olivine, Opx: Orthopyroxene, Cpx: Clinopyroxene, As: Asbestos,
Hbl: Hornblende, PI: Plagioclase, Srp: Serpentine).
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Fig. 7. Optical microscopic image (A-I, transmitted cross-polarized light, XPL; J and L, reflected plane-polarized light,
PPL) and backscattered electron (BSE) images of mafic, felsic, metamorphic, and chromitite units from the Bashagard
Ophiolitic Complex. A: Chromite associated with olivine and pyroxene, illustrating contacts between magmatic shear
bands within noritic gabbros, B: Well-developed fractures in olivine grains within olivine gabbros, C: Porphyroidal
texture observed in troctolite, D: Sieve texture of plagioclase in diabasic dikes, E: Subhedral to euhedral, holocrystalline
plagiogranites from the Bashagard area, F: Asbestos veins hosted within serpentine in serpentinite units, G: Characteristic
mesh texture developed in serpentinite units, H: Alteration of primary amphibole (hornblende) to secondary amphibole
(tremolite—actinolite) in amphibolite units, I: Preferred orientation (parallel growth) of acicular hornblende crystals in
amphibolite units, J: Triple junctions between polygonal chromite grains, K: Backscattered electron image of massive
chromite, and L: Tectonized chromitite exhibiting a brecciated texture. Abbreviations after Whitney and Evans (2010)
(Ol: Olivine, PI: Plagioclase, Opqg: Opaque minerals, Cpx: Clinopyroxene, Qtz: Quartz, Afs: Alkali feldspar, As: Asbestos,
Hbl: Hornblende, Srp: Serpentine, Tr/Act: Tremolite—Actinolite, Chr: Chromite).
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Fig. 8. A: Geochemical classification of mafic and ultramafic rocks in the Bashagard ophiolite Mélange complex based
on the SiO; vs. Na;0O + K0 diagram (Middlemost, 1994), B: Zr/Y vs. Th/Yb diagram (Ross and Bédard, 2009), showing
the location of samples from the Bashagard region. These samples exhibit tholeiitic characteristics, and C: Zr vs. Y

diagram (Ross and Bédard, 2009), showing the location of different rock groups. Apart from the diabase sample's location
in the calc-alkaline range, these samples also exhibit tholeiitic characteristics.
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Table 1. Whole-rock chemical analysis results of samples from ultramafic and mafic rocks of the Bashagard ophiolitic
complex, analyzed by XRF (wt.%) and ICP-MS (ppm). Abbreviations after Streckeisen, (1976) (NA: Not analyzed, Hz:
Harzburgite, Dun: Dunite, Lhz: Lherzolite, Px: Pyroxenite, Hbl: Hornblendite, Tr: Troctolite, Gb: Gabbro).

Rock

Name

SiO: 44.69  42.13 43.36 39.35 43.89 42.80 48.32 54.24 46.29 4731
TiO: 0.30 0.02 0.03 0.02 0.04 0.02 1.55 1.22 0.94 1.59
ALlLOs 0.17 0.23 0.15 0.51 1.83 0.01 12.71 12.38 13.03 8.80
FeO 9.41 8.43 9.55 7.81 6.93 9.47 11.30 9.47 10.72 11.92
MnO 0.06 0.11 0.08 0.13 0.18 0.07 0.11 0.12 0.10 0.07
MgO 42.66  45.35 41.49 48.37 40.89 41.72 9.68 8.72 11.76 13.02
CaO 0.49 0.63 0.23 0.89 2.63 0.39 10.85 8.74 12.31 11.43
Na:O 0.08 0.11 0.03 0.08 0.13 0.04 2.48 1.18 2.57 1.36

Hz Hz Hz Dun Lhz Px Hbl Hbl Hbl Tr

K:O 0.19 0.28 0.15 0.04 0.03 0.16 0.15 2.08 0.12 0.79
P20s 0.03 0.04 0.02 0.01 0.04 0.05 0.22 0.22 0.04 0.13
LOI 2.07 2.21 4.12 242 3.13 4.28 2.19 1.74 1.73 2.83
Total 99.88  99.54 99.21 99.63 99.72 99.01 99.56 100.11 99.61 99.25
Rb 1.37 1.98 0.60 12.19 12.14 0.20 3.40 32.20 1.93 16.71
Sr 11.84 19.76 14.20 104.50  173.28 8.30 395.10 22840  86.42  313.36
Co 4120  38.35 116.00  56.72 18.14 145.00  35.32 63.40 28.39 11.34
Y 12.00 15.52 0.40 10.57 15.04 0.30 22.10 23.70 11.20 11.52
Zr 10.41 6.02 3.30 10.15 27.72 3.40 17.05 106.10 6.93 73.32
Nb 2.69 9.39 2.20 27.61 10.56 2.30 25.92 20.10 23.67 4.49
Ba 12.56  86.08 44.10 37.09 57.33 16.30 25.50 39.20 12.82  424.16
Ta NA NA 7.30 NA NA 7.40 NA 2.80 NA NA
Th 0.90 0.33 0.60 0.70 2.71 0.50 0.63 0.70 0.56 0.79
U 0.67 0.16 6.30 0.27 0.39 6.70 0.48 9.20 0.66 0.77
Ga 3.00 3.86 1.90 7.41 8.66 2.10 12.35 15.80 7.36 8.16
Hf 0.68 0.74 3.40 0.06 0.43 2.90 0.45 2.60 0.61 242
La 4.43 4.76 6.90 6.21 13.80 10.80 9.23 7.50 6.63 2.57
Ce 3.09 3.25 11.50 15.49 27.64 9.80 19.19 22.20 12.63 6.99
Pr 4.82 5.04 6.16 6.29 11.07 10.55 9.03 8.93 1.49 4.76
Nd 5.74 6.85 7.71 8.39 14.48 13.19 12.40 12.20 12.25 6.05
Sm 3.32 3.48 3.37 3.50 4.70 4.56 4.70 4.71 4.49 3.59
Eu 0.55 0.60 0.55 0.58 0.47 0.67 0.87 0.48 0.33 0.38
Gd 2.20 221 2.13 1.42 2.03 2.62 1.81 1.18 NA 1.94
Tb 0.66 0.68 NA 0.33 0.73 NA 0.49 NA 0.44 0.47
Dy 2.35 2.49 2.22 1.33 1.64 1.85 2.30 1.96 1.57 1.98
Ho 0.56 0.59 0.49 0.32 0.36 0.61 0.50 0.42 0.39 0.45
Er 1.44 1.59 1.33 0.76 0.94 0.88 1.41 1.29 1.09 1.22
Tm 0.22 0.23 NA 0.07 0.13 NA 0.20 NA 0.16 0.18
Yb 2.30 2.37 1.89 1.63 1.40 2.13 2.79 1.95 1.79 1.63
Lu 0.30 0.33 NA 0.08 0.16 NA 0.25 NA 0.23 0.26

XREE 31.98 3447 44.25 46.46 72.55 57.75 65.17 62.82 43.49 32.47
XLREE 2195 23.98 36.19 40.46 72.16 49.66 5542 56.02 37.82 24.34
XHREE  10.03  10.49 8.06 5.94 7.39 8.09 9.75 6.80 5.67 8.13
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Table 1 (Continued). Whole-rock chemical analysis results of samples from ultramafic and mafic rocks of the Bashagard
ophiolitic complex, analyzed by XRF (wt.%) and ICP-MS (ppm). Abbreviations after Streckeisen, (1976) (NA: Not
analyzed, Hz: Harzburgite, Dun: Dunite, Lhz: Lherzolite, Px: Pyroxenite, Hbl: Hornblendite, Tr: Troctolite, Gb: Gabbro).

15;:“]; Gb OI1-Gb g(l:; Diab Diab Plg Plg Amp Amp Srp
SiO; 47.91 48.34 49.24 49.51 48.93 65.29 64.82 48.27 48.91 43.25
TiO: 1.86 0.56 0.68 1.91 0.96 0.46 0.23 1.76 0.53 0.01
AlLOs 10.27 12.56 11.71 14.62 13.58 13.88 10.53 13.56 10.09 9.61
FeO 13.10 5.68 7.60 7.87 8.33 4.99 3.98 12.45 14.44 0.10
MnO 0.18 0.10 0.20 0.24 0.07 0.06 0.21 0.10 0.10 41.49
MgO 9.03 18.96 16.97 7.13 10.24 3.96 4.63 5.93 7.87 0.14
CaO 13.22 9.22 8.13 11.13 10.08 3.51 4.99 13.67 10.71 0.03
Na:O 2.48 0.40 1.31 2.62 2.85 5.78 3.41 2.56 3.66 0.16
K>O 0.23 1.31 0.09 0.31 0.98 0.13 1.52 0.37 1.83 0.08
P20s 0.13 0.18 0.23 0.34 0.26 0.09 0.07 0.49 0.09 NA
LOI 1.63 1.93 3.47 4.17 3.14 1.37 4.72 0.78 1.69 4.62
Total 100.04  99.24 99.63 99.85 99.42 99.52 99.11 100.94  99.92 99.51
Rb 1.10 10.61 10.26 51.94 72.11 0.30 19.70 5.40 65.41 0.20
Sr 74330 217.84 34858 92776 242770 9250  191.00 445.80 262.66 4.10
Co 49.50 22.96 14.07 52.45 20.67 19.60 22.70 59.50 15.16  128.00
Y 25.50 14.47 27.27 9.13 12.43 30.00 21.90 37.90 14.26 0.40
Zr 93.40 54.63 87.08 153.82 6691 96.50 113.40 19540  52.80 3.30
Nb 3.90 3.02 4.62 6.51 11.13 3.80 2.70 18.60 10.15 2.50
Ba 40.70 139.45  96.02 44.46 180.97 23930 186.20  51.20 157.67 10.50
Ta 3.70 NA NA NA NA 3.30 2.70 6.80 NA 7.00
Th 0.80 0.33 0.59 0.74 2.70 0.50 1.90 1.30 2.77 0.60
U 9.10 0.14 0.43 1.00 1.01 6.90 6.20 8.90 0.28 6.70
Ga 20.20 14.83 5.72 30.69 12.53 13.80 8.80 24.40 9.66 1.70
Hf 3.50 1.40 2.48 3.52 1.67 2.40 3.80 5.50 1.41 2.70
La 7.60 5.72 7.15 28.60 13.59 14.50 14.90 25.00 10.86 11.10
Ce 15.20 10.75 15.26 42.22 19.43 12.60 9.90 34.20 17.03 9.60
Pr 5.25 7.25 10.66 19.26 11.19 13.11 12.96 8.85 9.27 8.98
Nd 7.56 10.06 13.78 29.82 15.53 15.16 14.36 12.96 12.12 12.34
Sm 4.25 4.38 7.43 12.57 5.74 6.95 5.78 3.68 4.00 4.04
Eu 0.52 0.60 0.87 3.01 0.76 0.42 0.39 0.71 0.64 0.61
Gd 2.15 2.27 4.03 11.41 2.55 4.36 3.98 2.87 2.24 2.19
Tb NA 0.59 0.14 2.68 0.28 NA NA NA 0.49 NA
Dy 1.88 1.90 3.93 13.99 2.25 1.87 2.32 1.55 1.81 1.76
Ho 0.51 0.45 0.92 3.38 0.49 2.19 2.54 0.56 0.44 0.39
Er 1.36 1.21 2.74 7.62 1.37 1.79 1.93 1.02 1.14 1.56
Tm NA 0.19 0.37 1.03 0.20 NA NA NA 0.19 NA
Yb 1.77 2.21 2.97 3.04 1.62 223 2.44 1.74 1.66 1.89
Lu NA 0.24 0.56 1.00 0.23 NA NA NA 0.27 NA
ZREE 48.05 47.82 70.81 179.63 7523 75.18 71.50 93.14 62.16 54.46
ZLREE 4038 38.76 55.15 13548  66.24 62.74 58.29 85.40 53.92 46.67
XHREE 7.67 9.06 15.66 44.15 8.99 12.44 13.21 7.74 8.24 7.79
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Table 2. U-Pb geochronological results of detrital zircons from the sandstone unit of the Bashagard ophiolitic complex

Sample U [ppm]  Th [ppm] U/Th N7ph/2%Ph 1sigma W07pp/235y
M-03 165.63 82.54 2.12 0.053 0.004 0.409
Sample 1sigma 206pp/238Yy  1Isigma  2Pb/2°Pb +(Ma) 207pp /235y
M-03 0.026 0.056 0.001 324.13 168.50 347.83
Sample  +(Ma) _ Pb/®U _ +(Ma) 2®Pb/’’Th __ +(Ma)
M-03 18.74 350.32 5.98 335.17 14.35
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Fig. 10. A: Cathodoluminescence images of detrital zircons in a dated sandstone showing an example of magmatic zircons
with oscillatory zoning from the Bashagard ophiolite Mélange complex, and B: Tera-Wasserburg diagram and weighted
average 2%Ph/?%U ages of dated sandstone sample from the Bashagard ophiolite Mélange complex
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Table 3. Results of Point Analysis of Chrome-Spinels Present in Chromitites of the Bashagard Ophiolitic Complex Based
on Weight Percentage and Structural Formula Calculation Data Based on 5 Oxygen Atoms

Point No. 1 2 3 4 5 6
SiO; 3.99 0.08 0.06 0.08 0.00 0.08
TiO:2 0.45 0.29 0.27 0.26 0.26 0.27

ALO3 19.73 13.52 13.31 13.64 14.38 13.64
FeO 33.61 4.34 4.16 4.51 4.77 4.38
MnO 0.70 0.67 0.64 0.60 0.67 0.62
MgO 6.64 15.14 14.90 15.09 15.85 15.11
CaO 2.69 0.00 0.00 0.02 0.00 0.00
Na:0 0.00 0.00 0.00 0.00 0.00 0.06
K0 0.00 0.00 0.00 0.00 0.00 0.00
Cr203 28.97 59.76 59.10 59.15 61.79 58.22
NiO 0.00 0.74 0.52 0.40 0.43 0.63
CoO 0.09 0.02 0.02 0.10 0.05 0.00
V203 0.33 0.10 0.11 0.09 0.06 0.10
Total 97.20 94.66 93.09 93.94 98.26 93.11
Si 0.166 0.003 0.002 0.003 0.000 0.003
Ti 0.140 0.009 0.008 0.008 0.008 0.008
Al 0.970 0.648 0.648 0.658 0.663 0.663
Mn 0.025 0.023 0.022 0.210 0.022 0.022
Mg 0.413 0.918 0.918 0.921 0.925 0.930
Ca 0.120 0.000 0.000 0.001 0.000 0.000
Na 0.000 0.000 0.000 0.000 0.000 0.005
K 0.000 0.000 0.000 0.000 0.000 0.000
Cr¥* 0.955 1.922 1.931 1.915 1.912 1.899
Ni 0.000 0.024 0.017 0.013 0.014 0.021
Fe?* 1.172 0.148 0.144 0.154 0.156 0.151
Mg# 26.06 86.12 86.44 85.67 85.57 86.03
Cr# 49.61 74.79 74.87 74.43 74.25 74.12

ALOs-melt 14.51 12.53 12.45 12.58 12.86 12.58
YAl-chromite 0.46 0.23 0.23 0.24 0.24 0.24
YFe*-chromite 0.08 0.05 0.05 0.05 0.05 0.05

Ln(FeOMg0O)- 0.98 1.00 0.93 0.93 0.97
chromite
TiOz-melt 1.28 1.10 1.08 1.07 1.07 1.08
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Table 3 (Continued). Results of Point Analysis of Chrome-Spinels Present in Chromitites of the Bashagard Ophiolitic
Complex Based on Weight Percentage and Structural Formula Calculation Data Based on 5 Oxygen Atoms

Point No. 7 8 9 10 1 12
$i0; 002 005 006 006 005 006
TiO; 025 027 024 023 023 028
ALO; 13.60 1344 1386  13.65  13.60  13.46
FeO 399 414 429 386 410  3.99
MnO 0.64 062 067 066 065 071
MgO 1524 1527 1537 1569 1519 1529
Ca0 004 000 002 000 000  0.00
Na:0 003 004 005 000 000  0.00
K:0 000 000 000 000 000  0.00
Cr20; 5834 5773 5902 60.12  59.50  59.32
NiO 033 059 000 070 060  0.56
CoO 009 008 000 002 007 009
V205 009 007 007 009 008 0.0
Total 9266 9230 9365 9508 9407  93.83
Si 0.001 0002 0002 0002 0002  0.002
Ti 0.008  0.008 0007 0007 0007  0.009
Al 0.664  0.659 0668 0650  0.655  0.650
Mn 0022 0022 0023 0023 0023 0025
Mg 0941 0948 0937 0945 0926 0932
Ca 0002  0.000 0001 0000 0000  0.000
Na 0.002 0003 0004 0000 0000  0.000
K 0.000  0.000 0000 0000 0000  0.000
Cr* 1910 1900 1909 1920 1923  1.922
Ni 0011 0200 0000 0023 0200 0018
Fe?* 0138 0144 0147 0130  0.140  0.137
Mgt 8721 8681 8644 8791 8687  87.18
Cr# 7420 7425 7408 7471 7459 7473
ALOs-melt 1256 1250 1266 1258 1256 12.51
YAI-chromite 024 024 024 024 024 024
YFe*-chromite 005 005 005 004 005 005
L“(ther(O’n”:‘itgeO)' 108 104 101  L14 104 107
TiOz-melt 106 108 104 103 103  1.09
DOI: 10.22067/econg.2026.1167 ) o )lat VA 5353 (VF+ eealasil ulid s

AV


https://doi.org/10.22067/ECONG.2021.70627.1025

e 0L ol 3l 5 gt 3 Sl i 5l oShaS” 156Kt 5 ardime OLer 5 Sl onls

] 0 T o1 T T T T T T 08 T T T T T T T T T
Magnesio- Chromite
= chromit 0T
g oost 1
& m ¢ ol
@ N
= 06f 1 = Y
-
—_ A 2 04l e
< . ON Non-ophiolitic complexes
t = T Ophiolitic complexes §P |
o Podiform ) 02} _
o 02 4
@] ol f
Spinel
0 1 1 1 1 1 1 00 1 1 1 1 1 1 1 1 1
L. 0.8 0.6 0.4 0.2 0 10 11 12 13 14 15 16 17 18 19 20
2+ . .
Mg/Mg+Fe** in spinel Cr wt.%

Fe¥* 1.0

Stratiform
chromitite

i EAW—magnelit 50

............

-
-

~~~~~

Fe-chromite B e
. Podiform %o
chromitite
0.0 1 1 1 1 !
: 20 30 40 50 60 70 80
: [\)
Cr 30 Al Cr203 wt. /0
0F 4 HigheAl 05+ HgeTi e
N R
fg- . ﬁ Toaq e
20 v I
S ¢ iy Lol
T b . ¢ %
\ = i .
10+ . Stratiform ™. ngﬂ"-(l__{‘ 02 Low-Ti °
0.1
0‘020 30 0 50 50 70 . 80 0 J | J ' ‘ J
: . 0 10 20 30 40 50 60 70
Cr,0;wt.% Cry0y(wt.%)

Leblanc and Nicolas, ) o ;s sus lie 55 CH# ls 503 A 5 FUk dibate (Gl s 55 352 30 lans S lo s S 50 S
TiO2 (sls,l5 503 D «(Stevens, 1944) Cr-Fe3*-Al _bau s 505 :C «(Bonavia et al., 1993) TiOz Jlis ;3 Cr ol i 415 505 B (1992
Arai et) 01, 5 1,7 5 (Ferrario and Garuti, 1988) 5358 5 5,05 5l Kb ol 5 Ol sy S o 5,0 Cr20s blis 53
(Proenza et al., 1999) Al,03 Jitas 53 Cr03 ,is 5o :E (Garuti et al., 2005) ol ) Kan 5 535 5 51 Ural-Alaskan es sus.s 5 (@l., 2004

(Dick and Bullen, 1984) TiOz i 55 CraOs,ls se :F 5

Fig. 11. Chemical composition of chromites from peridotites in the Bashagard area. A: C# vs. Mg# (after Leblanc and
Nicolas (1992)), B: Cr vs. TiO; variation diagram (after Bonavia et al. (1993)), C: Ternary Cr—Fe**—Al diagram (after
Stevens (1994)), D: TiO; vs. Cr,03 discrimination diagram (boundary between stratiform and podiform chromites from
Ferrario and Garuti (1988), and Arai et al. (2004); Ural-Alaskan field after Garuti et al. (2005)), E: Cr20s vs. AlOs
diagram (after Proenza et al. (1999)), and F: Cr,03 vs. TiO, diagram (after Dick and Bullen (1984))
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Fig. 12. A: Composition of clinopyroxenes in the Bashagard region on the Q-J diagram (Morimoto, 1988), and B:
Composition of clinopyroxenes in harzburgite units of the Bashagard region on the Wo-En-Fs triangular diagram
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Table 4. Results of point analysis of pyroxenes in harzburgite units of the Bashagard ophiolitic complex, based on weight
percentages and structural formula calculations (normalized to 6 oxygen atoms)

Point No. 1 2 3 4 5 6 7
SiO: 53.17 51.31 51.35 51.02 52.32 53.34 54.55
TiO: 0.05 0.08 0.08 0.07 0.08 0.09 0.07
ALO3 1.52 1.62 1.76 1.63 1.73 1.36 1.26
FeO 2.93 2.98 2.85 4.46 3.14 3.13 3.02
MnO 0.13 0.13 0.15 0.13 0.13 0.10 0.08
MgO 18.85 19.04 19.33 18.90 19.54 16.92 16.06
CaO 23.53 24.57 24.19 24.01 23.19 25.24 24.46
Na2O 0.12 0.04 0.07 0.09 0.11 0.12 0.07
K20 0.00 0.00 0.02 0.00 0.00 0.00 0.00
Cr203 0.42 0.41 0.43 0.42 0.42 0.47 0.47
Total 100.92 100.18 100.23 100.73 100.66 100.77 100.04

Si 1.884 1.881 1.874 1.901 1.814 1.814 1.816

Ti 0.002 0.002 0.002 0.002 0.003 0.002 0.003

Al 0.070 0.076 0.071 0.074 0.067 0.065 0.067
Fe?* 0.130 0.136 0.118 0.076 0.320 0.312 0.113
Fe’* 0.220 0.221 0.252 0.170 0.425 0.418 0.203
Cr¥* 0.012 0.012 0.012 0.012 0.016 0.016 0.014
Mn 0.004 0.005 0.004 0.004 0.004 0.003 0.004
Mg 1.042 1.056 1.035 1.058 0.993 0.981 0.984
Ca 0.966 0.950 0.945 0.903 1.132 1.145 1.004
Na 0.003 0.005 0.006 0.008 0.010 0.006 0.009
Mgi# 88.915 88.609 89.749 93.268 75.652 75.878 89.695
Cations 4.333 4.345 4.319 4.209 4.782 4.764 4.294
Wollastonite 47.290 48.120 47.350 47.730 46.030 51.160 49.750
Enstatite 52.710 51.880 52.650 52.270 53.970 47.720 45.450
Ferrosilite 0.000 0.000 0.000 0.000 0.000 1.120 4.790

Cpx Name diopside  diopside  diopside  diopside  diopside diopside  diopside
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Table 4 (Continued). Results of point analysis of pyroxenes in harzburgite units of the Bashagard ophiolitic complex,
based on weight percentages and structural formula calculations (normalized to 6 oxygen atoms)

Point No. 8 9 10 1 12 13
Si0; 53.30 52.69 51.91 51.84 51.89 52.08
TiO: 0.09 0.07 0.09 0.09 0.06 0.07
ALO;3 1.47 1.56 1.68 1.72 1.64 1.62
FeO 2.86 2.86 2.68 2.87 2.60 2.72
MnO 0.11 0.12 0.10 0.12 0.11 0.09
MgO 17.20 18.13 19.12 19.07 19.34 18.25
Ca0 24.42 24.42 24.27 24.03 24.40 24.74
Na:0 0.12 0.12 0.15 0.14 0.14 0.09
K:0 0.00 0.00 0.00 0.00 0.00 0.00
Cr:03 0.47 0.43 0.45 0.44 0.46 0.51
Total 100.04  100.40  100.45 100.32  100.64  100.17

Si 1.893 1.920 1.894 1.890 1.889 1.857

Ti 0.002 0.002 0.002 0.002 0.002 0.002

Al 0.067 0.072 0.074 0.070 0.069 0.068
Fe* 0.037 0.115 0.105 0.132 0.125 0.125
Fe** 0.127 0.195 0.191 0.209 0.206 0.206
Ccr¥* 0.012 0.013 0.013 0.013 0.015 0.014
Mn 0.004 0.003 0.004 0.003 0.003 0.003
Mg 0.985 1.040 1.039 1.050 1.041 1.023
Ca 0.953 0.949 0.941 0.952 0.962 0.945

Na 0.008 0.011 0.010 0.010 0.006 0.006
Mg# 96.412  90.065  90.841 83.868  89.303  89.111
Cations 4.115 4.294 4273 4333 4318 4.249
Wollastonite ~ 49.550  49.190  47.710  47.520  47.560  49.350
Enstatite 48550  50.810 52290 52480 52440  50.650
Ferrosilite 1.900 0.000 0.000 0.000 0.000 0.000
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Fig. 13. Presentation of the analyzed chemical compositions of clinopyroxenes from harzburgites of the Bashagard
ophiolitic complex. A: TiOz vs. Al,O3 diagram, B: TiO, vs. Mg# diagram, C: Al,O3 vs. Mg# diagram, D: Cr# vs. Mg#
diagram, and E: TiO, vs. Mg# diagram. The compositional fields of clinopyroxenes from abyssal peridotites are marked
by solid lines, whereas those of clinopyroxenes from supra-subduction zone peridotites are shown by dashed lines. The
ranges of clinopyroxene chemical compositions in abyssal peridotites are based on Johnson et al. (1990), and those of
fore-arc type peridotites are plotted according to Ishii et al. (1992).
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Fig. 14. Position of chrome-spinel from ultramafic rocks of the Bashagard ophiolitic complex. A: Al;O3 vs. Cr,03
variation diagram (Franz and Wirth, 2000), B: Fe*'# vs. TiO, variation diagram (Barnes and Roeder, 2001), C: TiO2 vs.
Cr# variation diagram (Tamura and Arai, 2006), D: Cr,O3 vs. MgO variation diagram (gray field for mantle harzburgites
after Al-Aabed, 2000), and E: TiO; vs. Cr# diagram (Kamenetsky et al., 2001) (fields for boninites and mid-ocean ridge
basalts after Dick and Bullen (1984); and for depleted to highly depleted peridotites after Jan and Windley (1990))
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Fig. 15. Tectonic setting discrimination diagrams for the Bashagard ophiolitic complex. A: TiO; vs. Al,O3 diagram
(Kamenetsky et al., 2001), B: Fe?*/Fe®* vs. Al,O3 diagram (Kamenetsky et al., 2001), C: Al,O3 vs. TiO; diagram (abyssal
and fore-arc fields after Hebert and Laurent (1990)), D: Na vs. Cr diagram for clinopyroxene (Kornprobst et al., 1981),
and E: Ti vs. Cr diagram for clinopyroxene (Kornprobst et al., 1981)
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Fig. 16. Two-dimensional (2D) lithosphere-scale tectonic models illustrating the geodynamic evolution of the Northern
Makran Basin from the Jurassic to the Eocene (modified after Barbero et al., 2025i,_and showing the tectonic position of
the Bashagard ophiolitic complex and its associated chromite mineralization. A: Ritting and formation of an oceanic basin
(Jurassic-Early Cretaceous, 152-139 Ma), B: Seafloor spreading and initiation of subduction (Early Cretaceous, 139
115 Ma), C: Development of a supra-subduction-zone (SSZ) setting and arc-related magmatism (Late Cretaceous, 100—
80 Ma), D: Intensification of qonver?en_ce and accretion of metamorphosed ophiolitic units (Late Cretaceous—Earl
Paleocene, 80-62 Ma), and E: Final collision and closure of the oceanic basin (Late Paleocene—Early Eocene, 62-52 Ma).

Abbreviations MOR: mid-ocean ridge; HP: high-pressure metamorphism; IAT: island-arc tholeiite; CAB: calc-alkaline
basalt; SSZ: supra-subduction zone
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ARTICLE INFO ABSTRACT

In the east of Tehran and the south of the Central Alborz Subzone,

Avrticle Histor . . .
Y subvolcanic rocks are exposed as sills, dykes, and intercalated lavas

SE\CI?SIZSd 2(2) 2;‘;523%2025 within the Karaj Formation. The age of this complex is middle to upper
Accepted: 25 April 2026 Eocene and, based on petrographic and geochemical analyses, they have
a basaltic composition. The main minerals in all the investigated samples
are olivine, plagioclase, and clinopyroxene, set in a microcrystalline
matrix of similar minerals. Minerals resulting from alteration include
Keywords chlorite, sericite, calcite, epidote, and zeolite. Their textures are diverse
Dike and include intergranular, microlithic-porphyritic, intersertal, and
Sill ophitic to subophitic in subvolcanic rocks. The magmatic nature of the
Lava rocks is high-potassium calc-alkaline. All samples display similar rare-
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earth element (REE) patterns, supporting a genetic relationship, which
may reflect varying degrees of partial melting or fractional
crystallization from a common mantle source. Geochemical modeling
based on incompatible element concentrations indicates that ~30-40%
fractional crystallization of plagioclase, clinopyroxene, and olivine can
account for the observed compositions and suggests that the samples are
genetically related through this process. The multi-element spider
diagram normalized to the primitive mantle shows depletion of
immobile incompatible elements such as Nb, Ta, Zr, and Ti, as well as
enrichment of mobile incompatible elements, which are the main
characteristics of subduction zones. The Alborz is considered the back-
arc of the Urumieh-Dokhtar magmatic belt, developed during Paleogene
slab rollback of the Neo-Tethyan oceanic plate. The rocks originated
from a phlogopite-bearing spinel Iherzolite mantle source, with a minor
contribution from garnet lherzolite, at depths of ~90-100 km.
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EXTENDED ABSTRACT

Introduction

The extrusive igneous rocks, located in the east of
Tehran, are one of the several Middle to late Eocene
bodies intruded into the volcano-sedimentary Karaj
Formation in south of Central Alborz zone. The
evolution of the Cenozoic Alborz magmatic arc belt
is regarded as the back arc or rear arc of the Urumieh-
Dokhtar magmatic belt which is related to the Neo-
Tethys subduction and the continental collision
between the Arabian and Eurasian plates (e.g.,
Asiabanha and Foden, 2012; Maghdour-Mashhour et
al., 2015; Sepidbar et al., 2019). One of the most
considerable episodes of the magmatism of Iran was
an extensive magmatic flare-up that occurred
principally in the UDMB and the AMAB during the
Paleogene (e.g., Verdel et al., 2011). This
magmatism is characterized by basic to intermediate
rock compositions from calc-alkaline to shoshonitic
affinity occurred in an extensional arc setting (\VVerdel
et al., 2011; Shafaii Moghadam, et al., 2018). In
Central Alborz several Late Eocene intrusive bodies
intruded Karaj Formation such as Mobarakabad
gabbro, Lavasan syenite, Shekarnab monzonite and
Karaj Dam basement gabbro to monzoite sill. In the
Bumehen and Rudehen areas outcrops of volcanic
rocks hosted by Karaj Formation is investigated to
clarify the petrological and geochemical
characteristics.

Materials and Methods

After field sampling and thin section preparation at
Kharazmi University, ten least-altered samples were
selected for geochemical analysis. Sample
preparation was carried out using the lithium borate
fusion method at Zarazma Mineral Studies
Company. Major elements were analyzed by ICP-
OES, and trace and rare earth elements were
determined by ICP-MS. LOI of the samples was
determined using electrical oven at about 1000 °C.
Iron oxidation ratios were determined by the method
of Middlemost (1989). The rock analysis results are
presented in Table 1.

Result

The studied rocks are divided into three main groups:
subvolcanic rocks, intercalated lavas of the Karaj
Formation, and younger post-Middle Eocene lavas.
All are dark gray to black and mainly consist of

plagioclase, olivine, and clinopyroxene with
microlitic-porphyritic and intergranular textures.
Some plagioclase crystals show sieve textures,
indicating magma mixing or rapid pressure decrease
(Fig. 3D) (Tsuchiyama, 1985; Nelson and Montana,
1992). Vesicles in the intercalated lavas are filled
with secondary minerals such as calcite and zeolite.
Geochemically, the samples are predominantly
basaltic (Fig. 4A). Their magmatic series, based on
the K.0-SiO. diagram, vary: the post-Middle
Eocene lavas are mainly high-K calc-alkaline, the
subvolcanic samples fall within both calc-alkaline
and high-K calc-alkaline fields, one sample is in the
shoshonitic field, and the intercalated lavas of the
Karaj Formation also fall within the shoshonitic
field. Considering the general northward increase in
potassium across the Iranian and Alborz magmatic
arc (Asiabanh, 2001; Asiabanha et al., 2009), it is
likely that samples with calc-alkaline and
shoshonitic characteristics were originally derived
from a high-K calc-alkaline source. Multi-element
spider diagrams and REE patterns show enrichment
relative to primitive mantle, enrichment in
incompatible lithophile elements (LILE), and
depletion in high-field-strength elements (HFSE),
reflecting the influence of subduction in arc
magmatism. HREE depletion suggests the presence
of garnet in the source. Geochemical modeling based
on fractional crystallization demonstrates that some
magmatic suites could be derived from a similar
parent melt. The overlap between REE patterns and
multi-element normalized diagrams of basaltic
samples and the modeled melt confirms the genetic
relationship of certain samples through crystal
fractionation, although not all samples display this
connection.

Discussion

Geochemical and mineralogical data suggest that the
parental magma was not primary but derived from a
metasomatized, enriched mantle source affected by
subduction fluids. The low Mg#, Ni, and Cr contents
further confirm its non-primary nature and indicate
modification of the mantle source before magma
generation. The Zr/Y diagram (Sun and
McDonough, 1989) places the samples within the
enriched mantle field, likely reflecting the presence
of a hydrous phase such as phlogopite or amphibole.
The Rb/Sr versus Nb/Th diagram (Furman and
Graham, 1999), further supports phlogopite as the
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dominant hydrous phase, indicating a relatively deep
magma source consistent with thickened continental
arc lithosphere (Tabbakh Shabani et al., 2017). The
Ce/YDb versus Ce diagram (Ellam, 1992) estimates
the mantle source depth at approximately 90-100
km, and the high Ce/Yb ratios (>10) suggest low-
degree partial melting with garnet in the residue
(Mattsson and Oskarsson, 2005). Geochemical
modeling using Sm/Yb and La/Yb ratios indicates
that the parental magma was likely derived from a
mixed spinel-garnet lherzolite source, with 3-5%
partial melting required for magma generation (Zhao
and Zhou, 2009). From a tectonic perspective, the
Alborz region lies along the Alpine-Himalayan
orogenic belt, and the studied samples show strong
similarities to other Paleogene magmas in the region
(Harangi et al., 2006; Irannezhadi, 2009). The Nb/La
versus La/Yb diagram shows that most samples fall
at the boundary between alkaline arcs and
continental arcs, with only a few samples fully within
the alkaline arc field (Hollocher et al., 2012).
Previous studies also report that post-Eocene
volcanism exhibits continental arc characteristics
(Asiabanha and Foden, 2012). Magma formation
occurred during a post-subduction extensional phase
following the rollback of the Neotethyan slab in the
Eocene, which promoted asthenospheric upwelling
and provided the heat necessary for partial melting of
the lithospheric mantle (Maghdour-Mashhour et al.,
2015; Heidari et al.,, 2022). Accordingly, the
observed geochemical transition from calc-alkaline
to more alkaline compositions during the Eocene can
be attributed to this process (Verdel et al., 2011;
Nabatian et al., 2014; Maghdour-Mashhour et al.,
2015; Ashrafi et al., 2018; Shafaii Moghadam, et al.,

2018; Ahmadvand et al., 2021). Paleogene
magmatism initially occurred in the forearc region
through explosive eruptions and intercalated lava
flows, and subsequently migrated to the back-arc
region (~45-40 Ma) (Sepidbar et al., 2019). Overall,
the temporal sequence and  geochemical
characteristics of the samples indicate a coupled
forearc—backarc magmatic process associated with
lithospheric extension and Neotethyan slab rollback,
which played a critical role in the evolution of
Paleogene magmatism in NW Iran.

Conclusion

Three main groups of subvolcanic rocks, intercalated
lavas of the Karaj Formation, and younger post-
Middle Eocene lavas with the basaltic composition
outcropped in the east of Tehran. Multi-element
spider diagrams and REE patterns show enrichment
relative to primitive mantle, enrichment in
incompatible lithophile elements (LILE), and
depletion in high-field-strength elements (HFSE),
reflecting the influence of subduction in arc
magmatism. Magmatism occurred during a post-
subduction extensional phase following the rollback
of the Neotethyan slab in the Eocene, which
promoted asthenospheric upwelling and provided the
heat necessary for partial melting of the lithospheric
mantle.
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Fig. 2. A: a general view of a basic dike intruded into the tuffs of the Karaj Formation in the Rudehen region, which
seems to have been injected along the fault and then tectonized, and altered severely by hydrothermal fluids, B: The sill
of Rudehen, a part of which is parallel to the tuff layering of the Karaj Formation, and the other part has cut the layering,
and C: Onion-skin erosion and kaolinization in the Mehrabad basalts, resulting from tectonization and interaction with

hydrothermal fluids.
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Table 1. Chemical analyses of major (wt.%), trace, and rare-earth elements (ppm) for volcanic and subvolcanic rocks
from east of Tehran, Pardis-Rudehen area

SampleNo M-18 M-20 M-25 M-26 P-02 P-06 P-9z R-13 R-A015 R-A016
mE N ] ] A A o < (@) O

Type lava lava lava lava dike dike lava dike dike sill

SiO2 49.6 48.68 49.44 49.06 48.71 50.9 47.56 453 48.6 45.44
TiO2 1.24 1.17 1.22 1.13 1.27 1.15 1.09 0.85 1.27 0.75
Al2O3 19.58 17.17 19.7 16.79 18.95 18.19 17.69 14.99 16.46 13.83
Fe203 1.92 1.93 191 1.92 2.61 1.52 1.92 1.80 1.81 1.71
FeO 6.89 6.94 6.86 6.91 5.48 5.47 6.89 6.47 6.50 6.16
MnO 0.16 0.16 0.16 0.17 0.19 0.12 0.18 0.22 0.22 0.11
MgO 3.95 6.05 4.02 6.39 491 491 5.27 9.1 5.59 8.79
CaO 9.28 9.7 9.14 941 7.48 9.46 10.08 9.19 10.23 11.79
Na.O 2.87 2.52 2.86 3 3.49 291 2.52 2.52 2.38 1.44
K20 1.97 1.84 1.96 1.88 2.2 2.04 2.01 0.98 1.95 0.88
P20s 0.4 0.36 0.41 0.41 0.36 0.5 0.29 0.32 0.37 0.27
LOI 111 2.43 1.33 1.95 3.55 2.01 3.51 7.22 3.68 7.94
total 98.97 98.95 99.01 99.02 99.20 99.19 99.01 98.95 99.06 99.11
Mo# 36.44 46.57 36.94 48.04 47.25 47.29 43.34 58.46 46.23 58.81

Sc 14.7 225 15.6 235 15.5 19.7 21.9 22.7 255 26
\Y 238 231 237 233 223 209 223 181 249 181
Cr 12 142 17 176 50 163 67 537 218 665
Co 26.4 29.9 26.6 31.7 25.4 25.7 29.7 39.5 326 44.6
Ni 12 41 13 63 24 45 77 195 55 245
Cu 85 70 71 84 61 49 62 78 79 73
Zn 86 70 82 78 81 80 76 70 82 67
Rb 23 27 32 33 30 36 38 13 36 14
Sr 677 520 702 617 554 679 465 539 423 441
Y 17.7 16.6 18.6 19 18.5 19 16.5 12.7 18.4 12.2
Zr 97 84 98 102 100 116 70 66 89 61
Nb 10.8 7.5 7.6 11.7 11.4 13.2 7.1 6 11.3 5.5
Ba 414 359 412 399 431 419 366 323 414 203
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Table 1 (Continued). Chemical analyses of major (wt.%), trace, and rare-earth elements (ppm) for volcanic and
subvolcanic rocks from east of Tehran, Pardis-Rudehen area

SampleNo M-18 M-20 M-25 M-26 P-02 P-06 P-9z R-13 R-A015 R-A016
m B ] [ A A o < @ O

Type lava lava lava lava dike dike lava dike dike sill
La 22 20 23 24 22 28 17 18 22 16
Ce 42 38 44 46 41 54 31 33 40 29
Pr 5.23 4.81 5.93 5.87 5.17 6.79 4.21 4.18 5.59 411
Nd 21.8 19.9 23.3 24.4 214 27.8 17.7 174 22.3 16.6
Sm 4.77 4.38 4.77 5.21 5.1 5.83 3.87 3.42 3.48 3.57
Eu 1.6 1.37 1.57 1.73 1.7 1.72 1.45 1.13 1.53 1.14

Gd 4.23 4.14 4.53 4.4 4.15 5.08 3.61 3.05 431 3.19
Tb 0.59 0.56 0.59 0.61 0.62 0.67 0.58 0.50 0.60 0.48
Dy 3.51 3.58 3.82 4.28 3.76 4.19 3.59 2.66 3.88 2.63

Er 2.48 2.18 2.66 2.65 2.52 2.71 249 1.69 2.6 1.8
Tm 0.33 0.28 0.32 0.37 0.31 0.31 0.32 0.25 0.35 0.25
Yb 2.2 2.1 2.3 2.3 2.2 2.2 2.1 1.6 2.3 1.6

Lu 0.25 0.24 0.28 0.26 0.25 0.27 0.25 0.19 0.22 0.17
Hf 2.33 2.03 2.42 2.75 2.39 2.82 1.93 1.75 2.5 1.61
Ta 0.68 0.55 0.46 0.70 0.72 0.81 0.61 0.46 0.73 0.46
Th 2.64 2.55 2.81 3.07 2.9 3.45 2.37 1.47 2.98 1.2

U 0.7 0.7 0.83 0.9 0.9 11 0.7 0.5 0.7 0.5
Th/Yb 1.2 1.21 1.22 1.33 131 1.56 1.12 191 1.29 0.75
ZrlY 5.48 5.06 5.26 5.36 5.40 6.10 4.24 5.19 4.83 5

Nb/Y 0.61 0.45 0.40 0.61 0.61 0.69 0.43 0.47 0.61 0.45
Nb/La 0.49 0.37 0.33 0.48 0.51 0.47 0.41 0.33 0.51 0.34
La/Yb 10 9.5 10 10.43 10 12.72 8.09 11.25 9.56 10

Rb/Sr 0.03 0.05 0.04 0.05 0.05 0.05 0.08 0.02 0.08 0.03
Nb/Th 4.09 2.94 2.70 3.81 3.93 3.82 2.99 4.08 3.79 4.58
Sm/Yb 2.16 2.08 2.07 2.26 2.31 2.65 1.84 2.13 1.94 2.23
Ce/Yb  19.09 18.09 19.13 20 18.63 24.54 14.76 20.62 17.39 18.12
ZrlTi 27.63 150 21.63 23.18 26.59 374 120 132 20.64 23.19

Eu/Eu” 1.09 0.99 1.04 1.11 1.13 0.97 1.19 1.07 1.21 1.04
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Fig. 3. A: Photomicroraphs (XPL) of glomeroporphyry texture in clinopyroxene crystals in Rudehen Dike, B:
Amygdaloidal texture filled with secondary calcite, surrounded by chlorite (XPL), C: Large olivine phenocrysts in the
dyke sample showing bowlingitization along fractures (XPL), D: Iddingitized olivine crystal and sieve texture in the core
of a plagioclase crystal in the dyke sample (XPL), E: Clinopyroxene crystals with opaque mineral inclusions, indicating
the earlier crystallization of opaque phases in the dyke sample (PPL), and F Sieve texture in the core of a plagioclase
crystal in the lava sample, with a fresh rim (PPL). Abbreviations after Whitney and Evans (2010) (Cpx: clinopyroxene,
Ol: olivine, PI: plagioclase, Cal: calcite, Opg: opaque).
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Fig. 4. A: The plot of volcanic samples of east Tehran on Zr/Ti versus Nb/Y diagram modified by Pearce (1996), and B:
The plot of study samples on K;O versus SiO, diagram (Peccerillo and Taylor, 1976)
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Spider plot - Primitive mantle (McDonough and Sun 1995)
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|
Fig. 5. A: Spider diagram shows the Patterns of trace elements normalized to the primitive mantle for the volcanic rocks
of east of Tehran (McDonough and Sun, 1995), and B: Chondrite-normalized rare earth element patterns (Anders and
Grevesse, 1989). The diagram legend is available in Figure 4.
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Fig. 6. Geochemical modeling based on the concentration of minor and trace elements in the pattern of rare earth elements
(fig. 6A and C) and spider diagrams (fig. 6B and D) normalized to chondrite (Sun and McDonough, 1989). In all figures,
sample R-A016 is considered as the parent melt. A and B: Modeling taking into account the composition of subtractive
minerals in the form of 42% Pl + 30% Cpx + 28% Ol and the amount of remaining melt is 70% (30% fractional
crystallization). The melt composition of the model has been compared with the composition of R-A15 and P-02 samples.
C and D: Modeling taking into account the composition of subtractive minerals in the form of 42% PI + 30% Cpx + 28%
Ol and the amount of remaining melt is 60% (fractional crystallization 40%). The melt composition of the model is

compared with the composition of M-18 and M-25 samples. The order of abbreviations is plagioclase, clinopyroxene and
olivine.
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Fig. 7. A: The position of the volcanic samples from the east of Tehran in the diagram of Y versus Zr (Sun and
Mcdonough, 1989). The separating line (Zr/'Y=2.46) separates two enriched and depleted mantles, and B: The position of
the study samples in the diagram of Rb/Sr versus Nb/Th (Furman and Graham, 1999). the diagram legend is available in
Figure 4.
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Fig. 8. The plot of the volcanic samples from the east of Tehran on the diagram of Ce/Yb against Ce (Ellam, 1992). The
diagram legend is available in Figure 4.
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(Zhao and Zhou, 2009). The numbers on the curve lines indicate the partial melting percentage). The diagram legend is
available in Figure 4.
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Introduction

Porphyry copper systems represent one of the most
economically significant sources of copper and gold
worldwide and are typically characterized by large
halos of zoned alteration assemblages.

The Masjeddaghi porphyry system is located in NW
Iran and was selected as a case study due to its
extensive, well-exposed alteration halos covering
more than 1 km2 and the preservation of potassic and
propylitic  alteration zones to depths of
approximately 1000 m (Fig. 1). The geology,
alteration and mineralization characteristics of the
deposit have been studied extensively by Akbarpour
(2005); NICICO (2008); Hassanpour and Rajabpour
(2019); Hassanpour et al. (2022); Hassanpour and
Alirezaei (2017); Akbarpour (2005) and Atalou et al.
(2017). Therefore, the geochemistry, geology and
geochronology of the region are well-understood
from surface work and drilling (Hassanpour and
Alirezaei, 2017; Ebrahimi et al., 2021). These studies
established a subduction-related island-arc affinity
for the causative intrusions and confirmed the
presence of multi-stage hydrothermal activity.
However, despite these contributions, the source,
evolution, and temporal variation of hydrothermal
fluids—particularly as constrained by integrated
stable isotope and fluid inclusion data—remain
incompletely understood. The mineral assemblages,
their zoning, and paragenesis of the hydrothermal
minerals, fluid inclusion and hydrothermal evolution
history of the porphyry have been studied completely
by (e.g Hassanpour and Alirezaei, 2017; Ebrahimi et
al.,, 2021; NICICO, 2008). Combining of these
studies with laboratory results have led to improved
application for exploration and detecting concealed
porphyry ore deposits. All the above exploration and
detailed studies on the origin of the deposit are
reviewed by Hassanpour and Alirezaei (2017);
Hassanpour and Ebrahimi (2023); Ebrahimi et al.
(2021) and NICICO (2008) and are references
herein.

The genesis of the porphyry system and nature of the
hydrothermal fluids (magmatic and meteoric waters)
are related to potassic, sericite and advanced argillic
alteration assemblages. Based on hydrogen and
oxygen isotope studies of porphyry ore deposits in
North America, it was proposed that the solutions
responsible for development of phyllic alteration
were dominated by meteoric waters (Taylor, 1974;
Sheppard et al., 1969; Sheppard et al., 1971;

Calagari, 2004; Hassanpour, 2010; Hassanpour et al.,
2015; Hassanpour and Ebrahimi, 2023). However,
Kusakabe et al. (1990) believed that the fluid
responsible for forming phyllic alteration at the Ri6
Blanco and El Teniente deposits in Chile, were
magmatic in origin. Hedenquist and Richards (1998)
believed that in the Lepanto and Far Southeast
deposits (Philiipines), K silicates and advanced
argillic assemblages shared a magmatic origin and
formed at the same time, at about 1.4 Ma. Advanced
argillic alteration was thought to originate from a
magmatic vapor which condensed into meteoric
waters. Phyllic alteration formed about 100,000
years later from magmatic fluids. The evolution from
early K-silicate to late sericitic alteration stages
correlated with a transition from magmatic fluids
under lithostatic pressure with dominantly meteoric
water at hydrostatic pressures Hedenquist and
Richards (1998). This process propably occurred
with changes from discontinuous ductile-brittle
fractures to continuous brittle fractures, facilitated by
the last intrusion (Gustafson and Hunt, 1975).
Sheppard and Gustafson (1976) approved these
conclusions  with  their  observations and
interpretations of hydrogen and oxygen isotopic
compositions.

Petrological study of the Masjeddaghi intrusive
shows its meta-aluminous with high K-shoshonitic to
calc-alkaline features (Hassanpour and Alirezaei,
2017). Composition of the intrusive rocks are
classified as quartz—diorite to diorite, and plot in the
sland arc field on tectonic discrimination diagrams.
The intrusions are enriched in large ion lithophile
elements including Y, Ba, Th, Csand, Rb (LILE) due
to contamination of the mantle wedge by crustal
material as a resultof the subduction-related setting
(Hassanpour and Alirezaei, 2017; Davidson, 1996;
De Hoog et al., 2001). The depletion of high field-
strength element (HFSE) (e.g. Ti and Nb) is
significant and is thought to related to the relatively
immobile nature of these elements during partial
melting processes subduction zone settings
(Hassanpour and Alirezaei, 2017; Brenan et al.,
1994; Foley et al., 2000).

This study aims to address by integrating fluid
inclusion microthermometry with oxygen, hydrogen,
and sulfur isotope analyses from alteration minerals
and sulfides across different alteration zones in the
area. The primary objectives are to characterize the
temperature—salinity evolution of hydrothermal
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fluids, constrain the relative contributions of
magmatic and meteoric waters, and evaluate the role
of fluid processes such as boiling and mixing during
copper—gold mineralization. The results provide new

insights into the genetic model of the Masjeddaghi
porphyry system and contribute to a broader
understanding of fluid evolution in porphyry Cu-Au
deposits worldwide
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Fig. 1. Structural geology map of Iran, showing the tectonic setting of the Masjeddaghi porphyry Cu—-Au (modified after,

Stocklin and Setodehnia, 1972)

Geology and Structure

The geological setting of Masjeddaghi is shown in
Fig. 2, based on mapping and studies from multiple
sources (GSI, 1999; Hassanpour et al., 2022). The
southeastern and eastern exposures are dominated by
Paleocene andesitic lava flows and associated
volcaniclastic rocks that overlie a basement of
Permian-Triassic age (Fig. 3A). The central part of
Masjeddaghi is composed of a mineralized dioritic
stock, dated between 55 and 60 Ma, which
constitutes the primary host rock to mineralization
(Hassanpour et al., 2022; Fig. 3B). This stock is

intruded by east-west—trending Middle Eocene
diorite porphyry that, exhibits granular to porphyritic
textures (Fig. 3C). The magmatic activity
responsible for these rocks, along with the coeval
Cu-Mo-Au mineralization and alteration, occurred at
approximately 54 Ma (Hassanpour et al., 2022;
Hassanpour and Alirezaei, 2017; Fig. 3D)

The diorite porphyry complex contains multiple
intrusive units and extends across the study area from
north to south. The present study includes samples
collected at the surface and from depth in this
porphyry system.
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West—east trending andesitic dikes that crosscut the
diorite mineralized porphyry complex represent a
later magmatic event in (Fig. 3C).

Hydrothermal breccia and brecciated diorite
porphyry crop out at the surface. The breccia consists
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of fragments of diorite porphyry and andesitic
cemented by quartz. Silica ledges are present in
diorite porphyry and form part of the epithermal
system located in the northeastern part of the area
(Fig. 3C).
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Fig. 2. The geological map of the Masjeddaghi (modified after GSI, 1999) by Hassanpour and Alirezaei (2017)

Alteration and Mineralogy

Potassic and propylitic alteration are the dominant
alteration assemblages developed within the
Masjeddaghi ore deposit (Fig. 4A). (Fig. 4A). Minor,
patchy occurrences of phyllic alteration are locally
observed in drill cores within the surrounding
andesitic unit. XRD and petrographic analyses
indicate that potassic and propylitic alteration are
predominantly developed within the diorite porphyry
intrusion. The propylitic alteration zone is developed
into the andesitic country rocks (Fig. 4B). The
widespread exposure of potassic alteration outcrops
indicates a deep erosional level, suggesting that the
upper parts of the porphyry system have been
extensively removed. The diorite porphyry stock is

the main intrusive stock in the Masjeddaghi deposit,
and was emplaced in the early Eocene (~54 Ma;
Hassanpour and Alirezaei, 2017; Fig. 4A). A range
of quartz veinlets and potassic and propylitic
alterationoccurs within the porphyry stock. The
dominant copper mineralization is mainly present in
the potassic alteration zone.

Based on microscopic studies, the quartz—diorite to
diorite porphyry rocks have porphyritic textures with
course- to medium-grained plagioclase, quartz, K-
feldspar, and amphiboles in association with fine-
grained, secondary euhehdral biotite crystals (Fig.
4C). Potassic alteration within central drill cores is
dominantly composed of secondary hydrothermal
biotite, euhedral fine—grained K—feldspar and silica
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(Fig. 5A, H, I, J) and is associated with some patches including pyrite, magnetite, chalcopyrite, and
of phyllic alteration (Fig. 5B). Opaque minerals  molybdenite occur within this area (Fig. 5C).

v Silica
Diorite stock \
A

A Trenche

Arpachay.River e

Potassic alt.

Fig. 3. Some viewpoints of the Masjeddaghi district. A: Andesite volcanic rocks (lavas, pyroclastic, and epiclastic rocks)
lied on Permian- Triassic rocks, B: Diorite porphyry stock with silicic veins which form part of an epithermal gold-bearing
system. Trenches are located near the base of the hill, C: Silica ledges in the upper part of the Masjeddaghi porphyry
system in the north and northeastern parts, and D: Pinkish colored potassic alteration zone in association with stockworks
of K-feldspar-quartz veins and veinlets

o B Propylitic alt.

Potassic Alt.

Fig. 4. A: Potassic alteration zone outcrop (pink) in the Masjeddaghi porphyry system, B: The main alteration zones
comprise potassic and propylitic alteration in the study area, and C: Microscopic texture of diorite porphyry in the area,
composed of plagioclase, quartz and ferromagnesian minerals like, amphibole, biotite and rutile. Abbrevations after
Whitney and Evans (2010) (PI: plagioclase, Hbl: hornblende, alt: alteration).

Journal of Economic Geology, 2026, Vol. 18, No. 1 DOI: 10.22067/econg.2026.1164

153


https://doi.org/10.22067/econg.2026.1164

Hassanpour and Moghaddasi

Hydrothermal Fluid Evolution based on Stable Isotopes (S, O, D) and Fluid Inclusion ...

The phyllic alteration zone is weakly developed and
occurs in patchy form, consisting of sericite
replacing primary feldspar. Plagioclase and
ferromagnesian minerals are partially or completely
replaced by quartz and sericite. Veinlets composed
of pyrite or quartz—pyrite-chalcopyrite are associated
with molybdenite veinlets, disseminations, and open

I ()’,mm s ‘

spaces fillings (Fig. 5C, D, E, F, and G), comprising
up to 20-25 vol. % of the rocks. The propylitic
alteration zone crops out along the margins of the ore
deposit and is dominated by chlorite, calcite, pyrite
and magnetite. Chloritization of ferromagnesian
minerals and formation of calcitic veinlets within the
stock are the most important processes in this zone.

Fig. 5. Photomicrographs A: Potassic alteration with neo-formed biotite, and alkali feldspar as veinlets or dissemination
in the Masjeddaghi porphyry system, B: Phyllic alteration as small patches that overprinted potassic alteration zones with
sericite, quartz and pyrite, C: Mineralization in the Masjeddaghi porphyry system comprised of bornite, chalcopyrite, and
chalcocite, D: Native copper as a rare event in the Masjeddaghi porphyry system, E: Chalcopyrite which is partly altered
to covellite, F: Bornite, chalcopyrite and molybdenite, G: Primary chalcocite in the Masjeddaghi porphyry system, H: A
type veinlet in the study area, a quartz veinlet that is surrounded by K-feldspar haloes, I: A quartz veinlet with K-feldspar
haloes, and J: K-feldspar halo around the veinlet with sericite in the matrix overprinting potassic alteration. Abbrevations
after Whitney and Evans (2010) (Afs: alkali feldspar, Neo-Bt: Neo-biotite, Ser: Sericite, Qz: Quartz, Bn: Bornite, Ccp:
Chalcopyrite, Cct: Chalcocite; Cv: Covellite, Mol: Molybdenite, Cu: Copper).

Quartz veins veinlets associated with potassic alteration, (ii) B

According to crosscutting relationships of veinlets,
most of the types of veinlets which are identified in
typical porphyry systems are present associated with
mostly potassic, silicic and phyllic alteration zones,
respectively (Fig. 5H, I and J): (i) A type quartz

type quartz veinlets composed of pyrite + quartz +
chalcopyrite + molybdenite within phyllic alteration
zones (iii) C type quartz veinlets dominated by
pyrite, being identified in the potassic and phyllic
alteration zones, (iv) D type quartz veinlets
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containing anhydrite and minor amounts of pyrite,
observed mainly near the dioritic porphyry stock.
These veinlets vary from around 1 millimeter to
several millimeters in thickness. Sulfide minerals
and quartz within these veinlets commonly contain
abundant fluid inclusions and were therefore selected
for microthermometry analysis. Fig. 5 represents
mineralization stages and the paragenetic sequence
of the mineralization in the Masjeddaghi porphyry
system.

Samples and Analytical Methods

In order to understand the physicochemical nature of
ore formation, fluid inclusion studies were conducted
on double—polished thin sections of the samples
which contain sulfide- rich quartz veinlets in potassic
alteration in outcrops and/or drill holes in the
Masjeddaghi porphyry system. Fluid inclusion
studies were carried out in Mineralogical Laboratory
in Advanced Research Center for Ore Materials
(ARCOM) in Karaj city, Iran. We have also used a
few of the fluid inclusion results from the phyllic
alteration zone carried out by (Ebrahimi et al., 2021;
ten double polished sections). In this research, fluid
inclusion microscopic study was conducted on five
samples from potassic alteration and five samples
from phyllic alteration zones using an Olympus
microscope. Microthermometric analyses were
carried using a Linkam THMS600 heating and
freezing stage system. The instrument accuracy is +
0.1 °C, and the heating range is from —180 to + 600
°C. The equipment consists of two TP94 LNP
cooling and heating controllers, nitrogen (for
freezing) and water tanks (to cool from high
temperatures). Measurements on two phase halite-
bearing fluid inclusions included homogenization
temperatures of liquid and vapor phases or Th (LV)
and temperatures of halite dissolution Th (NaCl).
that the concentrations of NaCl and KCI were
estimated using eutectic temperatures (T.) (IMPRC,
2026). The density of fluid inclusions were
calculated based on Zhang and Frantz (1987).

For the study of hydrogen, oxygen, and sulfur isotope
compositions, twelve representative samples of
pyrite, chalcopyrite, and biotite were carefully
separated from potassic alteration and five samples
of sericite were obtained from phyllic alteration
zones. To determine the origin of fluids in the
Masjeddaghi deposit, twenty-two samples were
selected based on detailed microscopic examination

and carefully hand-picked using a binocular
microscope in Tehran, Iran. The samples were then
ground to 20 mesh and washed with distilled water
in preparation for isotope analysis. At Queen's
University, Canada, the samples were analyzed for
sulfur, oxygen, and hydrogen isotopes. Hydrogen
and oxygen isotopic measurements are performed on
ten biotite and sericite samples from the potassic and
phyllic alteration zones, respectively, using a
Finnigan Delta Plus XL mass spectrometer with a
dual-inlet Gas Bench Il. The results for oxygen and
hydrogen are expressed as 'O and oD values in per
mil (%o) relative to the V-SMOW standard. All
measurements had an analytical precision of better
than £0.1%o (10).

Mass spectrometric analysis of twelve sulfide
samples (eight pyrite and four chalcopyrite) was
conducted using a Delta C Finnigan MAT
continuous flow isotope ratio mass spectrometer.
The sulfur isotope composition is reported in
standard &S notation, representing per mil (%o)
deviations from the Vienna-Canyon Diablo Troilite
(V-CDT) standard. Analyses were performed at the
Queen’s University Lab.

Results

Fluid inclusions

Fluid inclusion studies

The thermodynamic conditions of the deposit were
constrained using fluid inclusion studies on quartz
from veinlets in the phyllic and potassic alteration
zones. Microthermometric analyses were carried out
on primary fluid inclusions. Their shapes were
elongated, irregular, and rounded which are features
of primary inclusions according to Shepherd et al.
(1985) and Roedder (1984). Three types of fluid
inclusions were identified in Masjeddaghi: (1) liquid
rich (LV; Fig. 6A, C, and E), (2) halite bearing liquid
rich (LVHa) (Fig. 6B) (3), and multiphase (LVS)
(Fig. 6D and F) inclusions. However, some single
phase liquid and vapor-rich CO; bearing fluid
inclusions are also observed in potassic and phyllic
alteration zones.

In this research, fluid inclusion microthermometry
was conducted on multiphase LVS, primary LV, and
LVHa fluids (Fig. 6), and also incorporates data
modified after Ebrahimi et al. (2021). Two phase LV
inclusions (L>V; with sizes between 11 to 15 pm)
were homogenized to liquid in all quartz vein types.
LVHa inclsions range from 11 to 13 um in size and
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contain daughter minerals such as halite, sylvite and
anhydrite and opaque minerals like (chalcopyrite,
hematite) (Ebrahimi et al., 2021).
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The presence of chalcopyrite and other opaque
daughter minerals indicates that the inclusions
contain samples of metal-bearing hydrothermal
fluids.
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Fig. 6. Type of fluid inclusions and assemblages at Masjeddaghi porphyry system. A: Some secondary liquid rich halite
bearing liquid-rich? (LVHa) inclusions, B: primary liquid rich and halite bearing inclusions (LVHa), C: Primary liquid
rich inclusions (LV), D and E: primary multiphase (LVS) inclusions of clearly visible halite daughter minerals, and F:
the existence of primary vapor-rich and liquid-rich fluid inclusion assemblages indicated boiling conditions

Fluid inclusions micro-thermometry
Micro-thermometric data collected from different
stages of mineralization are presented in Table 1;
Figs. 7 and 8. All inclusions (23 inclusions) studied
in mineralized rocks are in quartz veinlets. The
homogenization temperatures of primary LV fluid
inclusions range from 189 to 222°C with an average
of about 200°C and one LV had a homogenization
temperature of >550°. Calculated salinities for these
LV inclusions range from approximately 2.5 to 3.78
wt.% NaCl equivalent.  Multiphase inclusions
(LVHa and LVS) homogenized by halite dissolution
(Th (nacp]; Table 1; Fig. 6B) at 192°C to 585 °C with
an average of 388°C. The salinities in this group are
about >0.3 to 59 wt.% NaCl equivalent. The
salinities of LVS inclusions were calculated by using
of dissolution temperature of halite
daughterminerals. The alinity of multi-phase LVS
fluid inclusions ranges between 20 and 59 wt.%
NaCl equivalent (Fig. 6D; Fig. 7A and B).

Oxygen and hydrogen isotopes
Oxygen and hydrogen isotopes provide key

constraints on the sources and evolution of
hydrothermal fluids (e.g. Dilles, 1992). Ten samples
from surface and drill holes number 1 and 2 were
selected for sericite and biotite analysis and the
oxygen and hydrogen isotope data are presented in
Table 1.

The 380 values were calculated using mean values
of the homogenization temperatures of fluid
inclusions in this study. The biotite samples yield
380 values ranging from 3.0 to 7.2 %o (average
5.1%0) and 3D values from -91 and -68%., (average
—79 %o). Calculated 50 values for fluids in
equilibrium with biotite range from 1.8 to 6.2%o
(Table 2; Zheng, 1993; Bottinga, and Javoy, 1975).
The sericite samples showed &0 values ranging
from 19.6 to 9.4%o (average 8.8%o) and their 6D
values vary between —83 and —54%o with average of
about —70.8%o. Calculated isotopic composition for
fluids in equilibrium with sericite have 8Dw2o values
—60 to —31%o (Suzuoki and Epstein, 1976) and
3 0n20 values vary from 8.7 to 18.2%. (Zheng,
1993; Table 2).
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Table 1. Oxygen and hydrogen analysis data from Masjeddaghi porphyry system

Sample Mineral T Yield d®o(vsMOw) 80 Wt.%H20 dD(VSMOW) 2D
Msj2 Sericite 270 6.8 124 11 1 -60 -37
Msdgx Biotite 420 12.8 3.9 18 2.5 -91 -53
Msdggi5 Sericite 270 15.1 19.6 18.2 4 -54 -31
Msdg15 Biotite 420 131 6 3.9 7.1 -68 -30
Msdg14 Sericite 270 14.4 10.8 9.4 3.1 -83 -60
Mad-02-309 Sericite 300 15.3 12.6 119 4.4 -63 -40
Mad-02-392 Biotite 500 13.1 6.7 4.3 3.7 -75 -41
Mad-02-55 Biotite 450 13.6 8.6 6.2 5 -83 -49
Mas-01-118 Biotite 500 13.2 7.2 4.8 3.6 -74 -39
Mas-01-118 Sericite 380 14.8 9.4 8.7 0.6 -68 -45
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Fig. 7. Histograms of homogenization temperatures A: and salinities, and B: for fluid inclusions in different quartz

veinlets from the Masjeddaghi porphyry system
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Fig. 8. Homogenization temperature vs. salinities histogram for primary fluid inclusions from the Masjeddaghi porphyry
system

Table 2. The results of sulfur studies in Masjeddaghi porphyry system

Lab. Code Sample Mineral Approx%S d34S(CDT) 343
Sh-540 Ms;j-01-175.30 Py 42 3.7 31
Sh-1004 Mad-01-356.85 Cpy 45 0 -0.1
Sh-1007 Mad-03-148.30 Py 72 2.2 1.6
Sh-1008 Mad-02-405.20 Py 16 16 1
Sh-1010 Mad-01-159.50 Cpy 32 0.2 0.1
Sh-1013 Mad-02-349.20 Py 59 1.7 11
Sh-1015 Mad-02-260.70 Cpy 48 1.8 1.7
Sh-1021 Mad-01-383.90 Py 11 1.9 1.3
Sh-1025 Mad-03-262.40 Cpy 46 -0.9 -1
Mad06-254 mad06-254 Py 39 -2 -2.6
Mad09-273 mad09-273 Py 64 2 14
Mad09-608 mad09-608 Py 65 -1.2 1.8

Sulfur isotopes

Twelve samples (pyrite and chalcopyrite) from the
depth of the Masjeddaghi porphyry system from drill
holes 1, 2, 3, 6, and 9 were analyzed for sulfur
isotope composition (Table 2). The value of §*S in
sulfides (CDT) ranges from -2 to 3.7%o. Calculated

fluid values for eight samples of pyrite in equilibrium
with H.S yielded 5S values between 3.1 and -2.6 %o
whereas calculated fluid values for four samples of
chalcopyrite in equilibrium with H,S yielded §*S
values between 1.7 and -1%. (Ohmoto and Rye,
1979).
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Four of the sulfur isotope samples are from borehole
1, three samples from borehole 2, two samples from
each of boreholes 3 and 9, and one sample from
borehole 6 were analyzed. Results from in boreholes
1, 2, and 3 show decreasing 8*'S with increasing
depth in the boreholes.

The samples from borehole number 9 from the edge
of the deposit near the propylitic alteration zone,
have elevated 5**S values, considering the location of
boreholes 1, 2, and 3 in the center and borehole 9 on
the edge of the ore deposit, the comparison of above
data shows that the §*S values increases, considering
the distance from the center of the ore deposit.
Hence, the overall trend in the sulfur isotope
composition shows decreases from top to the bottom
and increases towards the edges.

Discussion

Fluid evolutions

Based on microthermometry analysis, quartz veinlets
from deeper sections of the potassic alteration zone
contain fluid inclusions with higher homogenization
temperatures than those found in shallower veinlets.
The range of homogenization temperatures and
salinities measured from multiphase and two-phase
fluid inclusions in the Masjeddaghi porphyry system
is consistent with data from other giant porphyry
copper systems (Wilkinson, 2001; Landtwing et al.,
2010). Ebrahimi et al. (2021) further notes a strong
similarity between the microthermometry data from
Masjeddaghi and the Sungun mine.

Petrographic and microthermometric studies were
conducted on liquid-vapor (LV) and liquid-vapor-
solid (LVS) fluid inclusions from quartz and sulfide
veinlets in potassic and phyllic alteration zones. The
data indicate homogenization temperatures of 189-
585°C and salinities of 0.3-59 wt% NaCl
equivalent. Petrographic analysis confirmed a lack of
post-entrapment modification (e.g., necking down or
stretching) in the halite-bearing inclusions. The
spatial coexistence of high-salinity inclusions with
liquid-rich and vapor-rich inclusions within the same
assemblages is interpreted as primary evidence for
fluid immiscibility and boiling during entrapment.
(Hedenquist and Richards, 1998; Beane and Bodnar,
1995).

Based on homogenization temperature—salinity
relationships, three distinct groups of fluids are
identified within the Masjeddaghi system: (i)
moderate to high temperature, high salinity fluids, (ii

moderate temperature, moderate to high salinity
fluids, and (iii) low to high temperature, low salinity
fluids (Fig. 8). In this area multiphase saline fluid
inclusions are similar to those in many giant
porphyry systems (e.g., Roedder 1984; Cloke and
Kesler, 1979), and emphasizes the presence of the
high salinities and high temperatures are consistent
with a magmatic resource. These fluids likely
underwent boiling and were subsequently
redistributed along late-stage  microfracture
networks. This evolution may have been influenced
by variable contributions from magmatic fluids and
circulating meteoric waters during progressive uplift
and depressurization. (Canet et al., 2011; Dubessy et
al., 2003).

In a discriminate diagram from Pirajno (2009) which
has been used to explore effective ligands for metal
transportation in the Masjeddaghi porphyry system.
According to Fig. 9, the average measurements of the
most fluid inclusions plot in the field of dominant
chlorine complexes, and accordingly it could be
concluded that CI, HS™ and SO,* complexes
transported copper, gold and probably other elements
in this porphyry system.

The mineralization process, as detailed by Wilkinson
(2001), migrated from a porphyry to an epithermal
setting, reflected in fluid inclusion data. Analysis
reveals an inverse relationship  between
homogenization temperature and fluid density, and a
direct relationship between salinity and density.
Fluid inclusions from the potassic alteration zone
display higher salinities and calculated densities
(>1.0 g/cm?3) compared to inclusions from the phyllic
zone, which show lower density values (0.74-0.9
g/cm3).

Because of this phase separation, the
homogenization temperatures are considered final
trapping temperatures without need for pressure
correction (Wilkinson, 2001; Roedder and Bodnar,
1980).

The pressure and depth of mineralization can be
constrained through microthermometric analysis of
fluid inclusions, with methodologies differing for
inclusions trapped during boiling versus non-boiling
conditions. Inclusions formed without boiling
provide a minimum pressure constraint (Rusk et al.,
2008), whereas those from boiling assemblages yield
more accurate trapping pressures, as their
homogenization directly reflects the pressure at the
time of entrapment (Roedder and Bodnar, 1980).
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Integration of microthermometric data with
experimental NaCl-H,O phase equilibrium allows
estimation of trapping pressures for different stages
of mineralization. This corresponds to a depth of
~1.5 km in a hydrostatic system. Subsequent stages
show progressive shallowing: the middle stage (avg.
Th = 266°C, 30 wt. % NaCl eq.) equilibrated at ~1
km depth, and the late stage (avg. Th = 280°C, 2.3
wt. % NaCl eq.) at <1 km.

Interpreting these pressures in terms of depth
requires selecting a geological model. Assuming a
lithostatic pressure regime results in depths of 1 km,
0.5 km, and <0.4 km for the early stage, middle stage,
and late stage, respectively. Conversely, a
hydrostatic model places these events at 1.5 km, 1.2
km, and <1.0 km (Fig. 10).
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Fig. 9. Temperature vs. salinity diagrams to determin the effect of complexes (anion) transporting elements (Pirajno,
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Based on the research of Ebrahimi et al. (2021), two
phase fluid inclusions with low salinities showed
homogenization temperatures (Tn (L-V)) between
190°C and 470°C, with corresponding minimum
pressures ranging from approximately 120 to 440
bars. They also identified halite-bearing (VLS-type)
inclusions with higher Ty (L-V) values of 300°C to
600°C, which yielded pressures between 110 and
700 bars. These pressure data were interpreted to
represent estimated depths of 0.5 to 3 km under
lithostatic conditions.

Consequently, for considering the position of the
potassic zone in the deep central part of a porphyry
system, lithostatic pressure in the potassic zone far
exceeded that in the phyllic alteration zone (the
patchy alterations into andesitic country rock).
Therefore, a wide range of pressure indicated by the
multiphase and two phase fluid inclusions can be
ascribed to a high rate of uplift and erosion in the
main section in the system leading to exposure of the
potassic alteration zone at surface, and trapping of
two phase fluid inclusions of at lower temperature
and salinity at shallower depth.

The abundance of crosscutting quartz microveinlets
further indicates repeated episodes of hydraulic
fracturing, consistent  with  episodic  fluid
overpressure release during porphyry evolution. The
estimated mineralization depth for this deposit is
approximately >0.5 to 3 km, which aligns with the
typical range of 1 to 5 km for global porphyry
systems (Ebrahimi et al., 2021; Pirajno, 2009). This
is consistent with the general model that copper
porphyry systems form at depths of 1.5 to 4 km
(Sillitoe, 1973).

Fluid origin and evolution (Oxygen and hydrogen
isotope data)

Different processes may affect isotopic composition
of minerals in magmatic-hydrothermal fluid systems
such as exsolution (Taylor, 1992), phase separation
(Shmulovich et al., 1999), partial differentiation in
all systems, fluid mixing or changes in temperatures
or salinities (Horita et al., 1995). The intensity of
hydrogen isotope fractionation to the magma
differentiation ratio and the 6D values of hydroxyl
minerals, reflects the main fluid composition
(Deering et al., 2012). Therefore, 3D values of
hydroxyl minerals such as biotite can be used as an
indicator to determine the origin of the fluid. The 6D
values of hydrothermal biotites from porphyry
copper deposits and magmatic waters from

granodiorites vary from —30 to —60 %, and —40 to —
80 %o, respectively (Taylor, 1974). Factors that
control the 8D values of minerals are chemical
compositions, temperatures of formation and/or the
oD value of the fluids (Taylor, 1979).

Biotite of magmatic origin typically exhibits 6D
values between —60 and —100 %o (Kyser and O'Neil,
1982). At the Masjeddaghi porphyry system, biotites
from the potassic alteration zone display 6D values
of -89 to —82 %o and 880 values of 2.3 to 3.7 %o,
which aligns with this magmatic range. The depleted
dD signatures are interpreted as evidence that the
hydroxyl minerals formed from a magmatic vapor
that had undergone extensive degassing (Taylor,
1986). Isotopic studies indicate that in a crystallizing
magma, the residual fluids become progressively
depleted in deuterium. Then the process can play a
key role in degassing and the subsequent formation
of hydroxyl-bearing minerals during the system's
final stages (Harris et al., 2015; Taylor et al., 1983).
Consequently, magma degassing provides a viable
explanation for both the observed 8D depletions and
other geochemical variations in the potassic
alteration zone in a porphyry system (Harris et al.,
2015).

Magma degassing in the potassic zone can deplete
residual fluids in 8D (Hedenquist and Richards,
1998; Richards et al., 1998). The depleted values of
0D measured in biotites of the potassic zone
therefore indicate that extensive volatile loss from
the magma system coincided with biotite
crystallization (Harris et al., 2015; Ebrahimi et al.,
2021).

dD depletion in minerals from the potassic alteration
zone have been reported Yukon deposit in Canada,
which is interpreted as a mixture of ancient meteoric
source and saline, high temperature fluids (Sheppard
and Taylor, 1974; Selby and Creaser, 2001; Harris et
al., 2015). The depletion trend observed in the
Masjeddaghi system can be explained by the
injection of high-temperature and saline magmatic
waters within the hydrothermal porphyry system, a
process supported by Shmulovich et al. (1999).
Furthermore, the 6D values of biotites in the deposit,
which range from —82 to —89 %o, are consistent with
a magmatic water origin. These values can be
modeled using the equation from Suzuoki and
Epstein (1976), which describes the hydrogen
isotope fractionation between biotite and water
during mineral formation (Figs. 11 and 12).
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Like other porphyry copper deposits, copper
deposition at the Masjeddaghi porphyry system
occurred in a variety of temperatures from the early
potassic zone with temperatures over 580°C in
diorite porphyry to surficial (patchy phyllic)
alteration with temperatures ranging from 200 to
300°C in andesitic country rocks (Ebrahimi et al.,
2021). Hydrogen isotope compositions of biotite
from potassic alteration are interpreted to record the
high-temperature magmatic-derived fluid population
identified in fluid inclusions, whereas hydrogen
isotopes of sericite from phyllic alteration reflect
later, cooler fluids that experienced greater dilution
and/or mixing.

In this research it is clear that high temperature,saline
fluids had a major role in mineralization in central
potassic alteration zone. Therefore, the high-
temperature, high-salinity inclusion populations
interpreted as boiling/immiscibility in the potassic
zone are consistent with a dominantly magmatic-
derived fluid reservoir inferred from biotite 6D and
5'80 signatures.

Existence of sulfide minerals in alteration zones from
many porphyry systems indicate a dominant source
of metals from magma rather than country wall-rock
sources. However, the analysis of stable isotopes
demonstrates that the mixing and dilution of the
magmatic fluid system with meteoric fluids was a

Cyprus type massive sulfide i
Koroko type massive sulfide |
]

I
Porphyry copper

terminal event in the hydrothermal system's
evolution. This mixing occurred subsequent to the
main copper mineralization event and only after
temperatures had fallen below 200°C (Harris et al.,
2015).

Fluid inclusions in quartz, as well as sulfur isotope
results from the Masjeddaghi, indicate the existence
of magmatic fluid sources with dilutions by meteoric
water (because of its genesis), which has resulted in
moderate to high salinities (40 NaCl equiv. wt.%),
and sulfur isotope composition near zero per mil (-
2.6 t0 + 3 %o). The recorded ranges of temperature,
salinity, and sulfur isotope values at Masjeddaghi are
consistent with those documented in global porphyry
systems. The mineral assemblage, which is rich in
sulfide minerals like chalcopyrite, pyrite, and
enargite, further confirms a porphyry-type deposit.
The main stage of copper mineralization is
characterized by an abundance of chalcopyrite and
pyrite, along with secondary copper-bearing
minerals. In such systems, ore-forming fluids are
typically a mixture of magmatic and meteoric waters,
created when magmatic vapors or brines mix with
shallow groundwater. Paragenetic analysis of the
Masjeddaghi system indicates that magmatic fluids
were the dominant component throughout its
formation (Fig. 13).
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Fig. 13. %S values of sulfide minerals from the Masjeddaghi porphyry system compared with typical ranges from other
hydrothermal deposit types, illustrating the near-zero sulfur isotope signature characteristic of magmatic sulfur.
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Conclusions

The Masjeddaghi porphyry system is hosted by an
early Eocene diorite—diorite porphyry complex and
is characterized by dominant potassic and propylitic
alteration, with minor, patchy phyllic-silicic
alteration. The Masjeddaghi porphyry system
contains copper mineralization primarily within
dominantly potassic and patches of phyllic
alterations. Mineralization formed in K-feldspar,
quartz  stockworks, quartz  veinlets, and
disseminations, found in the dioritic porphyry stock
and the surrounding andesitic country rocks.

The LVS fluid inclusions with high temperatures
(average of Tm NaCl 400 °C) and high salinities (up
to of 54 wt.% NaCl equivalent) exist in the potassic
alteration zone, that indicate these alterations and
association of Cu-Mo mineralization formed by a
saline and high temperature fluid with a mostly
magmatic origin. Homogenization temperature,
salinities, pressures and densities although variable
in the potassic alteration are higher than in the silicic-
phyllic alteration zone.

Calculated 8" 0n20 and 8Dw2o Vvalues for alteration
minerals are most consistent with a dominantly
magmatic-derived hydrothermal system. In the
Masjeddaghi porphyry, the combined fluid inclusion
and isotope datasets suggest that ore-forming fluids
were dominantly magmatic-derived, with increasing
evidence for dilution and/or mixing with meteoric
water during later phyllic-silicic stage evolution.
This is evidenced by the silicic-phyllic alteration
zone, which formed at temperatures between 300°
and 400°C and exhibits stable isotope signatures of
low 8D values (-60 %o) and moderate to high §'%0
values (8.7 to 11.9 %o). The 5*S values can be
another event which increases, from the center of the
porphyry system to the edge and decreases from top
to the bottom, and are in consistent with typical
porphyry copper systems. Together, all these results
support a porphyry-style genetic model in which
high-temperature saline magmatic fluids were the
primary agents of Cu—Au mineralization, followed
by late-stage fluid evolution during uplift and
erosion.
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ARTICLE INFO ABSTRACT

Article History The Adgjeh Qaleh Pb-Zn-Cu deposit is part of the Tarom-Hashtjin
Received: 06 May 2026 metallogenic belt. Mineralization occurs as five quartz-sulfide veins
Revised: 09 June 2026 hosted by Eocene volcaniclastic and volcanic units, and is enclosed by
Accepted: 13 June 2026 1-5-meter haloes of intermediate argillic alteration. The ore veins have

N10-20E/70-85NW trends, and vary between 30 and 150 meters in
length, and 0.5 and 2 meters in thickness. In the ore veins, textures and
structures of ores include disseminated, veinlets, brecciated, crustiform,

Keywords cockade, colloform, plumose, and vug infill. Ore assemblages include
Pb-Zn-Cu mineralization pyrite, chalcopyrite, galena, sphalerite, cerussite, smithsonite, goethite,
Epithermal o malachite, and covellite, and gangue minerals are quartz, calcite, and
X‘t‘?éngﬁﬁ'g“”'dm'on chlorite. Five stages of mineralization can be recognized at Agjeh Qaleh,
Zgrjljan in which Cu and Pb-Zn mineralization occurred during the second and

third stages. Hydrothermal alterations around the ore veins mostly
consist of silicification, carbonate, intermediate argillic, and propylitic
alteration. Geochemical data display negative correlation between Pb,
Zn, and Cu, positive correlation between Pb and Ag, and positive
correlation between Ag and S, As, and Sb. Similar Chondrite-
normalized trace elements and REE patterns of ore samples, pyroxene
*Corresponding author guartz monzonite porphyry intrusion, fresh and unaltered intermediate
Hossein Kouhestani cryst_al tuffs, and ba_lsaltic_: Iava_s re_veal that intr_usion and host ro_ck_s are
& kouhestani@znu.ac.ir possibly involved in mineralization. The Agjeh Qaleh deposit is an
intermediate-sulfidation epithermal deposit.
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EXTENDED ABSTRACT

Introduction

Porphyry and epithermal deposits are the main
sources of precious (Au, Ag) and base metals (Cu,
Pb, Zn) in the world. Among these, epithermal
deposits provide about 6% of gold and 16% of silver
of the world, and are also the main source for base
metals in the world (Simmons et al., 2005; Dilles and
John, 2021). Many of the important epithermal
deposits are of Tertiary age and are concentrated on
the Pacific rim and in the Mediterranean and
Carpathian regions of Europe. Older deposits are
scattered in the Tethys metallogenic belt and others
in volcanic arcs of various ages, with a few of
Archean age also found (White and Hedenquist,
1990; Cooke and Simmons, 2000; John, 2001;
Sillitoe and Hedenquist, 2005; Simmons et al.,
2005).

Iran, as a part of the Alpine-Himalayan orogenic belt,
hosts numerous epithermal deposits. These deposits
are mostly reported from the Urumieh-Dokhtar
magmatic arc, Ahar-Arasbaran zone, Miyaneh-
Bostan Abad metallogenic belt, Tarom-Hashtjin
metallogenic  belt, Torud-Chahshirin ore belt,
Binaloud subzone, Torbat-e Heydariyeh-Taknar
zone, Central Iran zone, Lut block, and the Bazman-
Taftan volcanic arc (Yasami et al.,, 2025 and
references therein). The Agjeh Qaleh Pb-Zn-Cu
deposit, discovered ~55 km north of Zanjan in the
Tarom-Hashtjin  metallogenic  belt.  Although
exploration activities have been carried out on the
quartz-sulfide veins in the area, the genesis of the
deposit remains poorly understood. This study
presents geological, mineralogical, alteration, and
geochemical characteristics of the Agjeh Qaleh Pb-
Zn-Cu deposit to constrain its ore genesis and
mineralization type. The outcomes are planned to
help regional exploration programs within the
Tarom-Hashtjin metallogenic belt and other parts in
northwest Iran.

Materials and methods

This research includes fieldwork and laboratory
analyses. The geological map of the Agjeh Qaleh
area, at a 1:5,000 scale, was prepared during the
fieldwork. Additionally, fifty samples from quartz-
sulfide mineralized veins, host rocks, and intrusive
bodies were collected. Then, thirteen thin and
seventeen polished-thin blocks were prepared and

studied under transmitted and reflected polarized
light microscopes at the mineralogy laboratory of the
University of Zanjan, Zanjan, Iran. Moreover,
thirteen samples from ore samples and host rocks
were analyzed for rare, REE, and base metal contents
using ICP-MS technique at Zarazma Analytical
Laboratory in Tehran.

Results and Discussion

The rock units exposed in the Agjeh Qaleh area
include Eocene volcanic (olivine basalt, andesitic
basalt, andesite, rhyodacite) and volcaniclastic
(intermediate to acidic crystal to lithic crystal tuff,
basic lithic crystal to crystal lithic tuff) sequence, and
late Eocene gabbro to pyroxene quartz monzonite
porphyry intrusion. Mineralization at Agjeh Qaleh
occurred as five quartz-sulfide ore veins hosted by
Eocene strata, and is covered by 1 to 5-meter halos
of intermediate argillic alteration. The veins strike
N10-20E and dip 70-85° NW and range from 30 to
150 meters in dimension, with widths varying from
0.5 to 2 meters. Hydrothermal alterations comprise
silicification, carbonate, intermediate argillic, and
propylitic alteration; the first three are closely related
to the mineralized veins. Ore minerals consist of
pyrite, chalcopyrite, galena, and Fe-poor sphalerite.
Gangue minerals are quartz, calcite, and chlorite.
Cerussite, smithsonite, goethite, malachite, and
covellite are supergene minerals. The ores display
different textures and structures, such as
disseminated, veinlets, brecciated, crustiform,
colloform, cockade, plumose, and vug infillings.
Mineralization can be separated into five stages.
Stage-1 is characterized by the silicification (fine-
grained quartz) of host rocks comprising minor
anhedral fine-grained disseminated pyrite. Stage-2 is
categorized by quartz-pyrite-chalcopyrite as vein-
veinlets and hydrothermal breccia cement. Stage-3 is
represented by quartz-galena-Fe poor sphalerite
vein-veinlets and breccia cement. Stage-4 includes
post-mineralization barren quartz-calcite vein-
veinlets. Stage-5 corresponds to  supergene
processes.

Geochemical data of mineralized samples disclose
moderate positive correlation between Pb and Zn,
weak negative correlation between Pb, Zn, and Cu,
as well as moderate positive correlation between Pb
and Ag, and strong positive correlation between Ag
and As. Chondrite—normalized trace elements and
REE patterns of ore samples, and fresh and unaltered
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intermediate crystal tuffs, basaltic lavas, and
pyroxene quartz monzonite porphyry intrusion,
indicate that they are probably involved in
mineralization. Characteristics of the Agjeh Qaleh
Pb-Zn-Cu deposit are comparable with the
intermediate-sulfidation style of epithermal deposits.
The close spatial association between late Eocene

granitoid intrusions and epithermal mineralization in
the Tarom-Hashtjin metallogenic belt proposes the
role of late Eocene magmatic-hydrothermal activities
in providing metals and ore-forming hydrothermal
fluids for this type of mineralization in NW Iran,
which should be considered in exploration programs.
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Fig. 1. Geological map, scale: 15,000, of the Agjeh Qaleh deposit (The dimension of the ore veins was exaggerated)
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Fig. 2. Field photographs of rock units in the Agjeh Qaleh deposit. A: A general view of the rock unit sequence in the
Agjeh Qaleh area, looking north-northwest. The location of the ore vein 1 (QV1) is shown by the blue line, B: A view of
rock units in the southern part of the Agjeh Qaleh area, looking south. In the foreground, trenches dug on the ore vein 1
within the E®" unit are visible, and C: A view of the rock unit sequence in the western part of the Agjeh Qaleh village,
looking to the east
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Fig. 3. Photomicrographs (transmitted crossed-polarized light, XPL) of mineralogy and texture of the rock units in the Agjeh
Qaleh deposit. A: Plagioclase phenocrysts along with chloritized and opacitized hornblende in a fine-grained matrix of andesitic
lavas (Unit E?"), B: Alkali feldspar and plagioclase phenocrysts in a quartz-feldspathic fine-grained matrix of rhyodacitic lavas
(Unit EY), C: Rock fragments along with broken quartz crystals in a fine-grained matrix in lithic crystal tuffs (Unit E*?), D:
Glomeroporphyric texture in olivine basalt lavas (Unit E®), E: Small tabular and prismatic crystals replaced by calcite, along
with rock fragments and vugs filled by calcite in the very fine-grained, dark-colored matrix of lithic crystal tuffs (Unit ES),
and F: Clinopyroxene phenocrysts along with plagioclase in a fine-grained matrix of basaltic lavas (Unit E®?). Abbreviations
after Whitney and Evans (2010) (Afs: alkali feldspar, Cal: calcite, Cpx: clinopyroxene, Hbl: hornblende, L: rock fragment, Ol:
olivine, PI: plagioclase, Qz: quartz).
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Fig. 4. Photomicrographs (transmitted crossed-polarized light, XPL) of mineralogy and texture of the rock units in the Agjeh
Qaleh deposit. A: Plagioclase phenocrysts along with a rock fragment in a fine-grained matrix in tuff layers (Unit E?), B and
C: Porphyritic texture consisting of plagioclase and clinopyroxene phenocrysts in a matrix of quartz and argillized alkali
feldspars with a microgranular texture in pyroxene quartz monzonite porphyry, and D: Porphyritic texture consisting of
plagioclase and clinopyroxene phenocrysts in a microgranular matrix of gabbros. Abbreviations after Whitney and Evans (2010)
(Afs: alkali feldspar, Cpx: clinopyroxene, L: rock fragment, PI: plagioclase, Qz: quartz).
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Fig. 5. Field and hand specimen photographs of quartz-sulfide ore veins and their structure and texture in the Agjeh Qaleh
deposit. A: View of ore vein 1 (QV1) hosted by E5" unit, and the exploration trench dug over it, looking southwest. Note the
intermediate argillic alteration halo around the vein, B and C: Views of quartz-sulfide ore vein 2 (QV2) cutting its host E* and
EP units. Both views are looking northeast, D: View of ore vein 3 (QV3) and its surrounding intermediate argillic alteration
halo, looking to the northeast, E: View of quartz-sulfide ore vein 4 (QV4) that cuts its host E® and E? units, looking to the
northeast. Intermediate argillic alteration is evident around the vein, F: View of ore vein 5 (QV5) that cuts unit E*®, looking
northeast, G and H: Close views of hydrothermal breccia with quartz-sulfide cement. Abbreviations after Whitney and Evans
(2010) (B.C.: breccia clasts, Qz: quartz).
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Fig. 6. Photomicrographs (transmitted crossed-polarized light, XPL) of hydrothermal alteration types in the Agjeh Qaleh
deposit. A and B: Quartz vein-veinlets (A) and hydrothermal breccia cement (B) in silicification, C: Calcite within ore-bearing
quartz-carbonate parts in type 1 carbonate alteration, D: Calcite veinlet in type 2 carbonate alteration, E: Sericite along with
quartz in intermediate argillic alteration, and F: Alteration of plagioclase and pyroxene to calcite and chlorite in propylitic
alteration. Abbreviations after Whitney and Evans (2010) (Cal: calcite, Chl: chlorite, Gn: galena, Qz: quartz, Ser: sericite, Vug:
open space).
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Fig. 7. Photomicrographs (reflected light) of the ore mineralogy and texture in the Agjeh Qaleh deposit. A: Anhedral fine-
grained disseminated pyrite crystals, B: Subhedral to euhedral pyrite inclusions within chalcopyrite. Intergrowth of
chalcopyrite and galena is also observed, C: Intergrowth of pyrite and chalcopyrite, D: Intergrowth of pyrite and galena,
E: Alteration of chalcopyrite to covellite and formation of residual texture, F and G: Intergrowth of chalcopyrite with
galena and sphalerite. Chalcopyrite inclusions within galena and sphalerite are also observed, H: Veinlet texture of
chalcopyrite, I: Alteration of galena to cerussite and formation of residual texture, J: Intergrowth of galena and sphalerite.
Alteration of sphalerite to smithsonite is also observed, K: Veinlet texture of galena, and L: Alteration of sphalerite to
smithsonite. Abbreviations after Whitney and Evans (2010) (Ccp: chalcopyrite, Cer: cerussite, Cv: covellite, Gn: galena,
Py: pyrite, Qz: quartz, Sm: smithsonite, Sp: sphalerite).
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Fig. 8. Photomicrographs (transmitted crossed-polarized light, XPL) of gangue minerals and textures in the Agjeh Qaleh
deposit. A: Quartz with vug infill texture, B: Cockade texture of quartz, C: Crustiform texture of quartz, D: Colloform
and plumose textures of quartz, E: Coarse-grained quartz crystals with plumose texture, and F: Chlorite with spherulitic
texture within vugs. Abbreviations after Whitney and Evans (2010) (Cal: calcite, Chl: chlorite, Gn: galena, Qz: quartz,

\ug: open space).
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Fig. 9. Hand specimen photographs of mineralization stages in the Agjeh Qaleh deposit. A and B: Stage 1 mineralization
as silicification of the host rock crosscut by stage 2 veinlets (yellow arrows). In both photos, stage 2 veinlets are, in turn,
cut by stage 3 veinlets (red arrows), C: Stage 1 breccia clasts (dark parts) in quartz-sulfide cement of stage 2
mineralization. Fine-grained pyrite crystals are visible in stage 1 clasts, D: Stage 2 mineralization that cut by stage 3
mineralization. Stage 1 breccia clasts (blue arrows) are visible in quartz-sulfide cement of the stage 2 mineralization, E—
G: Clasts of stages 1 and 2 mineralization in quartz-sulfide cement of stage 3 mineralization. In E and G photos, quartz-
calcite veinlets of stage 4 mineralization (blue arrows) cutting the stage 3 mineralization, are also visible, and H: Quartz-
calcite veinlets of stage 4 mineralization that cut the stage 3 mineralization. Abbreviations after Whitney and Evans (2010)
(Ccp: chalcopyrite, Gn: galena, Py: pyrite).
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Fig. 10. Mineralization stages and paragenetic sequence of ore and gangue minerals at the Agjeh Qaleh deposit
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Table 1. ICP-MS (ppm) data of ore and host rock samples from the Agjeh Qaleh deposit

Ag As Ba Cd Ce Cs Cu Dy Er Eu Gd Hf K
D.L. 0.1 0.5 1 01 05 05 1 0.1 0.1 0.1 0.05 0.5 100
AQ-2 <0.1 185 686 0.3 42 3 70 3.7 24 111 3.5 0.9 31734
AQ-3 04 376 123 0.4 41 1 5 4.3 26 0098 3.8 1.7 3100
AQ-4 <01 327 4824 03 194 23 1487 4.8 1.2 0.1 3.3 1.6 9395
AQ-31 161 378 216 7.1 9 3.2 11829 1.4 1 0.3 1.3 <0.5 4776
AQ-32 159 265 134 2.7 9 25 6112 1.4 1 0.3 1.3 <0.5 3734

AQ-33 113 183 87 1005 19 55 7597 3.6 2.2 11 3.1 <0.5 7860
AQ-34 68.6 >100 369 18 21 3.3 3280 2.9 1.8 0.8 2.5 <0.5 4696

AQ-35 114 192 114 1291 20 112 331 3 1.8 0. 2.5 <0.5 13640
AQ-36 124 274 77 772 15 3.2 944 2 1.3 0.5 1.8 <0.5 3409
AQ-37 6.4 163 207 222 5 3.3 430 1.5 1 0.3 1.3 <0.5 7840
AQ-38 25 251 132 2.2 15 3.8 6535 1.8 15 0.3 1.4 1.4 10561
AQ-39 138 398 162 116 8 3.5 263 1.3 05 <0.1 14 <0.5 6180
AQ-40 259 >100 58 7.9 15 3.7 5823 2.2 0.8 0.2 2 <0.5 5904
La Lu Mo Nb Nd Ni P Pb Pr Rb S Sh Sm
D.L. 1 0.1 0.5 1 0.5 1 10 1 0.05 1 50 0.5 0.1
AQ-2 25 0.3 1.4 134 16.6 7 1467 106 7.2 111 149 3.7 3.2
AQ-3 26 0.3 1.1 121 171 10 940 39 6.9 18 205 10.8 3.3
AQ-4 149 0.2 0.9 22 <05 6.6 1003 28.1 <0.05 28.1 231.9 2 <0.1
AQ-31 5 0.1 2.8 2.3 1 8 277 10993 3.3 35 5431 13.8 0.2
AQ-32 5 0.1 4 2.2 0.6 13 216 15162 3.3 33 2593 10.5 0.1
AQ-33 11 0.3 1.6 3.3 8.4 3 317 20816 4.9 57 10608 17.7 2
AQ-34 13 02 121 2.1 6.4 7 97 >30000 4.5 33 6399 23.3 15
AQ-35 10 0.2 <05 34 5.4 <1 353 >30000 4.1 77 >30000 35.8 14
AQ-36 6 0.1 236 2.1 1.8 1 115 >30000 3.5 32 4051 12 0.6
AQ-37 2 0.1 6.1 25 <05 2 195 8393 2.9 42 832 31.2 <0.1
AQ-38 5 0.2 513 6.7 <05 4 291 10453 3.2 47 1176 39.4 0.2
AQ-39 3 <0.1 0.9 <1 6.8 4 201  >30000 1.3 36 5244 44.2 1.3
AQ-40 8 0.1 4.9 <1 9.5 7 341 >30000 1.9 41 2849 89.5 1.9
Sr Ta Tb Te Th Ti Tl m ] Y Yhb Zn Zr
D.L. 1 0.1 0.1 0.5 0.1 10 0.1 0.1 0.1 0.5 0.05 1 5
AQ-2 4064 <01 07 <05 9.1 4347 04 0.4 2 17.7 1.6 314 35

AQ-3 3077 01 08 <05 6.6 5387 <01 0.4 1.7 197 1.8 181 62
AQ-4 5408 0.7 03 <05 08 8172 0.2 0.2 05 186 19 179

AQ-31 308 <01 03 <05 22 1236 0.3 0.2 0.8 5 0.3 21933 8
AQ-32 196 <01 03 <05 2 1043 03 0.2 0.8 4.6 0.2 5976 8
AQ-33 246 <01 07 <05 23 1592 06 0.3 06 171 13 >30000 12
AQ-34 3081 <01 05 <05 2 283 0.3 0.3 0.6 147 0.8 >30000 6

AQ-35 412 <01 05 <05 22 2107 1 0.3 0.2 143 1 >30000 18
AQ-36 1222 <01 04 <05 19 477 0.3 0.2 0.6 7.3 0.5 >30000 5
AQ-37 294 <01 03 <05 2 1471 03 0.2 1 5.3 0.3 >30000 8

AQ-38 308 <01 03 <05 36 4492 03 0.3 2.1 7.1 0.91 2793 73
AQ-39 1082 <01 0.2 <05 12 1347 04 <0.1 0.4 3.2 0.33 >30000 <5
AQ-40 1703 <01 03 <05 1.7 2140 05 0.1 1.2 6.9 0.6 8425 10

D.L: detection limits; AQ-2: Pyroxene quartz monzonite porphyry body, AQ-3: intermediate crystal tuff, AQ-4: basaltic
lava, AQ-31 and AQ-32: stage 2 quartz-chalcopyrite-pyrite veins, AQ-33, AQ-34, AQ-35, AQ-36, AQ-39, and AQ-40:
stage 3 quartz-galena-sphalerite veins, AQ-37: supergene ore, AQ-38: stage 1 silicified tuff
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Table 2. Elemental correlation coefficient (calculated based on Table 1) for ore samples at the Agjeh Qaleh deposit

Ag As Cd Cu Pb S Sb Zn
Ag 1
As 0.7 1
Cd -0.04 -0.3 1.0
Cu 0.2 0.2 -0.1 1
Pb 0.6 0.4 0.5 -0.01 1
S 0.4 -0.03 0.7 0.5 0.5 1
Sb 0.2 0.8 -0.1 0.1 0.5 -0.02 1
Zn 0.4 -0.2 0.6 -0.1 0.6 0.7 0.02 1
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Fig. 11. Chondrite-normalized rare element diagram for ore samples, pyroxene quartz monzonite porphyry, intermediate
crystal tuffs, and basaltic lavas in the Agjeh Qaleh deposit, and B: Chondrite-normalized rare earth element diagram for
ore samples, pyroxene quartz monzonite porphyry, intermediate crystal tuffs, and basaltic lavas in the Agjeh Qaleh
deposit. In both diagrams, normalization data are from McDonough and Sun (1995).
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Fig. 12. A: Loss and gain histogram of rare elements of ore samples in the Agjeh Qaleh deposit normalized against

pyroxene quartz monzonite porphyry sample (AQ-2, Table 1), and B: Loss and gain histogram of rare earth elements of
ore samples in the Agjeh Qaleh deposit normalized against pyroxene quartz monzonite porphyry sample (AQ-2, Table

1).
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Fig. 13. A: Loss and gain histogram of rare elements of ore samples in the Agjeh Qaleh deposit normalized against
intermediate crystal tuff sample (AQ-3, Table 1), and B: Loss and gain histogram of rare earth elements of ore samples
in the Agjeh Qaleh deposit normalized against intermediate crystal tuff sample (AQ-3, Table 1).
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Fig. 14. A: Loss and gain histogram of rare elements of ore samples in the Agjeh Qaleh deposit normalized against basaltic
lava sample (AQ-4, Table 1), and B: Loss and gain histogram of rare earth elements of ore samples in the Agjeh Qaleh
deposit normalized against basaltic lava sample (AQ-4, Table 1).
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Table 3. Comparison of main characteristics of the Agjeh Qaleh deposit with different types of epithermal deposits

Agjeh Qaleh

Epithermal deposits

S Intermediate- . o
Low-sulfidation High-sulfidation

sulfidation

Volcanic-volcaniclastic
Host rock )
units

Basalt-rhyolite Andesite-rhyodacite

Arc parallel faults,

] ) ) diatreme,
Ore controls Faults and fractures Extensional to strike-slip faults
hydrothermal
breccias
Key ore Py, Ccp, Gn, Fe-poor  Sp, Gn, Tnt-Ttr, Ccp, Fe-poor Sp, Gn, Tnt-Ttr, Eng, Lzn, Fmt, Cv,
minerals Sp Apy, Prg, Acn Ccp, Stb Dg
Qz, Adl, non-Mn
Gangue
) Qz, Cal, Chi bladed Cal, Brt, Clt, Qz, Mn Cal, Brt Qz, Alu, Anh, Brt
minerals
FI
Silicification, . o Sericitization,
] ] o Anrgillic, Sericitization, .
Hydrotherm intermediate argillic, o ) ) o advanced argillic,
] o silicification, intermediate argillic, L
al alteration carbonatization, o o . silicification,
. carbonatization silicification, propylitic .
propylitic propylitic
Vein-veinlet, Vein-veinlet, comb, Vuggy Qz, vein-

brecciated, cockade,
Ore textures )
crustiform, plumose,

colloform, vug infill

Vein-veinlet, comb, )
bladed, replacement, ) o veinlet, cockade, vug
. crustiform, vug infill, o )
colloform, crustiform infill, brecciated,
cockade

brecciated comb, replacement

Au, Ag, Cu, As, Sb

Metal Pb, Zn, Cu (Ag, As, Au, Ag (Zn, Pb, Cu,  Au, Ag, Pb, Zn, Cu (Mo, ]
o (Zn, Pb, Bi, W, Mo,
associations Sh) Mo, As, Sh, Hg) As, Sh)
Sn, Hg)
White and Hedenquist (1990); Cooke and Simmons (2000); Hedenquist et
Eyvazi (2026), This al. (2000); Albinson et al. (2001); Sillitoe and Hedenquist (2005);
References

study

Simmons et al. (2005); Andreeva et al. (2013); Saunders et al. (2014);
Wang et al. (2019)

Abbreviations: Acn: acanthite, Adl: adularia, Alu: alunite, Anh: anhydrite, Apy: arsenopyrite, Brt: barite, Cal: calcite,
Ccp: chalcopyrite, Chl chlorite; Clt: celestine, Cv: covellite, Dg: digenite, Eng: enargite, Fl: fluorite, Fmt: famatinite, Gn:
galena, Lzn: luzonite, Prg: pyrargyrite, Py: pyrite, Qz: quartz, Sp: sphalerite, Stb: stibnite, Tnt: tennantite, Ttr: tetrahedrite.
Abbreviations after Whitney and Evans (2010).
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Fig. 15. Schematic representation of mineralization evolution stages at Agjeh Qaleh deposit. A: Formation of Eocene
volcanic and volcaniclastic units, B: Folding of Eocene rock units during Pyrenean orogeny (late Eocene) and intrusion
of gabbro to pyroxene quartz monzonite porphyry bodies within rock strata. Intrusion of these plutons caused circulation
of meteoric waters and formation of mineralized quartz-sulfide veins within volcanic and volcaniclastic units in the area,
and C: Regional exhumation and development of weathering and erosion processes
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