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The Anarak ophiolite complex is in northeastern Isfahan, at the
northwestern boundary of the Central Iranian Microcontinent. This
complex consists of serpentinized mantle peridotites, cumulate gabbros,
pillow lavas, mafic-ultramafic dikes, glaucophane-bearing metabasalts,
and listvenites, which are associated with metamorphic schists of Chah-
Ghorbeh, Morghab, and Patyar, as well as the Lakh marble unit. The
serpentinites and listvenites in this region are recognized as host rocks
for Cu, Ni, Co, Sh, and Au mineralization. The serpentinites are
primarily composed of antigorite, lizardite, chrysotile, chlorite, talc, and
chromian spinel, along with pyrite, chalcopyrite, nickeline, and
magnetite. Through hydrothermal processes, these have been
transformed into an assemblage of magnesite, dolomite, calcite, quartz,
fuchsite, and secondary sulfides within the listvenites. This study
focuses on the geochemical investigation of Anarak serpentinites and
listvenites to analyze their origin and alteration processes. Results from
geochemical diagrams indicate that the serpentinites fall within the
subducted field with a harzburgitic protolith. The listvenites are
predominantly of carbonate, silica-carbonate, and birbirite types,
reflecting the influence of Ni-Sb-As-rich hydrothermal processes and
metasomatism in their evolution. These findings highlight the economic
geological significance of this complex for valuable element
mineralization.
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EXTENDED ABSTRACT

Introduction

Listvenites, resulting from carbonation alteration of
ultramafic rocks by COz-rich hydrothermal fluids,
have recently gained considerable scientific interest
due to their dual significance in carbon sequestration
and economic potential (Beinlich et al., 2020). These
rocks form through metasomatic alteration of
peridotite protoliths under temperatures of 150 to
250°C and moderate pressures (Klein and Garrido,
2011) in tectonically active zones, particularly along
greenstone belts and crustal-scale fault systems
(Sieber et al., 2018). Petrologically, listvenites are
characterized by an assemblage of magnesite +
dolomite, quartz, and relict Cr-spinel, with variable
amounts of serpentine, talc, and accessory sulfides.
Their precursor serpentinites exhibit geochemical
signatures fundamentally controlled by protolith
composition and the tectonic environment of
hydration, with three principal genetic types
recognized: 1) abbyssal serpentinites formed at mid-
ocean ridges, 2) mantle wedge serpentinites
developed in subduction interfaces, and 3) subducted
serpentinites metamorphosed under high-P/T
conditions (Deschamps et al., 2013).

The transformation from serpentinite to listvenite
occurs through progressive carbonation reactions
along structurally controlled fluid pathways,
typically involving sequential replacement of
serpentine minerals by silica-carbonate assemblages.
This process is particularly active in subduction zone
environments, transcurrent fault systems, and
extensional tectonic regimes. While historically
noted for their association with gold mineralization,
contemporary studies reveal that listvenites may host
diverse mineralization types including Ni-Co-Sh-Cu
assemblages, particularly when derived from Cr-rich
harzburgitic protoliths. The present investigation
focuses on the geochemical evolution of listvenitized
serpentinites within the Anarak ophiolite complex
(Central Iran), employing whole-rock geochemistry
and mineral phase analysis to clarify their alteration
pathways, petrogenesis, and role in ore-forming
processes. Complementary studies of serpentinite-
listvenite transitions in the Anarak area aim to
establish genetic relationships between progressive
alteration stages and ore-forming processes.

Materials and methods

Representative serpentinite and listvenite samples
were systematically collected from the Anarak
ophiolitic complex, with particular focus on the
Patyar and Chah-Gorbeh tectonic units, ensuring
coverage of both protolith and variably altered
lithologies. Detailed petrographic studies utilizing
transmitted and reflected light microscopy
documented primary mineral relics, alteration
paragenesis, and critical microtextural relationships,
with  special emphasis on  pseudomorphic
replacement textures and vein networks indicative of
progressive carbonation. Whole-rock geochemical
analyses were conducted using X-ray fluorescence

spectrometry (XRF) for major oxides and
inductively coupled plasma-mass spectrometry
(ICP-OES) for minor elements at ZarAzma

laboratory. Mineralogical characterization was
performed using X-ray diffraction (XRD).

Result

Petrography

The  Anarak  serpentinites, derived from
harzburgite/lherzolite protoliths, exhibit

characteristic mesh-textured lizardite (after olivine)
and bastite pseudomorphs (after orthopyroxene) with
relict chromian spinels. Antigorite replacement of
lizardite indicates prograde overprinting of initial
retrograde serpentinization. Listvenites display two
alteration facies: 1) carbonate-dominated and 2)
silica-rich, reflecting progressive CO»-
metasomatism. Mineralization includes Au (up to
7278 ppb) associated with primary Ni-Co-Sb-Cu
sulfides and secondary oxidation products.
Serpentinite Geochemistry

Geochemical analyses of  Anarak-Patyar
serpentinites show SiO; (36—44 wt.%), CaO (0.5-4.5
wt.%), ALO3(0.5-3.3 wt.%), MgO (31.6-37.3
wt.%), and LOI (11-13.8 wt.%). FeO-MgO plots (7—
9 wt.% FeO) indicate uniform alteration intensity.
High LOI values correlate with antigorite-dominated
serpentinization (~12% structural water), while
MgO depletion reflects both mantle source depletion
and magmatic fractionation. The major oxide plots of
MgO versus FeO, CaO, and LOI demonstrate
compositional consistency with the field of
subducted serpentinites (Fig. 5).

The Anarak serpentinites, enriched in mobile trace
elements such as Cs, U, Pb, and Sr, which are absent
in primary peridotitic protoliths, serve as key
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indicators for fluid—rock interaction processes.
While their major-element composition largely
reflects the mantle-derived protolith, the distribution
of mobile elements has been modified by the nature,
composition, and physicochemical conditions of
fluids (hydrothermal, seawater, or slab-derived).
Enrichment in Ba, Pb, Th, U, La, Nb, and Yb relative
to global serpentinites partly results from pre-
serpentinization processes and partly from the
infiltration of oxidizing and sediment-derived fluids
during subduction. The distribution of chalcophile
elements such as As, Sb, and Pb highlights the
influence of subducted sediments and sediment-
derived fluids, and Pb isotope signatures together
with As and Sb enrichment suggest two scenarios for
secondary serpentinization, in which serpentinites
act as both reservoirs and carriers of mobile
elements. Geochemical data on sulfides-bearing
samples indicate that copper and nickel
mineralization in the area are genetically
independent, as evidenced by distinct trends in Ni—
Co and Cu—Co plots, with Co/Ni ratios directly
related to the degree of cobalt mineralization and
nickel concentrations.

Listvenite Geochemistry

Major oxides show wide ranges: SiO; (14-96 wt.%),
MgO (0.07-7.32 wt.%), FeO; (1-19 wt.%), and LOI
(0.6-34 wt.%), reflecting carbonation variability.
Ca0-SiO; enrichment coupled with MgO loss
confirms carbonate (dolomite-magnesite-calcite)
formation in type-I listvenites. Patyar listvenites are
distinguished by quartz-fuchsite assemblages
(elevated K>O-Al;03). Ternary diagrams position
samples above the terrestrial melting line,
demonstrating extensive carbonation, with Patyar
specimens reaching 90 wt.% SiO; (birbirite-like).
This siliceous-carbonate spectrum correlates with
observed hydrothermal alteration intensities.

Discussion

The results indicate that the Anarak and Patyar
serpentinites, formed in a subduction setting, have
played a significant role in concentrating and
transporting ore-related elements, particularly gold.
Serpentinization, involving substantial = water
addition (11-~14 wt.%) to peridotitic protoliths,
facilitated both pervasive alteration of ultrabasic
rocks and the mobilization of gold from primary
opaque minerals (Fig. 5B). Gold contents (0.02-0.1

g/t) in these serpentinites are several times higher
than the global average for upper mantle peridotites
(0.001-0.01 g/t), reflecting secondary enrichment
through subduction-related hydrothermal processes
mediated by CO,", S’, and As-rich fluids (Buisson and
Leblanc, 1987). Possible sources of arsenic and
sulfur include adjacent sedimentary—metamorphic
host rocks, crystallized products of sulfide—arsenide
melts in ultrabasic protoliths, and mantle
metasomatism  (Leblanc and Billaud, 1982;
Buckman and Ashley, 2010). Nickel sulfides and
arsenides precipitated during antigorite formation
within the subduction channel, increasing As, Sb, Te,
Bi, and Pb contents. Listvenites share Cr, Co, and Ni

mineralogy with their serpentinite protoliths,
indicating  compositional inheritance, but
deformation and brecciation liberated these

elements, with shear zones focusing Cu-, As-, and
Sb-rich ore-bearing fluids. Two main stages of
listvenite formation are recognized: early carbonate-
rich type I formed under CO,, H,O", and Ca*"-rich
fluids at high pH, and later silica-rich type II formed
through Si transfer from serpentine minerals under
lower pH hydrothermal conditions, with associated
magnetite dissolution and gold mobilization.
Listvenites  experienced  greenschist  facies
metamorphism (290-340°C, 100-300 MPa), later
overprinted by retrograde metamorphism during
Tethys closure and post-orogenic uplift (Bagheri and
Stampfli, 2008). Their silica—carbonate composition,
high shear deformation, and mineralogical evidence
point to a genetic link with serpentinite protoliths,
with tectonic deformation controlling fluid pathways
and creating localized reducing environments
favorable for selective ore deposition.

Conclusion

The integrated geochemical and petrographic
investigation of serpentinites and listvenites in the
Anarak area reveals a complex alteration history
linked to subduction zone processes. Serpentinites
formed from subducted mantle peridotites underwent
extensive hydration and metasomatism, promoting
significant enrichment in economically important
elements such as gold. Listvenites represent
advanced hydrothermal alteration stages involving
carbonation and silicification, which contribute to
ore concentration.

This study highlights the importance of serpentinite
and listvenite alteration in controlling fluid
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composition, metal mobility, and mineralization in studies integrating isotopic and fluid inclusion data
subduction-related settings, emphasizing their role in could refine the understanding of fluid sources and
economic geology exploration frameworks. Further pathways in this region.
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Fig. 2. Outcrops of serpentinite and associated listvenite in the Anarak area. A: Serpentinized peridotite olistolite
embedded within schists; listvenite developed along faults within serpentinite mélange in the Rasour area; view looking
to west, B: Plagiogranite intrusion into Chah-Gorbeh schists and the contact between serpentinites and intensely
brecciated listvenite in the Northern Mirkooleh area; view looking to north, C: Ancient mine workings within listvenitized
serpentinites in the Southern Mirkooleh area; view looking to southeast, D: Recumbent fold in listvenitized serpentinite
at Khalou Heydar; view looking to east, E: Fuchsite and quartz vein in Patyar gold-bearing listvenite, F: Drusy quartz
filling cavities within silica-rich listvenites in the west of Patyar, G: Nickel-bearing veins in Sebarz listvenite, H: Close-
up view of annabergite mineral, and I: Nickel-bearing vein within serpentinized harzburgite at Chah-Shour
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Fig. 3. Transmitted light photomicrographs of serpentinite and listvenite from the Anarak area under XPL, except for E,
G, and H. A: Bastite, formed by pyroxene alteration to serpentine in serpentinized harzburgite; tremolite is developed
along fractures, B: Porphyroblastic texture in relic olivine within serpentinized lherzolite, C: Mesh texture of antigorite
and talc in serpentinite, D: Ductile deformation features, including microfolds and kink bands in bastite, E: Euhedral
magnetite crystal on serpentine; other opaque minerals in serpentinite include oxidized magnetite and chromite, F:
Magnesite in Type I (carbonate-rich listvenite) in which quartz is replacing the earlier formed carbonates, G: Fuchsite in
Type II listvenite (silica-rich), cross-cut by dolomite veinlets, H: Ophicarbonate, Iron liberation during the transformation
of serpentinite to listvenite , accompanied by bastite relics, and I: Muscovite (mariposite) vein cross-cutting nickolite,
producing an embayed margin. Abbreviations after Warr (2021) (Ang: antigorite, Dol: d olomite, Fus: fuchsite, Lz:
lizardite, Mag: magnetite, Mgs: magnesite, Mrp: mariposite, Nc:nickeline, Tlc: talc, Opx: orthopyroxene, Ol: olivine, Srp:
serpentine, Tr: tremolite, Qz: quartz).
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Fig. 4. Reflected light photomicrographs (PPL) of mineralization from the Anarak area. A: Euhedral magnetite crystals
are developed around altered spinels formed on tremolite and serpentine crystals, B: Altered spinel and magnetite occur
in association with chalcopyrite and covellite within the serpentinite, C: Oxide and sulfide phases in serpentinite.
Chalcopyrite and pyrrhotite within chromian spinel, with margins replaced by magnetite, and D: Chalcopyrite and
arsenopyrite are coexisting with antigorite. Abbreviations after Warr (2021) (Cr-spl: Cr-spinel, Tr: tremolite, Mag:
magnetite, Ser: serpentine, Ccp: chalcopyrite, Cv: covellite, Po: pyrrhotite, Apy: arsenopyrite).
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Table 1. Composition of phases in the selected serpentinite and listvenite samples of Anarak and Patyar obtained by

XRD

sample ID major minor trace
Chr-30 lizardite, chrysotile quartz, magnetite -
Ras-6 antigorite, lizardite calcite, dolomite, chlorite hematite

Mkn-126 lizardite, chrysotile, aptigorite, tremolite, calcite i

chlorite

Khl-49 quartz, dolomite, magnesite goethite calcite
Pty-102 magnesite, quartz dolomite, cristobalite clay mineral
T10-21 annabergite - quartz, clay mineral
Pty-300 amphibol, antigorite, lizardite, chlorite calcite
Khil-07 chrysotile magnetite, quartz, calcite
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Fig. 5. XRD profiles of bulk-rock serpentinites and silica—carbonate rocks in the Anarak. A: sample Chr-30 from Chah
Shour, B: Sample Ras-6 from Rasour, C: Sample MKN-126 from Mirkouleh, D: Sample Pty-102 from Patyar, E: Sample
Khl1-49 from Khalou Heydar, F: Sample T10-21 from Sebarz, G: Sample Pty-300 from Patyar, and H: Sample Khl-07
from Khalou Heydar. Abbreviations after Warr (2021) (Anb: annabergite, Ang:antigorite, Ctl:chrysotile, Lz: lizardite, Qz:

quartz).
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Table 2. Summary statistics for whole-rock major oxide (wt. %) element concentrations of serpentinite samples from the
Anarak area and Patyar region obtained by XRF analysis

Si02 ALOs; CaO Fe03 KO MgO MnO NaxO SO; TiO: LOI

Anarak n=18
Count 18 18 17 18 4 18 18 12 8 12 18
Median 40.24 1.68 1.49 7.83 0.09 3482 0.11 0.08 0.16 0.08 1245
Average 40.05 1.83 1.46 8.23 0.10 35.13 0.11 0.09 0.29 0.11 12.41
St. Deviation 1.88  0.69 1.04 1.15 0.03 2.15 0.01 0.04 0.32 0.09 0.61
Maximum 44.07 3.28 453 1195 0.14 38,53 0.13 0.2 098 036 13.27
Minimum 37.75 0.87 0.69 6.86 0.07 31.59 0.09 0.06 0.05 0.05 11.06
Patyar n=10
Count 10 10 10 10 1 10 10 2 9 3 10
Median 3841 1.82 0.58 7.77 0.06 37.14 0.11 0.07 0.27 0.06 12.57
Average 3845 1.78 0.71 8.06 0.06 37.28 0.12 0.07 0.34 0.06 12.54
St. Deviation 129 0.76 0.52 2.11 - 1.06 0.03 0.02 0.31 0.02 0.57
Maximum 40.65 2.97 1.56 1230 0.06 39.37 0.20 0.08 1.13 0.08 13.82
Minimum 36.00 0.51 0.05 4.67 0.06 3550 0.08 0.05 0.07 0.05 11.78

565,60 asb 31 il gladi gas SIICP-OES Jool> S 6K (55 5» (,f> s ole s (PPD) Mo pslis (65T Slwlows ¥ Jous
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Table 3. Summary statistics for whole-rock gold (ppb) and minor (ppm) element concentrations of serpentinite samples
from the Anarak area and Patyar region obtained by ICP-OES analysis

Au  Ag Ba Pb U Yb S As Sb Cu Co Ni
Anarak n=68
Count 68 57 65 68 66 68 63 61 67 67 68 68
Median 5 0.3 61.5 26 2.6 1.39 559 21.1 3.36 91 73 1392
Average 163 1.5 436 227 126 4.4 1829 85.2 342 3163 193 3843
St. Deviation 54.0 3.5 lil 573 960 7.9 3940 348 165 7405 264 10908
Maximum 410 23 7?9 3006 7806 41 25718 >100 >0.01% 35593 1105 83104
Minimum 5 0.1 0.75 1 0.1 0.0 191 0.8 0.38 2 14.6 32
Patyar n=8
Count 19 8 8 8 8 8 8 8 8 8 8 8
Median 35 0.3 595 489 7.83 0.8 665 24.2 2.45 89.5 67.6 1752
Average 822 1.1 645 529 7.83 1.2 4383 101 10.6 1976 86.8 2415
St. Deviation 147 2.1 399 284 6.00 1.0 8727 171 16.1 5337 68.9 1439
Maximum 589 7.0 116 108 18.6 2.9 25718 509 >0.01% 15184 238 4744
Minimum 5 0.1 14.6 14.7 0.77 0.1 229 4.2 1.58 443 33.9 1037
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Fig. 6. Geochemical discrimination diagrams of serpentinite tectonic settings (oceanic, subducted, and mantle wedge
serpentinites) based on whole-rock major element compositions, including FeO, LOI, and CaO versus MgO (Deschamps
et al., 2013) for the Anarak and Patyar samples. Grey lines indicate the depleted mantle composition from Salters and
Stracke (2004) and the primitive mantle composition from McDonough and Sun (1995). A: FeO (wt.%) vs. MgO (wt.%),
B: LOI vs. MgO, C: CaO vs. MgO, D: Al,O; vs. CaO, E. ALO3—CaO-MgO ternary diagram for discriminating the
serpentinite protolith based on whole-rock composition (Li and Bucher, 2004). Samples also plot within the
metamorphosed peridotite field, and F: MgO/SiO, versus Al,03/SiO, diagram for distinguishing various geological
settings of serpentinite formation. The thick line represents the terrestrial array (Jagoutz et al., 1979; Hart and Zindler,
1986). The black arrow indicates the effect of partial melting. Oceanic peridotite compositions are from Niu (2004). LOI

= loss on ignition (wt.%). Abbreviations after Warr (2021) (Ang: antigorite, Lz: lizardite, Di: diopside, En: enstatite).

Orange squares represent the Patyar area, while blue circles denote serpentinite samples located within the Chah Gorbeh
unit in the Anarak.
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Fig. 7. Fluid-mobile elements (FME) trends in the Anarak and Patyar serpentinites. A: Yb vs. Cs diagram; B: Ba vs.
Ba/Yb diagram; C: Th vs. Pb diagram; D: Th vs. U diagram; E: La vs. Nb diagram; and F: Yb vs. La/Yb diagram.
Comparative data are plotted from datasets of MOR (oceanic) and forearc serpentinites (Raia et al., 2022) as well as
abyssal, subducted, and mantle wedge serpentinites (Deschamps et al., 2013).
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Table 4. Summary statistics for whole-rock major oxide (wt. %) element concentrations of listvenite samples from the

Anarak area and Patyar region obtained by XRF analysis

Si02 ALOs CaO Fex03 KO MgO MnO NaxO SOs TiO:2 LOI
Anarak n=14
Count 14 14 14 14 8 14 13 9 8 13 14
Median 4161 1.62 449 747 034 2097 024 016 0.09 0.08 9.77
Average 50.64 172 7.68 742 040 17.89 1.09 0.62 0.10 036 1235
St. Deviation 27.07 143 7.53 451 031 1322 194 1.14  0.06 053 10.12
Maximum 96.75 535 22.09 1324 1.04 32,65 5.51 356 0.21 148  34.10
Minimum 2143  0.01 0.13 1.07 009 019 0.02 0.05 002 0.03 0.63
Patyar n=21
Count 21 21 21 21 20 21 20 18 20 8 20
Median 39.17 1.6l 987 677 017 7.65 014 047 0.68 0.19 20.63
Average 41.62 255 11.85 17091 037 1126 030 0.73 144 021 20.19
St. Deviation 19.22  2.53 9.68 450 041 937 0.62 0.62 1.74  0.11 10.20
Maximum 7448 930 31.64 1921 149 31.01 2.9 252  6.09 038 33.19
Minimum 1400 0.10 030 339 006 0.07 005 0.18 0.06 008 3.90
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Fig. 8. Logarithmic variation trends of ore-forming elements in the Anarak and Patyar serpentinites and listvenite-hosted
serpentinites. A: Logarithmic Co vs. Ni diagram, B: Logarithmic Co vs. Cu diagram, C: Logarithmic Ni vs. Cu diagram,
D: Logarithmic Co/Ni ratio vs. Co diagram, E: Logarithmic Co/Ni ratio vs. Cu diagram, and F: Logarithmic Co/Ni ratio
vs. Ni diagram. For comparison, MOR (Goodfellow et al., 1999), Cyprus-type sulfide (Hadjistavrinou and Constantinou,
1982), Besshi-type sulfide (Kase and Yamamoto, 1988), and Cu-Co-Zn and Ni mineralization associated with listvenitized
ultramafic rocks (Peltonen et al., 2008) compositions are also shown.
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Fig. 9. Whole-rock major element compositions of listvenites from Anarak and Patyar, A: SiO; vs. MgO, B: SiO; vs.
Ca0, C: SiO; vs. Fe;03, D: SiO, vs. LOI, E: SiO; vs. Al,O3, and F: SiO; vs. K2O. The melt extraction trend was calculated
using the pMELTS software (Ghiorso et al., 2002). Typical serpentinite composition is reported from Deer et al. (1992).
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