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Abstract 

The Eocene volcanic rocks of north Ardabil, NW Iran, provide valuable insight into the dynamic 

history of mantle processes and subduction-related magmatism along the Alborz-Azarbaijan 

magmatic belt. This study combines new petrographic observations, whole-rock geochemistry, 

and high-precision mineral chemistry, focusing on olivine phenocrysts from pyroxene-phyric 

basalt, basalt, and trachybasalt. These basalts exhibit porphyritic textures, characterized by a 

dominant presence of clinopyroxene, olivine, and plagioclase within a fine-grained groundmass. 

Four distinct olivine types were identified based on size, zoning patterns, and chemical 

composition, with forsterite (Fo) contents ranging from Fo59 to Fo92. Whole-rock geochemical 

analyses classify the host rocks as High-K subalkaline, characterized by LILEs and LREEs, along 

with depletion of HFSEs and HREEs, consistent with formation in a subduction-related arc setting. 

Elevated concentrations of Ni, Ca, and Mn in olivine phenocrysts and whole-rock compositions 

suggest a mantle source dominated by re-fertilized peridotite, with contributions from pyroxenite. 

Moreover, geochemical signatures indicate complex mantle metasomatism involving carbonate- 
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and silicate-rich sediment melts, reflecting heterogeneous metasomatic processes beneath this 

volcanic field during the Eocene. 

Keywords: Volcanic rocks, Olivine, Eocene, Metasomatism , North Ardebil, NW Iran 

 

1. Introduction 

Mafic minerals such as olivine are widely used to infer magma composition and mantle source 

features (Sobolev et al., 2005, 2007; Arndt et al., 2010; De Hoog et al., 2010; Herzberg, 2011; 

Foley et al., 2013; Cordier et al., 2015; Søager et al., 2015; Giuliani and Foley, 2016; Mollai et al., 

2021; Arjmandzadeh et al., 2021). The texture and chemistry of these minerals- such as crystal 

shape, inclusions, structures, composition, zoning, and alteration, provide valuable insights into 

mantle composition, metasomatism, and late-stage crystallization (Mitchell, 1986, 1995, 2008; 

Kamenetsky et al., 2008; Roeder and Schulze, 2008; De Hoog et al., 2010; Mitchell and Tappe, 

2010; Pilbeam et al., 2013; Cordier et al., 2015; Sobolev et al., 2015; Nosova et al., 2017). 

Forsterite-rich olivine in volcanic rocks carries important information about the mantle source. 

The modal abundance of olivine in the residual mantle can be estimated from the concentrations 

of Ni, Mn, and Co in olivine, which are controlled by bulk partition coefficients during mantle 

melting (Sobolev et al., 2005, 2007; Straub et al., 2008; Foley et al., 2011, 2013; Ghasempour et 

al., 2014; Dabiri et al., 2018; Borojenie et al., 2025). The concentrations of other trace elements 

(Ca, Ti, Li, Zn) in olivine, mainly determined by their original content in the source, can be used 

to identify the nature of metasomatic sources (Prelević and Foley, 2007; Foley et al., 2011, 2013; 

Prelević et al., 2013; Rooney et al., 2020). 

The Eocene volcanic suite in north Ardebil provides valuable insights into mantle dynamics and 

melt evolution processes beneath NW Iran, reflecting subduction-related magmatism during the 

Cenozoic. Previous studies have introduced calc-alkaline volcanic sequences dominated by olivine 

basalts to andesites, which display geochemical evidence of magma mixing and derivation from 

metasomatized mantle sources (e.g., Vasigh, 2016; Soltanmohammadi et al., 2018; Yazdi et al., 

2019; Ahmadzadeh et al., 2023; Salehpour et al., 2025). While whole-rock geochemical data have 

established the broad subduction zone affinity of these volcanic rocks, significant uncertainties 

remain about the nature of mantle source heterogeneities and the physicochemical processes that 
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control melt evolution. In particular, a detailed understanding of the mineralogical and 

geochemical evolution, especially how olivine composition can be used to trace mantle processes 

and metasomatic alterations, is still limited. To address these gaps, this study presents high-

precision mineral chemistry data for olivine phenocrysts from the north Ardebil Eocene volcanic 

suite. Our results provide new insights into the primary melt composition and evolutionary 

pathways of mantle-derived melts in this region. 

2. Geological Background 

The investigated volcanic region, situated north of Ardebil in NW Iran (Fig. 1), lies within the 

central segment of the Alpine-Himalayan orogenic belt—a vast tectonic domain formed by the 

ongoing convergence of the Eurasian and Arabian plates. This region is part of the broader 

Cenozoic magmatic province of NW Iran, characterized by extensive Eocene volcanic and plutonic 

activity associated with the subduction of the Neotethys oceanic lithosphere beneath the Iranian 

continental margin (Berberian and King, 1981; Alavi, 1994; Agard et al., 2005). 

During the Eocene, NW Iran experienced widespread magmatism resulting from the northward 

subduction of the Neotethys oceanic lithosphere. This subduction initiated a complex interplay of 

arc-related volcanism, crustal extension, and mantle metasomatism. The region is structurally 

controlled by NW–SE trending faults and is bounded by major tectonic units, including the 

Sanandaj-Sirjan Zone to the southwest and the South Caspian Basin to the north (Allen et al., 2004; 

Hassanzadeh and Wernicke, 2016; Mazandarani et al., in press). The Eocene volcanic rocks of 

north Ardebil are part of the Alborz-Azarbaijan magmatic belt, which extends across NW Iran and 

is typified by calc-alkaline to shoshonitic volcanic suites (e.g., Castro et al., 2013; Honarmand et 

al., 2024; Elmi et al., 2025; Abdolahadi et al., 2025). The diversity of magma types produced 

during Eocene volcanism in NW Iran reflects a complex array of mantle melting processes, likely 

involving multiple source domains. 

The volcanic sequence in our studied region predominantly comprises Eocene-aged basaltic to 

andesitic flows, pyroclastic deposits, and associated volcaniclastic sediments. These volcanic 

rocks uncomfortably overlie older Mesozoic sedimentary strata and are locally intruded by coeval 

Eocene granitoids and mafic dykes (Vasigh, 2016; Fadaeian et al., 2022). 
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Figure 1. Simplified geological map of Eocene volcanic rocks in the north of Ardabil, showing the approximate 
locations of samples collected for this study. The figure is modified after Babakhani et al. (1991), Khodabandeh et 

al. (1997), and Abbasi et al. (2005). 

3. Analytical methods 

During fieldwork, approximately 100 volcanic rock samples were collected from the study area. 

A total of 40 samples were prepared as polished thin sections at the University of Tabriz, Iran, for 

petrographic studies. Among these thin sections, three basaltic samples containing the highest 

abundance of olivine crystals were selected for detailed electron probe microanalysis (EPMA). 

Prior to analysis, the samples were re-polished to a standard thickness of 30 microns at the 

University of Geneva, Switzerland. 

Major element compositions of olivine phenocrysts in the selected basaltic samples were analyzed 

using a JEOL JXA-8530F HyperProbe electron microprobe at the Microprobe Laboratory of the 

University of Lausanne (UNIL), Switzerland. To ensure representative characterization, over 110 

analytical points were measured on olivine crystals. EPMA conditions included an accelerating 
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voltage of 20 kV, a beam current of 100 nA, and a focused beam diameter of 5 μm. Quantified 

oxides included SiO₂, FeO, MnO, MgO, NiO, and CaO. Calibration employed a combination of 

natural and synthetic standards tailored to each element to ensure analytical accuracy and 

precision. Natural mineral standards such as anorthite (Al₂O₃), wollastonite (CaO, SiO₂), rhodonite 

(MnO), fayalite (FeO), and albite (Na₂O) were used alongside synthetic oxides, including NiO and 

TiO₂. These standards were selected to closely match the mineral matrix of olivine, minimizing 

matrix effects during WDS (Wavelength Dispersive Spectrometry) measurements. Background 

corrections and analytical parameters followed established CITZAF protocols for quantitative 

EPMA data reduction. 

Preparation for whole-rock XRF analysis was conducted at the University of Geneva (UNIGE), 

Switzerland. Selected samples for whole-rock analyses were carefully crushed using an agate 

mortar and pestle to obtain homogenized fine powders. Whole-rock major element contents (SiO2, 

TiO2, Al2O3, Fe2O3, MnO, MgO, CaO, Na2O, K2O, Cr2O3, and NiO) were measured by X-ray 

fluorescence (XRF) at the University of Lausanne. The analyses were performed using a 

wavelength-dispersive PANalytical AxiosmAX spectrometer fitted with a 4 kW Rh X-ray tube 

and conducted on fused disks prepared from 1.2 g of calcined sample powder mixed with 6 g of 

lithium-tetraborate (1:5 mixture). The standard XRF calibration is based on 21 international 

silicate rock reference materials. The reported data are initially on a loss on ignition (LOI)-free 

basis and then recalculated to include the LOI (dilution of the LOI-free data). 

Whole-rock geochemical analyses were conducted on calibrated fusion discs. Trace elements were 

measured using an Element XR sector-field ICP-MS (Thermo Scientific) connected to a 

RESOlution-SE 193 nm laser ablation system featuring an S155 two-volume ablation cell 

(Australian Scientific Instruments) at the Institute of Earth Sciences, University of Lausanne. The 

laser ablation was performed under conditions of 10 Hz repetition rate, 9 J/cm² fluence, and a 100 

µm spot size diameter. Calibration of relative sensitivity factors was achieved using the NIST SRM 

612 soda-lime-silica glass as the primary standard, while the USGS BCR-2g glass served as a 

secondary quality control standard (Jochum et al., 2011). Internal standardization relied on calcium 

concentrations obtained from prior XRF measurements. The resulting data were processed using 

the LAMTRACE software (Jackson, 2008), with detection criteria adapted following Ulianov et 

al. (2012). 
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4. Petrography 

Based on petrographic studies, the dominant rock type in the studied volcanic suite is basalt. 

Although these rocks have a basaltic composition, they show variations in the modal abundance 

of main minerals, as well as differences in crystal size and texture. Considering these petrographic 

differences, we classify the rocks into three categories: pyroxene-phyric basalt (Sample ER-6), 

basalt (Sample ER-7) and trachybasalt (Sample E4b). These volcanic rocks commonly show a 

porphyritic texture, with large, well-formed crystals of clinopyroxene, olivine, and plagioclase set 

within a fine-grained groundmass. The larger crystals include both phenocrysts, interpreted as 

having crystallized from the melt, and xenocrysts, likely inherited from the lithospheric mantle or 

crust. This interpretation is supported by olivine zoning and equilibrium relationships, discussed 

in later sections. Clinopyroxene crystals commonly host apatite inclusions, which may reflect 

crystallization in a deeper or earlier magmatic environment, distinct from the host melt. This 

texture is typical of mantle-derived xenoliths and supports a xenolithic origin (e.g., Shaw, 2024). 

Olivine and plagioclase phenocrysts are euhedral to subhedral and typically crystallized from the 

melt. Sanidine occurs as an accessory mineral in the groundmass of trachybasalt, appearing as 

small, rounded and lath-shaped grains that likely represent a late-stage, K-rich groundmass phase 

rather than an early-equilibrium crystallizing phase. Opaque minerals, probably magnetite or 

ilmenite, are scattered throughout the groundmass.  

Pyroxene-phyric basalts (Figs. 2a, 2d, and 2g) display a well-developed porphyritic texture, with 

abundant clinopyroxene crystals (>30%) along with olivine and plagioclase phenocrysts in a fine-

grained groundmass. Clinopyroxene appears as subhedral to euhedral crystals, both isolated and 

in glomeroporphyritic aggregates (Fig. 2d). Some clinopyroxene crystals show compositional and 

sector zoning and commonly contain apatite inclusions, indicating xenocrystic origin. Olivine 

crystals vary from euhedral to subhedral, are often rounded, and partly altered to iddingsite along 

fractures. Plagioclase occurs mostly as lath-shaped crystals with polysynthetic twinning and 

zoning, forming a significant part of the groundmass. Basalts (Figs. 2b, 2e and 2h) show seriate to 

porphyritic textures, with a continuous range of crystal sizes from microphenocrysts to 

groundmass grains. The main phenocrysts are clinopyroxene, olivine, and plagioclase, with apatite 

inclusions hosted in clinopyroxene. The groundmass consists of fine-grained clinopyroxene, 

plagioclase, olivine and opaque minerals. In basalt, although the amount of olivine is lower, the 
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olivines are better developed (more euhedral) than in pyroxene-phyric basalt. Trachybasalt (Figs. 

2c, 2f and 2j) are characterized by porphyritic and trachytic textures. These rocks form massive, 

fine-grained volcanic outcrops (Fig. 2c). Under the microscope (Fig. 2f), they composed of 

abundant, large clinopyroxenes (subhedral to euhedral), along with olivine and plagioclase 

phenocrysts, in a finer groundmass of smaller plagioclase laths and minor sanidine. The 

plagioclase laths, which show a sub-parallel alignment, along with the sanidine crystals, form the 

trachytic texture in the groundmass. Sanidine is present as smaller, rounded grains, some of which 

appear resorbed, indicating partial dissolution back into the melt. Opaque minerals, likely 

magnetite or ilmenite, are scattered throughout the sample as small anhedral grains. 

 

Figure 2. Field, petrographic, and BSE images of Eocene volcanic rocks from north of Ardabil, NW Iran. (a–c) 
Outcrop views of Pyroxene-phyric basalts (a), Basalt (b), and Trachybasalt (c). (d–f) Cross-polarized 
photomicrographs showing typical mineral assemblages: clinopyroxene (Cpx), olivine (Ol), plagioclase (Pl), sanidine 
(San), and apatite (Ap) (Whitney and Evans, 2010) and studied rocks: Pyroxene-phyric basalt (d), Basalt (e) and 
Trachybasalt (f). (g–j) BSE images of olivine phenocrysts with different zoning patterns and textures in the studied 
basaltic rocks. 
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5. Olivine texture 

The rocks we studied are porphyritic with a fine-grained groundmass and typically contain 30-

50% phenocrysts. The phenocrysts consist mainly of clinopyroxene (25-30%) and olivine (10-

15%), while plagioclase occurs primarily as fine-grained laths within the groundmass and only 

minor amounts as phenocrysts. Olivine crystals (>600 μm in length) can be divided into four 

chemical and textural types. Their relative abundance was determined by point counting on thin 

sections using JMicrovision and BSE imaging, which showed some differences between these 

volcanic rocks (Supplementary Table 1). 

Type I olivines are the most common olivine variety and display normal compositional zoning. 

They are present in all three studied rock types (Fig. 3a). These crystals are characterized by broad 

core zones with high forsterite contents (Fo₈₇–₉₂) (Fig. 3a), surrounded by thin rims (30–40 μm 

thick) that gradually decrease to more Fe-rich compositions (~Fo₆₂–₈₁). The core zones also display 

slightly elevated NiO concentrations, ranging from 0.29 to 0.41 wt%, compared to the depleted 

rims (Fig. 3a). Type II phenocrysts are dominant in the trachybasalts; they are coarse-grained (900-

2000 μm wide) with euhedral to subhedral crystal forms. These crystals are compositionally 

homogeneous (mostly ~Fo71–78) and show no chemical zoning (Fig. 3b) . 

Type III olivine phenocrysts, which occur only in pyroxene-phyric basalts, are less common than 

Types I and II. Most of these crystals are anhedral to subhedral and show normal zoning. They can 

be identified by their low Mg (Fo59–73) and NiO (<0.06 wt%) contents (Fig. 3c). Despite the 

compositional range in this group, the variations inside single crystals (Fo63–73) are much smaller 

than the variation between different crystals. These olivines likely formed from more evolved 

magmas. Type IV olivines are the least abundant and are found almost exclusively in the basalt 

(Sample ER-7). These smaller crystals (around 500 μm) are generally subhedral to anhedral and 

display oscillatory zoning (Fig. 3d). They have a Mg-rich (Fo85-88) mantle zone with slightly more 

NiO compared to the core zones (Fig. 3d). Their outermost rims are less magnesian (Fo67-77). 

Most olivine crystals observed in the studied volcanic rocks are subhedral and commonly show 

resorption textures along their rims (Figs. 3a and 3d), suggesting partial dissolution or interaction 

with the host melt during magmatic evolution. In trachybasalts, olivine phenocrysts are typically 

larger than those found in pyroxene-phyric basalts and basalts (Figs. 2j and 3a). 
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Textural observations show that olivine crystals generally display normal compositional zoning, 

characterized by cores with higher forsterite (Mg-rich) contents that progressively decrease toward 

the rims. Correspondingly, NiO concentrations decrease toward the rims, while CaO and MnO 

concentrations increase toward the crystal margins (Figs. 3a–d). 

Low NiO contents are typical for most olivine populations, except for the Type I olivines, which 

display significantly higher NiO concentrations (0.29–0.41 wt%) and distinct compositional 

signatures compared to other olivine populations within the rock. These differences suggest 

variations in their crystallization environments or histories. 

 

Figure 3. BSE images and chemical profiles of representative olivine phenocrysts from this study. (a–d) BSE images 
(left) and corresponding core-to-rim compositional variation (right) for four olivine types, showing variations in 

forsterite (Fo), MnO, CaO, and NiO contents. 
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6. Results 

The detailed analytical results are presented in the Supplementary Table 2. 

6.1. Whole-rock major element geochemistry 

Whole-rock major element geochemistry was analyzed in three samples, a pyroxene-phyric basalt, 

a basalt, and a trachybasalt (Samples ER-6, ER-7 and E4b, respectively), for which olivine 

chemistry has also been analyzed (representative analyses in Table 2). It is important to note that 

these samples are highly phyric bulk rocks containing xenocrysts; therefore, their compositions 

and limited sample size do not precisely represent primary melts. Nonetheless, valuable insights 

can still be gained from their bulk chemistry. 

On the total alkali–silica diagram (Fig. 4a), all three samples are subalkaline. SiO2 ranging from 

50.23 and 52.16 wt%. Furthermore, based on the potassium oxide (K₂O) and silica (SiO₂) diagram, 

the samples fall within the High-K and shoshonitic fields (Fig. 4b), indicating a potassium-

enriched magmatic affinity. Loss on Ignition (L.O.I) for basalt and pyroxene-phyric basalt is low 

(<1.6 wt%), whereas the trachybasalt shows a higher L.O.I of 2.57 wt%. The studied samples 

represent slightly evolved basalts, with MgO ranging from 5.8 to 9.11 wt% and Mg# values 

between 40.78 and 44.01. Although the samples generally have low TiO2 concentrations (<2 wt%), 

it is notable that the trachybasalts exhibit higher TiO2 than the other two samples at comparable 

MgO levels. 

 

Figure 4. (a) Alkaline/subalkaline classification diagram (after Irvine and Baragar, 1971). (b) Subdivision of subalkalic 
volcanic rocks based on K₂O versus SiO₂ (wt%) (after Peccerillo and Taylor, 1976).  



Accepted manuscript (author version) 
 

This article has license CC BY 4.0 https://creativecommons.org/licenses/by/4.0/ 

6.2. Trace elements geochemistry 

Fig. 5a displays whole-rock, primitive mantle-normalized trace element patterns of the studied 

samples, presented according to increasing compatibility of the elements. All samples are 

characterized by strong enrichment in large-ion lithophile elements (LILE) such as Cs, Rb, Ba, Th, 

and a pronounced positive anomaly in Pb, relative to the primitive mantle. In contrast, they show 

marked negative anomalies in high field strength elements (HFSE), including Nb, Ta, P and Ti, 

relative to light rare earth elements (LREE) (Fig. 5a). The depletion of Nb and Ta is a distinctive 

feature observed in the studied samples. Enrichment in LILE combined with HFSE depletion is 

consistent throughout the dataset. 

Primitive mantle-normalized rare earth element (REE) patterns are shown in Fig. 5b. The samples 

reveal strong enrichment in LREE relative to HREE, with flat middle to heavy REE (MREE–

HREE) profiles. None of the samples display significant Eu anomalies. High LREE/HREE ratios 

are particularly evident in the High-K samples analyzed in this study. All samples show LILE 

enrichment and steep LREE/HREE ratios consistent with a subduction-related arc environment. 

  
Figure 5. (a) Primitive mantle-normalized spider diagram showing trace element patterns for studied volcanic rocks 
(normalization values from McDonough and Sun, 1995). (b) Primitive mantle-normalized rare earth element (REE) 
diagram (normalization values from McDonough and Sun, 1995). 

6.3. Olivine chemical compositions 

The olivine crystals in all studied samples show a wide range of compositions, with Fo values (Fo 

= 100 × Mg/ (Mg + Fe), cation ratio) ranging between 59.0 and 92.5, MnO contents from 0.07 to 

0.9 wt%, NiO from 0.03 to 0.43 wt%, and CaO from 0 to 0.84 wt% (Fig. 6). We interpret olivine 

cores with Fo contents greater than 90 (Fo > 90) as xenocrysts, based on a sharp chemical 
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difference between the cores and their rims, which is inconsistent with normal magmatic zoning. 

For example, some crystals show core compositions up to Fo~91, while the rims drop to Fo~72 

(ΔFo > 19) (Fig. 3a; Table 1). This interpretation is further supported by Fig. 7. These high-Fo 

(>90) olivines contain relatively high NiO (up to 0.42 wt%), with NiO gradually decreasing toward 

their rims. NiO content also shows a strong positive correlation with Fo content (Fig. 6a). In 

contrast, the phenocrystic olivines display a broader range of Fo values but usually have lower Mg 

contents and higher MnO (up to 0.90 wt%) and CaO concentrations (Figs. 3 and 6b, 6c; Table 1).  

Fo content in the olivine cores varies significantly within the three studied rock types, ranging 

from 60 to 92 in py     roxene-phyric basalt, 78 to 92 in basalt, and 72 to 91 in trachybasalt. The more 

Mg-rich olivines contain low MnO contents (around 0.08 wt%; Fig. 6b), whereas the more Fe-rich 

phenocrysts have higher MnO contents, up to 0.90 wt% (Table 1). In both groups, a negative 

correlation with Fo content is observed (Fig. 6b). Calcium concentration is lowest in the Mg-rich 

olivines (Fig. 6c). The 100 × Mn/Fe ratio ranges from 0.9 to 1.2 in the Mg-rich, Ni-rich olivines, 

whereas the more Fe-rich olivines show higher values, ranging from 2.5 to 2.7 (Table 1). 

   

 

 

Figure 6. Geochemical variations in olivine compositions illustrating the relationships between Fo (%) and NiO (A), 
MnO (B), and CaO (C). Data point colors correspond to different rock types and the position of olivines from core 

to rim within each crystal. 
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 7. Discussion 

7.1. Olivine-liquid equilibrium 

Experiments have well constrained the Fe/Mg exchange partition coefficient between olivine and 

basaltic liquid at 0.30 ± 0.03 (Putirka, 2008; Roeder and Emslie, 1970). This coefficient remains 

constant over a wide range of conditions, except at pressures above 10 kbar (Ulmer, 1989) and in 

Fe-enriched compositions where the Mg-number is less than 0.25 (Toplis and Carroll, 1995). 

Mineral-melt equilibrium relationships of this type are best illustrated by plotting whole-rock Mg# 

against the forsterite content of olivine (Roeder and Emslie, 1970), with the equilibrium field 

represented as a shaded band extending across the diagram. Fig. 7 shows the relationship between 

Mg# in whole-rock and the Fo content of olivine phenocrysts for the Eocene volcanic rocks in the 

north of Ardabil, NW Iran. The green shaded area in this diagram represents the expected Mg# 

range of olivine phenocrysts equilibrated with coexisting liquids, based on data from tholeiitic 

basalts (Roeder and Emslie, 1970).  

We analyzed core-to-rim compositions of olivine crystals in three basaltic samples. Some olivines 

show uniform Fo cores with normally zoned rims. Olivine crystals fall into three fields: xenocrysts, 

equilibrium, and phenocryst/groundmass fields. Cores of type I olivines are largely dominated by 

xenocrysts, likely formed at greater depths than their host magma. All samples contain olivines 

with Fo values both above and below the equilibrium field.  

Most olivine cores are out of equilibrium, but some cores fall within the equilibrium field (Fig. 7). 

Samples with core compositions that plot above the equilibrium line have higher Mg content than 

expected, suggesting they crystallized from more primitive melts or experienced post-entrapment 

alteration (Sobolev and Chaussidon, 1996; Putirka, 2008). Some olivine phenocrysts show core 

compositions that plot within equilibrium, while their rims plot below the equilibrium line, 

reflecting fractional crystallization trends where the rims become enriched in Fe. Samples with 

core compositions that fall within the equilibrium line are in equilibrium with their melts, implying 

they formed under conditions consistent with their observed compositions. Olivine cores with Fo 

< 73 plot just below equilibrium, suggesting they crystallized from more evolved or Fe-enriched 

melts. 
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Figure 7. Plot of the relationship between bulk-rock Mg# values and olivine Fo contents. Mg# is defined as Mg²⁺/ 
(Mg²⁺ + Fe²⁺) and calculated under the assumption of Fe²⁺/Fe_total = 0.9 for the whole-rock composition, with all Fe 
in olivine considered as Fe²⁺. Equilibrium conditions are represented by Kd(Fe-Mg) values of 0.30 ± 0.03 (Roeder and 
Emslie, 1970). 

7.2. Olivine Composition as a Tool for Determining Origin 

Determining the origin of chemical and lithological heterogeneity in the mantle source (peridotite, 

pyroxenite, or their hybridization) is important for understanding the petrogenesis of the volcanic 

rocks (Sobolev et al., 2007; Herzberg et al., 2014; Elkins et al., 2019). Melts generated from 

peridotitic and pyroxenitic mantle under similar temperature and pressure conditions have distinct 

major and trace element compositions, and olivines crystallized from these melts also show 

different compositions (Sobolev et al., 2005, 2007). 

Experimental studies (e.g., Yang et al., 2016) have shown that basaltic melts derived mainly from 

a pyroxenite mantle source show subtle differences in major and trace element geochemistry 

compared to melts from a peridotite source. The concentrations of elements such as Ni, Ca, and 

Mn in parental melts are mainly controlled by their partition coefficients during mantle melting. 

Specifically, the distribution of Ni and Mn between olivine and melt is strongly influenced by 

pressure, temperature, and melt composition (Matzen et al., 2013). For instance, these studies 

indicate that high-pressure melting of peridotite results in an increased Ni partition coefficient 

between olivine and melt, producing partial melts enriched in Ni and depleted in Mn relative to 

the residue. The similar behavior of Mn²⁺ and Fe²⁺ during partial melting of ultramafic rocks leads 
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to a stable Mn/Fe ratio that remains largely unaffected by melting or crystal fractionation processes 

(Humayun et al., 2004).  

The Ni and Ca concentrations in olivine phenocrysts are important indicators of basaltic magma 

sources (Sobolev et al., 2005, 2007). Applying these geochemical tools to the Eocene volcanic 

rocks of north Ardabil reveals a complex magmatic history evolution involving both mantle 

melting and crustal differentiation. Olivine cores from the pyroxene-phyric basalts and xenocrystic 

olivines (shown with open circles in all figures) that identified based on their high Fo contents (Fo 

> 90), sharp core–rim compositional gaps (ΔFo > 19), plot within the field of 'olivines from partial 

melts of Stage 2 pyroxenite' on the Ni-Fo diagram (Fig. 8a). This, along with their relatively low 

Ca concentrations (Fig. 8b) and core compositions that fall outside the equilibrium field defined 

by the host melt, provides direct evidence for a pyroxenite-derived melt component in the mantle 

source.  

Subsequent magmatic evolution is recorded in the phenocryst populations from all three rock 

types. These phenocrysts show a clear fractional crystallization trend, extending to lower Fo and 

Ni contents (Ni ~270-4000 ppm). The depletion in Ni is consistent with long fractional 

crystallization of olivine. Furthermore, the phenocrysts are systematically enriched in Ca 

compared to the xenocrystic and core populations in the px-phyric basalt (Fig. 8b). This elevated 

Ca content in olivine often shows crystallization from Ca-enriched melts, not residual mantle. This 

is linked to fertile mantle sources rich in clinopyroxene, which is the main carrier of Ca in the 

mantle. Consequently, olivine crystallizing from such melts acquires higher Ca content (Toplis 

and Carroll, 1995). Such characteristics are common in MORB and arc magmas, where mantle 

source fertility or melting processes produce Ca-enriched melts (Rollinson, 1993; Borghini et al., 

2023). 

Fe/Mn ratios in the phenocrysts (Fig. 8c) are generally below 60 and similar to peridotite melts. 

However, their coexistence with high Mn contents (Fig. 8d) and the pyroxenitic signature of some 

early olivines suggest that the low Fe/Mn ratios are not a reliable indicator of a peridotitic source. 

Instead, the integrated geochemical signature, such as pyroxenite-like olivine cores followed by a 

fractional crystallization trend of High-Ca, Low-Fe/Mn phenocrysts, is well explained by the 

melting of a hybrid mantle source. This source was likely a peridotitic mantle that was 

metasomatized by melts derived from pyroxenite. Its chemical signature was subsequently 
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modified by extensive fractional crystallization within the crust (Herzberg et al., 2016; Sobolev et 

al., 2007). 

 

 

Figure 8. Variations of Ni (a), Ca (b), Fe/Mn (c), and Mn (d) against Fo values of olivines in the Eocene volcanic 
rocks of north Ardabil. Primary magmas from partial melts of fertile peridotite contain 8–38 wt% MgO. Horizontal 
and vertical patterned areas represent the calculated compositions of olivines from  olivine-fractionated derivative 
liquids. The pink field in (a) represents olivines from partial melts of Stage 2 pyroxenite (Herzberg, 2011). 

7.3. Peridotite versus Pyroxenite: Tracing the Mantle Source  

The chemical signature of olivine with Fo content above 90 is an important indicator of the mantle 

source from which host basalts originate (Sobolev et al., 2007; Herzberg et al., 2014). However, 

interpretations become more complex when olivine phenocrysts show Fo values below 90, since 

fractional crystallization significantly changes their composition (Herzberg et al., 2014, 2016). In 

our samples, olivine phenocrysts range from Fo 59 to 88 (Fig. 3), reflecting such modification. 



Accepted manuscript (author version) 
 

This article has license CC BY 4.0 https://creativecommons.org/licenses/by/4.0/ 

Petrological modelling is useful for elucidating the impact of fractional crystallization on magma 

compositions, but it requires an assumed primary magma composition. Typical primary melt 

calculations often focus on major elements and may omit trace elements such as Ni, which is 

critical for distinguishing between peridotite and pyroxenite mantle sources. Additionally, the 

presence of abundant clinopyroxene phenocrysts in the studied samples complicates estimating the 

primary magma composition. Therefore, we interpret our whole-rock and olivine data by 

comparing them with representative whole-rock geochemical datasets from the GEOROC 

database (https://georoc.eu/georoc/new-start.asp). 

We plotted the studied samples on the CaO–MgO diagram from Herzberg and Asimow (2008), 

where the equation CaO = 13.81 − 0.274 × MgO serves as a compositional boundary between 

melts derived from peridotite and those potentially sourced from pyroxenite. In the studied 

samples, basalts with high MgO contents plotted within the peridotite melt field (Fig. 9a), 

indicating that these basalts likely crystallized primarily olivine. In contrast, pyroxene-phyric 

basalt and trachybasalt fall within the pyroxenite melt field (Fig. 9a). However, the low-CaO 

olivines in these samples also show low MgO contents, and their CaO–MgO compositions broadly 

follow the crystallization trends of peridotite-derived melts (liquid–olivine+cpx+plag). 

Additionally, the pyroxene-phyric basalt shows chemical characteristics more similar to those of 

subduction-related arcs such as the Andean and Kamchatka Arcs, which display calc-alkaline arc-

type signatures formed by fluid-rich mantle melting above subducting slabs (Bindeman et al., 

2004; Espanon et al., 2014; Liu et al., 2020; Shu et al., 2022). On the other hand, the trachybasalt 

composition resembles volcanics from the East African Rift, a rift setting where magmatism is 

typically driven by extensional tectonics and mantle plume or decompression melting, yielding 

alkaline to transitional geochemical signatures distinct from arc magmas (Furman, 2007; Castillo 

et al., 2014; Liu et al., 2020; Cancel Vazquez et al., 2024). This compositional divergence suggests 

that the volcanic units may record two distinct tectonomagmatic settings or mantle source 

processes: the pyroxene-phyric basalt likely formed in the Neotethys subduction-related 

continental arc, whereas the trachybasalt originated in a back-arc environment. Basalts plotting 

within the peridotite melt field chemically resemble the Emeishan continental flood basalts, which 

are characterized by enriched incompatible elements and signatures indicative of a mantle plume 

origin, with a compositional range from tholeiitic to mildly alkaline (Zhang, 2006; Xie et al., 2009). 
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This similarity supports the interpretation that these basalts formed during the mid- to late Eocene 

flare-up magmatism in NW Iran (~45–37 Ma), an episode linked to complex geodynamic 

processes including Neo-Tethyan subduction and slab rollback (Alavi, 1994; Agard et al., 2005; 

Shafaii Moghadam et al., 2020). 

Further, whole-rock FeO/MnO ratios (Herzberg, 2011) are effective discriminants between 

pyroxenite and peridotite mantle sources. However, the studied basaltic samples have MgO 

contents >10 wt% (Figs. 9a and 9b), indicating that their compositions have been affected by 

fractional crystallization. This process can significantly influence FeO/MnO ratios. Despite this, 

the observed FeO/MnO values (34–37) are clearly lower than those typical of pyroxenitic melts 

(>60) and fall below the range expected for peridotite-derived melts (50–60). These observations 

suggest a more evolved melt, likely derived from a peridotitic source. 

  

Figure 9. Whole-rock geochemical data compilation for the Eocene volcanic rocks of north Ardebil illustrating 
indicators of a pyroxenitic source. Blue, red, and green circles represent samples analyzed in this study. (a) MgO 
(wt.%) versus CaO (wt.%) showing the experimental divide between peridotite and pyroxenite melts (Herzberg and 
Asimow, 2008). (b) MgO versus FeO/MnO (whole-rock) illustrating the typical field for peridotite melt compositions 
(Herzberg, 2011). Reference datasets were selected to represent different tectonic environments, including: 
Convergent Margin: Andean Arc and Kamchatka Arc, Continental Flood Basalt: Emeishan and Deccan and Rift 
Volcanics: East African Rift 

Major and trace element compositions of olivine with high Fo content are commonly used to infer 

the mantle sources of basaltic magmas (Sobolev et al., 2005, 2007). Except for the olivine cores 

in sample ER-6 and the xenocrysts, most olivine phenocrysts exhibit chemical compositions 



Accepted manuscript (author version) 
 

This article has license CC BY 4.0 https://creativecommons.org/licenses/by/4.0/ 

consistent with formation from magmas derived from re-fertilized peridotitic mantle sources (Fig. 

8). This interpretation is based on their relatively high Ni contents and moderate CaO values at Fo 

>85, which deviate from typical fractional crystallization trends and instead align with olivine 

compositions produced by melting of metasomatized peridotite (Sobolev et al., 2007; Herzberg et 

al., 2014). In contrast, the xenocrystic olivines and most olivine cores from sample ER-6 

(pyroxene-phyric basalt) plot closer to the field of primary magma and pyroxenite melting, 

suggesting a contribution from relatively less-modified mantle or pyroxenite sources (Fig. 8). In 

addition, whole-rock geochemical data (Figs. 9b) support a predominantly peridotitic mantle 

source, while the CaO versus MgO diagram (Fig. 9a) also reveals pyroxenitic contributions. This 

mixed signal is expected given the limited number of whole-rock analyses available, which 

naturally results in reduced variability among the samples and restricts the inferences that can be 

made. Therefore, additional geochemical indicators, including the Ni versus 100 × Mn/Fe diagram 

in olivine phenocrysts (Sobolev et al., 2007), were used to further constrain the mantle source of 

the studied rocks. This plot is especially useful because both Ni and Mn/Fe ratios in olivine are 

sensitive not only to the mineralogy of the source but also to the effects of fractional crystallization 

and metasomatic modification (Herzberg, 2011; Gall et al., 2021). During fractional 

crystallization, Ni tends to be incorporated into early-formed olivine, so its concentration decreases 

in later crystals. In contrast, Mn is moderately incompatible and remains in the melt longer, causing 

Mn/Fe ratios to rise as crystallization progresses (Herzberg et al., 2014). As a result, olivines 

formed in more evolved magmas may show lower Ni and higher Mn/Fe values. 

 

Figure 10. Plots of Ni versus 100 × (Mn/Fe) ratios for olivine crystals. Olivine compositions from MORB and 
reference fields for olivine crystallized from pyroxenite- and peridotite-derived melts are based on data from Sobolev 
et al. (2007). 
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In our dataset, most olivine phenocrysts from basalt and trachybasalt samples plot within or near 

the peridotite field, suggesting a dominant contribution from a peridotitic mantle source. In 

contrast, xenocrystic olivines and some cores from the pyroxene-phyric basalt (ER-6) fall closer 

to the pyroxenite field. This spread in compositions points to a hybrid mantle source beneath north 

Ardabil, where re-fertilized peridotite is the main contributor, but with variable input from 

pyroxenitic or sediment-modified domains. 

7.4. Insights into Mantle Metasomatism 

Nickel enrichment in olivine is closely linked to the mineralogical composition of its mantle source 

(e.g., Sobolev et al., 2005, 2007; Herzberg, 2011). In convergent margin settings, the addition of 

silica-rich melts to the mantle wedge often promotes olivine destabilization, resulting in a residue 

dominated by pyroxene and depleted in olivine (Kelemen et al., 1998). Magmas derived from such 

modified mantle lithologies tend to crystallize olivine with higher Ni contents than those formed 

from typical peridotitic sources (Sobolev et al., 2005, 2007; Straub et al., 2008). 

Olivine phenocrysts in the analyzed samples are characterized by relatively high concentrations of 

Ca, Mn, and Ni. While magmatic fractionation generally lowers Ni content and increases Ca and 

Mn concentrations in olivine, these trends must be interpreted in the context of the Fo content. 

Most of the olivines in our samples have Fo <90, indicating that fractional crystallization has 

significantly affected their composition. Therefore, the elevated Mn and Ca concentrations are 

primarily attributed to magmatic fractionation; however, additional factors such as mantle 

metasomatism may also influence the observed enrichment of these elements. To further explore 

mantle metasomatism, we compared our data with published olivine datasets representing MORB, 

OIB, lamproite, and leucitite compositions (Ammanati et al., 2016). Ammanati et al.’s dataset 

consists of olivines with Fo >80, whereas our samples include phenocrysts with Fo <80. This 

difference in Fo content affects trace element ratios such as Ni/Mg and Ca/Fe, which are sensitive 

to crystallization. As olivine evolves, Ni/Mg ratios decrease and Ca/Fe ratios increase, potentially 

obscuring source-related signals. Despite this, the 100×Ni/Mg values of olivines from north 

Ardabil show trends broadly similar to leucitites (Fig. 11a), which are alkaline volcanic rocks 

commonly associated with carbonatite metasomatism. These elevated Ni/Mg ratios in olivines 

suggest the incorporation of Ni-rich components derived from such metasomatized mantle melts. 

However, some samples from ER-6 and xenocrysts are different from this trend and mostly plot 
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in the lamproite field, suggesting that silicate-rich melts played a major role in the mantle (Figs. 

11a and 11b). These variations in olivine Ni/Mg ratios reflect heterogeneity in mantle metasomatic 

processes beneath the study area. The same trend is observed for xenocrysts and samples from ER-

6 in Fig. 11b. However, phenocrysts with low Fo contents (Fo < 90) exhibit Ca/Fe values 

approaching the lower end of the range commonly linked to carbonated melts. This pattern implies 

that additional processes, such as crystallization or later metasomatic changes, may have affected 

these elemental ratios (Figs. 11a and 11b). 

Several studies have demonstrated that the addition of subducted sediments significantly 

influences the petrogenesis of volcanic rocks, as evidenced by elevated Th/La values (up to ~0.3) 

in the analyzed basaltic samples (Hofmann and White, 1982; Pearce and Peate, 1995; Plank and 

Langmuir, 1998). Elevated Th/La values in the studied samples (0.36–0.39) strongly suggest that 

the mantle source was modified by the incorporation of subducted sediments or their derivative 

melts. This geochemical signature is consistent with magmatic activity in a subduction zone 

environment, where slab-derived fluids and melts transport sedimentary components into the 

overlying mantle wedge. 

  

Figure 11. (a) 100 × Mn/Fe and (b) 100 × Ca/Fe plotted against 100 × Ni/Mg in olivines from the studied volcanic 
rocks analyzed in the present study, with reference data from Ammannati et al. (2016). 

Olivines characterized by elevated Ca/Fe and relatively low Ni are expected to result from 

metasomatism involving carbonate-rich sediment melts (Ammannati et al., 2016; Wölki et al., 

2018). However, this pattern is not observed in olivines from north Ardebil. Instead, the analyzed 

crystals (Fo < 90) display lower Ca/Fe and Ni/Mg values. This discrepancy can be explained by 

mantle source heterogeneity and complex metasomatic processes. While carbonate-rich sediment 



Accepted manuscript (author version) 
 

This article has license CC BY 4.0 https://creativecommons.org/licenses/by/4.0/ 

melts typically produce olivines with elevated Ca/Fe and depleted Ni contents, subsequent 

metasomatism by silicate-rich melts or fluids can partially overprint these geochemical signatures 

(Ammannati et al., 2016; Wölki et al., 2018). As a result, olivines often display mixed metasomatic 

characteristics, with reduced Ca/Fe and Ni/Mg ratios compared to those produced by pure 

carbonate metasomatism. 

8. Conclusion 

This study provides new insights into the petrogenesis and mantle source characteristics of Eocene 

volcanic rocks from north Ardebil, NW Iran, based on detailed petrographic observations and high-

precision mineral chemistry, with a particular focus on olivine phenocrysts. The studied volcanic 

suite is dominated by basaltic rocks, which we classify as pyroxene-phyric basalt, basalt, and 

trachybasalt based on mineral abundance and crystal size. All samples display porphyritic texture. 

Olivine phenocrysts in these basaltic rocks show a range of textural and chemical types, including 

both homogeneous and zoned crystals, with forsterite contents ranging from Fo₅₉ to Fo₉₂ and 

variable concentrations of NiO, CaO, and MnO.  

Whole-rock geochemical data classify the rocks as subalkaline and High-K calc-alkaline rocks 

with low TiO₂ and Mg# values. Trace element patterns, including enrichment in Th and La, 

indicate derivation from a metasomatized lithospheric mantle source, likely influenced by the 

recycling of subducted sediments during the Eocene and subduction of the Neotethys oceanic 

lithosphere.  

Olivine chemistry reveals enrichment in Ni, Ca, and Mn, suggesting a re-fertilized peridotitic 

mantle source with pyroxenitic influence. The combination of elevated Ni/Mg and modified Ca/Fe 

ratios in olivines reflects mixed metasomatic influences from both carbonate- and silicate-rich 

sediment melts. These metasomatic processes, coupled with magmatic fractionation, have 

produced hybrid mantle lithologies beneath the volcanic field in north Ardabil during the Eocene.  

Whole-rock geochemistry and olivine data together support that the magmatism is linked to 

subduction-related tectonics, with distinct petrogenetic signs of arc and back-arc environments. 

This study emphasizes the significance of olivine geochemistry as a tracer for mantle source 

characteristics and metasomatic processes in complex tectonic settings. 
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