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Abstract: Podiform chromitites are important indicators of mantle processes associated with subduction initiation,  
yet their formation mechanisms remain debated. This study presents petrographic and mineral-chemical data from  
chromitites of the Eastern Ağrı region (Kağızman Ophiolite) in the eastern segment of the İzmir–Ankara–Erzincan Suture 
Zone and evaluates their significance for supra-subduction zone (SSZ) forearc mantle evolution along the northern Neo-
Tethyan margin. The chromitites occur as massive and disseminated bodies hosted by dunite channels within refractory 
harzburgite. Sharp spinel grain boundaries and primary silicate inclusions (orthopyroxene ± olivine) preserved within 
Cr-spinel cores indicate focused melt flow, melt–rock interaction, and chromitite saturation in a forearc mantle setting. 
Cr-spinels are characterized by high Cr# values (0.57–0.88) and low TiO2 contents (<0.7 wt.%), whereas olivine (Fo90–93) 
and orthopyroxene (Mg# = 90–94) compositions indicate a strongly depleted mantle source. Field relationships, 
petrography, and mineral chemistry suggest that chromitite formation occurred during subduction initiation and was 
related to slab-derived fluid influx and hydrous melting of refractory mantle. The coexistence of different chromitite 
textures and preserved primary mineral signatures indicates a multi-stage chromitite-forming process linked to evolving 
melt fluxes. Comparison with other Neo-Tethyan and global ophiolitic chromitites supports an SSZ affinity for the 
Kağızman chromitites and highlights the role of integrated petrographic and mineral-chemical approaches in constraining 
chromitite genesis and forearc mantle evolution.
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Introduction

Eastern Anatolia occupies a critical position within the Alpine–
Himalayan orogenic belt, where remnants of the Neo-Tethyan 
oceanic lithosphere preserve an unusually complete record  
of subduction initiation, forearc magmatism, and ophiolite 
emplacement. The region represents one of the few segments 
of the Neo-Tethyan realm in which mantle-derived lithologies, 
arc-related magmatic products, and suture-zone structures are 
spatially and temporally well preserved, providing a unique 
natural laboratory for investigating early subduction processes 
and forearc mantle evolution (Okay & Tüysüz 1999; Dilek & 
Furnes 2011; Moghadam et al. 2020).

Prior to Neo-Tethyan ocean opening, Eastern Anatolia for
med part of the northern passive margin of Gondwana, repre-
sented by metamorphic basement complexes and overlying 
sedimentary successions. This configuration was profoundly 
modified during the Mesozoic by the opening and subsequent 
closure of the Neo-Tethys Ocean, particularly its northern 
branch, the İzmir–Ankara–Erzincan Ocean (IAEO). Late 

Cretaceous subduction of the IAEO beneath the Eurasian 
margin resulted in widespread supra-subduction zone (SSZ) 
magmatism, large-scale ophiolite emplacement, and the deve
lopment of the İzmir–Ankara–Erzincan Suture Zone (IAESZ), 
one of the most prominent tectonic boundaries in Anatolia 
(Şengör & Yılmaz 1981; Stampfli & Borel 2002; Robertson et 
al. 2014). Subsequent Arabia–Eurasia collision during the 
Cenozoic further reworked these ophiolitic fragments, yet 
significant portions of the mantle sections remain remarkably 
well preserved (Okay & Şengör 1992; Şaroğlu et al. 1992; 
Rolland 2017).

The İzmir–Ankara–Erzincan Suture Zone (IAESZ) hosts  
a series of discontinuous ophiolitic bodies extending from 
western to eastern Anatolia and represents the principal rem-
nant of the northern branch of the Neo-Tethys. These ophio-
lites display pronounced along-strike variations in mantle 
lithology, magmatic affinity, and degree of depletion, reflec
ting spatial heterogeneity in subduction initiation processes 
along the Neo-Tethyan margin (Dilek & Furnes 2011; 
Robertson et al. 2014; Moghadam et al. 2020). Western and 
central IAESZ ophiolites are commonly characterized by 
refractory harzburgitic mantle sections, well-developed SSZ 
geochemical signatures, and widespread podiform chromitites, 
whereas eastern segments tend to preserve more fragmented 
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and tectonically reworked mantle assemblages affected by 
later collisional deformation. This eastward variability high-
lights the importance of region-specific studies for evaluating 
whether chromitite-forming processes were uniform along the 
IAESZ or varied in response to local mantle dynamics, melt 
fluxes, and evolving slab–mantle interactions during subduc-
tion initiation.

Within this tectonic framework, Eastern Anatolia ophiolites 
are widely interpreted as fragments of Late Cretaceous SSZ 
oceanic lithosphere generated during subduction initiation 
(Dilek & Furnes 2011; van Hinsbergen et al. 2020). Their 
lithological architecture – dominated by refractory harzbur
gites and dunites, locally intruded by gabbroic bodies and 
sheeted dykes and overlain by arc-related volcanic and pelagic 
sedimentary units – together with HFSE-depleted and LILE-
enriched geochemical signatures, is characteristic of forearc 
mantle environments (Pearce et al. 1984; Shervais & Jean 
2012; Pearce 2014). Such conditions are increasingly recog-
nized as optimal for the formation of podiform chromitites 
through focused melt–rock interaction between highly deple
ted mantle peridotites and high-Mg hydrous melts during 
subduction initiation (Arai & Miura 2016; Farré-de-Pablo et 
al. 2020).

Podiform chromitites constitute some of the most sensitive 
petrological archives of mantle processes in SSZ settings. 
Variations in Cr-spinel chemistry – particularly Cr#, Mg#, and 
Fe3+ contents – together with the compositions of coexisting 
olivine and orthopyroxene, provide robust constraints on the 
degree of mantle depletion, the nature of parental melts (boni-
nitic versus arc-tholeiitic), and the intensity of melt–rock 
interaction during chromitite formation (Kamenetsky et al. 
2001; Rollinson 2008; Arai 2013). Recent high-resolution 
studies further demonstrate that many SSZ chromitites record 
multi-stage melt infiltration and re-equilibration while pre-
serving primary magmatic signatures despite later serpentini-
zation, provided that mineral-chemical criteria are carefully 
evaluated (Miura et al. 2012; Fornasaro et al. 2023; Liu et al. 
2023).

Across Türkiye and the eastern Mediterranean, chromitites 
hosted by Neo-Tethyan ophiolites are increasingly interpreted 
as key indicators of subduction initiation and early forearc 
mantle evolution. Integrated mineral-chemical, isotopic, and 
PGE-based studies from the Köyceğiz, Kızıldağ, Kırdağ, and 
Mersin ophiolites document high-Cr chromitites formed 
through interaction between highly depleted mantle peridotite 
and boninitic to arc-tholeiitic melts, locally accompanied by 
isotopic evidence for slab-derived and deep mantle contri
butions (Uysal et al. 2014; Xiong et al. 2022; Bilici 2025). 
However, despite its strategic position along the eastern seg-
ment of the IAESZ, the Kağızman Ophiolite has remained 
largely unexplored within this mineral-chemical framework.

As a result, it remains unclear whether chromitite formation 
in the Kağızman region records subduction-initiation pro-
cesses comparable to those documented farther west along  
the Neo-Tethyan forearc, or whether it reflects distinct melt–
rock interaction pathways related to spatial heterogeneity in 

the eastern forearc mantle. This study addresses this gap by 
presenting the first integrated petrographic and mineral-
chemical dataset for podiform chromitites from the Kağızman 
Ophiolite (northern Ağrı Province). By combining detailed 
Cr-spinel, olivine, and orthopyroxene compositions with 
textural constraints, we evaluate competing genetic models  
for chromitite formation in SSZ environments and constrain 
mantle depletion trends, parental melt characteristics, and 
melt–rock interaction processes. The results provide new 
insights into the spatial variability of subduction-initiation 
magmatism along the eastern Neo-Tethyan forearc and 
demonstrate the effectiveness of chromitite mineral chemistry 
as a high-fidelity recorder of early subduction dynamics, even 
in tectonically complex orogenic belts.

Geological setting

The Kağızman Ophiolite is situated in the easternmost seg-
ment of the İzmir–Ankara–Erzincan Suture Zone (IAESZ), 
which represents the northern closure of the Neo-Tethys 
Ocean in Anatolia (Şengör & Yılmaz 1981; Okay & Tüysüz 
1999) (Fig. 1a). The IAESZ records Late Cretaceous north-
ward subduction of the İzmir–Ankara–Erzincan Ocean beneath 
the Eurasian margin, followed by ophiolite emplacement 
during subduction initiation and early convergence (Stampfli 
& Borel 2002; Dilek & Furnes 2011). This tectonic framework 
was subsequently overprinted by Cenozoic Arabia–Eurasia 
collision, resulting in deformation, uplift, and partial dis
memberment of ophiolitic units throughout Eastern Anatolia 
(Şaroğlu et al. 1992; Rolland 2017).

The Kağızman Ophiolite crops out north of Ağrı Province 
between the villages of Dumanlı, Mollaali, and Akdana, where 
it is exposed as tectonically dismembered ultramafic–mafic 
slices thrust over Eocene–Miocene sedimentary successions, 
including sandstones and limestones (Fig. 2a, c). Field rela-
tionships indicate that the ophiolitic units form isolated and 
discontinuous bodies rather than a coherent stratigraphic 
sequence, reflecting strong tectonic disruption during empla
cement and subsequent deformation.

The mantle section is dominated by variably serpentinized 
harzburgite, which constitutes the main lithology exposed in 
the study area (Fig. 2b). The harzburgites are typically frac-
tured and brecciated, displaying pervasive serpentinization 
along fracture networks and grain boundaries. Dunite occurs 
as irregular lenses and bands within the harzburgite and com-
monly hosts podiform chromitite bodies. Chromitites are 
observed both as massive lenses and as disseminated aggre-
gates of chromian spinel within dunite envelopes, with sharp 
contacts against the surrounding harzburgite (Fig. 2d). Indi
vidual chromitite bodies range from decimetre- to metre-scale 
and exhibit lenticular to irregular geometries consistent with 
tectonically modified mantle-hosted chromitites.

Mafic lithologies are scarce within the Kağızman Ophiolite 
and are represented by isolated gabbroic bodies and diabase 
dykes that locally crosscut the mantle peridotites. These dykes 
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are generally narrow and discontinuous, indicating late-stage 
mafic magmatism within the mantle section. No complete 
crustal sequence is preserved, and volcanic units are absent  
in the immediate study area.

Serpentinization is pervasive throughout the mantle rocks 
and locally accompanied by late-stage vein networks com-
posed of serpentine ± carbonate minerals. Despite this altera
tion, chromitite bodies commonly preserve sharp field contacts 
with their host dunites and harzburgites, and chromian spinel 
grains lack visible ferritchromitite rims at the outcrop scale. 

These field relationships indicate that primary textural 
features of the chromitites are locally well preserved, provi
ding a suitable basis for petrographic and mineral-chemical 
investigation. Within this geological framework, detailed 
petrographic analysis is essential for documenting the micro-
structural characteristics of chromitites, associated dunites, 
and host harzburgites, and for evaluating the extent to which 
primary magmatic features have been preserved at the micro-
scopic scale.
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Fig. 1. Geological location of the Kağızman Ophiolite: (a) Simplified tectonic map of Türkiye showing the position of the İzmir–Ankara–
Erzincan Suture Zone and the study area (modified after Knipper et al. 1986). (b) Simplified geological map of the Kağızman region showing 
the distribution of ophiolitic units and chromitite occurrences (modified after Sümengen 2009).
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Material and methods

Sampling and petrography

A total of 22 representative samples were collected from 
massive and disseminated podiform chromitite bodies, their 
surrounding dunite envelopes, and the harzburgitic host rocks 
within the Kağızman Ophiolite. Sampling focused on fresh, 
unweathered outcrops to minimize alteration effects. Chro
mitite lenses were sampled along strike and dip to capture 
internal variability, and particular attention was given to 
collecting samples from the harzburgitic host rocks in order  
to constrain melt–rock interaction processes. All samples  
were examined petrographically using standard optical 
microscopy.

Sample information, including coordinates, lithology, petro-
graphic characteristics, and analytical usage, is summarized in 
Table 1.

Selection of samples for mineral chemistry

Based on petrographic characteristics, textural preservation, 
and representativeness of the chromitite–dunite–harzburgite 
association, two samples were selected for detailed mineral 
chemical analyses. These samples were chosen to best repre-
sent the compositional features of the chromitite bodies and 
their host peridotites, and to minimize the effects of 
alteration.

Electron microprobe analysis

Mineral chemical compositions of Cr-spinels, olivine, and 
orthopyroxene were analyzed using a JEOL JXA-8230 elec-
tron microprobe at the Ankara University Central Research 
Laboratory (YEBİM). Analytical conditions included an 
accelerating voltage of 15 kV and a beam current of 20 nA.  
A focused beam was used for spinel analyses, whereas a defo-
cused beam with a diameter of 5 μm was applied for silicate 
minerals to minimize alkali loss.

Standards consisted of well-characterized synthetic oxides 
and natural minerals. Matrix corrections were performed  
using the CITZAF algorithm. Analytical conditions, including 
counting times and detection limits, were optimized to ensure 
high analytical precision and accuracy.

A total of 99 Cr-spinel, 41 olivine, and 34 orthopyroxene 
point analyses were performed on the selected samples to 
ensure representative mineral-chemical characterization.

Data processing and parameters

Compositional parameters such as Cr# [Cr/(Cr + Al)], Mg# 
[Mg/(Mg + Fe2+)], and Fe3+# were calculated following estab-
lished formulations (Arai 1994; Kamenetsky et al. 2001). 
Olivine (Fo content, NiO) and orthopyroxene (Mg#, Al2O3, 
Cr2O3, TiO2) compositions were evaluated to constrain mantle 
depletion and melt–rock interaction processes, following 
approaches outlined in Sobolev et al. (2005) and Herzberg et 
al. (2014).

Fig. 2. Field photographs illustrating the occurrence of chromitites in the northern part of the Ağrı region (Kağızman Ophiolite): (a) Tectonic 
emplacement of Kağızman ophiolitic units over Miocene-aged sedimentary cover units; (b) Limestone blocks and lenses frequently enclosed 
within the ultramafic rocks; (c) Strongly serpentinized peridotite forming the dominant lithology of the mantle section; (d) Disseminated to 
layered chromitite mineralization hosted by peridotite.
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Results

Petrography

The host rocks of the Kağızman chromitites are 
dominantly serpentinized harzburgites that locally 
grade into dunite. Although serpentinization is per-
vasive, primary mantle textures and mineralogical 
relationships are commonly preserved, allowing 
detailed petrographic characterization. At the micro
scale, SEM–EDS elemental mapping reveals a hete
rogeneous distribution of Cr-spinel aggregates and 
Mg-rich silicate phases within the serpentinized 
peridotites (Fig. 3a), reflecting primary magmatic 
segregation of chromitite and subsequent hydration 
of the mantle host.

In thin section, massive chromitites are dominated 
by coarse, subhedral to euhedral Cr-spinel grains 
with sharp crystal boundaries, commonly crosscut 
by fractures filled with secondary serpentine ± car-
bonate (Fig. 3b). Despite pervasive fracturing, 
Cr-spinel grains generally lack thick alteration rims 
at the optical scale, indicating preservation of pri-
mary magmatic compositions.

Disseminated to nodular chromitite textures are 
characterized by subhedral to anhedral Cr-spinel 
grains irregularly distributed within a serpentinized 
olivine-rich matrix (Fig. 3c). Spinel–silicate boun
daries are typically sharp, and spinel grains locally 
form patchy to mosaic-like aggregates, a texture 
widely regarded as diagnostic of podiform chromitites formed 
by focused melt–rock interaction in supra-subduction zone 
mantle settings.

Orthopyroxene occurs mainly as coarse porphyroclasts 
embedded in the serpentinized matrix and commonly displays 
internal deformation features such as undulose extinction, 
lattice bending, and microfracturing (Fig. 3d). Microfractures 
within orthopyroxene are locally filled by secondary serpen-
tine, indicating that fluid-assisted alteration postdated the 
development of primary deformation fabrics.

Relict orthopyroxene grains are also observed under cross-
polarized light, where they are embedded in a fine-grained 
serpentinized matrix and preserve primary optical properties 
despite extensive hydration (Fig. 3e). Olivine is largely ser-
pentinized but locally preserved as relict grains with high 
birefringence and irregular grain boundaries, reflecting pro-
gressive replacement during hydration of the mantle wedge.

In several samples, Cr-spinel mineralization is associated 
with chromitite-bearing dunite, where spinel grains are inter-
grown with serpentinized olivine (Fig. 3f). Such textures 
reflect focused melt flow and melt–rock interaction within 
dunitic channels and are consistent with chromitite saturation 
from high-Mg melts migrating through a depleted mantle 
section.

Overall, the petrographic characteristics of the Kağızman 
chromitites and their host peridotites-including preserved 

mantle deformation fabrics, dunite-associated chromitite 
mineralization, sharp Cr-spinel–silicate boundaries, and limi
ted post-magmatic alteration of spinel-are typical of podiform 
chromitites formed in supra-subduction zone mantle envi
ronments.

Mineral chemistry

Cr-spinels from chromitites and associated peridotites of  
the Kağızman Ophiolite exhibit a wide compositional spec-
trum. Major-element compositions (Table 2, Supplementary 
Table S1) show Cr₂O₃ contents ranging from 42.31 to 65.21 
wt. %  and Al2O3 contents from 6.05 to 23.15 wt. %. NiO con-
centrations (0.19–0.65 wt. %) fall within the typical range of 
mantle-derived chromitites, whereas FeO and TiO2 contents 
vary between 14.45–19.68 wt. % and 0.20–0.64 wt. %, respec-
tively. Cr# values range from 0.57 to 0.88, indicating signifi-
cant compositional variability within the dataset.

The Cr-spinel compositions plotted in the Cr#–Mg# clas
sification diagram (Fig. 4a) are predominantly distributed 
within the magnesiochromitite field, with a limited number  
of analyses extending toward the chromitite field. The inverse 
relationship between Cr# and Mg# values (Fig. 4b) defines  
a systematic compositional trend characteristic of depleted 
mantle-derived chromitites. In addition, low Fe3+ contents 
(0.002–0.092 apfu), low Fe2O3 contents (<8 wt. %), and 

Sample 
ID Easting Northing Host Rock Petrography Microprobe 

Analysis
Z_6 338480 4421883 Harzburgite ol+opx+chromitite ⊗
Z_9 338488 4421890 Harzburgite ol+opx+chromitite ⊗
Z_10 338503 4421930 Harzburgite ol+opx+chromitite ⊗
Z_15 338508 4421934 Harzburgite ol+opx+chromitite ⊗
Z_18 338523 4421930 Harzburgite ol+opx+chromitite ⊗
Z_23 338523 4421930 Harzburgite ol+opx+chromitite ⊗
ST_4 338515 4421940 Harzburgite ol+opx+chromitite ⊗

ST_4X 338515 4421940 Harzburgite ol+opx+chromitite 

ST_9 338487 4421927 Harzburgite ol+opx+chromitite ⊗
ST_10X 338469 4421868 Harzburgite ol+opx+chromitite ⊗
ST_25 338580 4421943 Harzburgite ol+opx+chromitite ⊗
CR_4 340594 4423667 Chromitite chromitite ⊗
CR_5 340626 4423759 Chromitite chromitite ⊗
CR_7 340635 4423810 Chromitite chromitite ⊗
CR_8 340577 4423798 Chromitite chromitite ⊗
LB_2 340584 4423734 Harzburgite ol+opx+chromitite ⊗
LB_4 340624 4423816 Harzburgite ol+opx+chromitite 

LB_5 340582 4423750 Harzburgite ol+opx+chromitite ⊗
ZYD_1 340608 4423879 Dunite ol+chromitite ⊗
ZYD_3 340592 4423876 Dunite ol+chromitite ⊗
ZYD_4 340612 4423866 Dunite ol+chromitite ⊗
ZYD_8 340574 4423846 Dunite ol+chromitite ⊗

Table 1: Summary of sampled lithologies, petrographic characteristics, and 
analytical usage from the Kağızman Ophiolite. Coordinates are given in the 
UTM projection (Zone 38S, WGS84 datum). The positional accuracy of the GPS 
measurements is estimated to be ±7 m. All samples were examined petrogra
phically, whereas detailed mineral chemical analyses were performed only on 
selected representative samples.

https://geologicacarpathica.com/data/files/supplements/GC-77-4-Aslan_TableS1.docx
https://geologicacarpathica.com/data/files/supplements/GC-77-4-Aslan_TableS1.docx
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relatively high MgO contents (>15 wt. %) indicate 
limited post-magmatic alteration and the preservation  
of primary magmatic signatures.

Cr-spinel compositions define a well-developed 
mantle array in Cr2O3–Al2O3 space (Fig. 5a), charac-
terized by decreasing Al2O3 with increasing Cr2O3. This 
trend reflects systematic compositional variation across 
the dataset. In the TiO2–Al2O3 diagram (Fig. 5b), most 
analyses cluster at low TiO2 values and moderate 
Al2O3 contents, forming a coherent array distinct from 
typical MORB fields. Additional constraints are pro-
vided by Mn systematics (Fig. 5c), where the majo
rity of data plot within the primary Cr-spinel field, 
with limited dispersion toward higher MnO values. 
The Cr#–Mg# diagram (Fig. 5d) shows a negative 
correlation, with samples forming a continuous trend 
toward higher Cr# at lower Mg# values.

Trace-element and divalent cation relationships fur-
ther illustrate systematic compositional behavior of 
Cr-spinels (Fig. 6a–d). A strong negative correlation 

Fig. 3. Petrographic and microtextural characteristics of the Kağızman chromitites and their host peridotites: (a) SEM–EDS elemental map 
showing the distribution of Cr (red) and Mg (blue) within a serpentinized peridotite, highlighting the spatial relationship between Cr-spinel 
aggregates and Mg-rich silicate phases. (b) Plane-polarized light (PPL) image of massive chromitite composed of coarse, subhedral to euhedral 
Cr-spinel grains surrounded by a serpentinized matrix. (c) PPL image of disseminated to nodular chromitite texture characterized by irregularly 
distributed Cr-spinel grains within a serpentinized olivine-rich matrix. (d) PPL image of an orthopyroxene porphyroclast showing internal 
deformation features, including microfracturing, with fractures locally filled by secondary serpentine. (e) Cross-polarized light (XPL) image of 
a relict orthopyroxene grain embedded in a fine-grained serpentinized matrix, illustrating preservation of primary mantle silicates despite 
extensive hydration. (f) XPL image of chromitite-bearing dunite, showing Cr-spinel grains intergrown with serpentinized olivine, reflecting 
focused melt flow and melt–rock interaction within dunitic channels.

Table 2: Representative electron microprobe analyses, struc-
tural formulae, compositional parameters, and end-member 
proportions of Cr-spinels from the Kağızman ophiolite chro
mitites. Structural formulae were calculated on the basis of 
32 oxygens. Abbreviations: Chr = chromitite; MgChr = mag
nesiochromitite; Hc = hercynite; Spl = spinel; Mt = magnetite.

Sample ID ST 4X_10 ST 4X_26 ST 4X_44 LB 4_29 LB 4_32 LB 4_38

Cr2O3 50.53 59.86 42.31 65.21 44.35 52.95
Al2O3 17.03 10.48 23.15 6.05 22.20 17.44
TiO2 0.26 0.28 0.55 0.39 0.24 0.37
FeO 18.62 18.69 15.77 18.52 18.14 15.77
MgO 13.03 10.09 17.54 9.43 14.35 13.05
MnO 0.32 0.41 0.28 0.45 0.42 0.31
NiO 0.54 0.33 0.51 0.48 0.47 0.49
Total 100.33 100.14 100.11 100.53 100.17 100.37

Cr 1.249 1.557 0.992 1.732 1.066 1.308
Al 0.628 0.406 0.809 0.240 0.795 0.642
Ti 0.006 0.007 0.012 0.010 0.005 0.009
Fe3+ 0.110 0.023 0.174 0.009 0.128 0.032
Fe2+ 0.377 0.492 0.217 0.512 0.333 0.380
Mg 0.607 0.495 0.776 0.472 0.650 0.608
Mn 0.008 0.011 0.007 0.013 0.011 0.008
Ni 0.014 0.009 0.012 0.013 0.011 0.012
Total 3.000 3.000 3.000 3.000 3.000 3.000

Mg# 0.62 0.50 0.78 0.48 0.66 0.62
Cr# 0.67 0.79 0.55 0.88 0.57 0.67
Fe3+# 0.06 0.01 0.09 0.00 0.06 0.02
Fe2+# 0.38 0.50 0.22 0.52 0.34 0.38
Al# 0.32 0.20 0.41 0.12 0.40 0.32
Chr (mol %) 24.91 39.30 11.81 45.58 18.95 25.63
MgChr 40.18 39.56 42.13 42.07 37.02 41.01
Hc (mol %) 12.52 10.25 9.63 6.30 14.14 12.59
Spl (mol %) 20.19 10.32 34.36 5.82 27.62 20.14
Mt (mol %) 2.20 0.57 2.07 0.23 2.28 0.63
Species MgChr MgChr MgChr Chr MgChr MgChr
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between Mg and Fe2+ (Fig. 6a) is observed, reflecting coupled 
Fe–Mg substitution during spinel crystallization. In contrast, 
Cr exhibits only weak correlation with Mn (Fig. 6b), and 
similarly weak relationships are observed between Mn and 
Mg (Fig. 6c) and between Mn and Fe2+ (Fig. 6d). These pat-
terns indicate that Mn behaves largely independently of major 
Fe–Mg exchange processes.

Orthopyroxene compositions (Table 3, Supplementary 
Table S2) are characterized by high Mg# values (90.04–94.36), 
with Cr2O3 contents ranging from 0.19 to 0.76 wt. % and very 
low TiO2 contents (<0.03 wt. %). Orthopyroxenes define sys-
tematic trends in both Mg#–Al2O3 and Cr2O3–Al2O3 space 
(Fig. 7a, b). Mg# values show a slight decrease with increasing 
Al2O3, and most analyses cluster at low Al2O3 (< ~2 wt. %) and 
high Mg# (>90). In the Cr2O3–Al2O3 diagram, orthopyroxenes 
display a weak negative correlation, with increasing Cr2O3 
corresponding to decreasing Al2O3. Most data plot within or 
close to the forearc peridotite (FAP) field, with partial overlap 
into the abyssal peridotite (ABP) field.

Olivine compositions (Table 4, Supplementary Table S3) 
show Fo values of 90.52–92.63 and NiO contents of 0.19– 
0.54 wt. %. Olivine compositions define systematic relation-
ships in both NiO–Fo and MnO–Fo space (Fig. 8a, b). NiO 
contents show a weak positive correlation with Fo, with most 
analyses clustering at Fo values above 90 and NiO between 
~0.3 and 0.5 wt. %. In contrast, MnO contents exhibit a slight 
decrease with increasing Fo. These compositions fall within 
the range of mantle-derived peridotitic olivine and define 
trends consistent with increasing compositional depletion.

Calculated melt compositions derived from Cr-spinel che
mistry (Fig. 9a–c) define systematic relationships between 
spinel and melt compositions. Al2O3(melt) values increase 
with increasing Al2O3(spinel) (Fig. 9a), while TiO2(melt) 
shows a positive relationship with TiO2(spinel) (Fig. 9b).  
In addition, FeO/MgO(melt) ratios define a coherent distri
bution relative to Al2O3(melt) (Fig. 9c). These relationships 
demonstrate consistent chemical linkage between spinel com-
positions and their calculated parental melts.
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Discussion

Supra-subduction zone setting and mantle deple-
tion

The chromitites of the Kağızman Ophiolite are 
characterized by Cr-spinel compositions displaying 
consistently high Cr# values and low TiO2 contents, 
indicating formation within a highly depleted man-
tle environment. In Cr2O3–Al2O3 space (Fig. 5a),  
the data define a well-developed mantle array con-
sistent with progressive melt depletion, similar to 
trends documented in other Neo-Tethyan ophiolitic 
chromitites (Proenza et al. 2008; Arai & Miura 
2016). The TiO2–Al2O3 systematics (Fig. 5b) show 
uniformly low TiO2 contents across the dataset, 
consistent with derivation from low-Ti melts typical 
of supra-subduction zone (SSZ) settings. Most ana
lyses plot within or close to the low-Ti arc and SSZ 
peridotite fields, indicating melt generation under 
hydrous conditions. Such melts are commonly asso-
ciated with boninitic to arc-tholeiitic compositions 
formed during flux melting of previously depleted 
harzburgitic mantle (Dick & Bullen 1984; Arai 
1994; Kamenetsky et al. 2001). MnO–Cr# systema
tics (Fig. 5c) support preservation of primary com-
position. However, the overall distribution indicates 
that primary magmatic compositions are largely 
preserved. The Cr#–Mg# relationship (Fig. 5d) fur-
ther constrains the tectonic setting, with the majo
rity of the data plotting within the forearc peridotite 
and boninite fields. This distribution is consistent 
with high degrees of melt depletion and interaction 
with high-Mg melts in a supra-subduction zone 
environment. The observed spread in Cr# and Mg# 

Table 3: Representative electron microprobe analyses, structural formulae, and 
compositional parameters of orthopyroxenes from the Kağızman ophiolite 
chromitites. Structural formulae were calculated on the basis of 6 oxygens. 
Abbreviations: Wo = wollastonite component, En = enstatite component, Fs = ferro
silite component. Mg# is calculated as Mg/(Mg + Fe2+). Sample locations and 
geological context are provided in Table 1.

Sample ID ST 4X_10 ST 4X_14 ST 4X_21 LB 4_4 LB 4_6 LB 4_8

SiO2 58.16 56.03 56.36 56.38 57.19 57.83
TiO2 0.02 0.02 0.01 0.02 0.02 0.01
Al2O3 1.90 0.50 1.17 1.05 1.03 0.49
Cr2O3 0.54 0.53 0.57 0.34 0.36 0.19
Fe2O3 0.00 2.23 1.12 2.57 0.65 0.48
FeO 5.82 6.05 5.15 3.75 4.95 4.83
MnO 0.12 0.13 0.18 0.11 0.13 0.12
MgO 32.41 33.51 34.14 35.04 34.97 35.62
CaO 0.68 0.79 0.88 0.82 0.73 0.51
Na2O 0.20 0.01 0.02 0.01 0.01 0.01
K2O 0.00 0.01 0.00 0.00 0.00 0.00
Total 99.86 99.80 99.59 100.10 100.06 100.12

Si 1.999 1.963 1.959 1.952 1.968 1.983
Al-1 0.001 0.020 0.041 0.043 0.032 0.017
Al-2 0.076 0.000 0.007 0.000 0.010 0.003
Fe3+ 0.000 0.058 0.029 0.066 0.017 0.012
Cr 0.015 0.015 0.016 0.009 0.010 0.005
Ti 0.001 0.001 0.000 0.001 0.001 0.000
Fe2+ 0.169 0.176 0.149 0.108 0.142 0.138
Mn 0.003 0.004 0.005 0.003 0.004 0.004
Mg 1.660 1.750 1.769 1.808 1.794 1.821
Ca 0.025 0.030 0.033 0.030 0.027 0.019
Na 0.014 0.001 0.001 0.001 0.001 0.001
K 0.000 0.000 0.000 0.000 0.000 0.000
Total 3.963 4.018 4.009 4.021 4.005 4.004

Wo 1.35 1.47 1.64 1.51 1.35 0.95
En 89.37 86.71 89.11 89.68 90.44 91.30
Fs 9.28 11.83 9.25 8.81 8.21 7.75
Mg# 90.76 90.85 92.22 94.36 92.66 92.93
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Fig. 7. Compositional variation of orthopyroxene from the Kağızman peridotites: (a) Mg# versus Al2O3 diagram showing a slight decrease in 
Mg# with increasing Al2O3. Most analyses plot within the forearc peridotite (FAP) field, with minor overlap into the abyssal peridotite (ABP) 
field; (b) Cr2O3 versus Al2O3 diagram showing a weak negative correlation, where increasing Cr2O3 corresponds to decreasing Al2O3. The data 
define trends consistent with progressive melt depletion. Reference fields and melting trends are after Dick & Bullen (1984) and Arai (1994).
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values indicates that the system was not chemically homoge-
neous and likely reflects interaction with compositionally 
variable melts rather than crystallization from a single melt 
batch.

The relationship between olivine Fo content and spinel Cr# 
(Fig. 10) provides an integrated constraint on mantle processes 
by linking silicate and oxide mineral chemistry. The data 

define a positive correlation between Fo and Cr#, consistent 
with progressive melt extraction and melt–rock interaction 
(Dick & Bullen 1984; Arai 1994). Most samples follow mel
ting trajectories toward higher Cr# and Fo values and plot 
predominantly within the field of supra-subduction zone peri-
dotites, although limited overlap with abyssal peridotite fields 
is observed. This co-variation indicates a coupled petrogenetic 

evolution of olivine and spinel, reflecting equilibrium 
during progressive depletion rather than independent 
crystallization histories.

Orthopyroxene compositions, characterized by low 
Al₂O₃ and high Mg#, support high degrees of mantle 
depletion and are consistent with olivine–spinel sys-
tematics. However, unlike Cr-spinel, olivine and ortho-
pyroxene compositions are not uniquely diagnostic of 
tectonic setting and therefore provide supporting rather 
than primary constraints. Overall, the combined mine
ral chemical data indicate that chromitite formation in 
the Kağızman Ophiolite occurred within a depleted 
mantle wedge environment, where melt–rock interac-
tion and variable melt flux played a key role in con-
trolling compositional variability.

Melt–rock interaction and primary magmatic signa-
tures

Petrographic observations provide important con-
straints on the processes responsible for chromitite 
formation in the Kağızman Ophiolite. Chromitites 
occur as massive to disseminated bodies hosted by 
dunite envelopes within serpentinized harzburgite, 
consistent with focused melt flow and reactive channel 
formation in the upper mantle. The preservation of 
sharp Cr-spinel grain boundaries and the occurrence of 
primary silicate inclusions enclosed within spinel indi-
cate limited post-magmatic re-equilibration.

Table 4: Representative electron microprobe analyses, structural formulae, 
and compositional parameters of olivines from the Kağızman ophiolite chro-
mitites. Structural formulae were calculated on the basis of 4 oxygens. 
Abbreviations: Fo = forsterite component and Fa = fayalite component.

Sample ID ST 4X_2 ST 4X_5 ST 4X_6 LB 4_4 LB 4_6 LB 4_14

SiO2 41.11 42.06 42.26 42.02 42.86 39.97
TiO2 0.02 0.02 0.01 0.02 0.02 0.01
Al2O3 0.03 0.02 0.03 0.02 0.02 0.01
Cr2O3 0.09 0.09 0.09 0.08 0.08 0.02
FeO 7.76 8.13 8.47 7.05 7.84 9.21
MnO 0.11 0.13 0.15 0.09 0.04 0.11
MgO 50.57 49.30 48.58 50.35 48.70 49.96
CaO 0.02 0.04 0.02 0.03 0.03 0.02
NiO 0.53 0.48 0.46 0.46 0.44 0.40
Total 100.23 100.25 100.06 100.13 100.04 99.71

Si 1.000 1.021 1.029 1.017 1.038 0.985
Ti 0.000 0.000 0.000 0.000 0.000 0.000
Al 0.001 0.000 0.001 0.001 0.001 0.000
Cr 0.002 0.002 0.002 0.002 0.002 0.000
Fe2+ 0.158 0.165 0.172 0.143 0.159 0.190
Mn 0.002 0.003 0.003 0.002 0.001 0.002
Mg 1.834 1.785 1.763 1.817 1.759 1.836
Ni 0.000 0.001 0.000 0.001 0.001 0.000
Ca 0.014 0.012 0.012 0.012 0.011 0.010
Total 3.012 2.990 2.982 2.993 2.971 3.025

Fo 91.97 91.41 90.95 92.63 91.68 90.52
Fa 7.92 8.46 8.89 7.28 8.27 9.36
Tp 0.11 0.14 0.16 0.09 0.04 0.12
Mg# 92.07 91.53 91.09 92.72 91.72 90.63
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a slight negative correlation, reflecting typical mantle fractionation behavior. Reference fields and trends for mantle olivine are shown for 
comparison. Most analyses cluster at high Fo values (>90), indicating a highly depleted mantle source.



285PODIFORM CHROMITITES IN THE KAĞIZMAN OPHIOLITE (AĞRI, EASTERN TÜRKIYE)

GEOLOGICA CARPATHICA, 2026, 77, 4, 275–289

Cr-spinel compositions plotting along the Cr–Al join with 
very low Fe3+ proportions are consistent with low degrees of 
oxidation and preservation of primary magmatic chemistry 
(Arai 1992; Proenza et al. 1999) (Fig. 4a). This interpretation 
is further supported by the inverse Cr#–Mg# relationship  
(Fig. 5d), which is characteristic of spinels formed during melt 
extraction and melt–peridotite interaction in supra-subduction 
zone settings (Dick & Bullen 1984; Arai 1994).

Trace-element and divalent cation systematics of Cr-spinels 
further support the preservation of primary magmatic signa-
tures (Fig. 6a–d). A strong negative correlation between Mg 
and Fe²⁺ (Fig. 6a) reflects coupled Fe–Mg substitution during 
spinel crystallization and indicates equilibrium partitioning 
between melt and mineral phases (Irvine 1967; Kamenetsky et 
al. 2001). In contrast, Cr shows only weak correlation with  
Mn (Fig. 6b), and similarly weak relationships are observed 
between Mn and Mg (Fig. 6c) and between Mn and Fe²⁺  
(Fig. 6d). These weak correlations suggest that Mn was not 
significantly involved in Fe–Mg exchange processes and was 
primarily controlled by crystal–melt partitioning rather than 
post-magmatic redistribution (Rollinson 2008).

These mineral-chemical relationships, together with petro-
graphic observations, indicate that the primary geochemical 
signatures preserved in Cr-spinel reflect melt–rock interaction 
processes in a depleted mantle environment (Arai 1994; 
Kamenetsky et al. 2001). The compositional trends observed 
in Cr2O3–Al2O3 space (Fig. 5a) further support progressive 
melt depletion and interaction between migrating melts and 
refractory mantle peridotite (Dick & Bullen 1984). Importantly, 
the wide range of Cr# values indicates that chromitite forma-
tion cannot be attributed to a single homogeneous melt. 
Instead, part of the compositional variability likely reflects 
interaction with compositionally variable melts, dominated by 
highly depleted supra-subduction zone melts and, to a lesser 
extent, melts with more MORB-like characteristics (Pearce et 
al. 2000; Rollinson & Adetunji 2013). However, the overall 
coherence of the geochemical trends and the consistently low 
TiO2 contents indicate that melt–rock interaction processes 
operated predominantly within a depleted mantle system.

Constraints on parental melt composition in a supra-sub-
duction zone setting

Spinel–melt compositional systematics provide robust 
constraints on the nature and evolution of parental melts 
responsible for chromitite formation in the Kağızman Ophio
lite. Calculated melt compositions derived from Cr-spinel 
chemistry plot predominantly within, or close to, the boninite 
and arc-related fields on Al2O3(melt)–Al2O3(spinel) and 
TiO2(melt)–TiO2(spinel) diagrams (Fig. 9a, b). These systema
tics indicate derivation from high-Mg, low-Ti melts characte
ristic of supra-subduction zone (SSZ) forearc environments 
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(Parkinson & Pearce 1998; Kamenetsky et al. 2001; Tamura & 
Arai 2006).

The low TiO2 contents inferred for the parental melts  
(Fig. 9b) indicate melting under conditions of prior mantle 
depletion and the influence of slab-derived fluids. Such low-Ti 
melt signatures are widely associated with boninitic magma-
tism generated during subduction initiation, where hydrous 
flux melting affects refractory mantle sources (Arai 1994; 
Pearce et al. 2000). The Kağızman data show close similarity 
to calculated melt compositions reported from SSZ chromi-
tites in the Oman and western Neo-Tethyan ophiolites.

Further constraints are provided by the FeO/MgO versus 
Al2O3(melt) relationship (Fig. 9c), where the inferred melts 
plot mainly within the boninite–ophiolite fields and are largely 
distinct from typical MORB melt trends (Rollinson 2008; 
Dilek & Furnes 2011). This relationship reflects interaction 
with highly magnesian melts produced by high degrees of 
partial melting and efficient melt–rock reaction, rather than 
simple melt extraction from fertile mantle sources.

Although the calculated melt compositions cluster within 
SSZ-related fields, minor dispersion of the data indicates 
limited compositional variability. This variability likely 
reflects differences in melt evolution, melt/rock interaction 
intensity, and small-scale heterogeneity within the mantle 
source region. However, the overall coherence of the data  
and the consistently low TiO2 contents indicate that the paren-
tal melts were predominantly derived from a depleted mantle 
source influenced by subduction-related processes.

Taken together, the spinel–melt relationships indicate that 
chromitite formation in the Kağızman Ophiolite was largely 
controlled by hydrous melting of a refractory mantle source 
during subduction initiation. Episodic infiltration of composi-
tionally evolving melts likely resulted in localized chromitite 
saturation within dunite channels, consistent with the petro-
graphic and mineral-chemical observations.

Implications for chromitite genesis and forearc mantle 
­evolution along the İzmir–Ankara–Erzincan Suture Zone

Recent studies from the İzmir–Ankara–Erzincan Suture 
Zone (IAESZ) indicate that podiform chromitites are closely 
associated with supra-subduction zone (SSZ) processes ope
rating during subduction initiation and early forearc evolution 
(Arai 1994; Pearce et al. 2000; Dilek & Furnes 2011). Within 
this framework, the Kağızman chromitites provide important 
constraints on chromitite-forming processes in the eastern seg-
ment of the IAESZ and allow comparison with chromitite-
bearing ophiolites across the Neo-Tethyan domain.

As illustrated in Fig. 11a, chromitites from different seg-
ments of the IAESZ and adjacent regions define comparable 
compositional trends, characterized by consistently high  
Cr# values, moderate to high Mg#, and low TiO2 contents. 
These features are widely interpreted as reflecting formation 
from melts interacting with a depleted mantle source and  
are characteristic of SSZ-related chromitites. The Kağızman 
dataset follows these regional trends, supporting its affinity 

with a mantle system developed along the northern margin of 
the Neo-Tethys.

However, the relatively wide compositional range observed 
in the Kağızman samples, particularly in Cr#, indicates that 
chromitite formation cannot be explained by a single, uniform 
melt evolution pathway. Instead, this variability reflects dif
ferences in melt flux, melt/rock ratios, and the temporal  
evolution of melt infiltration processes within the mantle 
wedge.

The conceptual model shown in Fig. 11b illustrates the 
geodynamic framework for chromitite formation during 
subduction initiation and forearc development. In the back-arc 
or oceanic domain, MORB-type mantle is associated with 
relatively low-Cr# chromitites formed under lower degrees  
of depletion. In contrast, within the forearc mantle wedge, 
slab-derived fluids promote hydrous partial melting of  
a refractory mantle source, generating boninitic, high-Mg 
melts. These melts are focused into dunite channels, where 
melt–rock interaction leads to orthopyroxene dissolution and 
progressive enrichment of Cr relative to Al, ultimately trig
gering chromitite saturation and the formation of high-Cr# 
chromitites. The juxtaposition of different mantle domains 
during ophiolite emplacement further contributes to the obser
ved compositional variability. This framework explains the 
coexistence of chromitites with variable Cr# values and is 
consistent with the mineral-chemical trends observed in the 
Kağızman dataset (Figs. 5 and 9).

The combined mineral-chemical data further support this 
interpretation. The positive correlation between olivine Fo  
and spinel Cr# (Fig. 10) indicates that both minerals record  
a common history of progressive melt extraction. Ortho
pyroxene compositions, characterized by low Al2O3 and high 
Mg#, are consistent with high degrees of depletion and sup-
port the same melting regime. Although olivine and orthopy-
roxene alone are not uniquely diagnostic of tectonic setting, 
their coupled behavior with spinel strengthens the interpreta-
tion that all mineral phases record a coherent petrogenetic 
evolution.

In addition to this dominant process, part of the observed 
compositional variability may reflect differences in melt evo-
lution and melt–rock interaction conditions within the mantle 
wedge. The partial overlap between compositional fields in 
different IAESZ segments (Fig. 11a) suggests that some 
compositions approach those typical of less depleted systems; 
however, this does not require contributions from distinct 
mantle domains.

Taken together, the regional comparison and process-based 
model indicate that chromitite formation in the Kağızman 
Ophiolite was largely controlled by hydrous melt–rock inte
raction in a variably depleted mantle during subduction ini
tiation. The integrated behavior of spinel, olivine, and ortho-
pyroxene supports a coherent melting history, while local 
compositional variability reflects the complexity of melt 
evolution and mantle heterogeneity within the forearc 
environment.
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Conclusions

•	 Podiform chromitites from the Kağızman Ophiolite record 
formation within a variably depleted mantle environment 
associated with supra-subduction zone (SSZ) processes 
during subduction initiation along the eastern segment of 
the İzmir–Ankara–Erzincan Suture Zone.

•	 Cr-spinel compositions, characterized by consistently high 
Cr# values and low TiO2 contents, provide the primary con-
straints on tectonic setting. In contrast, olivine and ortho
pyroxene compositions indicate high degrees of mantle 
depletion but are not uniquely diagnostic of SSZ environ-
ments, serving instead as supporting constraints.

•	 Systematic relationships between olivine Fo and spinel Cr# 
demonstrate a coupled petrogenetic evolution and indicate 
that silicate and oxide minerals record a common history of 
progressive melt extraction and melt–rock interaction.

•	 Petrographic observations and mineral-chemical systema
tics indicate that chromitite formation was controlled by 
focused melt flow and reactive melt–rock interaction within 
dunite channels in a depleted mantle wedge.

•	 The observed compositional variability, particularly in Cr#, 
indicates that chromitite formation cannot be explained by  
a single homogeneous melt, but rather reflects interaction 
with compositionally variable melts and evolving melt flux 
conditions.

Fig. 11. (a) Comparison of Cr-spinel compositions from the Kağızman Ophiolite and other chromitite-bearing ophiolites along the İzmir–
Ankara–Erzincan Suture Zone (IAESZ), showing similar trends characterized by high Cr#, moderate to high Mg#, and low TiO2 contents.  
(b) Conceptual model for chromitite formation during subduction initiation, illustrating hydrous melting of a depleted mantle wedge, melt 
focusing in dunite channels, and chromitite crystallization through melt–rock interaction.
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•	 Regional comparisons across the İzmir–Ankara–Erzincan 
Suture Zone demonstrate that similar SSZ-related chromi-
tite-forming processes operated along the Neo-Tethyan mar-
gin, although local variability reflects differences in melt 
flux, melt/rock ratios, and mantle heterogeneity.

•	 Overall, the Kağızman Ophiolite provides a well-constrai
ned case study of chromitite formation during subduction 
initiation, highlighting the importance of integrating Cr-spi
nel systematics with silicate mineral chemistry and petro-
graphic evidence to resolve mantle processes in forearc 
settings.
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