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ARTICLE INFO Introduction

Received: 12 November 2025 Formation and evolution of the continental crust is one of the

Accepted: 08 January 2026 fundamental subjects in Earth sciences studies, as these processes
usually occurred during the Archean and Proterozoic (e.g., Condie,

Keywords 1980; Taylor and McLennan, 1981). Regions with high-grade

Central Iran metamorphic rocks such as granulites are considered key parts of the

Neybaz lower continental crust (e.g., Smithson and Brown, 1977; Harley, 1989;

Granulite Bohlen, 1991).

Cratonization Precambrian-Cambrian basement sequences in Iran are exposed in

some structural zones such as Central Iran and the Sanandaj-Sirjan
zone (e.g., Nadimi, 2007; Hosseini et al., 2015). In these zones, the
Chapedony complex is considered the oldest basement complex in Iran,
exposed between two major faults: the Chapedony Fault to the west and
the Chatak-Neybaz Fault to the east.

The Neybaz Crystalline Core, situated in the West Central Iranian
Microcontinent, is a high-grade metamorphic zone composed of diverse
lithologies ranging from Precambrian to Cenozoic in age. It has
undergone multiple intense deformation phases (Valiei et al., 2025).

The main goal of this research is to describe the petrography,
geochemistry, and metamorphic conditions of the Neybaz Granulite
Complex. Based on new data and comparison with other published
models, we tried to determine the metamorphic history, tectonic
settings, and origin of the old basement protoliths. These findings will
help us understand the geodynamic evolution of the Precambrian
basement of Central Iran.
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in dilute nitric acid. The final solution was then
analyzed using an ICP-OES instrument to measure
major oxide concentrations.

FeO content was determined by the wet chemical
method, and loss on ignition (LOI) was measured
using the conventional gravimetric method. For
trace and minor elements, samples were digested
using a multi-acid digestion method with a
microwave digestion system, and the resulting
solutions were analyzed by ICP-MS.

Results and Discussion
Petrography

The occurrence of granulites in the high-grade
crystalline core of the Neybaz area was first reported
by Valiei et al. (2025). The studied granulites are
dark gray to grayish-black in color. They are in
contact with the amphibolite unit and, to a lesser
extent, with migmatite gneisses. These granulites are
exposed as irregular patches and have medium to
coarse grain sizes.

Macroscopic studies

The high-grade crystalline core of the Neybaz
area comprises several rock units, including
metacarbonate, calc-silicate, garnet/cordierite schist,
amphibole schist, migmatite, mylonitic gneiss,
amphibolite, granulite, and anatectic granite.

Microscopic studies

Microscopic investigations reveal that the main
minerals in the Neybaz granulites include
orthopyroxene, clinopyroxene, plagioclase,
amphibole, garnet, biotite, apatite, and opaque
minerals. Gneissic fabrics are widespread at the
microscopic scale, characterized by ferromagnesian
minerals (pyroxene and amphibole) and stretched
plagioclase.

Geochemistry

The studied rock units exhibit a compositional
range, with SiO: contents varying between 48.08
and 56.18 wt%, and TiO: contents between 0.21 and
1.05 wt%. AlOs contents show a wide range
(14.81-24.35 wt%; mean: 17.60 wt%). The samples
are enriched in CaO (9.10-13.97 wt%) and show
variations in MgO and FeOT contents (MgO: 0.54—
10.42 wt%; FeOT: 1.90-10.18 wt%). The contents
of K»0, Na:O, and P.Os range from 0.15 to 0.83,
1.71 to 5.66, and 0.06 to 0.29 wt%, respectively.
Loss on ignition (LOI) in the studied granulites
ranges from 0.63 to 1.76 wt%. The Mg number in
these rocks ranges from 33.70 to 73.61.

Trace element concentrations also show wide

variations, including Rb (14-35 ppm), Ba (70-162
ppm), Sr (166.8-1064.6 ppm), Zr (9-36 ppm), V (6—
227 ppm), Nb (<1-47.4 ppm), and Y (15.7-89 ppm).

Conclusion

The Neybaz high-grade metamorphic complex is
located in the western domain of the Central Iranian
microcontinent, situated between the Chatak-Neybaz
and Chapedony basement faults. Within this
complex, metamorphosed mafic rocks occur as
small masses in contact with, and within, gneisses
that exhibit granulite facies metamorphic grade. The
high-grade metamorphism in these rocks led to the
development of a mineral paragenesis primarily
composed of clinopyroxene, orthopyroxene,
euhedral garnets, amphibole, and plagioclase. Field,
petrological, and geochemical studies on the
metamorphic mafic rocks in the Neybaz crystalline
core indicate that the garnet/pyroxene granulite has a
basaltic to andesitic protolith and is metaluminous in
composition.

Geochemical investigations of these granulites
indicate that their protoliths range from basalt to
andesite and basaltic andesite, showing calc-alkaline
and tholeiitic affinities. Lithogeochemical variation
diagrams suggest that these rocks formed in a plate
margin setting. Furthermore, the close association of
the mafic granulites with gneisses—some of which
have a metagraywacke protolith—points to their
origin from an active plate margin.

Primitive mantle- and chondrite-normalized
spidergrams show enrichment in light rare earth
elements (LREES) relative to heavy rare earth
elements (HREES), along with enrichment of LILEs
and depletion of HFSEs, confirming the
involvement of both mantle and crustal sources in
the formation of the protoliths.

Based on the geochemical data and structural
evidence, this study suggests that the formation of
the mafic melts in the Neybaz complex was related
to cratonization processes in an active margin
environment during the Paleo- to Neoproterozoic
era. The geochemical characteristics of these
granulites, including negative Nb and Ti anomalies
in the spidergrams, link their origin to arc
magmatism (e.g., island arc tholeiites or calc-
alkaline basalts).
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Table 1. Major element oxide chemical data (in wt %) and geochemical ratios for Neybaz mafic granulites.

Sample ID KC-41 MQ-23-a KC-17 KC-07-B KC-07.c MV-TR KC-19 KC-14-bh KC-03 NG-01
SiO2 5216  52.79 48.54  48.08 48.99 56.18 51.75 50.71 4940 53.60
Al2O3 2029 17.65 1547  16.12 14.81 16.43 21.00 2435 2024  16.23
CaO 13.73 9.10 12.06 11.96 12.15 11.86 11.30  13.49 1273 13.97
Fe203 3.08 8.38 9.77 8.22 11.31 3.66 5.25 211 5.17 4.05
K20 0.37 0.53 0.55 0.26 0.83 0.15 0.49 0.45 0.36 0.28
MgO 2.64 441 9.01 1042 7.59 4.61 2.48 0.54 5.48 4.74
MnO 0.15 0.30 0.19 0.19 0.19 0.19 0.18 0.05 0.12 0.25
Na2O 5.13 5.03 2.05 2.38 171 5.22 5.35 5.66 4.02 4.60
P20s 0.23 0.20 0.09 0.06 0.11 0.14 0.25 0.29 0.18 0.17
SOs3 0.20 0.09 0.19 0.17 0.21 < 0.17 0.25 0.21 0.14
TiO2 0.63 0.99 0.58 0.41 0.75 0.77 0.60 0.21 0.31 1.05
LOI 131 0.53 1.43 1.58 1.28 0.80 1.15 1.76 1.67 0.86
Mg# 6290 51.00 64.60 7150 57.10 71.40 4830 33.70 67.80 69.90
AICNK 0.57 0.66 0.63 0.59 0.56 0.54 0.67 0.68 0.66 0.54
A/NK 2.30 2.00 4.09 3.90 5.45 1.85 2.25 2.49 2.89 2.06
C/IFM 2.36 0.76 0.62 0.59 0.66 1.32 1.58 6.03 1.14 1.48
AIMF 191 0.81 0.44 0.44 0.44 1.01 1.62 5.99 0.99 0.95

sas (Ni: <1 ppm; Cr: 10 ppm; Sc: <0.5 ppm)
Sly=ie 5o 5,0 ol (ol (V Jgoz) 055 oo
L asilgs o 0 ) slocd il 5 )55l (slo paie
a0 g olliwls Al S 5 (oSl (5,85 a0

Al blajl jo sasuogd

Ni 5500 slopate @lyims 50 65l slaogles

rlads cale Ly S0l o) 2 slocdsil, S SC 5 Cr
Ni: 164-211 ppm; Cr: 655-754 ppm; Sc: 38.6-)
Ni: 13-36 ppm;) JSITSILS st L «(42.6 ppm
5T g (Cr: 76-387 ppm; Sc: 9.3-18.5 ppm
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Table 2. Trace elements chemical data (in ppm) and geochemical ratios for Neybaz mafic granulites.

Sample ID KC-41 MQ-23-a KC-17 KC-07-B KC-07.c MV-TR KC-19 KC-14-b KC-03 NG-01
Co 4.05 8.7 35.8 29.6 42 4.2 5.55 2.4 16 5.7
Cu 135 7 8.5 6 11 15 12 17 115 10
Pb <1 1 6.5 1 12 6 <1 <1 <1 5
Zn 38 87 935 68 119 43 65 43 55.5 33
Cs 6.6 0.6 <0.5 <0.5 3.2 <0.5 6.5 12.4 <0.5 0.8
Ba 715 85 126.5 91 162 76 775 70 80.5 73
Hf <0.5 1 1.05 0.7 14 15 <0.5 <0.5 <0.5 11
TI <0.1 <0.1 <0.1 <0.1 0.4 0.3 <0.1 <0.1 <0.1 <0.1
Li 15 19 115 9 14 16 15 11 10 19
Co 4.05 8.7 35.8 29.6 42 4.2 5.55 2.4 16 5.7
Cu 135 7 8.5 6 11 15 12 17 115 10
Pb <1 1 6.5 1 12 6 <1 <1 <1 5
Zn 38 87 935 68 119 43 65 43 55.5 33
Cs 6.6 0.6 <0.5 <0.5 3.2 <0.5 6.5 12.4 <0.5 0.8
Ba 715 85 126.5 91 162 76 775 70 80.5 73
Hf <0.5 1 1.05 0.7 14 15 <0.5 <0.5 <0.5 11
Tl <0.1 <0.1 <0.1 <0.1 0.4 0.3 <0.1 <0.1 <0.1 <0.1
Li 15 19 115 9 14 16 15 11 10 19
Cr 198.5 99 7045 754 655 76 54.5 10 382 387
Ni <1 36 1875 164 211 13 <1 <1 <1 17
Be 14.2 17.3 1.05 1.1 1 18 15.4 135 7.3 14.9
Bi 0.25 0.2 <0.1 <0.1 3 0.1 0.3 0.4 <0.1 0.1
Sn 29.05 451 35 4.2 2.8 10.8 38.4 31.7 1795 264
W <1 <1 <1 <1 1 2.6 <1 <1 <1 3.6
As 14 15.3 8.7 7.5 9.9 9.2 16.1 16.9 12.2 11.1
Rb 33 34 29 30 28 14 325 31 305 35
Sc <0.5 185 40.6 38.6 42.6 9.3 <0.5 <0.5 <0.5 135
Sr 642.65 166.8 3128 310.6 315 263 615.7 1064.6 687.6  220.7
Ta 2.25 1.6 0.45 0.7 0.2 5.9 1.7 1.8 1.25 2.7
Th <0.1 14.1 <0.1 <0.1 1.8 13.5 <0.1 <0.1 <0.1 75
U 5.65 3.9 0.75 0.8 0.7 7.2 4.25 4.6 2.7 6.7
\Y 45 154 1985 170 227 61 80 6 88 84

Y 53,55 51.8 18.3 15.7 20.9 86.5 3495 181 16.9 89
Zr 225 16 22 17 27 24 125 9 13 36
La 27 53 7.5 6 9 29 37 21 135 33
Ce 525 95 135 11 16 64 64 33 22 72
Pr <0.05 8.86 <0.05 <0.05 2.36 11.27 <0.05 <0.05 <0.05 8.19
Nd <0.5 36.3 <0.5 <0.5 11 44.4 <0.5 <0.5 <0.5 37.7
Sm 5.2 7.6 <0.1 <0.1 2.8 10.8 4.05 0.5 <0.1 9.9
Eu <0.1 131 0.43 0.11 0.75 1.94 <0.1 <0.1 <0.1 2.04
Gd 6.73 8.18 2.55 1.57 3.53 11.39 5.15 2.12 1.85 11.34
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Table 2. Continued.

Sample ID KC-41 MQ-23-a KC-17 KC-07-B  KC-07.c MV-TR KC-19 KC-14-b KC-03 NG-01
Tb 1.15 14 0.5 0.3 0.7 2.1 0.9 0.4 0.35 1.9
Dy 8.3 8.7 2.95 2.3 3.6 13.6 5.9 3.1 2.7 135
Er 5.45 6 2.05 19 2.2 8.3 4 2 1.95 8.9
Tm 0.8 0.8 0.35 0.3 04 1.2 0.55 0.3 0.3 13
Yb 4.89 5.32 221 2 241 8.23 3.39 1.46 1.73 8.31
Lu 0.65 0.7 0.35 0.3 04 1.2 0.45 0.2 0.25 11
Ti 3417 5424 3909 2221 5597 5855 31915 959 1590 5875
Nb 38.85 <1 25.2 474 3 12.3 <1 44.2 45.8 335
Geochemical Ratios

La/Sm 5.19 6.97 NA NA 3.21 2.69 9.14 42 NA 3.33
Nb/Y 0.73 NA 1.38 3.02 0.14 0.14 NA 2.44 2.71 0.38
Nb/Yb 795 NA 11.43 23.7 1.24 149 NA 30.27 26.47 4.03
Th/Yb NA 2.65 NA NA 0.75 164 NA NA NA 0.9
zZrlY 0.42 0.31 1.2 1.08 1.29 0.28 0.36 0.5 0.77 04
TilY 63.81 104.71 213.61 141.46 267.8 67.69 91.32 52.98 94.08 66.01
Nb/La 144 NA 3.36 7.9 0.33 042 NA 2.1 3.39 1.02
La/Yb 5.53 9.96 34 3 3.73 3.52 10.91 14.38 7.8 3.97
La/Nb 0.69 NA 0.3 0.13 3 236 NA 0.48 0.29 0.99
Th/Nb NA NA NA NA 0.6 1.1 NA NA NA 0.22
Th/Zr NA 0.88 NA NA 0.07 056 NA NA NA 0.21
YXREE 112.67 233.17 32.38 25.78 55.15 20743 125.39 64.08 4462  209.18
Eu/Eu* NA 0.51 NA NA 0.73 053 NA NA NA 0.59
(La/Sm)n 3.27 4.39 NA NA 2.02 1.69 5.75 2646 NA 2.1
(La/Yb)n 3.73 6.72 2.29 2.02 2.52 2.38 7.36 9.7 5.26 2.68
(Gd/Yb)n 1.11 124 0.93 0.63 1.18 112 1.23 117 0.86 11
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Figure 3. Projection of major and trace elements contents versus MgO Content for Neybaz granulites.
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Figure 7. Tectonic discrimination diagrams for Neybaz mafic granulites. A) Nb/Yb versus Th/Yb diagram
(Pearce, 2008); B) Ti/1000 versus V diagram (Shervais, 1982); C) Ti/Y versus Zr/Y diagram (Pearce and
Gale, 1977); D) Y versus Cr discrimination diagram (after Pearce, 1982); E) FeO"-MgO-Al,O; diagram of
Pearce et al (1977); F) 10MnO-TiO2-10P;0s diagram of Mullen (1983); G) La/Yb versus Nb/La diagram of
Hollocher et al (2012); H) Nb versus Nb/La diagram of Xia and Li (2019) for discriminating anorogenic and
arc basalts; I) La/Nb versus Th/Nb diagram (Plank, 2005). MORB basalt is characterized by very low Th/Nb
ratios, while arc basalts generally show elevated ratios (Abbreviations: IAT: Island Arc Tholeiite; MORB:
Mid Ocean Ridge Basalt; WPB: Within-Plate-Basalt; OFB: Ocean Floor Basalt; OIA: Ocean Island Alkali-
basalt; OIT: Ocean Island Tholeiite; CAB: Calc Alkali Basalt; OIB: Oceanic Island Basalt; Bon: Boninite;
BSA: Back-arc Sub-alkaline basalt).
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