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Introduction

Ophiolitic complexes—fragments of oceanic lithosphere tectonically
emplaced onto continental margins—serve as crucial archives for
reconstructing the formation and evolution of ancient ocean basins. The
Sabzevar ophiolite in northeastern Iran represents one of the most
significant remnants of Mesozoic Neotethyan oceanic lithosphere and
provides a key window into the tectonic development of the northern
Neotethys branch. Previous studies have assigned this ophiolite to diverse
tectonic settings, including mid-ocean ridge, supra-subduction zone, and
back-arc environments (Khalatbari Jafari et al., 2013a, b; Rezael et al.,
2018; Jafari and Ghasemi, 2023). Nevertheless, the co-occurrence of
contrasting magmatic signatures within its volcanic sequences points to a
polyphase magmatic history in a complex geodynamic framework (Omrani
et al., 2018; Moghadam et al., 2025). This study investigates the pillow
lavas and sheeted dikes exposed in the Sultanabad area, in the eastern
sector of the Sabzevar ophiolite. Its primary aims are to characterize the
geochemistry, constrain the crystallization ages of the volcanic units via
zircon U-Pb geochronology, and assess their tectonomagmatic significance
for the evolution of the Sabzevar oceanic basin.

Geological Setting

Alborz belt during the Mesozoic (Agard et al., 2005).
The ophiolitic succession comprises ultramafic mantle

The Sabzevar ophiolite, situated in northeastern
Iran, constitutes an integral component of the tectonic
structure of the Central Iranian microcontinent (Alavi,
1994). It is widely interpreted as a relict of the northern
Neotethyan oceanic realm, which formed within the
Central Iranian terrane between Central Iran and the

rocks, layered ultramafic-mafic cumulates, sheeted
dike complexes, pillow basalts, and pelagic
sedimentary cover (e.g., Shojaat et al., 2003;
Khalatbari Jafari et al., 2013a, b; Moghadam et al.,
2025). The Sultanabad area hosts well-preserved
volcanic units, dominated by pillow basalts intercalated
with sheeted dikes and minor massive lava flows.
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These rocks represent the uppermost levels of the
oceanic crust. Field relations indicate that the pillow
lavas erupted in a submarine setting and were
subsequently affected by tectonic deformation during
the Neotethyan closure and obduction of the ophiolitic
complex onto the continental margin.

Materials and Methods

Representative samples of pillow basalts and
sheeted dikes were collected from the Sultanabad area.
Petrographic examination was performed using optical
microscopy to characterize mineral assemblages and
textural features. Whole-rock major and trace element
concentrations were determined via X-ray fluorescence
(XRF) and inductively coupled plasma mass
spectrometry (ICP-MS). Zircon grains were extracted
from selected samples and subjected to U-Pb isotopic
dating and trace element analysis using laser
ablation-inductively coupled plasma mass
spectrometry (LA-ICP-MS). The geochemical data
served to classify magma types, constrain magma
sources, and discern tectonic affinities. Zircon trace
element compositions were additionally examined to
offer complementary constraints on magmatic
processes and crystallization conditions.

Results

Petrographic observations reveal that the studied
volcanic rocks consist predominantly of plagioclase,
clinopyroxene, and secondary alteration minerals. The
pillow lavas typically exhibit porphyritic to intersertal
textures, whereas the sheeted dikes show fine-grained
to subophitic textures.

Whole-rock geochemical data indicate that the
studied samples fall into three main magmatic series:
alkaline, calc-alkaline, and tholeiitic varieties. The
alkaline basalts are enriched in incompatible elements
and display pronounced LREE enrichment relative to
HREE. Their trace element patterns are akin to those of
ocean island basalts (OIB). The tholeiitic basalts and
sheeted dikes exhibit relatively flat REE patterns and
are marked by negative Nb and Ta anomalies,
characteristic of magmas generated in
supra-subduction zone settings. Calc-alkaline basalts
show intermediate geochemical signatures between
these two groups.

Zircon U-Pb geochronology reveals that magmatic
activity in the study area took place during the
Cretaceous, yielding ages between ~113 and 90 Ma.
The alkaline basalts record the oldest ages (~112-110
Ma), while the tholeiitic and calc-alkaline rocks give
slightly younger but overlapping ages of ~113-91 Ma.

Trace element compositions of zircon grains show
HREE enrichment and LREE depletion, consistent
with a magmatic origin. Variations in elemental ratios
such as Th/U and Eu/Eu* point to differences in
magma composition and crystallization conditions

across the studied rock types.
Discussion

The geochemical signatures of the studied rocks
point to the involvement of multiple magma sources in
generating the Sultanabad volcanic sequence. The
alkaline basalts most likely originated from low-degree
partial melting of a garnet-bearing enriched mantle
source,  consistent ~ with an intraplate  or
seamount-related affinity. By contrast, the tholeiitic
basalts and sheeted dikes appear to have been derived
from higher-degree partial melting of a depleted mantle
source metasomatized by slab-derived fluids.

The calc-alkaline basalts exhibit geochemical
features characteristic of subduction-related
magmatism and probably represent melts generated in
a mantle wedge modified by slab-derived fluids. The
co-occurrence Of alkaline and supra-subduction zone
magmas within the same volcanic sequence implies
that the Sabzevar oceanic basin underwent a complex
tectonomagmatic history, encompassing both intraplate
and subduction-related processes.

The zircon U-Pb ages obtained in this study show
that magmatic activity persisted over a protracted
interval during the Middle to Late Cretaceous. This
prolonged magmatism likely reflects the progressive
evolution of a supra-subduction zone system linked to
the initiation and advancement of subduction within
the northern Neotethys.

Conclusions

Combined whole-rock geochemistry and zircon U-
Pb geochronology provide new constraints on the
petrogenesis and tectonic evolution of the volcanic
units in the eastern Sabzevar ophiolite. The
investigated rocks fall into alkaline, calc-alkaline, and
tholeiitic suites, reflecting the contribution of multiple
mantle sources and magmatic pathways. Zircon U-Pb
dating restricts magmatism to ca. 113-90 Ma, i.e., the
Middle-Late Cretaceous. Geochemical fingerprints
suggest that the tholeiitic basalts and sheeted dikes
formed in a supra-subduction zone setting, whereas the
alkaline  basalts  represent  within-plate-related
magmatism  subsequently incorporated into the
ophiolitic succession. Collectively, the results favor a
model whereby the Sabzevar ophiolite developed
within a complex supra-subduction zone system during
the evolution and final closure of the northern
Neotethys Ocean.
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Figure 3. Overview of the microscopic features of the rocks from the Sultanabad area. A-B) Representative
photomicrographs of porphyritic texture in sheeted dikes showing clinopyroxene phenocrysts in a fine-grained
groundmass; C-D) Intersertal and microlitic microtextures in a pillow lava sample of basaltic andesite; E—F)
Intersertal and microlitic microtextures in a pillow lava sample of olivine-bearing alkali basalt. In the andesitic
basalt, phenocrysts are plagioclase, whereas in the olivine alkali basalt, phenocrysts are clinopyroxene and
plagioclase. Images on the left are taken under PPL, and images on the right under XPL. Mineral abbreviations
after Warr (2021).
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Table 1. Major element oxides (in wt%) and trace elements (in ppm) whole-rock geochemical data for the

samples from the Sultanabad area (CA: calc-alkaline pillow lavas; B: alkaline pillow lavas; T: tholeiitic pillow
lavas; SD: sheeted dikes).

Sample No. KH7 KH8 KH11 KH13 KH31 KH32 KH37 KH38
ID CA CA CA CA CA CA B B
SiO, 49.17 50.17 46.34 63.44 61.69 58.10 48.37 47.19
TiO, 1.79 1.86 1.39 0.70 1.71 1.76 2.31 2.16
Al,Os 13.95 14.36 15.83 13.81 14.14 14.19 16.73 15.39
FeOr 13.28 10.21 8.19 4.07 5.53 5.61 8.77 8.29
MnO 0.21 0.18 0.16 0.10 0.09 0.08 0.19 0.16
MgO 4.79 5.63 6.51 1.92 2.43 1.79 5.86 4.93
CaO 9.85 9.60 12.03 2.96 2.69 3.97 10.89 11.26
Na,O 3.13 3.28 3.28 6.16 9.36 8.88 4.15 4.19
K,0 0.21 1.09 0.19 2.05 0.21 0.45 0.05 0.09
P20s 0.21 0.18 0.17 0.31 0.26 0.28 0.55 0.56
LOI 3.06 3.16 5.89 1.54 1.97 4.85 2.35 5.27
Sum 99.65 99.72 99.98 97.06 100.08 99.96 100.22 99.49
Sc 39.16 42.28 33.75 14.55 14.28 15.30 26.93 25.16
\Y 374.29 401.65 357.19 108.64 136.68 164.22 417.00 407.68
Cr 66.19 100.17 386.06 16.49 17.34 15.30 168.15 161.17
Co 36.75 39.42 41.17 15.52 19.38 18.36 33.16 32.19
Ni 30.90 55.62 176.13 11.94 23.18 15.40 110.21 66.95
Cu 52.80 35.52 65.28 16.49 48.96 33.66 55.68 56.64
Zn 11.12 9.96 7.79 4.85 28.56 16.32 8.17 7.79
Rb 30.60 165.24 12.24 30.23 2.40 6.50 12.24 6.12
Sr 131.65 131.26 165.73 359.87 169.32 148.92 363.29 195.43
Y 38.86 33.62 24.79 17.36 17.85 15.40 27.83 26.34
Zr 99.98 101.33 109.43 133.86 138.72 170.34 243.18 232.37
Nb 0.94 2.13 7.83 3.66 3.13 3.75 36.35 48.09
La 8.43 6.02 8.47 14.36 13.57 11.42 33.42 31.79
Ce 25.25 22.71 25.18 32.40 30.70 26.93 74.29 69.73
Pr 3.46 3.06 2.92 4.41 4.18 3.93 7.95 8.03
Nd 15.16 13.84 13.72 18.62 16.22 16.83 31.04 31.23
Sm 4.66 4.30 3.82 4.56 4.40 4.15 6.75 6.68
Eu 1.88 1.72 1.39 1.22 1.17 1.08 2.22 2.06
Gd 5.19 4.82 4.03 3.71 4.05 3.23 5.63 5.75
Tb 1.02 0.96 0.77 0.56 0.59 0.50 0.82 0.89
Dy 7.54 7.23 5.59 3.09 3.37 2.84 5.73 5.42
Ho 1.52 1.44 1.12 0.62 0.69 0.60 1.04 0.96
Er 4.93 4.43 2.98 1.70 1.94 1.57 3.01 3.26
Tm 0.62 0.69 0.52 0.26 0.30 0.24 0.39 0.41
Yb 4.35 3.92 3.03 1.70 1.98 1.56 3.18 3.17
Lu 0.68 0.63 0.42 0.24 0.30 0.22 0.51 0.44
Hf 3.68 3.41 3.58 3.83 3.86 4.08 5.62 521
Ta 0.31 0.25 0.62 0.16 0.13 0.10 1.72 2.81
Pb 1.16 5.03 2.20 291 4.07 4.08 3.31 6.84
Th 1.51 1.45 1.63 2.28 2.67 1.90 3.51 3.41

U 0.49 0.37 0.54 0.69 0.90 0.96 1.16 1.27
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Table 1. Continued.

Sample No. KH45 KH46 KH36 KH48 KH40 KH43 KH6 KH35
ID B B B B B B T T
SiO, 45.28 45.84 53.93 47.96 48.23 51.41 52.79 54.27
TiO, 3.29 3.38 2.30 1.64 1.58 1.87 1.51 1.72
Al,Os 13.05 13.76 13.50 15.46 15.48 15.97 16.67 15.31
FeOr 12.34 12.69 3.81 8.04 7.60 7.88 5.32 6.80
MnO 0.19 0.15 0.14 0.14 0.13 0.24 0.11 0.12
MgO 4.79 3.05 1.88 8.26 8.36 2.66 10.76 8.36
CaO 9.63 9.27 7.94 10.25 9.75 12.63 4.65 5.93
Na,O 3.26 3.91 10.66 4.23 3.56 6.68 2.49 4.39
K,0 2.12 1.89 0.42 0.50 1.68 0.38 0.33 0.11
P20s 0.64 0.74 1.16 0.37 0.41 0.52 0.06 0.08
LOI 3.28 3.31 2.19 5.20 5.38 1.73 5.63 3.01
Sum 97.87 97.99 97.93 102.05 102.16 101.97 100.32 100.10
Sc 32.34 24.50 12.74 24.48 26.52 24.48 40.80 33.66
\Y 285.18 292.04 124.46 260.10 250.92 347.82 274.38 276.42
Cr 57.82 55.86 5.88 41.82 36.72 27.54 131.58 21.42
Co 38.22 37.24 17.64 42.84 39.78 41.82 34.68 35.70
Ni 23.52 28.42 21.34 30.60 36.72 23.46 33.66 14.28
Cu 22.54 33.32 22.03 65.28 32.64 23.46 27.19 49.98
Zn 52.92 39.20 91.14 27.54 28.56 17.34 9.65 7.41
Rb 33.61 32.28 8.68 10.08 33.76 7.01 0.84 0.28
Sr 573.30 434.14 370.44 519.18 900.66 423.30 135.66 170.34
Y 36.65 30.67 50.86 28.05 18.46 26.72 11.73 16.32
Zr 235.20 247.94 447.86 194.82 169.32 170.34 33.56 143.76
Nb 54.29 48.12 79.38 51.51 51.00 45.19 0.75 1.40
La 32.14 30.38 58.60 34.78 31.01 33.05 1.59 2.21
Ce 62.33 63.11 115.64 64.77 62.93 59.16 4.24 6.65
Pr 7.81 7.84 14.21 7.23 6.74 6.82 0.69 1.07
Nd 28.03 30.28 55.96 24.07 24.08 22.85 3.49 5.74
Sm 7.06 7.30 13.23 5.32 4.91 4.99 1.15 1.96
Eu 2.20 2.22 3.99 1.59 1.49 1.47 0.23 0.73
Gd 5.93 6.87 12.15 4.60 4.35 4.23 1.61 2.27
Tb 0.99 1.00 1.74 0.75 0.63 0.69 0.31 0.43
Dy 5.68 5.58 9.49 431 3.54 4.01 2.04 2.92
Ho 1.14 0.99 1.66 0.88 0.74 0.83 0.47 0.65
Er 2.96 2.86 4.69 2.37 1.90 2.22 1.38 1.85
Tm 0.41 0.38 0.61 0.34 0.27 0.32 0.21 0.28
Yb 2.60 2.49 3.89 2.20 1.68 2.08 1.38 1.88
Lu 0.39 0.36 0.56 0.34 0.27 0.32 0.21 0.28
Hf 6.90 5.48 9.99 5.14 4.73 4.49 0.28 1.61
Ta 3.25 2.43 3.71 2.90 2.94 2.62 0.06 0.07
Pb 2.94 2.94 2.94 3.06 2.04 2.04 2.04 2.04
Th 4.93 4.32 7.51 5.49 3.97 5.14 0.24 0.56
U 1.33 1.24 2.35 1.50 1.24 0.74 0.05 0.14
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Table 1. Continued.

Sample No. KH2 KH25 KH28 KH17 KH22 KH20 KH1 KH4 KH16
1D T T T T T SD SD SD SD
SiO; 53.90 53.82 47.16 46.85 47.92 48.01 52.19 50.75 48.43
TiO, 1.58 1.62 1.99 1.95 1.94 2.03 1.38 1.48 2.05
Al;0; 14.25 15.87 15.65 15.14 15.53 15.38 14.69 15.13 14.42
FeOr 7.15 6.11 8.42 8.22 8.09 7.91 7.76 6.35 8.76
MnO 0.13 0.16 0.17 0.14 0.14 0.15 0.18 0.11 0.14
MgO 9.96 6.92 7.98 8.42 8.35 8.51 10.34 11.29 9.45
Cao 7.38 7.51 10.56 11.92 11.26 10.68 6.72 9.25 9.73
Na,O 2.78 2.97 3.51 3.42 3.71 3.65 2.45 2.43 4.02
K20 0.24 1.02 0.68 0.31 0.27 0.28 0.38 0.23 0.33
P20s 0.06 0.06 0.08 0.08 0.07 0.07 0.05 0.04 0.09
LOI 2.53 3.78 3.91 3.97 3.13 3.25 3.78 3.07 2.72
Sum 99.96 99.84 100.11 100.42 100.41 99.92 99.92 100.13 100.14
Sc 39.78 29.58 26.46 26.46 27.44 28.42 37.74 39.78 31.36
\Y 268.26 257.04 189.14 200.90 196.98 200.90 293.76 221.34 214.62
Cr 60.18 31.62 327.32 321.44 310.66 310.66 146.88 206.04 347.90
Co 35.70 38.76 49.98 42.14 36.26 43.12 41.82 43.86 40.18
Ni 30.60 21.42 73.50 73.50 63.70 69.58 55.08 57.12 57.82
Cu 2.04 25.50 64.68 66.64 69.58 69.58 3.18 44.88 69.58
Zn 31.25 23.16 65.66 64.68 63.70 66.64 9.37 11.85 73.50
Rb 0.97 28.15 6.86 1.96 1.96 2.52 1.90 3.64 3.63
Sr 146.88 103.02 206.78 271.46 239.12 217.56 138.72 165.24 214.62
Y 18.67 11.83 19.60 19.65 17.64 18.62 15.30 17.03 18.91
Zr 134.58 137.54 172.52 169.58 169.58 163.41 129.17 139.98 176.64
Nb 0.98 1.42 1.12 0.98 0.98 0.96 0.95 1.00 1.04
La 1.72 1.28 2.39 1.35 1.32 2.43 4.92 2.14 2.11
Ce 5.22 3.73 7.84 5.88 5.88 6.27 11.02 6.04 6.50
Pr 0.91 0.49 1.08 0.92 1.09 111 1.57 1.01 0.99
Nd 5.04 2.59 4.90 5.88 4.90 4.93 7.09 5.42 5.50
Sm 1.81 0.83 1.83 1.58 1.84 1.92 1.86 1.90 1.60
Eu 0.67 0.30 0.71 0.65 0.75 0.76 0.57 0.78 0.61
Gd 2.20 1.06 2.42 2.09 2.45 2.73 2.12 2.44 2.04
Tb 0.43 0.17 0.44 0.39 0.46 0.48 0.38 0.46 0.36
Dy 2.92 1.18 3.01 2.67 3.18 3.39 2.52 3.07 2.46
Ho 0.60 0.27 0.65 0.58 0.70 0.75 0.57 0.70 0.53
Er 1.90 0.75 1.88 171 2.07 2.13 1.61 2.10 1.51
Tm 0.28 0.12 0.28 0.26 0.32 0.34 0.24 0.31 0.23
Yb 1.95 0.80 1.90 1.78 2.21 2.12 1.63 2.14 1.53
Lu 0.29 0.13 0.28 0.26 0.33 0.33 0.25 0.30 0.22
Hf 1.17 1.20 2.21 1.67 1.84 2.11 0.99 1.42 1.77
Ta 0.09 0.30 0.07 0.12 0.11 0.11 0.11 0.09 0.07
Pb 2.04 2.04 5.88 9.80 8.82 5.88 1.90 3.06 7.84
Th 0.41 0.28 0.31 0.17 0.13 0.14 0.43 0.31 0.18

U 0.09 0.12 0.06 0.07 0.10 0.06 0.06 0.13 0.08
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Figure 4. Determination of the magmatic series and composition of the samples from the Sultanabad area A) Co
versus Th diagram (Hastie et al., 2007); B) Ta/Yb versus Th/Yb diagram (Pearce, 1982); C) Nb/Y versus Zr/Ti
diagram (Pearce, 1996); D) Nb/Y versus Zr/TiO diagram (Winchester and Floyd, 1977).
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Table 2. Trace element analytical results of zircon in the Sultanabad samples. CA: calc-alkaline pillow lavas; B:

alkaline pillow lavas; T: tholeiitic pillow lavas; SD: sheeted dikes; T°(C): calculated temperature in degrees
Celsius.

Sample No KH36-1 KH36-2 KH36-3 KH36-4 KH36-5 KH36-6 KH36-7 KH36-8 KH37-1
ID B B B B B B B B B

Ti 26.13 35 6.81 3.75 6.13 342 20.29 9.16 2.78
Sc 113.52 135.37 182.2 41.35 206.75 150.1 171.35 149.15 19.75
Sr 0.58 0.48 05 0.1 0.68 0.55 0.89 1.28 0.1
Y 1398.5 1242 1520 183 1988 1433 967.58 4533 91.1
Nb 14.61 17.01 18.32 2.13 23.18 24.37 15.06 62.03 1.14
La 0.11 0.01 0.01 0.01 0.07 0.01 0.17 0.02 0.02
Ce 10.38 16 28.4 0.49 65.9 27.9 7.7 111 0.72
Pr 0.24 0.09 0.12 0.01 0.12 0.16 0.09 0.33 0.01
Nd 3.61 1.45 1.86 0.16 212 2.26 1.77 5.42 0.22
Sm 7.13 2.99 3.69 0.5 5.62 4.27 331 13.6 0.52
Eu 0.9 211 2.34 0.43 2.9 3.06 0.95 4.12 0.35
Gd 35.05 16.5 21 3.55 317 22.2 18.96 79.2 2.58
Tb 13.37 6.47 8 1.33 12.4 8.2 6.87 28.9 0.81
Dy 123.63 90.6 112.7 17.7 167.8 110.5 83.45 375.7 9.5
Ho 44.02 34.7 42.6 6.14 59.7 40.8 29.69 132 3

Er 236.57 178.9 212 27.3 284 208 165.75 607 12.2
Tm 58.96 44.6 49.8 5.9 62.8 49.7 41.29 129 2.46
Yb 398.9 453 479 51.6 560 487 276.23 1132 20.5
Lu 64.98 81.7 83.9 8.18 90.9 90.3 39.42 182 3.2
Hf 8923 5606 5980 6338 8982 5469 5574 11721 8364
Ta 6.27 5.35 6.14 1.59 597 6.89 11.19 20.35 114
Pb 8.62 9.03 13.2 0.4 2.37 22.16 3.59 4.85 3.47
Th 497.83 156 295 5.9 315 761 495.92 840 55
U 358 221 324 25.5 307 335 155.3 643 18.7

T°(C) 833.06 656.39 708.29 661.52 699.71 654.69 807.23 733.32 639.69
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Table 2. Continued.

Sample No KH37-2 KH37-3 KH37-4 KH37-5 KH37-6 KH37-7 KH37-8 KH37-9 KH8-1
1D B B B B B B B B CA

Ti 711 4.41 4.88 2.18 4.47 5.32 3.47 26.3 20.78
Sc 34.2 20.16 190.13 11.67 18.7 13.71 20.96 161.07 24.6
Sr 0.1 0.08 0.37 0.07 0.08 0.09 0.09 1.23 0.97
Y 175 119 975 51.2 119 105 179 1007 795.53
Nb 2.59 1.55 23.81 1.13 2.01 1.93 4.22 2.3 1.82
La 0.02 0.04 0.02 0.02 0 0.01 0.01 0.74 0.58
Ce 0.54 0.63 11.2 0.35 0.63 0.73 0.54 20.1 15.88
Pr 0.03 0.04 0.14 0 0.04 0.03 0.44 0.37 0.29
Nd 0.57 0.58 2.17 0.05 0.66 0.48 0.69 3 2.37
Sm 1.2 0.99 3.82 0.13 0.95 0.89 1.26 4.1 3.24
Eu 0.81 0.71 25 0.13 0.73 0.64 0.81 2.03 1.6
Gd 5.67 4.62 17.3 0.98 4.66 3.77 5.66 18.4 14.54
Tb 1.76 1.34 5.87 0.38 1.35 112 1.79 6.5 5.14
Dy 19.9 143 76.2 5 143 11.8 20.4 72 56.88
Ho 6.08 411 27.9 1.67 411 3.5 6.2 31 24.49
Er 25 15.6 139 7.4 15.7 13.7 25.6 153 120.87
m 5.06 2.9 33.7 1.6 3 2.7 5.16 42 33.18
Yb 43 235 337 13.7 23.7 22.4 44 465 367.35
Lu 6.6 3.46 61.4 212 3.43 3.44 6.74 91 71.89
Hf 5996 9073 5149 6604 6086 6951 5955 9223 7286
Ta 1.83 1.06 7.37 0.8 1.9 2.2 2.35 0.9 0.71
Pb 0.02 0.14 7.05 0.15 0.44 0.05 0.02 0.48 0.38
Th 13.7 6.2 149 1.6 6.3 5.2 13.2 265 209.35
U 22.3 141 172 8.6 145 12.4 21.8 700 553
T°(C) 711.85 673.78 681.6 622.7 674.82 688.38 655.76 833.74 809.6
Sample No KH8-2 KH8-3 KH8-4 KH8-5 KH8-6 KH8-7 KH8-8 KH8-9 KH13-1
1D CA CA CA CA CA CA CA CA CA

Ti 121 21.6 27 20.4 22.7 7.3 12.7 18.8 21.4
Sc 21.2 23.08 5.92 14.26 10.95 10.6 22.18 1.65 2.55
Sr 0.65 0.32 0.22 0.34 0.26 0.26 0.22 0.43 0.28
Y 768 1553 770 1378 886 900 869 841 1317
Nb 1.6 3.3 1.9 3.9 2.6 3.2 2.9 3 4.2
La 0.01 0.01 0.41 0.01 0.62 0.13 0.01 0.43 0.68
Ce 7.9 26.2 8.9 30.5 235 275 16.5 16.7 35.6
Pr 0.06 0.21 0.16 0.18 0.23 0.2 0.13 0.17 0.27
Nd 0.9 3.4 1.8 3.3 1.9 2.3 1.7 2 2.8
Sm 21 6.5 2.2 6.6 3.6 3.8 2.8 4.1 4.7
Eu 1.03 2.52 0.99 2.64 151 1.7 1.57 1.65 2.54
Gd 10.2 30.9 11.2 24.4 16.3 16.7 14.4 15.6 26.5
Tb 3.7 10.3 4.1 8.2 55 5.7 5.8 55 9.1

Dy 47 120 52 100 67 70 67 63 105
Ho 21 50 23 43 28 29 28 26 42

Er 112 245 123 224 133 147 138 131 196
m 28 59 31 58 33 38 35 34 48

Yb 296 587 316 643 330 402 362 365 477
Lu 64 126 72 125 68 78 73 74 92

Hf 9610 10308 9859 11140 5325 5923 10564 10708 5357
Ta 0.6 1.2 0.7 1.6 0.8 0.8 1 1 11
Pb 0.29 0.32 0.18 0.95 1.29 13 2.65 2.4 2.31
Th 61 468 72 477 436 572 177 205 761

U 183 880 230 1147 717 820 439 505 1024
T°(C) 758.01 813.5 836.5 807.77 818.54 714.04 762.43 799.67 812.57
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Table 2. Continued.
Sample No KH13-2 KH13-3 KH13-4 KH13-5 KH13-6 KH13-7 KH13-8 KH13-9 KH31-1
ID CA CA CA CA CA CA CA CA CA
Ti 23.4 13.4 18.9 15.8 14.4 16.9 1.43 15.9 9.2
Sc 1.75 5.29 1.06 1.33 1.48 1.67 143.7 15.93 16.23
Sr 0.4 0.47 0.34 0.4 0.43 0.28 0.31 0.5 0.5
Y 1376 1899 1083 1822 2666 1066 1533 1077 1227
Nb 5.1 7.6 5.7 10.3 15.8 6.7 2.87 3 8.1
La 0.22 0.57 0.39 0.01 0.02 0.39 0.02 0.07 0.14
Ce 46.9 87.8 44.2 795 915 44.7 3.91 348 58.8
Pr 0.18 0.55 0.27 0.22 0.17 0.2 0.15 0.08 0.21
Nd 2.5 5.7 2.7 4 2.2 1.9 2.66 1.87 2.3
Sm 5.4 8.1 43 8.9 6 3.6 5.23 4.46 45
Eu 2.42 3.32 1.77 2.79 341 1.29 0.98 1 1.8
Gd 27.2 36.9 20.4 32.8 40.9 16.4 25.7 216 218
Tb 9.8 12.3 6.9 11.9 15 6.3 8.83 7.41 8
Dy 110 145 85 145 193 76 115.4 975 94
Ho 43 58 35 58 84 33 42.3 36.2 38
Er 203 289 170 290 419 167 211.2 168 190
Tm 49 72 44 77 111 43 50.3 43.9 48
Yb 501 725 457 808 1147 457 482 498 489
Lu 94 152 89 160 236 93 82.3 68.8 98
Hf 5332 9572 6056 12292 13774 6290 5710 7963 6286
Ta 14 2.1 14 2.9 35 1.7 2.08 1.61 2.1
Pb 053 0.61 0.65 0.87 1.19 2.06 0.69 1.32 0.45
Th 1199 1641 900 1784 1945 923 146 225 1337
U 1490 1978 1335 2667 3008 1498 259 295 1808
T°(C) 821.64 767.37 800.19 782.84 774.07 789.29 594.68 783.44 733.7
Sample No KH31-2 KH31-3 KH31-4 KH31-5 KH31-6 KH31-7 KH31-8 KH31-9 KH6-1
ID CA CA CA CA CA CA CA CA T
Ti 7.6 7.2 482 13.08 46.1 2.27 40.11 1.84 8.21
Sc 11.53 21.35 0.76 5.15 313 20.34 27.2 5.16 23.22
Sr 0.33 0.3 0.35 0.36 0.29 0.34 0.25 0.4 0.29
Y 890 848 275.1 257.63 1921 2023 1671.27 244 2060.74
Nb 331 6.2 1.37 2.38 5.37 4.06 467 0.62 1.03
La 0.06 0.12 0.01 0.04 1.53 0.02 1.33 0.02 0.15
Ce 17 47.8 2.16 1.64 30.1 20 26.19 12.2 10.87
Pr 0.44 0.1 0.04 0.04 0.66 0.3 057 0.02 0.27
Nd 5.27 1.8 0.22 0.4 5.09 4.24 4.43 0.53 2.7
Sm 6.12 38 1.18 1.33 5.19 7.14 452 1.37 6.62
Eu 3.64 1.53 053 0.12 0.49 453 0.43 0.2 2.29
Gd 26 16 5.26 6.64 27.7 356 24.1 5.09 59.17
Tb 7.38 5.6 2.11 2.19 11.3 12.6 9.83 1.74 21.67
Dy 82.3 66 34.54 25.03 166 161.8 144.42 227 236.38
Ho 26.2 27 11.58 8.7 62.8 57.3 54.64 7.71 87.07
Er 111 129 48.22 38.06 311 273.9 270.57 36.6 384.55
Tm 227 33 11.69 9.4 80.9 63.6 70.38 10.3 71.68
Yb 198 339 1475 107.72 943 612 820.41 134 561.03
Lu 32.1 66 3457 20.62 117 106 101.79 222 91.45
Hf 5401 6472 8480 8244 8961 6543 7796 7125 10938
Ta 1.85 1.8 0.22 1.14 2.81 1.81 2.44 0.23 0.76
Pb 0.31 051 0.7 2.74 1.37 15.4 1.19 0.3 0.34
Th 42.8 1367 67.85 30.46 298 366 259.26 81.7 129.33
U 43.2 1762 160.1 145.3 541 369 470.67 163 16.97
T°(C) 717.41 712.9 680.64 765.13 895.81 625.48 879.77 611.22 723.97
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Table 2. Continued.

Sample No KH6-2 KH6-3 KH6-4 KH6-5 KH6-6 KH6-7 KH6-8 KH35-1 KH35-2
ID T T T T T T T T T

Ti 18.02 16.68 15.06 9.09 17.99 14.2 19.06 14.24 14.98
Sc 25.44 20.48 20.1 23.28 20.71 23.96 20.63 19.15 22.7

Sr 0.66 0.33 0.23 0.35 0.26 0.26 0.23 0.44 0.29

Y 1277.64 1466.98 2072.36 1735 1980.93 2287.71 2863.21 2439.55 2177.99
Nb 0.63 0.76 1.05 0.96 1.13 1.29 1.68 1.44 1.38
La 0.02 0.03 0.02 0.01 0.06 0.03 0.08 0.03 0.03
Ce 4.62 6.91 10.56 13.18 8.9 7.84 11.34 11.6 10.52
Pr 0.12 0.17 0.26 0.33 0.22 0.2 0.28 0.29 0.26

Nd 2.32 2.44 3.22 2.7 3.19 2.6 3.98 3.52 3.69
Sm 5.05 5.39 6.39 6.58 6.62 6.8 8.98 6.97 7.58
Eu 2.57 2.43 2.52 1.73 3.04 3.27 42 271 3.14
Gd 41.96 46.12 61.36 55.86 60.33 68.83 88.11 69.53 70.26
Tb 14.39 15.76 21.52 19.8 21.49 23.19 31.12 23.84 24.06
Dy 152.11 170.15 239.4 208.55 232.27 248.96 334.46 262.27 257.34
Ho 53.16 62.49 84.81 74.89 83.33 91.49 122.54 100.4 90.5

Er 223.38 254.91 365.14 319.36 342.47 383.16 507.96 413.73 392.4
Tm 4231 49.66 69.27 58.83 64.79 71.56 95.76 78.54 75.04
Yb 334.32 379.17 526.55 44558 496.37 563.55 726.46 590.71 558.18
Lu 56.97 60.85 85.25 69.95 80.9 91.72 117.55 93.89 90.58
Hf 9026 9640 9728 9917 9301 9837 9269 9781 9519
Ta 0.39 1.43 0.28 0.39 0.44 0.27 0.31 0.42 0.7

Pb 0.19 1 1.35 1.37 2.78 2.52 2.43 0.56 0.64
Th 31 35.75 76.25 84.99 58.54 100.95 108.14 93.05 97.25

U 4.28 5.04 9.96 11.43 7.78 12.88 12 11.62 12.02
T°(C) 795.51 788.04 778.26 732.68 795.34 772.73 801.04 773.03 777.76
Sample No KH35-3 KH35-4 KH35-5 KH35-6 KH35-7 KH2-1 KH2-2 KH2-3 KH2-4 KH2-5
ID T T T T T T T T T T

Ti 18.81 10.31 11.54 24 17.3 12.3 13.39 21.27 19.92 23.41
Sc 19.64 57.75 18.73 20.73 21.06 18.57 18.29 17.63 28.51 19.02
Sr 0.42 0.48 0.35 041 0.44 0.29 0.32 0.52 0.52 0.34
Y 2446.06 7449.65 2151.96 3976.1 2261.36 2156.62 244452 4000.06 1980.25 5227.1
Nb 1.57 4.87 1.42 2.38 1.45 1.43 1.72 3.18 1.44 3.76
La 0.05 0.14 0.05 0.08 0.05 0.05 0.04 0.09 0.02 0.09
Ce 9.15 56.42 11.77 13.13 10.02 1141 12.32 13.24 9.49 17.14
Pr 0.23 141 0.29 0.33 0.25 0.29 0.31 0.33 0.24 0.43
Nd 3.8 11 3.08 4.36 3.68 3.46 35 452 3.82 5.33
Sm 7.9 28.47 6.28 12.43 7.66 7.46 7.43 8.52 8.31 11.57
Eu 3.69 9.23 248 5.87 3.53 2.95 311 3.97 3.71 6

Gd 80.89 251.71 63.48 125.59 77.4 62.69 70.41 103.81 69.19 152.04
Tb 27.59 86.12 22.02 41.97 25.27 20.91 25.44 40.05 2251 55.09
Dy 296.84 903.2 232.52 432.1 262.53 236.94 278.09 473.65 229.02 602.45
Ho 105.52 316.19 89.2 154.53 93.78 89.94 101.8 183.07 81.99 222.2
Er 430.83 1297.72 370.84 642.97 392.56 369.58 4245 787.8 325.57 913.99
Tm 81.06 243.62 69.78 116.14 71.65 68.58 80.54 146.77 62.52 167.17
Yb 605.57 1814.93 526.82 880.13 530.97 512.47 615.01 1096.5 469.93 1227.06
Lu 101.31 276.46 86.05 138.68 86.64 84.56 102.44 177.22 76.85 195.52
Hf 9078 10149 9797 8656 9155 9573 9767 8629 8733 8592
Ta 1.39 2.17 1.83 0.89 0.57 0.45 1.34 0.29 0.92 1.67
Pb 0.68 091 1.25 2.16 0.73 1.39 0.47 0.33 0.54 0.73
Th 82.23 797.75 100.18 131.27 72.58 94.5 108.27 219.72 47.61 233.79
U 9.55 62.9 12.49 13.31 8.85 11.91 13.19 19.75 6.19 20.15
T°(C) 799.7 743.62 753.7 824.24 791.55 759.52 767.28 811.95 805.38 821.7
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Table 2. Continued.

Sample No KH2-6 KH25-1 KH25-2 KH25-3 KH25-4 KH1-1 KH1-2 KH1-3 KH1-4 KH1-5
ID T T T T T SD SD SD SD SD

Ti 21.18 14.11 11.42 5.35 25.18 33.04 32.81 18.22 11.86 16.59
Sc 28.33 20.22 19.02 33.26 31.42 44.32 53.15 57.75 86.17 36.99
Sr 0.31 0.36 0.37 0.29 0.35 0.49 0.41 0.06 0.05 0.05
Y 5003 1572.21 1349.71 4680.8 5196.78 2272.79 2454.79 6527.25 13074.75 1118.6
Nb 3.71 1.14 1.08 3.99 4.24 2.57 3.17 8.95 15.56 2.28
La 0.13 0.01 0.01 0.03 0.08 0.03 0.03 0.09 0.47 0.01
Ce 20.19 8.89 8.44 84.94 21.88 20.14 25.85 101.68 427.89 8.88
Pr 0.5 0.22 0.21 212 0.55 0.5 0.65 254 10.7 0.22
Nd 6.46 2.23 1.58 5.6 7.61 3.06 2.67 14.28 29.65 0.9
Sm 17.77 52 4.99 14.83 21.11 7.39 7 29.09 81.54 2.53
Eu 79 2.14 1.75 2.85 9.79 3.63 3.72 851 12.54 1.07
Gd 175.19 46.1 36.02 141.19 190.33 70.38 74.62 226.76 495.64 24.02
Tb 58.31 15.34 12.66 52.81 61.87 23.96 26.4 87.68 173.27 8.86
Dy 606.16 161.59 139.25 584.51 633.9 253.35 281.69 883.31 1713.39 105.24
Ho 214.58 61.24 52.25 213.64 217.83 94.15 101.51 293.75 580.58 45.22
Er 862.11 242.91 211.44 880.25 869.51 389.65 424.29 1185.67 1981.58 207.79
Tm 158.94 47.67 41.93 163.85 161.65 72.31 78.86 222.46 359.19 44.28
Yb 1177.24 355.1 321.19 1165.89 1183.86 548.02 588.04 1595.11 2488.25 357.69
Lu 186.13 56.8 53.71 165.96 189.98 89.16 96.08 221.58 347.4 65.53
Hf 8823 10002 10347 9127 8536 8418 8256 7399 9060 9393
Ta 1.65 1.48 0.78 0.67 0.58 0.23 2.06 3.12 1.19 0.18
Pb 2.88 1.44 16.17 11.13 6.32 0.78 1.29 3.16 251 2.64
Th 196.66 41.42 44.33 905.61 197.71 222.17 231.37 372.89 3572.73 32.57
U 17.98 6.02 6.41 90.68 17.04 15.56 16.39 34.14 118.58 8.33
T°(C) 811.52 772.15 752.78 688.86 829.22 858.15 857.41 796.59 756.19 787.5
Sample No KH1-6 KH1-7 KH1-8 KH4-1 KH4-2 KH4-3 KH4-4 KH4-5 KH4-6 KH4-7
ID SD SD SD SD SD SD SD SD SD SD

Ti 23.06 16.16 8.82 7.38 5.42 9.6 7.45 25 111 135
Sc 60.1 77.94 56.31 37.08 52.19 19.05 21.13 25.19 32.9 27.16
Sr 0.01 0.07 0.05 0.09 0.12 0.01 0.01 0.01 0.04 0.01
Y 7882.01 5021.34 3836 2951 1878 759.57 2005 2867 2546 1919
Nb 12.02 9.05 3.28 2.6 2.27 0.62 2.23 2.78 3.33 2.47
La 021 0.05 0.27 0.01 0.18 0.02 0.1 0.06 0.03 0.03
Ce 150.28 88.61 56.4 17.7 17.7 0.73 37.8 26.2 16.8 6.44
Pr 3.76 2.22 0.71 041 0.53 0.03 0.48 0.62 0.22 0.14
Nd 23.89 3.9 13.3 9.04 5.84 0.53 7.79 11.4 4.29 3.22
Sm 48.5 13.34 21.7 17.8 115 2.77 13.7 23.1 9.34 8.12
Eu 14.26 43 8.67 0.84 291 0.12 513 3.48 2.15 1.06
Gd 358.66 142.06 117 79.3 48.6 16.69 58.4 94.9 53.5 43.9
Tb 116.24 53.46 34.6 25.7 15.9 6.99 17.5 21.7 19.3 153
Dy 1127.15 569.41 414 327 201 84.49 211 341 251 198
Ho 391.5 209.99 133 113 70.5 27.34 71.9 109 91.8 70.1
Er 1394.36 888.42 603 461 296 102.24 305 435 406 297
Tm 250.59 170 144 106 75.7 21.98 70.4 92.1 97.6 69.4
Yb 1784.6 1297.16 1520 1077 858 217.72 733 906 1058 720
Lu 254.8 205.5 196 121 101 39.79 99.2 115 127 88.1
Hf 6518 9973 10234 9687 11206 10108 10507 11236 12875 12148
Ta 0.39 1.26 1.03 0.89 0.84 0.21 0.73 0.9 1.19 0.99
Pb 1.29 0.78 0.26 3.16 2.19 3.23 0.95 1.03 13 1.56
Th 471.38 1142.8 460 71.9 91.4 11.45 149 369 144 96.3
U 34.55 93.6 31.33 15.17 14.42 7.63 12.92 17.25 21.67 16.42

T°(C) 820.12 785 730.05 714.95 689.85 737.4 715.74 828.46 750.23 768.05
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Figure 9. Chondrite-normalized rare earth element (REE) patterns (Sun and McDonough, 1989) for zircon
crystals from the Sultanabad samples. A) Calc-alkaline pillow lavas; B) Alkaline pillow lavas; C) Tholeiitic

sheeted dikes; D) Tholeiitic pillow lavas.
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Figure 10. Discrimination of magmatic and altered zircons from the Sultanabad area. A) La versus (Sm/La)n
diagram (Hoskin, 2005); B) U+Th versus LaN diagram (Luo et al., 2024); C) Th/U versus U/Yb binary diagram;
D) Eu/Eu* versus Yb/Gd diagram.
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Figure 11. Compositional plots of the samples from the Sultanabad area in A) Th versus Nb/16 versus Hf/3
ternary diagram (Wood, 1980); B) Th versus Nb/16 versus Zr/17 ternary diagram (\Wood, 1980); C) Nb versus Th
diagram (Saccani, 2015) normalized to N-MORB composition (Sun and McDonough, 1989) (N-MORB: normal-
type mid-ocean ridge basalt; OIB: ocean island basalt; AFC: assimilation-fractional crystallization; OIB-CE: OIB-
type component enrichment; FC: fractional crystallization; E-MORB: enriched-type mid-ocean ridge basalt; IAT:
island arc tholeiite; CAB: calc-alkaline basalt; BABB: back-arc basin basalt; SSZ-E: supra-subduction zone
enrichment; D-MORB: depleted-type mid-ocean ridge basalt; MTB: mantle tholeiitic basalt).
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Figure 12. Discrimination diagrams of magma genesis environments based on zircon composition. A) Hf versus
U/Yb diagram (Grimes et al., 2007); B) log(U+Th) versus log(LREE/HREE) diagram (Luo et al., 2024).
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Figure 14. Tectonic model for the subduction of the Sabzevar oceanic basin along a cross-section from the
northern Central Iranian Microcontinent (CIM) to the southern continental margin of Eurasia (Turan) during the
Cretaceous (modified after Rezaei et al., 2018) (MOR: mid-ocean ridge; HP-LT: high-pressure—low-temperature;

IAT: island-arc tholeiite; CA: calc-alkaline).
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