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David R. Lentz 7 , Matee Ullah 2 and Jiranan Homnan 2

1 Department of Geology, Faculty of Basic Sciences, Lorestan University, Khorramabad 6815144316, Iran
2 Department of Lithospheric Research, Faculty of Earth Sciences, Geography and Astronomy,

University of Vienna, 1090 Vienna, Austria; urs.kloetzli@univie.ac.at (U.K.); mateeu89@univie.ac.at (M.U.);
homnanj94@univie.ac.at (J.H.)

3 Department of Geology, Faculty of Sciences, University of Tehran, Tehran 1417935840, Iran;
hasanzamanian@yahoo.com

4 Institute of Geology, Academy of Sciences of the Czech Republic, 165 00 Prague, Czech Republic;
slama@gli.cas.cz

5 Czech Geological Survey, 118 00 Prague, Czech Republic; jitka.mikova@seznam.cz
6 Institute of Earth Sciences, Faculty of Natural Sciences, University of Silesia in Katowice,

41-200 Sosnowiec, Poland; jolanta.burda@us.edu.pl
7 Department of Earth Sciences, University of New Brunswick, Fredericton, NB E3B 5A3, Canada;

dlentz@unb.ca
* Correspondence: goudarzi.mo@fs.lu.ac.ir

Abstract: Cenozoic plutonic rocks in northeast Saveh, part of the central Urumieh–Dokhtar
Magmatic Arc (UDMA) in Iran, comprise monzonite, monzodiorite, gabbro, and gab-
brodiorite. Geochemical, zircon U-Pb geochronology, and Hf isotopic data reveal that
these plutonic rocks belong to a medium-K calc-alkaline, metaluminous series with arc-
related signatures. Zircon U-Pb ages (ca. 60 to 3 Ma) indicate prolonged magmatic evo-
lution from the Middle Paleocene to the Middle Pliocene. Contrary to earlier reports of
a 15 Ma period of reduced magmatic activity (ca. 72–57 Ma), our data indicate a shorter
interval (ca. 10–12 Ma) during which magmatic activity decreased significantly. Key mag-
matic pulses occurred during the Late Eocene (ca. 40–47 Ma), Early Miocene (ca. 23–18 Ma),
and Late Miocene–Pliocene (ca. 11–5.2 Ma), with geochemical data indicating a subduction-
related origin. The most recent magmatic pulses in the central UDMA, potentially extending
across the entire UDMA, are dated between 5 and 2.5 Ma, identified in a cluster of zircons
from gabbroic rocks, which could correspond to the concluding stages of slab steepening
related to continental subduction. Zircon εHf(t) values (−11.43 to 12.5) and geochemical
data suggest fractional crystallization, crustal assimilation, and mantle-derived melts. The
clinopyroxene crystallization temperatures (1150–1200 ◦C) and supporting geochemical
data imply that magma was produced in a metasomatized spinel–lherzolite mantle at
depths <80 km. This generation is associated with asthenospheric upwelling and slab
rollback, which, in turn, triggered the partial melting of the lithosphere and fueled the
region’s magmatic activity.

Keywords: Urumieh–Dokhtar magmatic arc; geochemistry; U-Pb geochronology; Lu-Hf
isotopes; mineral chemistry; multi-stage magmatism
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1. Introduction
Calc-alkaline magmas form a key component in the evolution and formation of the

continental crust, originating from diverse sources like the sub-arc metasomatized mantle,
subducted sediments, and enriched lithospheric mantle that offer valuable insights into
crustal recycling and tectonic processes. Unlike tholeiitic magmas, calc-alkaline magmas
are distinguished by their higher water content, higher oxygen fugacity, elevated concentra-
tions of large ion lithophile elements (LILEs), and depletion in high field strength elements
(HFSEs). These petro-geochemical features reflect the influence of subduction-modified
sources and mantle wedge metasomatism. The ascent of these magmas through the thick
continental lithosphere, particularly in convergent zones, leads to additional geochemical
diversity through processes such as magma mixing, fractional crystallization, and crustal
assimilation, e.g., [1–5]. Advancements in understanding the partitioning behavior of trace
elements, like LILEs and HFSEs, have refined models of subduction zone magmatism,
emphasizing the role of slab-derived fluids and mantle wedge processes, e.g., [2–6]. Ad-
ditionally, radiogenic isotopic methods, such as U-Pb and Lu-Hf mineral dating, provide
insights into the timing and sources of magmas, enhancing our understanding of mantle
and crustal contributions in these tectonic settings, e.g., [7–13].

Cenozoic active-margin magmatism related to the evolution of the Neo-Tethys has
been identified in circus Neo-Tethyan regions, such as Iran, central and eastern Turkey, and
the Caucasus. Research on the evolution of the Neo-Tethys in Iran is mainly focused on
stratigraphy, paleontology, tectonic processes, and igneous activity related to the subduction
and closure of Neo-Tethys, e.g., [14–22].

While extensive research has been conducted on crust–mantle interactions in Cenozoic
continental arc environments, such as in the Andes [23], Indonesia [24], and Turkey [25],
studies on the Cenozoic arc of Iran remain limited. The Urumieh–Dokhtar Magmatic
Arc (UDMA) is a prominent volcanic arc system formed along the northern margin of
the Neo-Tethys Ocean, and despite the active ongoing subduction, the magmatic activity
in the UDMA was largely shaped by an Eocene flare-up during the Eocene–Oligocene
for ~17 my from ca. 55 to ca. 37 Ma, which represents a significant period of intensified
volcanic activity driven by crustal melting and mantle-derived magmas, e.g., [26–29]. This
flare-up is a key feature of the broader Neo-Tethys realm, highlighting regional variations
in magmatic processes linked to tectonic evolution. Studies report magmatic activity in the
UDMA during the Late Eocene to Early Miocene, e.g., [28,30–35] and between 26 and 15 Ma,
e.g., [30,32,36], as well as <10 Ma in the central UDMA [8,37].

The geochemical characteristics of UDMA igneous rocks indicate a continuous magma
supply from subduction sources. However, the central UDMA, especially the Saveh area,
remains thoroughly under-explored. Its magmatic history is not well understood, and the
age and genetic connections of UDMA igneous rocks need further study.

This study, for the first time, identifies and examines several plutonic bodies in
the northeast Saveh at the central UDMA (Figure 1). Some of these intrusive bodies
are absent from the fundamental geological maps of the Saveh area (particularly the
1:100,000 scale map, Ref. [38], used in this study). Unlike the intrusive bodies in northwest
Saveh, the northeastern intrusive rocks have neither been identified nor studied in de-
tail. This underscores the necessity for comprehensive geochronological and geochemical
analyses to enhance our understanding of the magmatic and tectonic evolution of the
central Urumieh–Dokhtar Magmatic Arc (UDMA) and potentially the entire arc system.
Furthermore, this study has the potential to identify the youngest intrusive rocks in the
central segment of the UDMA, offering significant insights into the final stages of magmatic
activity in the UDMA. The identification and characterization of previously undocumented
plutonic bodies underscore the complexity of magmatic activity in the central UDMA.
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These findings contribute to the broader understanding of subduction-related magmatism
and crustal development in the region. By deciphering the multi-stage magmatic events
in northeast Saveh, this study aims to enhance models of tectono-magmatic evolution
and provide new perspectives on the processes governing continental crust formation
in convergent margin systems. This study employs an integrated approach combining
new data from zircon U–Pb geochronology, zircon Lu-Hf isotopic analysis, whole-rock
geochemistry, and mineral chemistry to unravel the temporal and petrogenetic charac-
teristics of magmatism in the northeast Saveh area. This research not only enhances our
understanding of the magmatic processes within the UDMA but also provides broader
insights into the tectonic evolution of the Neo-Tethyan orogenic belt. The findings of this
study are anticipated to enrich the global database on magmatic and tectonic processes,
offering a robust framework for future investigations in comparable geological settings.
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and location of Northwest Saveh magmatic rocks based on [40,41]. (C) Simplified geological map
of northeast Saveh based on satellite data, fieldwork, and the geological map of Zaviyeh 1:100,000;
Ref. [42] with approximate sample locations.

2. Geological Background
2.1. Regional Geology

The Alpine–Himalayan orogenic belt formed in the late Mesozoic–Cenozoic from Neo-
Tethys subduction beneath continental plates, producing calc-alkaline to high-K magmatic
rocks in Anatolia, the Caucasus, Iran, and the Lhasa terrane, e.g., [9,39,43,44] (Figure 1A).
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Magmatic activity in Iran–eastern Turkey–the Caucasus began in the Late Cretaceous
(105–95 Ma) and lasted about 80 My, e.g., [45–48], ending with the Afro-Arabian–Eurasian
collision in the Miocene, e.g., [31,37,44,49–51]. The widespread Eocene–Middle Miocene
magmatic rocks—including the Urumieh–Dokhtar Magmatic Arc and high-K igneous rocks
in NW, NE, and SE Iran, as well as NE Turkey—further confirm Neo-Tethys subduction,
e.g., [25,28,31,39,43,45,50–55].

The UDMA consists of crustal thick (~4 km) Cenozoic extrusive and intrusive
rocks (Figure 1A) associated with volcanoclastic units from the Eocene to Quaternary,
e.g., [28,31,56–58]. Ref. [59] suggests that the Eocene marked a significant tectonic regime
change from an extensional to a compressional plate margin.

Many studies support the formation and emplacement of the UDMA during the late
Eocene to early Miocene, e.g., [26,28,31,35,37,39,60,61].

The magmatism in the central UDMA occurred in two episodes: 42–38 Ma and
25–18 Ma [44]. The oblique rollback of the Neo-Tethys slab from 42 to 25 Ma contributed
to the westward–youngling trend of magmatism in this zone, while older magmatism
in the eastern parts predates this rollback phase, e.g., [9,40,41,44,62–65]. The youngest
magmatism, reported to be less than 10 My, is documented in the central UDMA [8,37].

The central UDMA’s plutonic rocks (Figure 1B) include gabbro, diorite, monzonite,
quartz monzonite, and granodiorite to granite compositions with Oligo–Miocene ages. The
Eocene volcanic rocks mainly comprise basalt, dacite, and andesite, erupted as pyroclastic
and lava flows and ignimbrite rocks [65].

The initial magmatic activity in this volcanic complex involved the eruption of rocks
with both calc-alkaline and alkaline geochemical signatures. Later stages witnessed the rise
of intermediate to alkaline basaltic rocks enriched in elements like Sr, Rb, Ba, and K. This
geochemical trend suggests that the region underwent an extension during this period [62].
Regional structural studies in the Saveh area reveal dominant trends oriented northwest,
northeast, and east–west. The major faults within the region typically exhibit strike-slip
and oblique-slip characteristics, with thrust faulting being less common. This pattern is
consistent with a regime dominated by shear–compressive forces. Thrust faulting appears
to represent a later phase in the evolution of these fault systems, as evident in certain faults
like the Saveh Fault (Figure 1B).

As stated, geological observations indicate an extensional tectonic regime in the intra-
arc setting during the Eocene, characterized by uplift, normal faulting, and magma eruption.
In the late Eocene–Oligocene, this regime transitioned to a compressional phase, leading
to the development of a dextral shear zone and activation of strike-slip faults, reflecting
regional stress variations [31,40]. These compressive forces altered the structural behavior
from ductile to brittle, resulting in a prominent east–west structural trend in the central area.
In the early stages, magmatic intrusions were emplaced within a transtensional setting at
deep crustal levels, indicating post-collisional extensional features cf. [66].

2.2. Geological Overview and Petrographic Observations of the Study Area

The studied area is located in northeast Saveh in the central part of the UDMA and
ca. 100 km southwest of Tehran (Figure 1C). The intrusive rocks are exposed in a ca.
15 × 7 km area northeast of Saveh (Figure 1). Magmatic activities in this region have
been influenced by significant west–northwest to east–southeast–trending faults, such as
Rangezard, Takht-e-Chaman, and Abbas Abad (Figure 1B,C), which have acted as magma
pathways and controlled the alignment of volcanic centers. Additionally, several smaller
northwest–southeast–trending faults have influenced magma ascent and later displaced
igneous bodies, all of which are associated with the Alpine orogeny [42].



Minerals 2025, 15, 375 5 of 35

Geological mapping and detailed fieldwork of the area reveal two main igneous rock
types, including monzonite–monzodiorite and gabbro–gabbrodiorite. They were intruded
into alternating sequences of volcanic rocks of an acidic to basic composition. Although the
contact between volcanic and intrusive rocks is usually gradational, the intrusive types are
distinct and easily recognized in outcrops.

The outcrops of the monzonite–monzodiorite unit comprise part of the northeast
Saveh area’s main elevations (Figure 2A,B). Microscopic studies reveal that this unit yield
exhibits granoblastic and porphyritic textures. Major minerals include plagioclase, potas-
sium feldspar, clinopyroxene, hornblende, and quartz, while accessory minerals consist of
apatite, zircon, and opaque minerals (iron oxides). Secondary minerals, including chlorite,
clay minerals, carbonate, and epidote, are also present. Abundant euhedral to subhedral
tabular plagioclase is the most common constituent of the rock, showing signs of cor-
rosion in some cases and infilled with secondary minerals such as chlorite (Figure 3A).
Plagioclase phenocrysts are occasionally carbonatized and frequently exhibit extensive
sericitization, with intense alteration in some instances, leaving only minor remnants of
the crystals and dominating a large volume of the groundmass microcrystals (Figure 3B,C).
Subhedral to anhedral clinopyroxene crystals constitute up to 20–25% of the sample in
some cases (Figure 3A). Amphibole occurs in a wide range of grain sizes from fine-grained
microcrystals to larger crystals that stand out within the groundmass, with moderate to
low chloritization. Tourmaline crystals are occasionally observed in abundance in some
samples, suggesting the incorporation of a boron-bearing high-temperature fluid in some
places (Figure 3D).

The main outcrop of the gabbro–gabbrodiorite unit is located in the northeastern
part of the study area, exhibiting a comparable dark-gray field appearance and partially
consolidated morphology. Its composition includes gabbro, gabbrodiorite, and diorite
gabbro (Figure 2C–E). Petrographic studies of the samples reveal granoblastic, heterogran-
ular, hypidiomorphic, anti-rapakivi, and/or granular textures. Plagioclase and pyroxene
crystals, varying in size, are the main constituents of the rock (Figure 3E,F). These are often
subhedral to euhedral, with large crystals sometimes constituting 60–65% of the rock. Some
crystals exhibit twinning and are moderate to highly uralitized, and in some cases, pyrox-
ene is replaced by amphibole. Hornblende microcrystals show low to moderate alteration
and chloritization and, in some cases, have led to the formation of actinolite in the samples
(Figure 3G). Plagioclase, ranging from phenocrysts to microcrysts and microlites, exhibits
moderate to high alteration and argillization and sericitization and sometimes shows an
anti-rapakivi texture (Figure 3G). The intensity of alteration is high in some crystals, leaving
only a small portion of the primary mineral. The margins of some crystals were reactive
and in disequilibrium, showing epidote or chlorite replacing the space created by corro-
sion (Figure 3F,I). Euhedral to subhedral pyroxene crystals with octagonal cross-sections,
ranging from micro-phenocrysts to microcrystals, exhibit moderate to severe alteration
and chloritization (Figure 3A). Radiating amphibole crystals are observed in abundance
in some samples (Figure 3H). Minor accessory minerals include zircon and apatite, while
secondary and alteration minerals include epidote, clay minerals, carbonate, iron oxide and
hydroxide, and chlorite.
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Figure 3. Photomicrographs (crossed polarized light) of (A) coarse plagioclase crystals with small
clinopyroxene crystals inclusions, where some minerals have been replaced by carbonate and chlorite;
(B) fine-grained groundmass containing plagioclase microlites and microcrystals and sericitized
plagioclase replaced by K-feldspar in the rim with hypo-crystalline texture; (C) aphitic texture and
carbonate alteration with zircon inclusions in monzodiorite; (D) tourmalinization in quartz monzonite
under the influence of boron-containing fluids; (E) coarse crystal of clinopyroxene and plagioclase
with polysynthetic twinning and chloritized Fe-Mg minerals; (F) sericitization of plagioclase crys-
tals along polysynthetic twining and fracture filling with carbonate in gabbrodiorite; (G) altered
hornblende microcrystals that caused the creation of fine and needly actinolites and plagioclase
with anti-rapakivi texture; (H) radial and tabular amphibole microcrystals with microcrystalline
quartz; (I) argillized alkali feldspar microcrystals and plagioclase crystals with epidote alteration.
Mineral abbreviations [67]: Pl: plagioclase, Ep: epidote, Am: amphibole, Cb: carbonate, Ser: sericite,
Cpx: clinopyroxene, Fsp: feldspar, Chl: chlorite, Op: opaque minerals, Act: actinolite, Qtz: quartz,
Zr: zircon, Tur: tourmaline.
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3. Analytical Methods
The analytical methods are detailed in Supplementary File S1, which also specifies the

instrumental parameters, experimental conditions, reference materials, and data reduction
procedures. Fifty samples were selected for lithologic and petrographic investigation, and
thin sections were prepared for detailed analysis. Of these, 21 minimally altered samples
(11 from monzonite–monzodiorite pluton and 10 from gabbro–gabbrodiorite rocks) were
chosen for major and trace element analysis. Major-element concentrations were deter-
mined in clinopyroxene (19 spots), orthopyroxene (20 spots), and plagioclase (72 spots
for monzonitic rocks and 42 spots for gabbroic rocks). Additionally, six samples were
selected for zircon U-Pb dating and Lu-Hf isotope systematics—four from the monzonitic–
monzodioritic rocks (THF2, THF3, MNG-Z2, and MAZ) and two from the gabbroic–
gabbrodioritic rocks (THF5 and MNZ-Z7).

4. Results
4.1. Whole-Rock Geochemistry

We provide the major element data for whole-rock samples collected from the
northeast Saveh plutonic rocks in Supplementary Table S1. The SiO2 value varies from
51.1 to 60.1 wt.%, and Al2O3 ranges from 14.2 to 17.7 wt.%. The total amount of alkali
elements varies from 3.1 to 8.79 wt.%. In the total alkali silica diagram [68], the northeast
Saveh magmatic samples plot mainly in the fields for monzonite, monzodiorite, gabbro,
and gabbrodiorite (Figure 4A). The Al2O3/(CaO + Na2O + K2O) (A/CNK) molecular ratio
varies between 0.6 and 1, indicating metaluminous compositions.

The presence of specific characteristics, such as Na2O > K2O and A/CNK < 1, is a
hallmark of I-type rocks [69].

In the SiO2 vs. FeOt/(FeOt + MgO) diagram (Figure 4B), the northeast Saveh samples,
except one of the gabbroic samples, show a low FeOt/(FeOt + MgO) (0.47–0.65) and are
thus classified as magnesian granitoids [70]. In the Nb + Y versus Rb plot [71], the samples
are classified as I-type granitoids (Figure 4C). Through prolonged fractionation of silicic
magmas, Cu, Au, Pb, Zn, and Fe become depleted, and further dilution occurs due to
increasing continental crustal contamination. While residing in the crust of subduction
zones, these magmas often mix with new mantle-derived magma. This interaction dis-
rupts their evolution via fractional crystallization, maintaining high levels of compatible
elements like copper, which is beneficial for forming magmatic hydrothermal mineral
deposits in the study area (e.g., Rangraz and Mamuniyeh deposits) [65,72–77]. Based on
the Yb vs. La/Yb plot [78] that distinguishes normal magmatic arc rocks from adakites
(Figure 4D), the northeast Saveh magmatic rocks do not show adakitic affinity, such as
high La/Yb and Sr/Y ratios, and they display calc-alkaline characteristics and normal
volcanic arc rock features, such as low Sr and high Y and Yb values. It is also noteworthy
that the northeast Saveh samples are metaluminous [65]. Nonetheless, the mineralogical
composition of the northeast Saveh samples, which includes hornblende, biotite, magnetite,
zircon, and apatite and the absence of Al-rich minerals like corundum, cordierite, and
topaz, along with the lack of crustal enclaves, indicate their metaluminous nature. The
differentiation of hornblende or water content in the melting zone [79] may also account
for this phenomenon.

Additionally, the high average values of Na2O/K2O (8.6) and the combined
Na2O + K2O (5.33 wt%) exhibit the sodic nature of the rocks. The K2O content shows
a range between 0.30 and 0.81 wt% and has calc-alkaline affinities in the K2O vs. SiO2 [80]
and Zr vs. Y [81] diagrams (Figure 5A,B). The high K2O content in some samples may be
due to the sericitization of plagioclase and pyroxene crystals.
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In the Harker diagrams (Figure 6), Al2O3, MgO, Fe2O3, CaO, K2O, and, to some extent,
TiO2 show a descending trend with increasing SiO2, while Na2O3, P2O5, and K2O show an
ascending linear trend. The observed negative correlations between Fe2O3, MgO, Al2O3,
and, to some extent, TiO2 with SiO2 can be explained by the crystallization of clinopyroxene,
olivine, hornblende, magnetite, and ilmenite. Additionally, the reduction in Al2O3 and
CaO is likely due to the fractionation of Ca-rich plagioclase. Moreover, the increase in K2O
with magma evolution suggests that K-feldspar is not the primary fractionating phase in
these magmas.

The chondrite-normalized REE patterns of the northeast Saveh intrusive rocks [82]
exhibit an enrichment of LREEs compared to HREEs, with (La/Yb)n values ranging from
4.5 to 12.1. These patterns lack pronounced negative Eu anomalies (Figure 7A), as indicated
by Eu/Eu* ratios ranging from 0.95 to 1.65.

The negative slope in the primitive mantle-normalized spider diagrams [82] indicates
a relative enrichment of LILEs compared to HFSEs. This depletion of HREEs is typical
of subduction environments and calc-alkaline magmas from volcanic arcs at continental
active margins, e.g., [71,83]. The strong positive Pb anomalies are likely due to the crustal
contamination of the magma that formed these rocks (Figure 7B).
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Figure 4. Classification of northeast Saveh plutonic rocks. (A) SiO2 (wt.%) versus Na2O + K2O (wt.%)
binary diagram [68]. (B) SiO2 (wt.%) versus FeOt/(FeOt + MgO) diagram (after Frost et al., 2001 [70]).
(C) Rb (ppm) versus Nb + Y (ppm) diagram displays the trace element compositions of granites
associated with different mineralization types, showing the impact of various processes and source
compositions on trace element patterns (modified after [84]. (D) La/Yb versus Yb plot [78] is
presented to further illustrate these trends.
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4.2. Mineral Chemistry

The results of the chemical analysis of plagioclases, orthopyroxene, and clinopyroxenes in mon-
zonitic and gabbroic rocks from the northeast Saveh are listed in Supplementary Tables S2 and S3.
Plagioclase and pyroxene are key and important minerals in determining the magmatic
origin, tectonic setting, and physio-chemical conditions, including temperature, pressure,
and partial oxygen pressure. Plagioclase is one of the main minerals forming the inter-
mediate rocks in northeast Saveh. To accurately determine the chemical composition
of monzonitic plagioclases, 72 points were chemically analyzed, and for gabbroic units,
42 points were analyzed. The analysis was conducted exclusively on the unaltered portions
of plagioclase. The results of the chemical analysis of plagioclases in the Or-Ab-An ternary
plot [86] show compositions ranging from andesine to bytownite (An 44–83) for monzonitic
rocks and andesine to labradorite (An 40–69) for gabbroic rocks (Figure 8A). The CaO
content in plagioclase from monzonitic and gabbroic rocks varies from 9.2 to 17.2 wt.%
and 8.3 to 14.3 wt.%, respectively. The Na2O content in plagioclase from monzonitic and
gabbroic rocks varies from 9.2 to 17.2 wt.% and 8.3 to 14.3 wt.%, respectively. The Al2O3

content in plagioclase from monzonitic and gabbroic rocks ranges from 26.5 to 33.1 wt.%
and 25.6 to 31 wt.%, respectively. Additionally, the K2O content in plagioclase from mon-
zonitic and gabbroic rocks varies from 0.06 to 0.62 wt.% and 0.2 to 0.79 wt.%, respectively.

To accurately determine the chemical composition of pyroxenes, 19 points from
clinopyroxene and 19 points from orthopyroxene were chemically analyzed (Table S3).
The composition of pyroxenes in the monzonitic rocks of northeast Saveh is of the augite
type, while in the gabbroic rocks, it includes both augite and enstatite (Figure 8B). The
average MgO content in clinopyroxene (14.2 wt.%) is higher than the average FeO content
(11.8 wt.%). Conversely, in orthopyroxene, the average FeO content (25.7 wt.%) is higher
than the average MgO content (18.7 wt.%).

The studied pyroxenes are plotted in the Q-J diagram [87] within the field of sodium-
free and calcium–magnesium–iron pyroxenes (Figure 8C). The J and Q in this diagram
indices include Ca2+ + Mg2+ + Fe2+ and J = 2Na, respectively.

The studied clinopyroxenes have compositions of Wo 35.2–44.9, En 36.5–44.4, and
Fs 16.5–20.6. The orthopyroxenes have compositions of Wo 2.2–5.8, En 50.6–59.2, and
Fs 38.4–46.6 (Table S3).
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Figure 8. Mineral composition of plutonic rocks from northeast Saveh. (A) Plagioclases are compo-
sitions ranging from andesine to bytownite [86]. (B) CaSiO3–MgSiO3–FeSiO3 diagram [87]. (C) All
the pyroxenes of the northeast Saveh are in the range of (Mg-Fe-Ca) Quad (pyroxenes) J = 2Na,
Q = (Ca + Mg + Fe2+).

4.3. Zircon U-Pb Dating and Lu-Hf Isotopes
4.3.1. Zircon U-Pb Dating

Six samples from the intrusive rocks of northeast Saveh were dated by U-Pb
geochronology. These samples comprised four monzonitic rocks (THF2, THF3, MAZ,
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and MNG-Z2) and two gabbroic rocks (THF7 and MNG-Z7), as detailed in Supplementary
Table S4 and illustrated in Figure 9. Zircons of various origins exhibit different morpholo-
gies and Th/U ratios.

Most of the zircons analyzed in this study exhibit euhedral shapes with elongated
and wide prismatic pyramidal forms and display oscillatory zoning, which is indicative of
magmatic origin. The zircon U-Pb results and representative CL images are illustrated in
Figure 9, and the analytical dataset is given in Supplementary Table S4.

Typically, magmatic zircons have Th/U > 0.3, while metamorphic zircons generally
exhibit Th/U ratios below 0.1 [88–90]. Nevertheless, through geological processes like
anatexis, some altered magmatic zircons with Th/U ratios < 0.1 may form. In such cases, the
low-Th/U rims represent the age of partial melting [91,92]. Zircons from the monzonite and
gabbro are euhedral to subhedral, with length/width ratios of 1:1–5:1 (Figure 9), and exhibit
concentric zonation without inherited cores and present well-developed oscillatory zoning
(Figure 9). They also lack characteristics of crystallization or hydrothermal alteration, such
as spongy texture and metamorphic effects [93,94].
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Figure 9. Cathodoluminescence (CL) images from zircons of plutonic rocks from northeast Saveh
with U-Pb ages (Uncertainty: 2S). Red circles show the locations of U-Pb analysis spots, and yellow
circles denote Hf isotope analyses.

Zircons from the monzonitic samples (THF2, THF3, MAZ, and MNG-Z2) are predomi-
nantly long prismatic in shape and vary in size from 50 to 200 µm and have patchy zonings.
In cathodoluminescence (CL) imaging, these zircons predominantly exhibit magmatic
concentric and oscillatory zoning, while a few grains display less distinct zoning patterns,
suggesting different levels of solid-state recrystallization [95]. The rims cut across some
inherited cores.

Three analyses yielded Mesoarchean (∼2.8 Ga), Paleoproterozoic (∼2 Ga), and Meso-
proterozoic (∼1 Ga) dates. Five analyses yielded Neoproterozoic dates (∼544 Ma to 713 Ma).
Six analyses yielded Paleozoic dates (∼252 Ma to 476 Ma), and five grains yielded Mesozoic
dates (∼75 Ma to 197 Ma; Supplementary Table S4 and Figure 10A). Tertiary U-Pb zircon
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ages found in the monzonitic sample are in the range of ca. 63.6 to 5.7 Ma (Figure 10B).
Four main populations are characterized by weighted mean 206Pb/238U dates of 60.4 ± 0.83 Ma
(n = 4, MSWD = 3) (Figure 10C), 42.7 ± 0.5 Ma (n = 7, MSWD = 2.1) (Figure 10D), and
20.8. ± 0.2 Ma (n = 5, MSWD = 1.5) (Figure 10E); the second and third dates (42.7 Ma
and 20.8 Ma) are interpreted as the main crystallization age of the monzonitic rocks.
Four other analyses also yielded a weighted mean 206Pb/238U age varying from 5.7 to 12.6 Ma
(Supplementary Table S4).

Zircons from the gabbroic rocks (THF7, MNG-Z7) are prismatic to long prismatic in
shape and vary in size from 50 to 200 µm. Two analyses yielded Neoproterozoic dates
(∼ 643–645 Ma). Four grains yielded late Triassic dates (∼169 Ma to 266 Ma; Supplementary
Table S4 and Figure 11A,B), and Cenozoic U-Pb zircon ages are in the range of ca., 58.76
to 2.4 Ma. The main populations of 206Pb/238U ages yielded a set of dates between 2.42
and 5.78 Ma, with a weighted mean 206Pb/238U date of 3.18 ± 0.07 Ma (n = 6, MSWD = 2.2)
(Figure 11C). Moreover, there were three grains that yielded a set of dates between 8.28
and 11.03 Ma, with a weighted mean 206Pb/238U date of 9.7 ± 0.18 Ma (n = 3, MSWD = 4.1)
(Figure 11C).
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Figure 10. Zircon weighted mean 206Pb/238U ages and Wetherill Concordia diagrams of the mon-
zonitic rocks of northeast Saveh. (A) Wetherill Concordia diagram plotting 206Pb/238U against
207Pb/235U for all zircon data, with 2σ analytical uncertainty ellipses. The reference concordia curves
are also shown for comparison. (B) Histogram of the weighted mean ages along with a scatter
plot illustrating the age distribution of the zircons, highlighting the variability among the samples
with age < 70 Ma. (C) Scatter plot for a selected cluster of zircons with a weighted mean age of
60.4 ± 0.83 Ma and an MSWD of 3. (D) Similar scatter plot for a second cluster of zircons with
a weighted mean age of 42.7 ± 0.5 Ma and an MSWD of 2.1, indicating distinct age characteris-
tics compared to group. (E) Scatter plot for a third cluster of zircons with a weighted mean age of
20.8 ± 0.2 Ma.
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zircon 206Pb/238U ages, showing the distribution of the main age populations. The inset provides a
closer look at the age range of approximately 0–80 Ma, highlighting additional peaks. (B) Wetherill
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groups of zircon grains, indicated by their 2σ error ellipses (red). The first group yields a mean age of
9.7 ± 0.18 Ma, whereas the second group shows a mean age of 3.18 ± 0.07 Ma.

4.3.2. Zircon Lu-Hf Isotopes

Lu-Hf isotopic analysis was performed in the same CL domains as the U–Pb age
measurements in 43 zircon grains from the gabbroic and monzonitic intrusions. Anal-
ysis was conducted on the Lu-Hf isotopic results for these rocks, which are presented
in Figure 9 and listed in Supplementary Table S5. Most 176Lu/177Hf ratios are <0.002
(0.002411–0.0003998), except for two grains in the gabbroic intrusion (0.00388 and 0.003073),
suggesting limited corresponding U-Pb ages, and an accumulation of radiogenic Hf was
used for εHf(t) calculations (Figures 12 and 13). The εHf(i) CHUR values for zircons in the
monzonites range from −5.5 to 12.5 (mean: 1.89), with their TDM ages varying from 190.8
to 933.2 Ma (avg. 686.8 Ma). For the zircons in the gabbroic rocks, εHf(i) CHUR values
range from −7.4 to 11.9 (avg. 2.56), and their TDM ages range from 231.2 to 1132.5 Ma
(avg. 703 Ma) (Supplementary Table S5). Negative εHf(i) values indicate that the sample
is depleted in radiogenic 176Hf compared to the chondritic uniform reservoir (CHUR).
This suggests that the source of the sample likely had a lower Lu/Hf ratio compared to
chondrites [96]. The 176Hf/177Hf ratios in Eocene zircons, with TDM ages spanning 0.23 to
0.9 Ga, indicate the involvement of Neo-Proterozoic and Meso-Proterozoic continental crust
in shaping the Ediacaran–Cambrian basement of Iran [97]. Also, Miocene-Pliocene zircons
show TDM ages of ∼190 to 839 Ma, mirroring the extension of a Cenozoic continental arc on
the Ediacaran–Cambrian crust (Figure 13). The variability in Hf isotopic values for Eocene
zircons (−5.5 to +12.5) is likely associated with Hf heterogeneity. Generally, based on [98],
several mechanisms are attributed to hafnium heterogeneity, including the assimilation of
crustal components, and mixing of zircon-saturated mantle melts with different isotopic
end-members, as well as the homogenization of melts that occurs after zircon dissolution.
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according to [33], and Sabzevar ophiolites data according to [100].

5. Discussion
5.1. Tectonic Significance

The northeast Saveh samples display strongly fractionated REE patterns, characterized
by enrichment in LILEs and depletion in HFSEs, which is consistent with an arc-like
tectonic setting (Figures 6 and 7). Their classification within the field of active continental
margin magmas, supported by Th/Yb versus Nb/Yb and Th/Yb versus Ta/Yb diagrams
(Figure 14A,B), further corroborates their active continental margin origin. The rocks are
positioned within the volcanic arc granite field on the Y versus Nb diagram according
to [71] (Figure 14C). Consistent with these observations, the chemical data for the northeast
Saveh samples, plotted on the Y vs. Zr discrimination diagram [101] (Figure 14D), clearly
show that magmatic rocks in the area fall within the active continental margin and arc-
related fields. This affiliation is in accordance with the findings from previous studies of
the UDMA, e.g., [8,9,31,34,35,39,40,102–104].

The northeast Saveh samples exhibit high levels of SiO2, ranging from 49.6 to 60.1 wt%,
alongside extremely low concentrations of Cr (9–58 ppm) and Ni (3–13 ppm). These
concentrations are considerably lower than the Cr and Ni (>1000 ppm and >400 ppm,
respectively) typically associated with mantle-derived primary melts, as proposed by [83].
Furthermore, certain trace element ratios, like Y/Nb, Nb/La, Zr/Nb, and Nb/Ta, stand
unaffected by fractionation. This stability makes them valuable for pinpointing sources of
magma and evaluating the impact of the continental crust on magmatic rocks [105–108].

The Y/Nb ratio in granitoids derived from mantle melts is typically less than 1.2,
whereas in crustal melts, it exceeds 1.2. The northeast Saveh samples exhibit Y/Nb ratios
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ranging from 1.2 to 2.7, with an average of 1.88 ± 0.39 (standard deviation). These values
indicate a predominant crustal contribution, though the lower end of the range suggests a
minor mantle-derived component in the source magma [105].

According to [109], mantle-derived magmas typically have an average Nb/Ta ratio of
17.5, while crustal-derived magmas show ratios between 11 and 12. The Nb/Ta ratios for
the Saveh samples range from 9.65 to 18.4, with a mean value of 14.5 ± 2.9, indicating a
mixed contribution from both mantle and crustal sources.

Furthermore, according to [108], the average Nb/La and Zr/Nb ratios for primitive
mantle are 1.0 and 6.3–7.6, respectively, while these ratios are 0.46 and 22–25 for continental
rocks [108]. The Zr/Nb ratios for the northeast Saveh samples range from 10.3 to 26.9, with
a mean of 16.5 ± 3.9, and the Nb/La ratios range from 0.3 to 1.2, with a mean of 0.6 ± 0.2.
These values are more consistent with a crustal origin rather than a purely mantle-derived
source. The ratios of incompatible trace elements indicate that the magmatic rocks from
northeast Saveh were primarily derived from continental crust melts, with a possible minor
contribution from mantle-derived material.

The analyzed samples exhibit Th/U ratios ranging from 3.6 to 7.3, with an average
value of 5.3 ± 0.8. Based on [105], these samples predominantly plot within the transition
zone between the N-MORB and continental crust fields (Figure 15).

Previous research indicates that the crustal component has a limited impact on the
formation of NW Saveh igneous rocks. However, it had a more pronounced influence on the
formation of other UDMA intrusions, such as those in Kashmar and Niyasar, e.g., [40,110].
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Figure 14. Geochemical tectonic discrimination diagrams for plutonic rocks from northeast Saveh:
(A) Th/Yb vs. Nb/Yb diagram [111]; (B) Th/Yb vs. Ta/Yb diagram, after [112]; (C) the north-
east Saveh samples in the Nb (ppm) vs. Y (ppm) from [71]; (D) Y vs. Zr geo-tectonic discrimi-
nation diagram from arc-related granite and for within-plate granite (after [101]. Abbreviations:
WPG = within-plate granite (A-type), VAG = volcanic arc granite (I-type), ORG = oceanic ridge
granite, syn-COLG = syn-collisional granite (S-type).
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5.2. Characteristics of Mantle Source and Nature of Magma

The composition of the mantle wedge is altered by the inclusion of slab components
during subduction [113]. The Yb vs. La/Yb plot (Figure 4D) suggests that these intrusive
rocks do not display an adakite signature, indicating that slab melt did not contribute to
the magma generation.

Using trace element ratios such as Ba/La, Ba/Th, and Ce/Pb, it is possible to evaluate
the influence of fluids derived from the altered oceanic basaltic crust (low-temperature
aqueous fluids) and of sedimentary melts (sediment components) on the mantle wedge
(geo-)chemistry [114]. Ref. [115] shows that the Ce/Pb ratio is primarily controlled by the
proportion of sedimentary melt to fluid components. Consequently, subducted sediment
melts produce higher Ce/Pb ratios, whereas fluid components lead to lower ratios.

As [116] shows, high Ba/Th ratios in melts suggest the contribution of slab-derived
fluids, whereas high levels of Th in melts indicate the influence of pelagic sediment melt
in the magma source. The Th/Yb vs. Sr/Nd plot [117] reveals the influence of fluids
released from the subducting slab on the composition of the parent magma (Figure 16A).
The increase in Sr/Nd values, along with the relatively stable Th/Yb ratio in the region’s
samples, suggests that the released fluids play a dominant role in mantle metasomatism,
while melting processes have a less significant influence.

As shown in Figure 16B,C, the plots of Ce/Pb vs. Ba/La and Th vs. Ba/Th demonstrate
that fluid components and melt were involved in the subduction process of the northeast
Saveh rocks.
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To evaluate the potential sediment incorporation, we employed the Th/Yb vs. Nb/Yb
plot [118], which exclusively utilizes fluid–immobile elements. The analyzed samples pre-
dominantly plot away from the MORB array, possibly indicating a sedimentary component
of more than 4% wt.% (Figure 17A), which is consistent with the negative Nb anomaly
observed in Figure 7.

The inferred primary melts at northeast Saveh have Na2O > K2O and suggest melting
of four-phase peridotites (Supplementary Table S1). Phlogopite and amphibole are some of
the most prevalent volatile-bearing minerals and act as the major storage sites for large-ion
lithophile elements in the mantle. Useful information can be obtained from trace elements
regarding the role of hydrous mineral phases in the melting process.

Ref. [119] states that while Ba and Rb are compatible with phlogopite and biotite,
and Ba, Rb, and Sr are moderately compatible with amphibole, melts in equilibrium with
phlogopite exhibit higher Rb/Sr ratios (>0.1) and lower Ba/Rb ratios (<20) compared to
melts derived from amphibole-bearing sources. As shown in Figure 17B, the data reveal the
presence of both phlogopite and amphibole in the mantle source area. Ref. [120] presents an
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experimental model in which an ascending aqueous fluid infiltrates the initially dry mantle
wedge, precipitating amphibole. As the fluid continues rising, trace elements either incor-
porate into the amphibole or induce melting in hotter regions, forming an amphibole-rich
zone enriched in incompatible elements (excluding Ta and Nb). Consequently, the amphi-
bole in northeast Saveh samples is interpreted as a product of mantle source enrichment
during subduction.
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The flat chondrite-normalized HREE patterns (Figure 7A) in the northeast Saveh rocks
rule out an eclogite source because the significant reduction in HREEs is caused by partial
melting of eclogite with residual garnet [109]. As noted by [121], La/Sm, Sm/Yb, and La/Yb
are ineffective in processes like fractional crystallization or partial melting, where pyroxene
and feldspar are the primary minerals involved. In contrast to the incompatible behavior
of La and Sm, Y is compatible with garnet. This compatibility results in pronounced
fractionation of Sm/Yb and La/Sm ratios at lower degrees of melting. On the other hand,
when lower-degree melting occurs within the spinel stability field, La/Sm ratios show
slight fractionation, whereas Sm/Yb ratios remain almost unchanged. Given the absence of
a discernible correlation between MgO and the REE fractionation patterns (Sm/Yb, La/Sm,
and La/Yb) in the northeast Saveh intrusive suite, it can be inferred that these trace element
ratios are largely decoupled from fractional crystallization processes, thereby providing
robust constraints on the mantle source characteristics. Figure 18A presents the La versus
La/Sm diagram [122], which emphasizes that variations in the La/Sm ratios are reflective
of differences in the degree of partial melting within the source regions. The observed
variability in these ratios indicates that partial melting processes play a critical role in
shaping the geochemical characteristics of the intrusive bodies in northeast Saveh.

Additionally, the La/Sm vs. Sm/Yb diagram [122] in Figure 18B suggests that the
magmas were derived from a metasomatized mantle, with up to 10% partial melting of
spinel lherzolite. Magmatic rocks from northeast Saveh, similar to those in the central
UDMA, exhibit relatively low (Dy/Yb)N ratios, ranging from 1.9 to 2.2. The lack of
systematic variation from the Eocene to the Miocene indicates the partial melting of spinel
lherzolite. The transition from garnet peridotite to spinel is suggested to occur at a mantle
depth of approximately 75–80 km (as indicated by the mantle solidus) [123]. This suggests
that the magmas from northeast Saveh were likely formed at depths of less than 80 km.

In addition, low (La/Sm)N, (Sm/Yb)N, and Sm/Yb ratios (Figure 18C,D) indicate a
magma with a low garnet contribution in its source that formed northeast Saveh samples.
This observation is supported by the enrichment of Ce/Sm (average 8.4), which is signifi-
cantly higher compared to Sm/Yb (average 1.6). This pattern occurs when garnet is absent
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in the source, implying that Ce has entered the mineral phase. Given the weak fractionation
between MREEs and HREEs, likely due to the minimal presence or scarcity of residual
garnet in the mantle composition, it can be deduced that their magmas originated from the
melting of spinel lherzolite. Moreover, the low CaO/Al2O3 ratios (0.23–0.63), the HREE
enrichment exceeding the chondrite-normalized values 10 times, and the relatively flat
MREE-HREE patterns in our samples suggest that garnet was not present in the deduced
mantle source. The formation of the northeast Saveh plutonic rocks is likely linked to the
melting of peridotite at relatively shallow levels (<80 km). This interpretation is reinforced
by the generation of the northeast Saveh parental magma within the stability range of
spinel–lherzolite and the transition depth between spinel and garnet at the peridotite
melting point (approximately 75–80 km), as outlined by [124].
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Figure 18. Diagrams illustrating the magmatic nature of plutonic rocks from northeast Saveh:
(A) determination of partial melting process in La/Sm vs. La plot [122]; (B) Sm/Yb vs. La/Sm plot
displays the melt curves derived from fractional and batch melting equations [125]; (C) determination
of absence or presence of garnet at source in Sm/Yb vs. Ce/Sm [126]; (D) (La/Sm)N vs. (Sm/Yb)N

plot—trends of batch melting for different clinopyroxene/garnet ratios [127].

5.3. Composition of Minerals

The low TiO2 content in the northeast Saveh pyroxenes may reflect either their forma-
tion in a subduction-related tectonic setting or the influence of magmatic differentiation
processes, which tend to reduce TiO2 levels in arc magmas [128]. The magnesium number
(Mg#) is a crucial indicator used to examine the compositional variations of pyroxenes. The
formula for Mg# is expressed as Mg# = Mg/(Mg + Fe2+). Clinopyroxenes vary from 0.69 to
0.82, while for orthopyroxenes, the range is from 0.5 to 0.65. Figure 19A compares the Al2O3

content and Mg number, illustrating the compositions of clinopyroxenes in northeast Saveh.
The figure also displays the respective fields for arc-related crustal pyroxenes and arc-
related mafic cumulates, with orthopyroxenes trending toward more evolved arc-related
mafic cumulates. Additionally, the Fe vs. Si content confirms the subduction tectonic setting
(Figure 19B). The F1 vs. F2 (calculations in Supplementary Table S3) bivariate plot [129]
effectively distinguishes the pyroxenes of intraplate volcanic rocks from other types. The
separation of WPT magma from VAB magma is also well-demonstrated; however, consider-
able overlap between VAB and VAB-OFB is observed. The results of sample analysis in this
diagram (Figure 19C) indicate that the volcanic samples of the region are situated within the
realm of volcanic arcs. Ref. [130] proposes the AlIV + Na vs. AlVI + 2Ti + Cr bivariate plot
(Figure 19D) based on the substitution of trivalent cations in the octahedral site in clinopy-
roxene. The composition of clinopyroxene falls within the high oxygen fugacity range. This
feature suggests the crystallization of clinopyroxene under high oxidation conditions. The
high water content in the pyroxene samples is consistent with high fugacity values. The
water content and oxygen fugacity themselves indicate a subduction setting. In the TiO2

vs. Al2O3 plot for pyroxenes [131], the clinopyroxenes mainly group in the low-pressure
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field (Figure 19E). In the Al2O3 vs. Mg# bivariate plot presented by [132], orthopyroxene
deviates from the Al2O3 enrichment trend, displaying instead a pattern consistent with
low-pressure differentiation. This behavior, attributed to its comparatively low Al2O3

content, indicates that magma crystallization likely occurred in a shallow magma chamber
at upper crustal depths under low-pressure conditions (Figure 19F). The low Al2O3 content
in orthopyroxene [132] and the low Cr2O3 content in clinopyroxenes (<0.75 wt%; [133] also
suggests that the source magma of the monzonitic and gabbroic rocks crystallized under
low-pressure settings. In addition, the chemical composition of pyroxene is valuable for
determining the physical conditions during magma crystallization. Ref. [134] also proposes
the XPT vs. YPT bivariate plot (calculations in Supplementary Table S3) to determine the
temperature and pressure at which pyroxene crystallization occurs. Based on this, the
crystallization pressure of the two groups of pyroxenes in the studied rocks is less than 2 kb,
and the average crystallization temperatures of clinopyroxene range mostly from 1150 ◦C to
1200 ◦C, according to [134], and from 1100 ◦C to 1150 ◦C in orthopyroxene (Figure 19G,H).
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nental crust, with average Lu/Yb ratios of 0.16–0.18, is enriched in Lu compared to Yb.  
The Lu/Yb ratios in the northeast Saveh plutonic rocks display a range of 0.10 to 0.23, 
suggesting that they originate from both mantle and continental crust sources. 

Additionally, according to [144], the observed narrow range of Nb/Y ratios and the 
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Figure 19. Pyroxene chemistry diagrams of plutonic rocks from northeast Saveh. (A) Al2O3 vs. Mg
number for clinopyroxene and orthopyroxene (reference fields from [135] and references therein);
(B) tectonic classification diagrams [136]. using Fe vs. Si content in clinopyroxene and orthopyroxene;
(C) using clinopyroxene composition to display the tectonic environment of northeast Saveh rocks in
the F1-F2 diagram [129]; (D) determination of oxygen fugacity of clinopyroxene and orthopyroxene
precipitation settings [130]; (E) clinopyroxene TiO2 vs. Al2O3 diagram [131]; low and moderate
pressure fields, after [133]; (F) orthopyroxene and clinopyroxenes Mg# vs. Al2O3 diagram [133];
(G) the pressure determination diagram for clinopyroxenes [134] indicates that the formation pressure
of clinopyroxenes and orthopyroxene in the northeast Saveh is <2 kb; (H) the pressure tempera-
ture diagram using Ypt and Xpt parameters [134] indicates that the precipitation temperature of
orthopyroxene and clinopyroxenes is between 1100 ◦C and 1200 ◦C.

5.4. Crustal Contamination Signatures

Crustal contamination alters the radiogenic isotope ratios and major and trace element
compositions of the mantle-derived magmas, e.g., [137,138]. When mafic and intermediate
magmas interact with continental crustal materials, they typically undergo geochemical
modifications. These changes often manifest as a depletion in Ta, Ti, Nb, and P, with
enrichment in LREEs and Th, e.g., [139–143]. Both groups of mafic and intermediate
magmatic rocks in northeast Saveh show similar patterns to those mentioned above in
primitive mantle-normalized multi-element diagrams (Figure 7B).

The geochemical consistency of Lu and Yb suggests that Lu/Yb ratios are robust indi-
cators, minimally influenced by processes like partial melting or fractional crystallization.
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Magmas that originate from the mantle are distinguished by relatively low Lu/Yb ra-
tios, generally ranging from 0.14 to 0.15 [82]. In contrast, according to [140], the continental
crust, with average Lu/Yb ratios of 0.16–0.18, is enriched in Lu compared to Yb. The Lu/Yb
ratios in the northeast Saveh plutonic rocks display a range of 0.10 to 0.23, suggesting that
they originate from both mantle and continental crust sources.

Additionally, according to [144], the observed narrow range of Nb/Y ratios and the
wide range of Rb/Y ratios suggest possible crustal contamination.

Ta and Nb are also highly sensitive to crustal contamination. Mantle-derived magmas,
which may interact with continental crustal rocks during their ascent, often display negative
Ta and Nb anomalies in spider plots [83,145].

The long-term subduction process likely resulted in the substantial contamination of
the mantle source region. The involvement of fluids released from the hydrated subducted
slab and associated sedimentary rocks, as well as melts generated by the partial melting of
the slab, likely played a key role in modifying the mantle source composition and triggering
magma generation [146] (Figure 20A).

The northeast Saveh plutonic rocks exhibit geochemical signatures that are consistent
with a magmatic history involving multiple processes, including assimilation, fractional
crystallization, and crustal contamination, as demonstrated by incompatible element ratio
diagrams (Figure 20B). The interaction with older magmatic rocks likely resulted in the
observed increase in K2O/Na2O, Rb/Zr, and Sm/Nd ratios.

The wide range of Hf isotopic composition in zircons with identical ages in a cluster
rules out basic fractional crystallization and suggests the involvement of alternative pro-
cesses, such as the incorporation of the continental crust. Consequently, the detected Hf
heterogeneity in the zircons from northeast Saveh rocks reflects the composition of the melt
derived from the mantle and primary crustal materials (AFC) (Figure 20C).

This finding is consistent with the significant presence of inherited zircons in the
samples, as previous studies, e.g., [8,19,37,40], have reported inherited zircons with elevated
Sr and Nd isotope ratios in magmatic rocks from the UDMA. These observations suggest
that the mafic parent magmas experienced moderate degrees of crustal contamination in
Ardestan, Eshtehard, Saveh, and Kahak (the central UDMA).
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Figure 20. (A) Ta/Yb vs. Th/Yb discrimination diagrams [71] show that northeast Saveh plutonic
rocks deviate from the mantle array, suggesting crustal contamination or subduction-related metaso-
matism; (B) K2O/Na2O vs. Rb/Zr ratios plots for the northeast Saveh plutonic rocks; (C) variations
in the ratio of 176Yb/177Hf vs. εHf for northeast Saveh zircons illustrate mantle-derived magma
addition and crustal contamination effects.

5.5. Fractional Crystallization

Intermediate to acidic magmas typically form through the fractional crystallization
of mafic magmas or the partial melting of crustal material [147]. As shown in Figure 6,
the concentrations of Al2O3, CaO, MgO, TiO2, Fe2O3, and P2O5 decrease steadily as the
SiO2 content increases. The negative correlations between Al2O3, MgO, Fe2O3, TiO2, and
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SiO2 suggest that clinopyroxene, olivine, hornblende, magnetite, and ilmenite, respectively,
crystallized early and were removed from the magma. Additionally, the decrease in Al2O3

and CaO aligns with the early fractionation of Ca-rich plagioclase. Furthermore, the
reduction in CaO concentration suggests the removal of calcium-bearing minerals like
plagioclase, hornblende, and clinopyroxene, which are present in northeast Saveh rocks.

The positive correlation between SiO2 and K2O (Figure 6F) further supports the
assumption that K-feldspar remained unaffected by fractionation. According to [148],
the fractionation of biotite and K-feldspar is expected to reduce Ba concentrations in the
remaining melt. Increasing K2O suggests that the fractionation of a K-bearing phase, such
as biotite, was not significant.

The TiO2 and P2O5 abundances exhibit a nearly linear positive trend in the northeast
Saveh rocks (Figure 6), indicating that P and Ti, likely hosted in apatite and titanomagnetite,
respectively, have persisted in the mineral assemblage until the final stages of crystal-
lization. Strontium is incompatible with clinopyroxene and compatible with plagioclase.
Consequently, the fractionation of plagioclase leads to a negative correlation between the
Sr concentration and Si content (Figure 21A) in the resulting minerals.

Figure 21B shows a positive correlation between Sr and MgO up to a critical point of
3.4 wt.% MgO (equivalent to 55 wt.% SiO2), beyond which the trend becomes negative.
This indicates that clinopyroxene played a key role in controlling the depletion of MgO,
CaO, and Fe2O3 in rocks with MgO concentrations above 3.4 wt.%.

The low Dy/Yb ratios in the study samples, combined with a decreasing Dy/Yb
ratio as the silica content increases (Figure 21C), strongly suggest that the fractionation
of amphibole, without garnet involvement, is the primary mechanism responsible for the
evolution of northeast Saveh magmas. Additionally, although the trend in Rb/Sr ratios
with decreasing Sr concentrations in Figure 21D is subtle and not immediately apparent,
a more detailed analysis reveals slight systematic variations. When considered alongside
other geochemical data, these variations support the interpretation that clinopyroxene
fractionation contributes to the development of mafic magmas, while the cumulative
effects of hornblende and plagioclase fractionation are important in the evolution of felsic
magmas, e.g., [149]. As illustrated in Figure 21E, a distinct decline in CaO/Al2O3 ratios with
a decrease in SiO2 levels suggests the fractionation of clinopyroxene (alongside olivine).

The approximate reduction in Sr concentrations with increasing Rb/Sr ratios in
Figure 21D suggests that plagioclase could be a major crystallizing phase controlling the
fractionation of REEs. The influence of plagioclase on these rocks becomes more evident
when considering trace element trends rather than Na2O trends. Since Eu and Sr sub-
stitute for Na and Ca in plagioclase (unlike in clinopyroxene), as shown in (Figure 21A),
Sr concentrations decrease with increasing silica content. Conversely, Eu concentrations
initially increase with increasing silica up to ca. 54 wt.% silica, after which they decrease
(Figure 21F).

While plagioclase fractionation could contribute to the observed trends in magmas with
more than 54 wt% SiO2, the potential influence of crustal melt incorporation must also be
considered, as it may obscure fractional crystallization signatures in whole-rock compositions.
Moreover, the reduction in Eu/Eu* ratios as SiO2 concentrations rise and the presence of
negative Eu anomalies can indicate feldspar fractionation. The increased partitioning of Eu
observed throughout magmatic development indicates conditions of low fO2.

Figure 21G shows an approximate positive correlation between Sr and Eu/Eu, which
could suggest plagioclase fractionation in the northeast Saveh rocks with SiO2 concentra-
tions exceeding 55 wt.%. However, this pattern is not strongly evident, and alternative
processes, such as crustal melt incorporation, may also have influenced the observed
geochemical trends. The constant Ta/Nb ratio (Figure 21H) suggests that magnetite also un-
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derwent fractionation in the northeast Saveh magmas. The La/Yb vs. La ratio (Figure 21I)
reveals that the diverse compositions of the northeast Saveh plutonic rocks are best ex-
plained by fractional crystallization rather than partial melting.

This is supported by the TiO2 vs. Zr plot (Figure 21J), which shows that samples
experienced crustal contamination throughout fractional crystallization. Therefore, the
integrated process of assimilation and fractional crystallization (AFC) should be taken into
account as well.

A comparison of the REE patterns in northeast Saveh magmatic rocks with the Rayleigh
REE-FC modeling diagrams from Sabzevar Eocene volcanic rocks in NE Iran [58,60],
Saveh [40], and Eshtehard [8] (Figure 21K,L), reveals nearly identical REE trends. This
comparison suggests that the fractional crystallization in these rocks was less than 20%.
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magma with no/or minimal crustal contamination [151,152]. 

According to [153], crustal contamination during magmatic evolution results in neg-
ative εHf values in zircon. Therefore, the presence of negative εHf values in the northeast 
Saveh samples indicates crustal contamination, as was also evident from whole-rock geo-
chemical studies. Based on [97], the involvement of Mesoproterozoic continental crust in 
the Ediacaran–Cambrian basement of Iran is indicated by the 176Hf/177Hf values of some 
inherited zircons in this study, which correspond to TDM ages ranging from 0.5 to 1.5 
billion years. Additionally, the development of a Cenozoic continental arc over the Edia-
caran–Cambrian crust is reflected by Eocene and Miocene zircons, with TDM ages ranging 
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Figure 21. Diagrams showing the petrogenetic processes of the northeast Saveh Plutonic rocks.
(A) SiO2 vs. Sr; (B) MgO vs. Sr; (C) SiO2 vs. Dy/Yb; (D) Rb/Sr vs. Sr; (E) SiO2 vs. CaO/Al2O3;
(F) SiO2 vs. Eu/Eu*; (G) Sr vs. Eu/Eu*; (H) TiO2 versus Ta/Nb; (I) The La/Yb vs. La plot,
which indicates the varying compositions of the northeast Saveh rocks are aligned with fractional
crystallization; (J) The TiO2 vs. Zr plot, according to [150], demonstrates that the samples follow the
trend of fractional crystallization. (K,L) Rayleigh REE–fractional crystallization modeling, after [60].

5.6. Multi-Stage Tertiary Magmatism in Northeast Saveh

Analysis of the samples reveals the presence of several age groups or zircon popu-
lations (Figure 22). To ensure the geological relevance of the obtained U-Pb dates, the
data were assessed for potential Pb loss, open system behavior, and analytical uncertain-
ties. Singular ages or discordant data points were excluded, and the remaining dataset
was validated.

Low positive εHf values (0–5) suggest evidence of crustal contamination or the pres-
ence of xenocrystic zircon, whereas high positive εHf values (>5), indicate mantle-derived
magma with no/or minimal crustal contamination [151,152].

According to [153], crustal contamination during magmatic evolution results in nega-
tive εHf values in zircon. Therefore, the presence of negative εHf values in the northeast
Saveh samples indicates crustal contamination, as was also evident from whole-rock geo-
chemical studies. Based on [97], the involvement of Mesoproterozoic continental crust
in the Ediacaran–Cambrian basement of Iran is indicated by the 176Hf/177Hf values of
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some inherited zircons in this study, which correspond to TDM ages ranging from 0.5 to
1.5 billion years. Additionally, the development of a Cenozoic continental arc over the
Ediacaran–Cambrian crust is reflected by Eocene and Miocene zircons, with TDM ages
ranging from approximately 230 to 900 Ma.

The most ancient zircon age obtained in this study (2.8 Ba) aligns with the ages of
inherited zircons from the Archaean, Paleoproterozoic, and pre-Neoproterozoic periods,
as documented in prior research in Iran [7,63,99,154] and the Arabian Nubian Shield [48].
This correspondence in age supports the theory of a concealed, older crustal layer beneath
the upper crust of Iran [99].

Fragments of Cadomian and Avalonian crust, which currently form the basement of
Paleozoic orogenic belts (i.e., Ediacaran–Early Cambrian; 500–600 Ma) in Europe, eastern
North America, Turkey, and Iran, have been documented by several studies, e.g., [33,155–158].

Therefore, it can be said that based on the age range of the inherited zircons (ca. 544–713 Ma)
analyzed in this study, they originated from the basement rocks of Iran. Specifically, these
basement rocks comprise felsic plutonic and volcanic rocks from Neoproterozoic–Early
Cambrian, as documented in previous research, e.g., [48,63,159,160].

The occurrence of inherited zircons with U-Pb ages between 252 and 476 Ma points to
the preservation of the magmatic history of the active continental margin of the extinct Proto-
Tethys Ocean, e.g., [161]. This is similar to other granitic plutons related to Gondwanan
collisions along the northern margin of Africa, through Turkey and Iran, to the Himalayas.

The presence of several inherited zircons in the studied samples, dated between ap-
proximately 75 to 197 Ma, can be explained by the Mesozoic magmatism in Iran, such as Al-
borz Triassic alkaline basaltic rocks [162], the Jurassic magmatic rocks of the Sanandaj–Sirjan
zone [163], Central Iran (Nain–Baft plagio-granites; [164], I-type granites and gabbrodior-
ites from Northwest Iran [47], and late Cretaceous volcanism in the northern UDMA [165].
Additionally, the occurrence of Cretaceous-inherited zircons (∼146 to 76 Ma) within the
study samples can be linked to a Late Cretaceous magmatic event.

The isotopic characteristics of these Cretaceous zircons, particularly their Hf isotope
signatures derived from a depleted mantle and notably positive εHf(t) values (~+10), are
similar to those observed in the Cretaceous Jiroft plutons in the southeastern UDMA [166].
This suggests a period of Mesozoic magmatism spanning from the Triassic to the Late
Cretaceous, which generated zircons with Hf isotopes originating from a depleted mantle
and εHf(t) values ranging from −7.4 to +12.5 (Figure 12A,B).

Previous studies, e.g., [9], indicate a short quiescence, ca. 15 Ma, in the UDMA from around
72 to 57 Ma. However, the presence of zircons with an age range of ca. 55 to 63 (60.4 ± 0.8) Ma
in this study (Figure 10C) suggests a shorter period of quiescence (∼10–12 Ma) in the UDMA.

The formation of plutonic rocks in northeast Saveh with Late Eocene ages (∼ 40–47 Ma,
Figure 10D) is in agreement with the major magmatic events documented in the central
UDMA, e.g., [8,9,31,35,37,40,57,167].

The occurrence of zircons with ages ranging from ca. 23 to 18 Ma (Figure 10E) aligns
with the timing of Early Miocene magmatism within the UDMA (e.g., Tafresh; [168],
Kashan; [21], Eshtehard; [8]; Kahak [167]. These zircons are considered to have crystallized
during the final stages of low-angle subduction and just before the collision of the Arabian
and Eurasian lithospheric plates.

Evidence exists of small magmatic pulses ca. 11 to 8 Ma (e.g., ultrapotassic rocks in Saray,
NW Iran [47], volcanic rocks in northeastern Anatolia [54], Ardestan and Tafresh Late Miocene
zircons and Early Miocene plutons [37] and Eshtehard volcanic rocks [8] located in the central
UDMA and interpreted in relation to the collision between the Arabian–Eurasian plates).

A geodynamic model by [54] suggests that from around 6.5 Ma, significant magmatism
and volcanic activity occurred in the Caucasus–Iran–Anatolia region. This includes basaltic
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rocks in northeastern Anatolia and adakitic ignimbrites from the Sabalan and Sahand in
NW Iran [169,170].

Zircons from monzonitic rocks (12–5 Ma) with predominantly positive εHf(t) values,
along with those from gabbroic rocks (11–2.5 Ma), mark the final magmatic stages until
about 2.5 Ma and can be recognized as the youngest and final magmatic pulls in the central
part of the UDMA. Magmatic activity younger than ~12 Ma in the central UDMA and
northwestern Iran reflects a gradual decline from the Late Miocene to the Pliocene, likely
due to a shift in the subduction angle.

According to [171], zircons younger than ∼12 Ma in the Eocene northeast Saveh
rocks may originate from the widespread infiltration of zircon-bearing fluids through
intergranular networks in large channels. These fluids can transport zircons from both later
and earlier magmatic phases, while subsequent reheating and recrystallization may erase
clear intrusive textures, leaving only subtle microscopic evidence [171].

Similarly, the Hf isotopic variation in Tertiary zircons (−5.5 to +11.5) likely reflects
hafnium heterogeneity. As [98] suggests, this variability may arise from the mixing of
zircon-saturated mantle melts with diverse isotopic end-members and crustal materials,
followed by homogenization after zircon dissolution. This complex history, indicating
the involvement of both mantle and primary crustal components, is consistent with the
abundance of inherited zircons and whole-rock geochemical data (Figure 23).
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5.7. Geodynamic Evolution

In the central UDMA, arc magmatism re-emerged around 60 Ma, marking its role as a
continental margin arc following a prolonged hiatus in magmatic activity (Figure 24A,B).
Eocene calc-alkaline magmatism in the central UDMA implies a subduction angle poten-
tially less than 15.7 degrees, and according to [57], the estimated subduction angle of the
Neo-Tethyan oceanic crust under Central Iran ranges between 29.7 and 15.8 degrees.

This lithospheric thinning (in association with the Arabian–Iranian collision [172] facilitated
the ascent of asthenospheric melts into shallower zones, such as the mantle wedge.

Several studies propose that slab rollback initiated in the Early Eocene reached its peak
between the mid-Eocene and early Miocene (~47–15 Ma [8,35,37,40,44,49,173,174]. Geo-
chemical, isotopic, and radiometric evidence suggest that this process was later succeeded
by the initiation of the collision involving Arabia around 15–11 Ma [44,147].

Ref. [44] demonstrates that the depth at which partial melting occurred remained
consistent over time, indicating stable crustal and lithospheric thicknesses spanning 50 to
18 Ma. Magmatism in the central UDMA resumed around 60 Ma, forming a continental
margin arc after a prolonged dormancy, attributed to the flattening of the Cretaceous Neo-
Tethyan slab between the UDMA and SSZ [28,175]. This study corroborates these findings,
with an age determination of 60.4 ± 8 Ma supporting this study’s interpretation.

At the onset of the Paleocene, the subducting slab shifted from a low-angle, low
thermal gradient (<10–15 km) configuration with significant lithospheric dehydration to
a steeper angle beneath the UDMA, following a Cretaceous flat-slab phase. During the
Paleocene–Middle Eocene, continued subduction led to slab rollback—where gravitational
sinking outpaced plate convergence—allowing the asthenospheric mantle to penetrate the
gap between the slab and mantle wedge. The rising asthenosphere, driven by rollback-
induced lithospheric stretching and thinning, heated the mantle wedge, reducing pressure
and triggering partial melting in metasomatic regions (Figure 24C).

After the Paleocene, the magmatic activity expanded, with an initial phase of
magmatism occurring between the Early Eocene (54.7 ± 3.1 Ma) and the Late Eocene
(37.3 ± 1.2 Ma) [28]. The primary magmatic phase in northeast Saveh, dated to the Middle
Eocene (42.7 ± 0.5 Ma), aligns with this period of heightened activity (Figure 24D).

Oligocene magmatic activity was considerably less extensive compared to the Eocene and
is absent in the northeast Saveh region and its vicinity (Figure 24E) (this study, [19,20,167]. A
phase of magmatic inactivity from the Oligocene to the Early Miocene has been attributed
to the collision of the Arabian and Eurasian plates during the Oligocene–Miocene and Late
Eocene intervals [27].

Nonetheless, some research indicates that magmatic–volcanic activity persisted dur-
ing both the Eocene and Oligocene, spanning approximately 55 to 25 Ma in the central
UDMA [31,32,176].

Also, in this study, a distinct magmatic pulse characterized by gabbroic composition
and age clusters of ~10 and 3 Ma was identified (Figure 24F).

This pulse could correspond to the concluding stages of slab steepening related to
continental subduction, which facilitated the upward movement of the mantle wedge
above the slab. This process induced significant partial melting, giving rise to magmatic
pulses at ~42 Ma, 20 Ma, and <10 Ma.

Magmatic gaps following successive magmatic episodes occur when the subducting
slab steepens, which reshapes the asthenospheric mantle wedge and heats it sufficiently
to trigger arc magmatism [177]. Subducting slabs are thought to flatten during periods of
magmatic inactivity, displacing asthenospheric material from the gap between the slab and
the overlying plate. This displacement deprives the magmatic zone near the subduction
area of its primary source, causing magmatic activity to cease [178]. However, confirming
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this model for the central UDMA remains difficult without detailed insights into key
magmatic and tectonic factors, such as the convergence rate, slab angle, density, and
seismic evidence.

Based on our data, the Paleogene–Neogene intermediate to mafic magmatism in northeast
Saveh likely resulted from asthenospheric ascent due to slab rollback, which led to the slight
melting of subducting sediments. This melting likely occurred via the dehydration of the ancient
lithospheric mantle or mafic lower crust during the secondary subduction of the Arabian plate
beneath the Iranian block after their middle Eocene collision. The rising asthenosphere caused
thermal perturbations that partially melted the lower continental lithosphere, allowing the
resulting magma to ascend through crustal fractures. Geochemical evidence—such as LILEs
(e.g., Ba), elevated Th/Nb and Th/Yb ratios, and low (Dy/Yb)N ratios (0.9–2.4), indicating
garnet absence—supports the involvement of subducted sediments and suggests melting at
shallower depths (within the spinel stability zone).
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Figure 24. A schematic geodynamic model illustrating the formation of magmatic rocks in northeast
Saveh (central UDMA). (A) Magmatism of Mesozoic (Jurassic) and subducting of Neo-Tethys beneath
the Sanandaj Sirjan Zone (SSZ). (B) Subduction movement from SSZ to UDMA and slab flattening at
Cretaceous. (C) Middle Paleocene–Early Eocene subduction of the Neotethyan oceanic lithosphere
under the continental margin of the Iranian plate. (D) Extension of the overlying lithosphere and
main magmatic pulse in central UDMA during the Middle Eocene to Late Eocene, simultaneously
with slab roll-back and partial melting of the oceanic crust. (E) New magmatic pulses during slab
rollback and partial melting of the slab in eclogite facies, following extensional tectonism, occurred
from the Late Oligocene to the Middle Miocene. (F) Final magmatic pulses during the Late Miocene
to Pliocene and asthenospheric upwelling during slab break-off.

6. Conclusions
This study of the magmatic units in the northeast Saveh (the central UDMA) allows

several noteworthy conclusions based on zircon U-Pb geochronology, Lu-Hf isotopes, and
geochemical data:

◦ The northeast Saveh magmatic rocks in the central UDMA comprise metaluminous,
medium-K calc-alkaline monzonitic to gabbroic compositions;
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◦ The intermediate to mafic magma in northeast Saveh’s parental rocks originated
from the partial melting of a shallow, metasomatized lithospheric mantle, likely
triggered by extensional forces related to slab rollback and accompanied by localized
compressional stresses. This tectonic interaction facilitated decompression melting
at relatively low pressure. Additionally, while some geochemical trends suggest
that magma evolution was influenced by the fractional crystallization of plagioclase,
clinopyroxene, and hornblende, the scattered nature of the patterns suggests that
other processes, such as magma mixing or crustal assimilation, may also have played
a role;

◦ The magmatic rocks formed under subduction-related, low-pressure conditions
(<2 kb), with 1150–1200 ◦C crystallization temperatures. Geochemical data suggest a
metasomatized mantle source with up to 10% partial melting in the spinel–lherzolite
field and sedimentary subduction inputs (>4 wt.%) and melting depths below 80 km;

◦ The studied zircon grains from northeast Saveh reveal a complex magmatic and
tectonic history in Iran, encompassing contributions of magmatic rocks from the
Mesoproterozoic to the Cenozoic. Negative εHf values indicate significant crustal
contamination, while inherited zircon grains with ages ranging from the Archean
to the Mesozoic suggest that these zircons may originate not only from primary
magmatic sources but also from intermediate sedimentary reservoirs containing
detrital zircon;

◦ Although previous studies indicate a brief quiescence of ca. 15 Ma in the UDMA,
spanning from around 72 to 57 Ma, the presence of zircons with ages ranging from
∼55 to 63 Ma in this study suggests a shorter quiescent period of approximately
10–12 My in the UDMA;

◦ The dominant zircon populations in monzonitic rocks consist of crystals dated around
50 to 20 Ma. This age range corresponds to crystallization events that took place from
the Early Eocene to the Early Miocene, which were probably sourced from a shared
origin related to the subduction of the Neotethyan Plate beneath central Iran. The
wide range of ages recorded suggests prolonged magmatic activity;

◦ The zircon clusters dated ∼12 to 5 Ma from monzonitic rocks characterized by
predominantly positive εHf(t) values, along with zircons from gabbroic rocks
aged ∼11 to 2.5 Ma, are interpreted in this study as representing the most recent
magmatic stages. These stages are nearly contemporaneous with post-collisional
magmatic activity observed elsewhere in the Arabia–Eurasia collision zone, including
the Zagros Orogen and surrounding regions;

◦ The youngest and final magmatic pulses in the central UDMA, potentially extending
across the entire UDMA, are dated between 5 and 2.5 Ma and identified in a cluster of
zircons from gabbroic rocks.
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