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ABSTRACT

Late Eocene - Oligocene volcanic rocks in the eastern Saveh region of the Urumieh-Dokhtar
magmatic arc (UDMA) are representative of Paleogene magmatic activity in Iran. They show
a wide range of silica-undersaturated to silica-oversaturated compositions, from basalt-trachy
basalt and tephri-phonolite to trachyte-latite. Whole rock chemical compositions define
a continuous assemblage of mafic and felsic rocks in terms of SiO, (46.3 to 71.1 wt.%), Al,O3
(12.5-19.2 wt.%), K;0 (2.06-12.23 wt.%) and TiO, (0.41-1.75 wt.%) contents, Mg number (6.8-51)
and K,0/Na,0 ratios (0.53-30.2). Abundances of rare earth elements in the tephri-phonolite group
are much higher than in the trachyte-latite and basalt-trachy basalt groups. Elevated contents of
large ion lithophile elements such as Ba (191-7311 ppm) and Pb (6.49-118 ppm) as well as
depletions in high field strength elements such as Nb (2.43-40.6 ppm), Ta (0.15-2.24 ppm), Zr
(40.8-258 ppm) and TiO, (0.40-1.77 wt.%) characterize these rocks. Initial ratios of 8Sr/*®Sr from
0.7046 to 0.7074 and eng(t) from +0.9 to +3.3 show that these were derived from parental magma
extracted from partial melting of metasomatized mantle, namely amphibole- and/or phlogopite-
bearing peridotite. Fractionation of feldspar, clinopyroxene, amphibole and phlogopite, and minor
contamination with upper crust was responsible for the large variation of the rock types observed.
We explain contemporaneous late Eocene — Oligocene calc-alkaline and high-K magmatic activity
in the UDMA as due to the partial melting of both hot metasomatized asthenospheric and
subcontinental lithospheric mantle in an extensional tectonic regime. This extensional regime
probably developed due to the rollback of the subducted Neo-Tethys oceanic plate.
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1. Introduction The UDMA (Figure 1) emplaced and erupted a wide

range of igneous rocks from calc alkaline to alkaline and
shoshonitic (Amidi et al. 1984; Hassanzadeh 1993; Omrani
et al. 2008; Ahmadzadeh et al. 2010; Rezaei-Kahkhaei et al.
2011; Verdel et al. 2011; Sarjoughian et al. 2012; Chiu et al.
2013; Pang et al. 2013; Yazdani et al. 2018). Different
scenarios have been suggested for the UDMA geody-
namic evolution. Amidi et al. (1984) proposed a rift
model, whereas the most other models consider the
UDMA as a continental arc (Berberian and Berberian
1981) or island arc (Alavi 1994). Ghasemi and Talbot

The Zagros orgen of Iran is part of the Alpine-
Himalayan orogenic belt and has been affected by
N-dipping subduction of the Neo-Tethys Ocean begin-
ning in the Mesozoic (e.g. Stocklin 1968; Berberian and
Berberian 1981; Ghasemi and Talbot 2006; Azizi and
Stern 2019). The Zagros orogenic belt consists of
three parallel tectonic zones (Figure 1) (Alavi 2004): (1)
Zagros fold-and-thrust belt, (2) Sanandaj-Sirjan zone,
and (3) Urumieh-Dokhtar magmatic assemblage
(UDMA). As the subduction zone and the overlying

continental magmatic arc matured, igneous activity
produced a broad belt of mostly Cenozoic volcanic
and plutonic rocks of the UDMA (Figure 1, Table 1)
which forms a distinct, linear intrusive-extrusive com-
plex (Stocklin 1968; Berberian and Berberian 1981;
Ghasemi and Talbot 2006; Omrani et al. 2008; Verdel
et al. 2011; Chiu et al. 2013) located between the
Sanandaj-Sirjan zone in the southwest and Central
Iran in the northeast (Figure 1).

(2006) proposed a post-collision origin for late to middle
Eocene volcanic rocks in this belt, but this is not sup-
ported because collision with Arabia began in Oligocene-
Miocene time. There is now consensus that the UDMA
marks the magmatic front of the Late Cretaceous and
younger continental arc of Iran. Verdel et al. (2011)
emphasized Palaeogene magmatism and extension as
a result of slab retreat or slab rollback following
a Cretaceous episode of flat slab subduction.
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Figure 1. (a) Simplified geological map of Iran (modified from Stocklin 1968), showing the distribution of Cenozoic igneous rocks and
the location of Figure 2. (b) Histogram of radiometric ages for UDMA volcanic and plutonic rocks, source data for UDMA intrusive and

volcanic ages are from Table 1.

An interesting aspect of Palaesogene UDMA igneous
activity is the presence of alkaline igneous rocks. Alkaline
volcanic rocks contain high concentrations of large ion
lithophile and trace elements, and these abundances are
mostly explained by low degrees of partial melting and

unusual mineralogy of the mantle source (Conticelli et al.
2009; Prelevi¢ et al. 2010; Huang and Hou 2017; Sokol
et al. 2019). They make up less than 1% of all continental
igneous rocks (Gill 2011). Alkaline igneous rocks are
often found behind the magmatic front of convergent
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Table 1. The ages of extrusive and intrusive bodies enter the UDMA from Saveh to south.

Area Number(Figure 1) Rock type Age (Ma) Method Latitude Longitude References
Saveh 1 Granite 40 + 0.7 Ma U-Pb 35°32° 48° 50" Kazemi et al. (2019)
2 Granite 37 +£23 Ma U-Pb 35°06° 50° 08” Nouri et al. (2018)
3 Diorite 40 + 2.2 Ma U-Pb 35°10° 50° 10" Nouri et al. (2018)
4 Tuff 37 £1.2Ma U-Pb 35°26° 50°09° Verdel et al. (2011)
Tafresh 5 Tuff 44 + 2.2 Ma Ar-Ar 34°32° 50° 07" Verdel et al. (2011)
6 Andesite 55+ 3.1 Ma Ar-Ar 34° 537 50°12° Verdel et al. (2011)
7 Volcanic 50 + 4.4 Ma Ar-Ar 34° 557 50° 20" Verdel et al. (2011)
Kashan 8 Diorite 33+ 0.3 Ma U-Pb 33°43° 51°29° Chiu et al. (2013)
Natanz 9 Granite 19 + 0.3 Ma U-Pb 33°36° 51° 50" Chiu et al. (2013)
10 Andesite 30 £ 0.4 Ma U-Pb 33°30° 51°51° Chiu et al. (2013)
11 Basalt 56 + 2.6 Ma U-Pb 33°21° 51°52° Chiu et al. (2013)
12 Rhyolite 37 £ 0.4 Ma U-Pb 32° 447 52°52° Chiu et al. (2013)
13 Andesite 34 + 0.4 Ma U-Pb 32°45° 52°56° Chiu et al. (2013)
Yazd 14 Andesite 42 + 0.4 Ma U-Pb 32°20° 53°50° Chiu et al. (2013)
15 Andesite 47 + 1.4 Ma U-Pb 31°31° 54° 26" Chiu et al. (2013)
16 Andesite 51 + 0.4 Ma U-Pb 31°18° 54° 16" Chiu et al. (2013)
Kerman 17 Andesite 37 £ 0.5 Ma U-Pb 30° 357 55°42° Chiu et al. (2013)
18 Andesite 23 £ 0.4 Ma U-Pb 29°37° 56° 42° Chiu et al. (2013)
19 Basalt 29 + 0.5 Ma U-Pb 29° 557 56° 58° Chiu et al. (2013)
20 Basalt 18 + 0.1 Ma U-Pb 29°39° 56° 45" Chiu et al. (2013)
21 Rhyolite 18 £ 0.1 Ma U-Pb 29°01° 57°54° Chiu et al. (2013)
22 Basalt 20 + 0.2 Ma U-Pb 28°51° 57°51° Chiu et al. (2013)
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Figure 2. (a) Simplified geological map of the UDMA and related units around Saveh. Saveh map from Ghalamghash (1998), Zaviyeh
map from Amidi et al. (2004); Qom map from Zamanni and Hossaini (1999). (b) Simplified stratigraphic section of igneous and
sedimentary rocks in the Saveh area showing the stratigraphic occurrence of three groups studied here: basalt-trachy basalt, trachyte-
latite, and tephri-phonolite. (c, d) Simplified TAS (Le Maitre 1989) and magmatic series (Ewart, 1982) diagrams for igneous rocks of the
UDMA (source data from Tutti et al. (2008), Omrani et al. (2008), Ahmadian et al. (2009, 2010), Torabi (2009), Verdel et al. (2011),
Etemadi et al. (2012), Ayati (2015), Delavari et al. (2017), Haghighi Bardineh et al. (2018), Kazemi et al. (2019), Nouri et al. (2018),
Yazdani et al. (2018).

margins but they are unusual along the magmatic front et al. 2019), as represented by the UDMA. Instead, con-
(Walker 1981; Munoz and Stern 1989; Yoshida 2001; tinental arc magmatic front igneous rocks are generally
Workman et al. 2004; Vogel et al. 2006, 2006; Pilet et al. calc-alkaline. The presence of alkaline igneous rocks in
2008; Takahashi et al. 2012; Dai et al. 2018; Kepezhinskas the UDMA is very interesting in this regard.



Our target in this work is to better understand the
geodynamic setting and petrogenesis of late Eocene to
Oligocene potassic volcanic rocks in the middle of the
UDMA. We present detailed petrological results along
with 48 whole rock chemical analysis and Sr-Nd isotope
ratios. This work was undertaken to better understand
the geochemical and geodynamic evolution of the cen-
tral UDMA and the contribution of diverse mantle
sources, particularly the association between subduc-
tion-related and within-plate magmatism in the central
UDMA. In addition, we developed a comprehensive pet-
rogenetic model that is useful for understanding the
volcanic history for late Eocene to Oligocene UDMA
volcanism. Finally, we suggest a new model to show
the relation of calc-alkaline and alkaline rocks which
erupted at the same time and how differentiation and
assimilation made an unusually large variety of magmas
in the eastern Saveh segment of the UDMA.

2. Geological background

The UDMA is a NW-SE trending belt in Iran that consists
of Eocene-Quaternary extrusive and intrusive igneous
rocks and related volcanoclastic units (Figure 1).
Volcanic rocks vary from mafic to felsic and were erupted
in continental to shallow submarine environments
(Berberian and King 1981; Verdel et al. 2011). The main
magmatic activity in the ~900 km-long segment of the
UDMA from Qom to Baft occurred in Eocene time, but
continued into Neogene time (Omrani et al. 2008; Chiu
et al. 2013). Extensive arc magmatism accompanied sub-
duction of Neo-Tethys lithosphere beneath central Iran,
with a major pulse during middle Eocene time, from 54
Ma to 37 Ma (Berberian and King 1981; Verdel et al. 2011;
Chiu et al. 2013; Moghadam et al. 2015).

Evolution from an extensional to compressional arc
happened during Eocene time and was associated with
orogenic collapse (Berberian and King 1981; Verdel et al.
2011; Chiu et al. 2013; Moghadam et al. 2015). This was
accompanied by extension and exhumation of meta-
morphic core complexes, especially in central Iran
(Ramezani and Tucker 2003; Verdel et al. 2011).
Palaeogene UDMA volcanic rocks are interbedded with
marine and continental sedimentary rocks (Amidi et al.
1984; Verdel et al. 2011). Marine fossils such as
Nummulites fabiani, bryozoan, coral and Morozovella sp.
show that UDMA volcanic sequences were deposited in
a shallow marine basin, as expected for an extensional
arc (Verdel et al. 2011). Eocene volcanic rocks are cov-
ered by terrigenous sediments of the late Eocene to
early Oligocene Lower Red Formation, including con-
glomerate, sandstone, shale, and gypsum. Eocene volca-
nic rocks are mostly calc-alkaline and evolved to alkaline

INTERNATIONAL GEOLOGY REVIEW 479

and high K-alkaline suites in the late Eocene (Amidi et al.
1984; Hassanzadeh 1993), sometimes to shoshonite
(Sarjoughian et al. 2012) and adakite (Omrani et al.
2008; Yazdani et al. 2018; Kazemi et al. 2019). Yazdani
et al. (2018) inferred that asthenospheric upwelling
related to slab rollback led to Eocene calc-alkaline and
shoshonitic volcanism and that the magma source was
metasomatized subcontinental lithospheric mantle.
Oligocene magmatism shifted to OIB-like (Verdel et al.
2011). Verdel et al. (2011) suggested that asthenospheric
upwelling related to slab rollback led to Oligocene-
Miocene volcanism. However, Ayati (2015) concluded
that Mio-Pliocene volcanic to subvolcanic bodies in the
Salafchegan region were derived from enriched litho-
spheric mantle and these melts were subsequently mod-
ified by assimilation and fractional crystallization. Qom
Formation marine limestones and marls (late Oligocene
to early Miocene) conformably overly Oligocene volcanic
rocks. Pliocene and Quaternary UDMA igneous rocks
consist of alkaline lava flows and pyroclastics
(Berberian and Berberian 1981; Jahangiri 2007; Omrani
et al. 2008; Ahmadzadeh et al. 2010). Lithospheric dela-
mination beneath over-thickened Iranian crust (Hatzfeld
and Molnar 2010) or breakoff of the Neo-Tethys slab
(Omrani et al. 2008) may have led to Pliocene-
Quaternary UDMA igneous activity.

Eocene to Oligocene volcanic rocks in the eastern
Saveh area (Figure 2) are part of the central UDMA.
Erosion here has cut into and exposed deeper parts of
the UDMA succession. Several plutonic bodies (Khalkhab-
Neshveh and Selijerd granitoids), with U-Pb age of 40-37
Ma (Nouri et al. 2018) intruded the volcano-sedimentary
rocks, consisting of gabbro, diorite, quartz monzonite, and
granite (Caillat et al. 1978; Rezaei-Kahkhaei et al. 2011;
Nouri et al. 2018; Kazemi et al. 2019).

The main igneous rock outcrops in the eastern Saveh
area are late Eocene to early Oligocene in age, including
volcanics with interbedded sedimentary rocks and gran-
toids, all of which were affected by strike-slip faulting
(Ghasemi and Talbot 2006; Verdel et al. 2011; Chiu et al.
2013).

3. Field description and observations

Late Eocene to Oligocene volcanic rocks in the eastern
Saveh area (Figures 2 and 3(a-c)) are well exposed and are
interbedded with sedimentary layers such as limestone,
shale, sandstone, and conglomerate (Figure 3(d,e)). The
sandstones are generally grey to black in colour and are
interbedded with volcanic rocks and limestone and sandly
limestone, indicating a marine depositional environment.
The entire volcanosedimentary complex has been
deformed. Based on stratigraphic relationship and fossils
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Figure 3. Photographs of various rocks in the study area. (a, b, ¢) Outcrops of trachyte, trachy basalt, and tephri-phonolite. (d) Limestone and
sandy shale interbedded with tephri-phonolite. () Some tephri-phonolite patches and bombs in marine limestone. (f, g, h) Outcrops of
trachyte, and tephri-phonolite lava flow. (i) Outcrop of mafic pillow lava.

such as Lochartin sp, Nummulites sp., Asslina sp.,
Operculina sp., and Milliloids, Amidi et al. (1984), Zamanni
and Hossaini (1999) and Ghalamghash (1998) suggested
a late Eocene to early Oligocene age for volcano-
sedimentary rocks from the eastern Saveh area. Verdel
et al. (2011) reported 56-37 Ma for volcanic sequences
from northeast Saveh (37.3 Ma U-Pb zircon age: for tuffs
from the upper part of the volcanic section and 56.6 to
44.3 Ma for volcanic rocks from the base to middle part).
Volcanic rocks comprise basaltic, andesitic and trachy-
basaltic lava flows, trachyte, tephri-phonolite, ignimbrite
(Figure 3(c,f-h)), breccia, and their pyroclastic equivalents
(Figure 3(g)). Figure 2(b) shows how the three groups
occur in the ~ 1.5-km thick Eocene volcanic sequence
around Saveh: basalt-trachybasalt is found at top and
bottom, trachyte-latite is found in the lower half of the
sequence, and tephri-phonolite is found in the middle of
the section. All three groups are interbedded with shallow
marine sediments.

Some mafic lavas show pillow structures (Figure 3(i)).
Pillowed basalts are closely packed with lobes that closely
fit with each other. Pillowed basaltic rocks are brecciated
and sometimes oxidized red. Some tephri-phonolite
patches and bombs are found in sediments (Figure 3(e)),
indicating that Eocene UDMA volcanoes erupted in the
sea. The rocks are affected by low-grade metamorphism,
ranging from relatively undeformed basalt to greenstone,

with some rocks having the typical chlorite and epidote
assemblages characteristic of low-grade alteration.

4. Analytical techniques

All samples for whole rock geochemistry analysis were
crushed using an agate mill. The major element contents
of whole rocks were determined by conventional X-ray
fluorescence (XRF) techniques using a Rigaku ZSX
Primus Il at Nagoya University (mixture of 0.5 g sample
powder and 5.0 g lithium tetraborate). The mixture was
melted at 1200°C for 12-17 min with a high-frequency
bead sampler. Loss on ignition (LOI) was calculated by
the weight difference after ignition at 950°C.

To determine the trace element abundances includ-
ing rare earth elements (REEs) and Sr-Nd isotope ratios,
100 mg of the powdered sample was completely dis-
solved in 3 ml of HF (38%) and 0.5 to 1 ml of HCIO, (70%)
in a covered PTFE beaker at 120-140°C on a hotplate in
a clean room. The dissolved sample was then dried at
140°C on a hotplate beneath infrared lamps. After dry-
ing, >10 ml of 2-6 M HCl was added to the dried sample
to dissolve it, and the sample solution was moved to
a polypropylene centrifuge tube to separate the residue
from the clear upper portion. The residue was moved
into a smaller PTFE vessel and then treated with HF +
HCIO, in a steel-jacketed bomb to ensure its complete



dissolution. After the second HF-decomposition, the
dried sample was dissolved in 5-10 ml of 2.4 M HC|,
and the resulting solution was used for analyses of the
trace elements and isotopes. The concentrations of the
trace elements were analysed by ICP-MS (Agilent 7700x)
at Nagoya University.

The isotope ratios of Sr and Nd were determined by VG
Sector 54-30 and GVI IsoProbe-T thermal ionization mass
spectrometers (TIMS) at Nagoya University. Mass fractio-
nation during measurement was corrected according to
85r/%8sr = 0.1194 and "**Nd/"**Nd = 0.7219. The NBS-
MSRT 987 and JNdi-1 standards (Tanaka et al. 2000) were
adapted as the natural Sr and Nd isotope ratio standards,
respectively.

5. Petrography

Petrographical and geochemical studies show that east-
ern Saveh lava flows and pyroclastic rocks range from
basalt trachy-basalt and thephri-phonolite to trachyte-
latite. The pyroclastic rocks include tuff and breccia and
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are widespread in the area. Below we have separated
them according to whole rock and microscopic results:

5.1. Basalt-trachy basalt

The volcanic rocks commonly exhibit intersertal, microlitic
porphyritic and porphyritic textures (Figure 4(a,b)).
The main mineralogical composition of this group is clin-
opyroxene, olivine, plagioclase, and Fe-Ti oxide.
Clinopyroxenes are abundant as anhedral to euhedral
microphenocrysts with resorbed rims (Figure 4(b)),
Davarpanah (2009) reported augite to diopside composi-
tion for Saveh volcanic rocks; similar results for pyroxene
mineral composition were reported by Yazdani et al.
(2018) from Kahrizak volcanics (NE of study are).
Clinopyroxenes generally show clear cleavage and some
parts are altered to tremolite and chlorite. Olivine occurs
as subhedral to anhedral crystals (Figure 4(a)) with chry-
solite to hyalosiderite composition (Yazdani et al. 2018).
Plagioclases (bytownite to anorthite core and albite to
andesine rim (Davarpanah 2009; Yazdani et al. 2018) are

Figure 4. Photomicrographs of the eastern Saveh volcanic rocks. (a, b) Basalt-trachy basalt rocks commonly exhibit intersertal and
glomeroporphyritic textures and consist of clinopyroxene, plagioclase, olivine, amphibole, and Fe-Ti oxide. (c) Plagioclase is generally
subhedral to euhedral microphenocrysts and microlites with albite and polysynthetic twinning and are locally saussuritized. (d and e)
Tephri-phonolites show porphyritic and glomeroporphyritic textures. Euhedral to subhedral clinopyroxene microphenocrysts gen-
erally show clear cleavage. (f-g) Both trachyte and latite usually show microgranular porphyritic and rarely trachytic textures with
feldspar microphenocrysts. (h) latite with pyroclastic texture. (i) Most hornblendes are opacitized. Abbreviations: Ol= Olivine, Qtz=
Quartz, Pl= Plagioclase, Hbl= Hornblende, Cpx= Clinopyroxene, Kfs= K-feldspar (Whitney and Evans 2010).
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generally subhedral to euhedral microphenocrysts and
microlites with albitic and polysynthetic twinning and
are locally saussuritized (Figure 4(c)). Sometimes plagio-
clase surrounds clinopyroxene inclusions.

5.2. Tephri-phonolite

Tephri-phonolites show microgranular-porphyric, vitrophy-
ric, and amygdaloidal textures. They consist of clinopyrox-
ene, hornblende (Figure 4(d,e)), plagioclase, and K-feldspar.
The groundmass of these rock is holocrystalline, composed
of K-feldspar, clinopyroxene, and oxides. Euhedral to sub-
hedral clinopyroxene microphenocrysts show clear clea-
vage (Figure 4(e)). Hornblendes (magnesio-hastengsite to
magnesio hornblende (Davarpanah 2009; Yazdani et al.
2018) are euhedral to subhedral and are opacitized along
their rims (Figure 4(d)). Carbonate, chlorite, and zeolite are
secondary phases, Yazdani et al. (2014) based on the che-
mical composition of Kahrizak volcanics and zeolites sug-
gested that volcanism and alteration occurred
simultaneously in a submarine environment. The ground-
mass is composed of K-feldspar, plagioclase, clinopyroxene,
and oxide minerals.

5.3. Trachyte-latite

Both trachyte and latite are dominated by feldspars and
show trachytic and pyroclastic (Figure 4(g—i)) textures with
feldspar microlites (Figure 4(f-i)). They consist of plagio-
clase, K-feldspar, hornblende, clinopyroxene, and Fe-Ti
oxide. Euhedral to anhedral plagioclase occur as micro-
pheonocrysts and microlites. K-feldspars (Figure 4(g)) are
usually subhedral to euhedral and are sometimes poikilitic.
Most hornblendes are opacitized (Figure 4(i)). Some horn-
blende are altered to chlorite and Fe-Ti oxide.

6. Results
6.1. Whole rock geochemistry

To examine the geochemistry and tectonic setting of the
volcanic rocks in the study area, we integrate our results
with published geochemical data for other Eocene K-rich
volcanic sequences along the UDMA (Ahmadian et al.
2009; Tutti et al. 2008; Torabi 2009; Ahmadian et al. 2010;
Etemadi et al. 2012; Yazdani et al. 2018).

Major oxides and trace element compositions of 48
whole rock samples are listed in Table 2. Eastern Saveh
volcanic rocks are variably altered, as can be inferred from
loss on ignition (LOI) values, which vary from 1.0 to 5.3 wt. %
(Table 2). LOI reflects alteration of the glassy groundmass,
presence of hydrous phases such as phlogopite and abun-
dance of secondary minerals such as chlorite, clays, and

zeolites (Yazdani et al. 2014; Yiicel et al. 2017; Moghadam
et al. 2018). Plots of Sr and Ba as a mobile element versus
LOI (not shown) show that these elements do not vary with
increasing LOI, although some tephri-phonolite samples
show minor co-variation.

The total alkali versus silica (TAS) diagram (Le Maitre
1989) (Figure 5(a)) reveal three different groups: trachyte-
latite, basalt-trachy basalt, and tephri-phonolite. Similarly,
on the Nb/Y versus Zr/TiO, graph (Figure 5(b), Winchester
and Floyd 1977), involving immobile elements the studied
rocks range from sub-alkaline basalt to alkali basalt, ande-
site/basalt to rhyodacite/dacite and trachy andesite.
Among the three groups, basalt-trachy basalts have the
lowest SiO, contents (46.3 to 50.9 wt.%) and Na,O+K,
O (4.24 to 9.56 wt.%) and highest MgO (2.2-5.80 wt.%)
and Al,O3 (15.1-19.2 wt.%); because of geochemical dif-
ferences, we divided these into two sub-groups of basalts
and trachy basalts. Trachyte-latites have the highest SiO,
contents (56.8 to 71.1 wt.%), intermediate Na,O+K,0 (6.44
to 10.5 wt.%), lower MgO (0.08-1.51 wt.%) and lowest
Al,O5 (13.2-15.6 wt.%). In contrast, the tephri-phonolites
have intermediate SiO, (47.1 to 56.1 wt.%) and Al,O;
(12.5-17.6 wt.%), lower MgO (0.08-4.33 wt.%), and high-
est Na,O+K,0 (9.56 to 12.8 wt.%). All three groups show
low-moderate Cr (1.93-169 ppm) and Ni (2.38-61.8 ppm)
(Table 2), suggesting they are fractionated.

In the K,O versus Na,O graph (Figure 5(c)), remark-
able potash-sodium relations are seen, with K,O/Na,
O ratios that vary from 10 to 0.25. The tephri-phonolite
group is ultrapotassic, while basalt-trachy basalt group is
shoshonitic; samples do not plot in the calc-alkaline field.
In this diagram, the trachyte-latites are intermediate
between shoshonitic and ultrapotassic rocks. The strong
alkali metal fractionation and moderately high LOI
(1.3-5.3 wt.%) suggest some alkali mobility.

The studied rocks were also classified using the immo-
bile element (Th vs. Co) diagram of Hastie et al. (2007)
(Figure 5(d)). On this diagram, the data mostly plot in the
basaltic andesite-andesite and dacite-rhyolite parts of the
calc-alkaline and high-K and shoshonitic fields.

These rocks are fractionated and no candidates for
primitive magmas were found. Basalts-trachy basalts
(Mg# = 33-51) and tephri-phonolites (Mg# = 33-51)
are all quite fractionated. The trachyte-latite group is
even more differentiated, with very low Mg# values
from 3 to 11 (Table 2). In Harker diagrams (Figure 6)
the trachyte-latite group has significantly lower contents
of TiO,, CaO, Al,03;, MnO, Fe,03 and MgO whereas
basalts-trachy basalts and tephri-phonolites show higher
contents of these elements. In addition to tephri-
phonolite, there are two mafic subgroups: basalt (lower
TiO,, Na0, Fe,05) and trachy basalt (higher TiO,, Na,O,
Fe,0s). Na,O scatters without appreciable correlation
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with SiO, (Figure 6). The behaviour of trace elements
versus SiO, differs from that of the major elements
(Figure 7). In the Zr versus SiO, diagram (Figure 7), the
tephri-phonolite and trachyte-latite groups display sub-
horizontal trends, although some trachytes-latites have
higher Zr contents. Trachy basalts show lower scattered
contents of Zr, but there is an overall increase with SiO,
(Figure 7) and higher content of these elements for
tephri-phonolites. Abundances of La and Nb with silica
scatter more than do Sr, Y, Eu, and Yb (Figure 7).

The chondrite-normalized REE patterns of the basalts
and trachy basalts (Sun and McDonough 1989) show the
two subgroups. Both basalt and trachy basalt are LREE-
enriched (Figure 7(a,b)) and positive Eu anomaly is
observed in some basaltic rocks. Higher REE contents are
observed in trachy basalt compared to basalts. In the
primitive mantle normalized diagram (Sun and
McDonough 1989), the trachy basaltic group has high
LREE. In the primitive mantle normalized diagram, strong
depletions of Nb and Ta are observed in basaltic and
trachy basaltic rocks and only three trachy basalt samples
are not depleted in these elements (Figure 8(ef)).
Trachyte-latites and tephri-phonolites show strongly frac-
tionated REE patterns (Figure 8(c,d)), enriched in LREEs

relative to HREEs. LREEs content increases from trachyte-
latite to  tephri-phonolite. In  the  primitive
mantle normalized diagrams (Sun and McDonough
1989) (Figure 8(g,h)), the trachyte-latite and tephri-
phonolite rocks are enriched in large-ion lithophile ele-
ments (Pb, K;O, Ba, and Cs) and moderate depletion in
some high field strength elements (TiO,, Nb, Ta, and Zr).

6.2. Sr-Nd isotope ratios

The &Sr/%%sr (48 samples) and '**Nd/"**Nd (42 samples)
ratios of the Eastern Saveh volcanics are listed in Table 3.
The initial “°Sr/%°Sr and "*3Nd/"**Nd ratios were calculated
based on an age of 37 Ma (Verdel et al. 2011). Initial 8Sr/%
Srs7 ma) ranges from 0.7046 to 0.7052 for basalt-trachy
basalt, 0.7052-0.7067 for trachyte-latite and 0.7053-0.7074
for tephri-phonolite. These rocks show minor increases in
initial 27Sr/*°Sr3; ma from basaltic to tephri-phonolitic
rocks, consistent with increased continental crust assimila-
tion for high K-rocks. Their eyg(t) values show a narrow
range between +0.9 and +1.6 for trachyte-latite, +1.3 to
+2.3 for tephri-phonolite and +1.6 to +3.3 for basalt-trachy
basalt, suggesting that a homogeneous juvenile mantle
source and its melts dominated Eastern Saveh volcanics.
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Figure 6. Harker diagrams for major elements showing geochemical relationships for the three groups of eastern Saveh volcanic rocks.

Tephri-phonolitic rocks show higher ratios of 87Sr/86$r(37 Ma)
and higher positive values of eyq(t), suggesting a role for
both depleted mantle and crust for the evolution of these
magmas. The volcanic rocks plot between the depleted
mantle (DM) and enriched mantle (EMII; Zindler and Hart
1986), in the 8Sr/%°sr(i)-'**Nd/"**Nd(i) diagram (Figure 9)
and trend towards the field of seawater alteration. The
alteration intensity increase from basalt-trachy basalt to
trachyte-latite and tephri-phonolite groups, respectively.

Eastern Saveh volcanics have lower #Sr/%°Sr and higher
3N d/"**Nd compared to Miocene ultrapotassic and potas-
sic rocks from Mediterranean (¢7Sr/%%Sr = 0.703-0.709,
"Nd/"Nd = 0.5123-0.5128) (Kirchenbaur et al. 2012)
and Lahrud (NW Iran) potassic rocks (¢7Sr/%6sr = 0.704-
0.705, “3Nd/"Nd = 0.5126-0.5127) (Moghadam et al.
2018). They display similar Sr-Nd isotope ratios with alkaline
volcanics from Mediterranean and Eocene potassic volca-
nics from Lahrud (Kirchenbaur et al. 2012; Moghadam et al.
2018) (Figure 9).

7. Discussion

Here we use our results to explore the magma source
and tectonic regime for eastern Saveh igneous rocks. We
also discuss what these rocks can tell us about UDMA
magmatic evolution.

7.1. Source magma

The eastern Saveh volcanic complex is composed of late
Eocene (40-37 Ma; Verdel et al. 2011) basaltic-trachy
basaltic, tephri-phonolite, and trachyte-latite groups
with mildly alkaline to shoshonitic signatures. The REE
and trace element patterns (Figure 8) compared to OIB,
EMORB, and NMORB (Sun and McDonough 1989) show
interesting differences. Basalts, some trachy basalts, and
trachyte-latites show modest LREE enrichment accompa-
nied by depletion in HFSEs such as Nb, Ta, and Ti, which is
typical of subduction zone magmatism (Pearce and Stern
2006; Castillo et al. 2007; Pearce 2008; Xu et al. 2012;
Zheng et al. 2013). In contrast, some trachy basalts and
tephri-phonolites show more LREE enrichment and less
depletion in HFSE and Nb and Ta anomalies. It seems that
there are two different mantle sources, one that gener-
ated more arc-like magmas (basalts, trachyte-latites, and
some trachy basalts) and another that generated more
intraplate-like magmas (tephri-phonolites and some tra-
chy basalts). The arc-like source of parental magmas for
these suites might reflect partial melting of MORB-OIB
asthenospheric mantle that was contaminated by fluids
from subducted oceanic crust and sediment-derived melt
(Shervais 2001; Pearce and Stern 2006; Dilek et al. 2008;
Zheng and Hermann 2014; Saccani 2015; Wang et al. 2016;
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Figure 7. Harker diagrams fir trace elements showing geochemical relationships for the three groups of eastern Saveh volcanic rocks.

Moghadam et al. 2018; Xia et al. 2018) or by assimilation of
continental crust by mantle-derived mafic magmas
(Pearce 2008). Both possibilities are consistent with Nb/
Yb and Th/Yb ratios in Figure 10(a) where basalts and
some trachy basalt plot above the MORB-OIB array
(Gorton and Schandl 2000; Pearce 2008; Jian et al. 2009;
Buchs et al. 2013; Gao et al. 2018; Liu et al. 2019). It is less
clear what was the origin of the within-plate like tephri-
phonolites and some trachy basalts. One possibility is that
these are derived from partial melting of the subconti-
nental lithospheric mantle as a result of extension and
decompression melting.

Radiogenic isotopes do not separate the two mantle
sources as well as the trace elements. The studied rocks
have 87Sr/®5Sr(i) of 0.7046-0.7074 and eNd(t) ranging
from +0.9 to +3.3, suggesting an OIB-like and slightly
depleted mantle source, possibly affected by seawater
alteration. In the &7Sr/%éSr(i)-"**Nd/"**Nd(i) diagram
(Figure 9), island arc and OIB commonly plot between
the depleted mantle (DM) and Chondrite Uniform
Reservoir (CHUR), consistent with involvement of

lithospheric mantle and continental crust (Campbell
and Griffiths 1990; Ellam and Cox 1991; Qiu et al. 2011).
The basalt-trachy basalt, tephri-phonolite and trachyte-
latite samples display Sr-Nd isotopic signatures (Figure
9) similar to those of late Eocene Lahrud potassium rocks
and Mediterranean ultrapotassic rocks (Kirchenbaur
et al. 2012; Moghadam et al. 2018). These results suggest
a broadly similar mantle source for all groups that were
variably metasomatized by fluids or sediment melts from
subducted seafloor. Eocene arc-like magmas in the
Saveh area represented by the studied rocks might
reflect addition of Th and other large-ion lithophile ele-
ments (LILEs) from subducted sediments or due to inter-
action with continental crust by assimilation and
fractional crystallization (AFC) processes (Verdel et al.
2011; Delavari et al. 2017; Nouri et al. 2018; Yazdani
et al. 2018; Kazemi et al. 2019). Arguments against mag-
matic control due to continental crustal assimilation
include the presence of ultrapotassic intermediate
rocks (Figure 5(c)). LILE and LREE enrichment of Eocene
magmas are more likely due to metasomatic of mantle
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source by fluids or melts, including from a subducted
slab (Verdel et al. 2011; Delavari et al. 2017; Nouri et al.
2018; Yazdani et al. 2018; Kazemi et al. 2019).

Further evidence for a mixed arc-like and OIB-like
mantle source for eastern Saveh Eocene magmas is
gained from examining the Nb/Yb versus Th/Yb plot
(Figure 10(a)). The tephri-phonolite and some trachy
basalt rocks show the typical within-plate (OIB-like) sig-
nature, similar to East African rift and Yellowstone

hotspot igneous rocks (GEOROC database); Only the
basalt subgroup and some trachy basalt plot in the
continental arc field (Figure 10(a)). Additional insights
into the mantle sources can be inferred from the La/Nb
versus Ba/Nb system (Figure 10(b)). Both magma sources
had elevated Ba/Nb, although they can be distinguished
on the basis of La/Nb (Wilson and Patterson 2001). The
Zr/Y versus Zr systematics of the studied volcanics sug-
gests a within plate tectonic setting for the tephri-
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(Kahrizak Mountains) from Yazdani et al. (2018).

phonolites and some trachy basalts, and a more arc-like
signature is seen for basaltic samples (Figure 10(c);
Pearce and Norry 1979). For the felsic trachyte-latite
group, the Y+ Nb vs. Rb behaviour (Figure 10(d); Pearce
et al. 1984) indicates a volcanic arc setting, similar to
other UDMA felsic lavas.

To investigate the source composition of eastern
Saveh basalt-trachy basalt and tephri-phonolites, the
Ba/Rb ratio versus Rb/Sr ratio (Duggen et al. 2005) was
used to examine whether amphibole or phlogopite in
the mantle was the source of LILE enrichment. The melts
in equilibrium with phlogopite have higher Rb/Sr and
lower Ba/Rb ratios than melts derived from amphibole
bearing sources (Figure 11(a); LaTourrette et al. 1995;
Furman and Graham 1999). The basalt-trachy basalt
group has the signature of amphibole as the hydrous
phase in the source, whereas the presence of sometimes
phlogopite and sometimes amphibole is inferred for the
source of tephri-phonolite group magmas. The plot of
Y versus Dy/Yb ratios (Figure 11(b)) indicates that these
melts result from partial melting of a spinel peridotite,
consistent with a SCLM lithospheric source. Partial melt-
ing of SCLM may have been caused by decompression
accompanying upper plate extension.

7.2. Differentiation and assimilation

Na,O vs. K,O variations (Figure 5(b)) require more
complicated processes than just fractional crystalliza-
tion to cause observed variations within and between
groups. Still, fractional crystallization can explain
much of the variation. For example, the decrease in
MgO, Fe,05 and Co with increasing SiO, seen in the

Harker diagrams (Figures 6 and 7) reflects mafic
mineral (olivine, pyroxene) fractionation from basalt-
trachy basalt and tephri-phonolite to trachyte-latite.
Correlations between SiO, and CaO, Sr, and Na,O in
the three groups suggest K-feldspar and plagioclase
fractionation. The MgO and CaO contents decrease
with increasing SiO,, suggesting that fractionation of
clinopyroxene was important (Figure 6). Also, nega-
tive trends of Fe,O3 and TiO, with SiO, are likely
related to fractionation of Fe-Ti oxides. Sr is compa-
tible in plagioclase (Bindeman and Davis 2000;
Bedard 2006; Wilson 2007; Nielsen et al. 2017;
Wilson et al. 2017), but not clinopyroxene so the Sr
versus MgO plot (Figure 12(a)) can help determine
the role of these minerals in fractionation. Sr
decreases with MgO in trachyte-latite, but increases
with MgO in basalt-trachy basalt. Tephri-phonolite
magmas first increased in Sr down to about 2 wt.%
MgO and then decreased with lower MgO
(Figure 12(a)). These relationships suggest that clino-
pyroxene fractionation played a significant role in
decreasing concentrations of MgO, Fe,0; and CaO,
whereas magmatic evolution in more felsic rocks such
as trachyte-latites and some tephri-phonolites was
mainly controlled by plagioclase fractionation. The
minor role of plagioclase fractionation in basalt-
trachy basalt magmas is confirmed by the lack of Eu
anomalies (Figure 8).

A substantial reduction in the Dy/Yb ratio from basalt-
trachy basalt to tephri-phonolite and trachyte-latite
rocks with silica content >50% (Figure 12(b)) can only
be attributed to hornblende fractionation (Davidson
et al. 2007, 2012). In this diagram basalt-trachy basalts
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diagram for mafic and intermediate rocks (Zhao et al. 2009), which again shows two subgroups of basalt and trachy basalt. Note arc-
like behavior of tephri-phonolite. The compositions of different end members are after Wilson and Patterson (2001). Compositions of
different components in (a) and (b) are after Wilson and Patterson (2001). (c) The Zr/Y versus Zr systematics of mafic and intermediate
rocks shows within-plate affinities of trachy basalt subgroup and tephri-phonolites (Pearce and Norry 1979), although arc-like
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and tephri-phonolites show higher Dy/Yb than trachyte-
latites. Much variation can be explained by fractionating
common minerals such as clinopyroxene, hornblende,
and plagioclase in the basalt-trachy basalt, tephri-
phonolite and trachyte-latite rocks.

The variation of Nb/Ta and Sm/Nd ratios versus Sr and
Nd isotope ratios (Temizel et al. 2016) (Figure 13(a,b))
show a nearly horizontal trend with increasing Nb/Ta
ratio from trachyte-latite towards basalt-trachy basalt
and tephri-phonolite and increasing in Sm/Nd ratio
from tephri-phonolite towards trachyte-latite and basalt-
trachy basalt. This suggests that the studied volcanic
rocks were derived from mantle sources that were iso-
topically similar. The two subgroups of basalts and tra-
chy basalts are easily distinguished in terms of Nd
isotopes but not Sr isotopes.

In order to further evaluate crustal assimilation-
crystallization processes, we used Sr-Nd isotope AFC
modelling (Figure 13(c)) and different crustal end mem-
bers such as upper crust, lower crust, and GLOSS (global
subducting sediment; Plank and Langmuir (1998)). All
basalt-trachy basalt, tephri-phonolite, and trachyte-

latite samples display a low ratio of assimilated mass to
crystallized mass (r = 0.2), suggesting minor roles of
upper crustal contamination and subduction compo-
nents for magmas represented by the studied rocks.

7.3. Tectonic setting

The UDMA formed as a result of subduction appears as
a linear magmatic belt that today exposes ample volcanic
sequences and minor intrusive rocks. It is understood as
an Andean type magmatic arc formed by subduction of
Neo-Tethys oceanic lithosphere beneath Iran (Berberian
and Berberian 1981; Verdel et al. 2011; Chiu et al. 2013).
There are several suggested models for the evolution of
Palaesogene UDMA magmatism (Berberian and Berberian
1981; Amidi et al. 1984; Ghasemi and Talbot 2006; Rezaei-
Kahkhaei et al. 2011; Verdel et al. 2011; Chiu et al. 2013;
Yazdani et al. 2018; Kazemi et al. 2019). Verdel et al. (2011)
recognized three main phases of Palaeogene volcanism in
central Iran including: 1) latest Palaeocene-early Eocene
phase of pre-extensional arc magmatism; 2) middle
Eocene extension with high volcanic output; 3) latest
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Eocene-early Oligocene, late to post-extensional volcan-
ism with back arc basin geochemical affinity. Considering
the present study and prior data, it appears that Eocene to
Oligocene volcanic activity in eastern Saveh was contin-
uous, evolving from calc-alkaline to alkaline (Amidi et al.
1984; Ghalamghash 1998; Zamanni and Hossaini 1999).
The calc-alkaline association is represented by basalt,
whereas tephri-phonolite, trachy basalt, and trachyte-
latite represent the alkaline association.

The eastern Saveh volcanics may reflect a rifted arc
due to the segmentation of the subducting plate
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Figure 12. Geochemical variations revealing fractionation of
eastern Saveh Eocene magmas. (a) Sr versus MgO diagram
showing the importance of clinopyroxene fractionation in mafic
and intermediate magmas (>2.5 wt. % Mg0) and the importance
of plagioclase fractionation in magmas with <2.5 wt. % MgO. (b)
Dy/Yb ratio versus silica content, suggesting that hornblende
fractionation was important for all three subgroups (Davidson
et al. 2007).

(Ghasemi and Talbot 2006). In late Eocene time, the
nature of subduction changed (Ghasemi and Talbot
2006) and the subducting slab experienced strong
slab rollback. As a result, eastern Saveh magmatism
reflected two processes: 1) normal flux partial melting
of asthenosphere to create parental magmas of basalt
and some trachy basalts; and 2) parental magmas for
tephri-phonolite and other trachy basalts were gener-
ated by decompression of SCLM as a consequence of
extension due to slab rollback (Figure 14). During this
episode, a large volume of volcanic rocks with inter-
bedded limestone and detrital sediments developed
(Amidi et al. 1984; Ghalamghash 1998; Zamanni and
Hossaini 1999; Verdel et al. 2011; Chiu et al. 2013). The
isotopic data largely confirm the involvement of sub-
continental lithospheric mantle in the evolution of all
the eastern Saveh magmatic rocks. It may be that the
more arc-like magmas were derived from near the base
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of the SCLM where it was exposed to more subduction-
related fluids whereas the more rift-like magmas were
derived from shallower parts of the SCLM which were
less exposed to such fluids. These magmas fractionated
extensively but did not mix much. Fractionation led to
the development of trachyte-latite magma as a result of
low-pressure differentiation of arc-like magmas.

Concluding remarks

The eastern Saveh volcanic complex in the Urumieh-
Dokhtar magmatic belt of central Iran contains fractio-
nated arc-like and rift-like magmatic rocks that can be
subdivided into three major groups: basalt-trachy
basalt, tephri-phonolite, and trachyte-latite. Each of
the three groups occurs in the ~ 1.5-km thick Eocene
volcanic sequence around Saveh: basalt-trachybasalt is
found at top and bottom, trachyte-latite is found in the
lower half of the sequence, and tephri-phonolite is
found in the middle of the section. All lavas are

interbedded with shallow marine sediments, suggest-
ing that rifting accompanied igneous activity.

The volcanic rocks evolved mildly alkaline, high-K
to shoshonitic compositions. Two distinct mantle
sources are identified, one that generated more arc-
like magmas (basalts, trachyte-latites, and some tra-
chy basalts) and another that generated more intra-
plate-like magmas (tephri-phonolites and some trachy
basalts). Variable depletion in Nb and Ta relative to
LILEs, moderate LREEs/HREEs, and high Th/Yb ratios,
and Sr-Nd isotope data suggest that the subconti-
nental lithospheric mantle was variably affected by
subduction components and that both flux melting
and decompression melting were important for
UDMA  magmagenesis. Fractional crystallization
played an important role in magma evolution. Our
results indicate that overriding plate extension led to
decompression melting of variably metasomatized
SCLM to form a mixed suite of OIB-like and arc-like
mafic melts that experienced magma mixing and
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extensive assimilation-fractional crystallization to pro-
duce the different types of Eocene volcanic rocks in
the eastern Saveh area.

Highlights

® Sr-Nd isotope ratios suggest a moderately metasomatized
mantle source for these rocks.

® There was minor involvement of continental crust in gen-
erating of volcanic magma.

® Partial melting of metasomatized asthenospheric and sub-
continental lithosphere was the source of volcanic rocks.

e Extensional regime developed due to the rollback of the
subducted Neo-Tethys oceanic plate.
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