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We report a petrographic and whole-rock geochemical characterization of the Cenozoic
igneous rocks cropping out in the Tafresh area, central Urumich-Dokhtar Magmatic
Arc, NW Iran. The investigated rocks range mainly from basaltic andesite to dacite,
and are considered to be genetically linked to a three-step, (mostly) closed-system
evolutionary process. It involves first the fractionation of ferromagnesian minerals
(mainly clinopyroxene and olivine) and plagioclase, followed by a second removal
of plagioclase and lesser amphibole (plus minor clinopyroxene) and eventually, in the
most evolved phases, the crystallization of plagioclase with lesser alkali feldspar and
minor amphibole. Tafresh rocks define a typical calcalkaline series generated from a
subduction-modified mantle wedge, characterized by the classical LILE-enriched and
HFSE-depleted compositions. The basaltic andesite magmas do not represent primitive
compositions, but are likely derived from an unsampled hydrous primitive melt
equilibrated in a spinel-bearing metasomatized peridotite source, evolving at shallow to
moderate crustal depths. Additional lithotypes cropping out in the Tafresh area include
much rarer strongly evolved leucocratic rocks and evolved rocks with adakitic signature.
The first are thought to derive from crustal anatexis of a meta-sedimentary source,
whereas the latter are interpreted as the product of the melting of a meta-mafic source
rock with residual garnet and amphibole. The association of magmatic rocks pointing to
all such different petrogenetic processes in a relatively limited area is strongly suggestive
of emplacement in a post-collisional stage.

keywords: Urumieh-Dokhtar; Zagros; subduction-related magmatism; calcalkaline
series; adakites.

INTRODUCTION oceanic lithosphere was originally located in between the

The Urumieh-Dokhtar Magmatic Arc is a NW-SE Arabian and Eurasian plates, and its closure eventually
trending sector in W Iran where an extensive Cenozoic culminated in the built-up of the Bitlis-Zagros Orogen
igneous activity developed as a consequence of the in Eastern Anatolia and Western Iran, respectively (e.g.,

NE-directed subduction of the Neotethyan Ocean. This Agard et al.,, 2011 and references therein). As part of
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the Alpine-Himalayan Belt, the Zagros Orogen has
experienced a complex geodynamic evolution, which
stimulated a number of geological investigations on
several interconnected topics dealing with geophysics,
active tectonics, igneous and metamorphic response, as
well as sedimentary evolution (e.g., Agard et al., 2005;
Molinaro et al., 2005; Mouthereau et al., 2006, 2012;
McQuarrie and van Hinsbergen, 2013; Koshnaw et al.,
2018; Karasozen et al., 2019; Rabiee et al., 2020).

Nevertheless, compared with its western (i.e., Alps)
and eastern (Himalayas) counterparts, the Zagros Orogen
remains less documented, and numerous are the topics
that still need to be resolved (e.g., the timing of collision,
the position of the suture zone, and the chronological,
chemical and spatial evolution of the igneous activity).
In such a framework, multidisciplinary geological studies
are extremely useful to unravel the uncertainties that still
characterize the geodynamic reconstructions of the area,
similarly to what has been proposed in the western Alpine-
Himalayan Belt (e.g., Carminati et al., 2012; Faccenna et
al., 2014; van Hinsbergen et al., 2020).

A major source of information is represented by the
petrological features inferred from petrography and
whole-rock geochemistry of the igneous rocks emplaced
during the geological evolution of the orogenic belt. In the
Zagros Orogen case, information regarding the associated
long-lasting magmatism, occurred in the two subparallel
NW-SE-oriented magmatic belts of the Sanandaj-Sirjan
Magmatic Arc (SSMA) and the Urumieh-Dokhtar
Magmatic Arc (UDMA), covering more than 150 Myr
(e.g., Omrani et al., 2008; Chiu et al., 2013), remains,
however, relatively limited.

The purpose of this work is to present a petrological
characterization of the igneous rocks cropping out in
the Tafresh area, in the central portion of the Urumieh-
Dokhtar Magmatic Arc. This will contribute to increase
the petrological knowledges about the magmatism
associated with the built-up of the Zagros Orogen and
possibly provide additional constrains to the models
proposed for the geodynamic evolution of the area.

GEOLOGICAL BACKGROUND

The basement of the Iranian plate is made of numerous
continental terranes (the Cimmerian continent collage;
Sengor et al., 1988) that peeled off the NE margin of
Gondwana since the Early Permian (e.g., Stampfli et al.,
2013). The NE-directed drift of the Cimmeria terrane
ended in the Norian, when the old Paleotethys Ocean,
originally to the NE of Cimmeria, was completely
subducted NE-ward beneath the southern Eurasian
paleo-margin, marking the Cimmeria-Eurasia continental
collision stage along the Albortz Mountains belt
(Hassanzadeh et al., 2008; Wilmsen et al., 2009; Verdel

et al., 2011; Stampfli et al., 2013). Concomitantly with
the NE-directed continental drift of Cimmeria, a new
oceanic basin (Neotethys Ocean) started to develop. The
early Cretaceous-Miocene subduction of this ocean, as
well as that of the westernmost Jurassic oceanic basin of
Alpine Tethys, define the central-western sectors of the
Alpine-Himalaya orogenetic belt, whose easternmost
continuation is associated to the Late Paleocene India-
Eurasia collision (van Hinsbergen et al., 2019).

The Norian closure of the Paleotethys Ocean is now
identifiable in a discontinuous suture zone cropping out
along northern Iran, from northern Alborz Mountains,
South of Caspian Sea, to northern Binalud Mts., close
to the boundary with Afghanistan and Turkmenistan;
Figure 1). The Neotethys Ocean started to subduct NE-
ward beneath the Iranian plate, thus leading to the partial
melting of the mantle wedge and to the genesis of the
magmas responsible for the built up of the SSMA (e.g.,
Berberian and Berberian, 1981; Berberian and King, 1981;
Arvin et al., 2007; Wilmsen et al. 2009; Agard et al., 2011;
Chiu et al., 2013; Burg, 2018). Magmatism in the SSMA
is mostly of Mesozoic age but comprises also scattered
Paleocene to Upper Eocene manifestations (~60-35 Ma;
Mazhari et al., 2009; Azizi et al., 2011; Mahmoudi et al.,
2011; Chiu et al., 2013). The emplaced products include
both volcanic and plutonic rocks, mostly with calcalkaline
affinity, classically interpreted to reflect an Andean-type
arc system (e.g., Berberian and Berberian, 1981; Agard et
al., 2005, 2011; Shahbazi et al., 2010; Hassanzadeh and
Wernicke, 2016; Deevsalar et al., 2017).The continuing
north-eastward subduction of the Neotethys Ocean
beneath the SW margin of the Iranian continent finally
led to the collision between Arabia and Iran, marking the
beginning of the Bitlis-Zagros fold-and-thrust belt build-
up (Figure 1; e.g., Agard et al., 2011). The exact timing
of such collisional event is debated, as several different
lines of evidence provide estimates spanning a ~175 Myr
time interval [i.e., from Upper Triassic to Miocene; e.g.,
Agard et al. (2011), Verdel et al. (2011), Koshnaw et al.
(2018)]. Detailed zircon U-Pb age data on the igneous
products associated with this phase argue for an oblique
convergence, which thus resulted in a progressively
younger onset of the continental collision moving from
NW towards SE Iran (i.e., from ~22 to ~10-6 Ma; Chiu et
al., 2013). This is also in line with present-day kinematic
data (indicating Arabia-Eurasia convergence ~20-30°
oblique to the Zagros orogen; Masson et al., 2007) and
with the still active oceanic subduction in the Makran
zone, at the south-easternmost tip of Iran (e.g., Burg,
2018).

As previously mentioned, during such a geodynamic
evolution, a diffuse calcalkaline magmatism developed
along the western margin of Iran during the Cenozoic,
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Figure 1. Simplified geological sketch map of Iran (after Shafaii Moghadam et al., 2016) with bold black rectangle indicating the
location of the Tafresh study area (for which a highlight is provided in Figure 2).

mostly along the UDMA. Other igneous districts related
to the Arabia collision crop out in eastern Anatolia (e.g.,
Di Giuseppe et al., 2017; Karaoglu et al., 2020), the Lesser
Caucasus/Alborz belt (northern Iran, where it merges with
north-western UDMA; e.g., Asiabanha and Foden, 2012),
Central Iran and the Lut-Sistan region (easternmost Iran;
e.g., Pang et al., 2013; Figure 1).

The UDMA runs for ~1500 km in western Iran with a
NW-SE orientation approximately parallel to the Zagros
main thrust and the SSMA. Magmatism peaked during
the Eocene, emplacing products with calcalkaline (plus
rarer transitional shoshonitic) affinity and the typical
geochemical signature of subduction-related magmas
(e.g., Omrani et al., 2008; Verdel et al., 2011). A more
detailed geochronological scheme for UDMA magmatism
is that proposed by Chiu et al. (2013) based on an extensive
zircon U-Pb geochronology study. According to these
authors, the earliest (81-72 Ma) magmatic manifestations
occurred in SE UDMA, followed by a prolonged
quiescent period. Magmatism reprised with widespread

Eocene activity, reaching its peak of intensity in the 55-
25 Ma time span (Lower Eocene-Upper Oligocene) and
then progressively ceasing from NW to SE. In addition,
subsequent to the ~Oligocene continental collision, less
diffuse episodes of magmatic activity across the Arabia-
Eurasia suture zone mostly concentrated towards the
Anatolian border during Pliocene-Quaternary times
(e.g., Davidson et al., 2004; Walker et al., 2009; Allen
et al., 2013). Such magmatic activity was quite variable
in terms of magma composition (from basic to evolved,
including adakitic types), serial affinity (from calcalkaline
to alkaline, plus lesser shoshonitic and ultrapotassic) and
even geochemical signature, varying from subduction-
related to within-plate-like (e.g., Pearce et al., 1990;
Davidson et al., 2004; Jahangiri, 2007; Omrani et al.,
2008; Kheirkhah et al., 2009, 2013; Walker et al., 2009;
Ahmadzadeh et al., 2010; Lustrino et al., 2010, 2019;
Verdel et al., 2011; Allen et al., 2013; Neill et al., 2015;
Fazlnia, 2019). The switch in geochemical signature has
been alternatively attributed to the onset of asthenospheric
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upwelling (resulting from slab roll-back and thinning of
the lithosphere; Verdel et al 2011), or to a change in the
mineralogy of the metasomatized lithospheric mantle
(related with the disappearance of amphibole from the
refractory residue; Allen et al. 2013).

SAMPLING AREA AND ANALYTICAL TECHNIQUES
The investigated rocks were collected in the Tafresh
area, at the northwestern tip of the central UDMA (Figure
1). According to the 1:100,000 Geological Maps of
Tafresh (Hajian, 1977) and Farmahin (Hajian, 1970), the
igneous rocks are mainly massive lavas and pyroclastic
deposits with amphibole-rich andesitic composition,
intruded by dykes and dioritic/granitoid bodies and
associated sedimentary strata. A stratigraphic type-
sequence for the central/north-western UDMA is exposed
in the Tafresh area (Verdel et al., 2011), beginning with
Mesozoic carbonatic and silicilastic deposit, covered by
Paleocene-Eocene volcanic and sedimentary deposits, and
by the Upper Eocene to Lower Oligocene sedimentary
and subordinate volcanic deposits of the Lower Red
Formation. The sequence continues with the Oligocene to
Lower Miocene Qom Formation, made of shallow marine
carbonates and mafic volcanic rocks, then by Miocene
gypsum deposits of the Upper Red Formation, and is
closed by Pliocene-Quaternary continental deposits.
Regionally, the study area was affected by reverse and
dextral faulting associated with thrusting of the Eocene
volcano-sedimentary series over the Qom Formation and
Pliocene conglomerates (Hajian, 1977; Raeisi etal., 2019).
The dominant NW-SE striking of the thrusts is parallel to
the regional tectonic fabric of the UDMA, with minimum
perpendicular stresses allowing the emplacement of near
E-W trending granitoid magmas (Raeisi et al., 2019).
The earliest geochronological estimates for the Tafresh
area igneous rocks were mainly based on the fossiliferous
record of the interbedded sedimentary deposits,
suggesting an Eocene age (Hajian, 2001). Whole-rock
K-Ar absolute age data for two adakitic rocks and one
basaltic lava sample range from Upper Oligocene (~27
Ma) to Middle Miocene (~15 Ma; Ghorbani et al., 2014).
A Lower Miocene zircon U-Pb age of 17.4 Ma has been
provided for a granodioritic body from the nearby Qom
locality (Chiu et al., 2013). Significantly older U-Pb and
“0Ar/3°Ar ages have been also reported by Verdel et al.
(2011), covering approximately the 57 to 44 Ma time
interval (i.e., Upper Paleocene to Middle Eocene).
Twenty-five rock samples were collected close to the
city of Tafresh (eastern part of the Markazi Province,
~160 km SW of Tehran). One additional sample (F1-46)
was collected ~20 km NE of Tafresh and ~30 km SW of
Saveh, ~15 km from the main sampling location (Figure 2).
Samples were prepared for petrographic and geochemical

characterization at the laboratories of the Dipartimento
di Scienze della Terra of Sapienza Universita di Roma.
Rocks were cut using a diamond disc saw and then
ground in a steel jaw crusher. Rock chips were washed
with distilled water, dried overnight in an oven at ~60 °C,
hand-picked under binocular stereomicroscope to remove
the most altered portions, and eventually pulverized in
a low-blank agate mortar. Whole-rock major and trace
element contents and weight loss on ignition (LOI) were
determined respectively by mixed ICP-AES (Inductively
Coupled Plasma-Atomic Emission Spectrometry) and ICP-
MS (Inductively Coupled Plasma-Mass Spectrometry)
and by standard thermogravimetric techniques, at Actlabs
(Ontario, Canada). Results are reported in Tables 1 and
2. Average detection limits range from 0.001 to 0.01 %
from major elements, 0.1 to 30 ppm for trace elements
and from 0.004 to 0.1 ppm for REE. Full analytical details
can be found at www.actlabs.com.

RESULTS
Petrography

Tafresh igneous rocks are generally not well preserved,
with abundant secondary phases partially to totally
replacing primary minerals, and some calcite veins in
the deeply altered samples (related to interaction with
hydrothermal fluids and/or superficial weathering).
A rough first-level distinction can be made between
four groups of rock samples with different degrees of
evolution, as inferred from mineral paragenesis and phase
abundances (Figure 3).

Weakly evolved rocks (samples F1-22, F1-33, Fl1-
36, F2-12, F2-34, F3-24, F4-49, F4-58) generally show
a fine/moderate-grained holocrystalline intergranular
doleritic texture, almost entirely made by plagioclase
and ferromagnesian minerals (plus accessory opaques)
in approximately similar proportions (Figure 3a).
Plagioclase laths are generally better preserved (in some
samples occurring also as few larger phenocrysts) with
respect to mafic phases, with the latter being generally
not easily distinguishable as they are totally replaced
mainly by serpentine minerals or serpentine and calcite,
more rarely by chlorite. Relatively fresh (or only partially
replaced) crystals of clinopyroxene, fewer olivine and
rare amphibole can be occasionally observed. Large
plagioclase crystals (up to 1.2 cm in length and sometimes
with “clast-like” appearance, possibly xenocrystic in
origin) have been also recognized in samples F3-24
and F4-58. Intermediate rocks (F1-9, F1-11A, F1-11B,
F1-13, F3-6, F3-13, F3-23, F4-1, F4-10, F4-11, F4-15)
display both moderately to strongly porphyritic (with
both microcrystalline and devitrified groundmass; Figure
3 b,c) and holocrystalline fine- to moderate-grained
hypidiomorphic textures (plus fewer finer-grained
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Figure 2. Simplified geological sketch map of the Tafresh area (after Hajan, 1970, 1977) with white dots indicating sample sites.

intergranular; Figure 3d) dominated by plagioclase and
amphibole. Plagioclase is the most abundant phase,
occasionally present also as larger phenocrysts or grains
up to 6 mm in length (Figure 3b) and in monomineralic
glomerules. Amphibole is the main mafic mineral (Figure
3 b,c,d), occurring both as fresh crystals and partially
replaced by chlorite and calcite aggregates, sometimes
forming larger phenocrysts/grains up to 5 mm in length.
In samples F1-11A and F4-1, large anhedral amphibole
(~3-4 mm in length, likely xenocrystic), in some instances
poikilitically enclosing plagioclase laths (up to 8 mm in
diameter, likely representing cumulitic intergrowths),
are also observed. Rarer clinopyroxene crystals, mostly
replaced by serpentine and calcite aggregates, and
accessory opaques are also present.

Evolved rocks (F1-8, F1-29, F1-46) show moderately
porphyritic ~ (with  devitrified  groundmass) to
holocrystalline  fine/moderate-grained  intergranular
textures dominated by feldspar crystals plus fewer

ferromagnesian minerals (Figure 3e). Plagioclase is still
the main phase, forming large crystals up to 6 mm in
length. Some alkali feldspar is also present, sometimes
as large phenocrysts (~4 mm in length) or making
monzonitic glomerules with plagioclase. The main mafic
mineral is amphibole, commonly found as phenocrysts/
grains (~3-4 mm) partially or totally replaced by chlorite
or aggregates of chlorite and calcite/clay minerals. A few
large biotite phenocrysts (~2 mm in length) have been
found in sample F1-46. Opaque minerals are diffusely
present as an accessory phase, occasionally as larger
microphenocrysts/grains (up to 1 mm in diameter).
Strongly evolved rocks (F1-17, F1-18, F2-21, F3-
3) have weakly- to moderately-porphyritic textures,
generally with devitrified groundmass, and a remarkably
leucocratic paragenesis dominated by plagioclase, alkali
feldspar and quartz (Figure 3f). Ferromagnesian minerals
are extremely rare, typically represented by sparse
amphibole microcrysts, commonly altered to chlorite and/
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Table 1. Major element concentrations (in wt.% of oxide), LOI (in wt.%) and CIPW-normative mineralogy (in vol.%, calculated assuming Fe,03/Fe0=0.15) for
the investigated rock samples from the Tafresh area with different degree of evolution and preservation (see text).

Normative minerals: qtz = quartz; cor = corundum; or = orthoclase; ab = albite; an = anorthite; ne = nepheline; di = diopside; hy = hypersthene; ol = olivine;
mt = magnetite; il = ilmenite; ap = apatite.

sample F2-12 F2-34 | F1-22 F3-24 F4-49 | F4-58 | F1-33 F1-36 | F1-11A | F1-11B | F3-6 F3-13 F4-1 F4-10
geographic | 34°38°N | 34°42°N | 34°41°N | 34°41°’N | 34°45’N | 34°42°N | 34°41°N | 34°43’N | 34°39°N | 34°39°N | 34°39°N | 34°43°N | 34°39°N | 34°39°’N
coordinates |49°54° E | 49°56’E | 49°43” E |49° 43° E| 49°43” E | 49°45° E | 49°47° E | 49°59° E | 49°55” E | 49°55” E | 49°54” E | 49°47° E | 49°55” E | 49°54’ E

lithotype weakly evolved intermediate
preservation fresh spoiled altered fresh

SiO, 53.81 53.89 50.89 51.67 50.46 50.68 48.98 44.69 56.31 56.86 59.23 58.23 55.28 57.53
TiO, 0.90 0.90 1.09 0.92 0.89 0.83 1.45 1.12 0.75 0.74 0.62 0.89 0.81 0.68
Al,O; 17.59 17.64 18.90 18.76 16.66 19.21 13.66 16.61 18.19 17.41 17.88 16.27 18.12 16.96

FeyOsi00 8.63 8.74 6.87 6.39 9.80 5.45 13.48 9.71 7.57 7.24 7.00 8.17 7.95 6.86
MnO 0.17 0.17 0.11 0.12 0.11 0.14 0.17 0.14 0.17 0.14 0.11 0.15 0.16 0.18
MgO 4.10 4.12 223 1.44 2.78 1.16 3.62 2.32 2.94 2.81 2.85 2.74 3.65 2.52
CaO 5.84 5.85 10.60 12.11 8.96 12.76 5.45 13.86 7.00 5.89 5.57 5.76 7.57 5.22
Na,O 4.01 4.00 3.08 2.93 2.29 2.96 3.70 2.27 3.40 3.70 3.39 3.12 3.09 3.94
K,0 1.48 1.48 0.47 0.64 0.72 0.91 0.47 0.50 0.97 2.18 0.91 1.47 0.87 1.31
P,05 0.24 0.24 0.18 0.15 0.11 0.14 0.27 0.09 0.16 0.14 0.14 0.14 0.18 0.21
LOI 3.68 3.62 5.61 5.34 6.12 4.84 9.09 9.48 2.85 2.98 3.28 3.95 2.76 3.57

Total 100.50 |100.60 |100.00 |100.50 98.90 99.07 |100.30 |100.80 |100.30 [100.10 |101.00 |100.90 |100.50 98.98

qz 2.54 2.53 5.70 6.41 8.81 4.30 3.57 0.00 | 10.36 7.60 | 16.67 | 14.72 933 | 11.92

cor 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.56 0.00 0.00 0.08

or 9.04 9.01 2.94 3.98 4.59 5.71 3.04 3.24 588 | 1327 5.50 8.96 5.26 8.11

ab 3506 | 34.88 | 27.60 | 26.06 | 20.88 | 26.58 | 3431 | 19.81 | 29.52 | 32.24 | 2936 | 2723 | 2677 | 34.94

an 2648 | 26.60 | 38.51 | 38.00 | 3562 | 3867 | 21.13 | 36.86 | 3233 | 2519 | 27.35 | 2687 | 33.79 | 25.70

ne 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.67 0.00 0.00 0.00 0.00 0.00 0.00

le 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

di 1.52 141 | 1334 | 2045 9.70 | 19.14 555 | 3201 1.86 3.30 0.00 1.39 2.87 0.00

wo 0.00 0.00 0.00 0.00 0.00 2.08 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

hy 20.69 | 20.90 7.39 116 | 15.55 0.00 | 24.86 0.00 | 16.19 | 1469 | 16.16 | 1655 | 17.88 | 15.52

ol 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.10 0.00 0.00 0.00 0.00 0.00 0.00

cs 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

mt 1.54 1.55 1.25 1.16 1.82 1.00 2.55 1.83 1.34 1.29 1.24 1.45 1.40 1.24

il 1.77 1.76 2.18 1.83 1.82 1.68 3.01 232 1.46 1.45 1.20 1.75 1.57 135

ap 0.59 0.59 0.45 0.37 0.28 0.35 0.70 0.23 0.39 0.34 0.34 0.34 0.44 0.52

Tot 9923 | 99.22 | 9937 | 99.42 | 99.08 | 99.50 | 98.72 | 99.07 | 99.33 | 9935 | 9938 | 99.27 | 99.29 | 99.38
or calcite. A few accessory opaques are also present as alteration processes, which surely modified the original
small groundmass phases. Sialic mineral clasts (mainly concentrations of major oxides and trace elements. In
quartz, up to 1 mm) and holocrystalline fine-grained order to have a rough idea of the general preservation state,
xenoliths made of feldspar and lesser amphibole, have LOI values and CIPW-normative mineralogy have been
been also observed in samples F1-17 and F1-18. taken into account, which allowed to make a distinction
between (relatively) “fresh” (reported as green symbols
Whole rock geochemistry in the petrochemical diagrams), “spoiled” (yellow) and

As previously observed, the investigated Tafresh “altered” (red) samples.
rock samples generally show the evidence for variable “Fresh” samples (n=14) have LOI<4.0 wt% (1.80-3.95
C4
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Table 1. ...Continued

sample F4-11 F1-9 F1-13 | F4-15 | F3-23 F1-8 F1-29 | F1-46 | F1-17 | F1-18 | F2-21 F3-3
geographic | 34°40°N | 34°38°N | 34°39°N | 34°42°N | 34°41°N | 34°37°N | 34°44°N | 34°51°N | 34°41°N | 34°41°N | 34°40°N | 34°42°N
coordinates |49°54’ E | 49°55° E |49°54’ E | 49°48’ E | 49°43° E | 49°57° E | 49°44° E | 50°30° E | 49°53° E | 49°53” E | 49°48” E | 49°56” E
lithotype intermediate evolved strongly evolved
preservation | fresh spoiled fresh spoiled fresh
Sio, 58.26 55.56 58.90 52.17 52.89 61.56 60.44 60.27 70.45 70.95 70.11 71.23
TiO, 0.85 1.22 0.87 1.16 0.90 0.51 0.90 0.51 0.38 0.37 0.33 0.34
AL O4 14.68 16.37 15.21 17.04 16.93 17.68 14.66 16.77 14.49 13.90 12.97 13.52
Fe,0310¢ 7.04 9.51 6.89 8.83 7.29 5.10 7.29 4.33 3.19 3.25 2.54 2.33
MnO 0.12 0.05 0.13 0.12 0.11 0.14 0.11 0.07 0.05 0.05 0.03 0.07
MgO 3.45 3.25 2.55 2.50 2.22 1.59 2.60 225 1.20 1.20 1.57 1.08
CaO 5.50 2.98 5.54 9.60 10.25 6.20 2.05 5.38 0.56 1.18 1.26 1.08
Na,O 3.29 5.69 3.26 2.62 2.95 3.97 5.32 3.81 4.13 3.80 3.11 3.80
K,0 2.74 0.43 2.53 0.75 0.27 0.50 1.65 2.33 3.84 3.36 3.43 2.68
P,Os 0.21 0.18 0.19 0.22 0.17 0.17 0.20 0.20 0.10 0.11 0.06 0.08
LOI 3.65 5.41 4.83 591 6.21 3.24 4.24 4.95 1.80 2.30 3.11 2.83
Total 99.79 |100.60 |100.90 |100.90 |100.20 |100.70 99.46 |100.90 |100.20 |100.50 98.51 99.03
qz 10.79 5.35 13.41 9.10 10.41 19.14 12.14 13.87 27.75 30.77 34.25 35.27
cor 0.00 1.63 0.00 0.00 0.00 0.00 0.92 0.00 2.81 2.17 2.09 2.70
or 16.84 2.67 15.56 4.66 1.70 3.03 10.24 14.35 23.06 20.22 21.24 16.46
ab 28.95 50.55 28.71 23.33 26.56 34.48 47.27 33.61 35.52 32.75 27.58 33.42
an 17.89 14.29 20.19 34.23 34.22 29.71 9.31 22.70 2.16 5.23 6.14 5.03
ne 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
I 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
di 7.50 0.00 5.95 12.11 15.71 0.61 0.00 3.10 0.00 0.00 0.00 0.00
wo 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
hy 13.93 20.03 12.13 11.30 7.14 10.27 15.85 9.70 6.90 7.01 7.21 5.63
ol 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
cs 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
mt 1.26 1.72 1.24 1.60 1.34 0.90 1.32 0.78 0.56 0.57 0.46 0.42
il 1.69 2.44 1.73 2.31 1.82 1.00 1.80 1.01 0.72 0.72 0.65 0.68
ap 0.52 0.45 0.47 0.55 0.43 0.41 0.50 0.49 0.24 0.27 0.15 0.20
Tot 99.37 99.13 99.38 99.20 99.33 99.55 99.34 99.61 99.72 99.71 99.77 99.79

wt%), and a SiO,-oversaturated normative mineralogy
that is overall in line with rock petrography (Table 1).
Decreasing mafic minerals (mainly hypersthene, from
20.7-21.0to 13.9-17.9, down to 10.3 vol%) and increasing
quartz (from 2.53 to 7.60-16.7, up to 19.1 vol%) and sum
of sialic minerals (approximately from 73 to 74-81, up
to 86 vol%), are indeed observed moving from weakly
evolved to intermediate, up to evolved rocks. The strongly
evolved rocks have the lowest hypersthene (5.63-7.21
vol%) and the highest quartz (27.6-35.3 vol%) and sum
of sialic minerals (88.5-90.2 vol%), as well as also some

CIPW-normative corundum (2.09-2.81 vol%), indicative

of their peraluminous character.

“Spoiled” samples (n=10) have LOI between 4.0 and
6.5 wt% (4.24-6.21 wt%) and still show some rough
consistency between their SiO,-oversaturated normative
mineralogy and observed petrography. Moving from
weakly evolved to intermediate and more strongly
evolved samples, an increase of quartz (from 4.30-8.81 to
5.35-13.4,up to 12.1-13.9 vol%), and of the sum of sialic
minerals (from 69.9-75.3 to 71.3-77.9, up to 79.0-84.5
vol%), can be still envisaged. Some major inconsistencies
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Table 2. Trace element concentrations (in ppm) for the investigated rock samples from the Tafresh area with different degree of evolution and preservation (see
text). bdl = below detection limits.

sample F2-12 ‘ F2-34 ‘ F1-22 ‘ F3-24 ‘ F4-49 ‘ F4-58 ‘ F1-33 ‘ F1-36 Fl-llA‘Fl-llB‘ F3-6 ‘ F3-13 ‘ F4-1
lithotype weakly evolved intermediate
preservation fresh spoiled altered fresh
Rb 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Sr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ba 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cs 1.10 1.20 bdl bdl 0.60 0.60 0.80 0.70 bdl 0.60 0.60 0.60 bdl
Sc 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
\% 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 bdl bdl 0.00 bdl 0.00
Co 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ni bdl bdl 0.00 0.00 bdl 0.00 bdl 0.00 bdl bdl bdl bdl bdl
Cu 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Zn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Y 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Zr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Nb 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Hf 3.20 3.20 2.80 2.60 1.70 2.20 2.50 1.70 3.00 3.10 2.40 2.50 2.70
Ta 0.40 0.40 0.30 0.30 0.20 0.20 0.30 0.20 0.40 0.50 0.40 0.40 0.40
La 19.00 | 19.60 | 11.70 | 10.20 9.50 9.10 | 10.70 6.60 | 17.30 | 16.60 | 15.10 | 14.40 | 17.40
Ce 39.40 | 4030 | 2520 |22.10 |20.40 |20.50 |23.80 |15.00 |3590 |34.90 |30.20 |30.60 | 34.7
Pr 4.88 4.88 3.30 2.95 2.64 2.67 3.45 2.16 4.47 4.31 3.63 3.82 4.21
Nd 19.60 | 20.50 | 15.00 | 13.10 | 11.50 | 11.80 | 16.80 | 10.10 | 18.10 | 18.00 | 13.90 | 16.00 | 17.10
Sm 4.70 4.60 3.70 3.50 3.00 3.00 4.80 2.90 4.30 4.20 3.00 3.90 4.00
Eu 1.33 1.32 1.10 0.96 0.88 0.94 1.38 0.93 1.11 1.03 0.84 1.02 1.13
Gd 4.40 4.30 4.00 3.60 2.90 3.20 5.30 3.50 4.20 4.20 2.80 3.70 3.70
Tb 0.80 0.70 0.70 0.60 0.50 0.60 1.00 0.70 0.70 0.70 0.50 0.70 0.60
Dy 4.40 4.50 4.30 3.70 3.30 3.60 6.10 4.10 4.60 4.30 3.00 4.10 4.20
Ho 1.00 0.90 0.80 0.80 0.70 0.70 1.20 0.80 1.00 0.90 0.60 0.90 0.90
Er 2.80 2.70 2.50 2.30 2.00 2.20 3.80 2.60 2.80 2.70 1.80 2.60 2.50
Tm 0.43 0.44 0.41 0.37 0.33 0.36 0.59 0.42 0.48 0.45 0.29 0.41 0.41
Yb 2.90 2.80 2.60 2.30 2.20 2.30 3.80 2.60 3.00 3.10 1.90 2.70 2.70
Lu 0.41 0.41 0.38 0.34 0.30 0.32 0.55 0.37 0.42 0.43 0.27 0.38 0.41
Pb bdl bdl 9.00 7.00 bdl 7.0 bdl bdl bdl | 13.0 bdl bdl bdl
Th 4.80 4.80 2.50 2.20 2.30 2.00 1.60 1.80 4.70 4.90 3.90 3.90 3.60
U 1.50 1.50 0.80 0.70 0.70 0.70 0.60 0.50 1.50 1.50 1.30 1.20 1.10
Ga 18.00 | 19.00 | 18.00 | 17.00 | 18.00 | 18.00 | 16.00 | 15.00 | 18.00 | 18.00 | 17.00 | 17.00 | 18.00

are however evident, e.g.: 1) high diopside and anorthite
of some weakly evolved (summing to >55 vol%) and
intermediate rocks (~45-50 vol%), likely caused by
relatively CaO-rich compositions associated to calcite
plagues and veins, coupled with very low hypersthene

(<1.16 vol%); 2) intermediate sample F1-9 having
corundum (1.63 vol%), low quartz (5.35 vol%) and very
high albite (50.6 vol%) and hypersthene (20.0 vol%); 3)
evolved sample F1-29 displaying some corundum (0.92
vol%) and very high albite (47.3 vol%) and hypersthene
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Table 2. ... Continued

sample F4-10 ‘ F4-11 ‘ F1-9 ‘ F1-13 ‘ F4-15 ‘ F3-23 | F1-8 ‘ F1-29 ‘ F1-46 | F1-17 ‘ F1-18 ‘ F2-21 ‘ F3-3
lithotype intermediate evolved strongly evolved
preservation fresh spoiled fresh spoiled fresh
Rb 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Sr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ba 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cs bdl 1.10 0.90 1.60 1.10 1.10 0.50 1.00 2.60 0.70 0.80 0.90 1.30
Sc 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
\Y 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr 0.00 0.00 bdl 0.00 0.00 0.00 bdl bdl 0.00 bdl bdl bdl bdl
Co 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ni bdl 0.00 bdl 0.00 0.00 0.00 bdl bdl 0.00 bdl bdl bdl bdl
Cu bdl 0.00 0.00 0.00 0.00 0.00 bdl 0.00 0.00 bdl bdl bdl bdl
Zn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Y 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Zr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Nb 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Hf 4.10 4.70 3.10 4.80 3.40 2.60 2.50 2.70 3.00 3.30 2.70 3.00 3.10
Ta 0.60 0.80 0.60 0.80 0.70 0.30 0.50 0.40 1.00 0.60 0.50 0.60 0.60
La 2220 | 24.40 | 18.60 | 25.60 | 1830 | 10.80 | 1550 | 17.10 | 41.50 | 1820 | 17.90 | 21.10 | 21.10
Ce 46.20 | 49.80 | 38.50 | 5290 |37.80 |23.70 |32.90 |3850 |71.00 |31.60 |32.90 |40.40 |40.10
Pr 5.68 5.89 4.84 6.05 4.58 3.12 4.04 5.08 7.33 3.68 3.48 4.57 4.35
Nd 2330 |23.70 | 19.60 |24.00 | 18.90 |13.80 |16.70 |21.60 |24.70 | 13.60 | 12.60 | 16.90 | 16.20
Sm 5.30 5.10 4.60 5.10 4.20 3.50 3.90 5.40 4.10 3.10 2.50 3.50 3.70
Eu 1.33 1.09 1.07 1.18 1.07 0.92 1.18 1.92 0.99 0.72 0.64 0.63 0.77
Gd 4.90 4.50 4.40 4.70 4.00 3.60 3.50 5.40 2.50 3.00 230 3.00 3.50
Tb 0.80 0.80 0.80 0.80 0.70 0.60 0.60 0.90 0.30 0.50 0.40 0.50 0.60
Dy 5.30 4.60 5.00 4.70 4.40 3.90 3.40 5.50 1.60 3.10 2.70 3.50 4.00
Ho 1.00 0.90 1.00 1.00 0.90 0.80 0.70 1.10 0.30 0.70 0.60 0.80 0.80
Er 3.20 2.70 3.00 2.90 2.50 2.30 2.10 3.20 0.70 2.00 2.00 2.30 2.50
Tm 0.54 0.44 0.48 0.46 0.39 0.39 0.33 0.52 0.10 0.35 0.33 0.39 0.42
Yb 3.60 2.80 3.10 3.00 2.50 2.50 2.20 3.40 0.60 2.40 2.20 2.70 2.70
Lu 0.56 0.41 0.44 0.42 0.39 0.35 0.32 0.51 0.09 0.37 0.32 0.38 0.40
Pb 6.00 | 10.00 5.00 8.00 6.00 6.00 bdl | 46.00 | 19.00 bdl 7.00 bdl bdl
Th 5.00 9.30 4.70 9.80 5.00 2.90 3.10 4.00 | 22.60 7.00 6.90 8.10 7.90
U 1.60 3.10 1.50 3.10 1.40 1.00 1.10 1.40 | 10.90 2.1 2.30 2.40 2.40
Ga 19.00 | 15.00 | 18.00 | 16.00 | 17.00 | 16.00 | 17.00 | 17.00 | 18.00 | 14.0 13.00 | 13.00 | 13.00

(15.9 vol%). The relatively high CIPW-normative albite
could be related to selective removal of CaO from the
original plagioclase during very low grade metamorphism
or normal weathering.

“Altered” samples are represented by two weakly
evolved rocks with LOI>9.0 wt% (9.09-9.48 wt%) and

some unusual normative mineralogy. Sample F1-33 has
relatively high quartz and hypersthene (respectively
3.57 and 26.9 vol%) and low orthoclase (3.04 vol%)
and anorthite (21.1 vol%), especially if compared to
weakly-evolved fresh samples. On the other hand, F1-
36 is SiO,-undersaturated, with olivine (2.10 vol%)
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Figure 3. Plane-polarized light photomicrographs of the investigated rock samples from the Tafresh area. a) Weakly evolved rock
sample F3-24 showing a holocrystalline intergranular texture consisting of plagioclase and altered ferromagnesian minerals (brownish
green); b) intermediate rock sample F3-6 displaying a moderately porphyritic texture with phenocrysts of amphibole (yellow-green) and
plagioclase set into an altered (possibly devitrified) groundmass; c) intermediate rock sample F4-11 showing a moderately porphyritic
texture with phenocrysts of altered plagioclase (dusty-looking), amphibole (light green) and clinopyroxene (colourless, e.g., centre
right) set into an altered microcrystalline groundmass; d) intermediate rock sample F4-15 with a holocrystalline hypidiomorphic texture
essentially made of plagioclase and amphibole crystals; e) evolved rock sample F1-8 showing a weakly porphyritic texture with
phenocrysts of feldspars and amphibole set into an altered (devitrified?) groundmass; f) strongly evolved rock sample F3-3 displaying
a moderately porphyritic texture with phenocrysts of feldspars and quartz (e.g., embayed crystal at the lower right) set into a devitrified
groundmass.
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and some nepheline (0.67 vol%), and with anorthite
and diopside summing to ~69 vol%, likely due to the
presence of secondary calcite veins, lowering the absolute
SiO, whole-rock content. The high CIPW-normative
hypersthene could be related to the common presence of
serpentine-group minerals.

Well bearing in mind the above observations, the
alteration effects on changing the composition of the
investigated samples are evaluated through a comparison
with literature data from the same area and from the entire
UDMA. The latter group of data was restricted to rocks
with “orogenic” affinity and filtered by removing analyses
likely suffering from intense alteration, i.e., those with
LOI>4.0 wt% and with sum of major element oxides
<98.0 wt% or >102.0 wt%. Data for which LOI values are
not reported were cautiously discarded as well.

(lassification and serial affinity

The investigated Tafresh rocks have been categorized
using different classification schemes. Based on the TAS
classification, Tafresh samples plot in the subalkaline
field, with rock compositions being largely consistent
with petrography, regardless of the degree of alteration
(Figure 4a). The weakly evolved rocks are mainly basaltic
andesites (Si0,=53.7-55.6 wt%; Na,0+K,0=3.24-5.67
wt%), with one altered sample plotting in the basalt field
with the lowest SiO, (49.0 wt%) and sum of alkalis (3.03
wt%). Intermediate rock samples are mostly andesites
with 57.8-61.3 wt% SiO, and 4.48-6.43 wt% Na,O+K,0,
except for two spoiled samples and one fresh sample
falling in the field of basaltic andesites (the latter almost
at the boundary with the andesite field) and one spoiled
sample falling just above the andesite-trachyandesite
divide. Evolved rocks are quite homogeneous in terms of
Si0, (62.8-63.5 wt%), but display some larger variability
in the sum of alkalis (4.59-7.32 wt%), with two samples
straddling the boundary between andesite and dacite and
the alkali-richest spoiled sample falling in the latite field.
Finally, the fresh strongly evolved rocks are all classified
as rhyolites, with SiO, ranging from 71.6 and 74.0 wt%
and sum of alkalis in the range of 6.74-8.10 wt%.

In order to compare the investigated Tafresh samples
with those from the existing literature, the latter have
been distinguished based on their main parageneses into:
1) “basaltic” (pl+cpx+ol), 2) “andesitic” (pl+amph+cpx),
3) “dacitic” (feld+amph+bt) and 4) rhyolitic (feld+qtz).
Although there is an overall consistency between literature
and present samples in terms of general degree of rock
evolution and SiO, content, literature samples display
some major variation for the sum of alkalis, which spans
a very wide compositional spectrum for all the lithotypes,
except the rhyolitic ones. Notably, an overall good
consistency is also evidenced with literature “orogenic”

rocks from the UDMA. Worth noting, UDMA rocks also
include dacitic compositions in the SiO, range of 64.0-
70.0 wt% (not represented in Tafresh rocks), as well as a
few samples with high sum of alkalis, possibly belonging
to a shoshonitic rock series.

Similar observations arise from the K,O vs SiO,
diagram of Figure 4b, where the investigated Tafresh
rocks define mostly a medium-K to high-K calcalkaline
series, with only a few K,O-poor rock samples (0.29-0.51
wt%) falling in the field for low-K tholeiitic rock series.
Literature Tafresh samples are still very scattered due to
their extremely variable K,O contents, but they mainly
lie in the fields for medium-K and high-K rock series.
Finally, also literature UDMA rocks with “orogenic”
affinity belong mainly to the medium- and high-K series,
although there are also some samples with shoshonitic
serial affinity and a few K,O-poor outliers.

Additional classification plots, specifically thought
for altered samples using immobile elements, are also
taken into account in Figure 5. The Zr/TiO, vs Nb/Y
plot again confirms the subalkaline serial affinity and
the overall consistency between petrographic types and
chemical compositions for the Tafresh samples from both
this work and the existing literature, being classifiable
mostly as andesite and dacite/rhyodacite. Similar
considerations can be made for in the Th vs Co diagram,
where the investigated Tafresh samples mostly plot in the
calcalkaline series field. Literature UDMA samples are
again largely consistent with Tafresh samples, defining
a full calcalkaline rock series and including the most
evolved compositions with shoshonitic affinity.

Major and trace elements variations

The investigated Tafresh samples define some overall
coherent differentiation trends in major element binary
variation plots (Figure 6), which are especially evident
if only relatively fresh samples are taken into account.
With increasing silica contents, a quite regular decrease
is observed for TiO,, Al,03, Fe,05,, MgO and CaO,
whereas K,O increase, and Na,O and P,0Oj5 faintly increase
up to the evolved rock samples and then decrease in the
strongly evolved ones. Some major scattering is observed
for spoiled and altered samples, mostly in some weakly
evolved rocks with unusually high (19.7-20.4 wt%) or low
(15.0 wt%) Al,Os, high Fe,O3 (14.8 Wt%), low MgO
(1.23-2.54 wt%) and high CaO (11.2-15.2 wt%, likely due
to secondary calcite). Tafresh literature samples, although
roughly in line with the above differentiation trends,
display some more evident data scattering for most of the
major elements. The observed trends are on the whole in
line with those depicted by UDMA “orogenic” rocks.

Binary variation diagrams for trace elements (Figure 7)
are remarkably more scattered. A general decreasing trend
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Figure 4. a) TAS (Total Alkali vs Silica) and b) K,O vs SiO, (Le Maitre, 2002) classification diagrams for the Tafresh area rock samples
from this work and from the available literature (Ghorbani and Bezenjani, 2011; Khademi et al., 2019). Selected literature data for the
UDMA rocks with “orogenic” affinity (Boccaletti et al., 1977; Riou et al., 1981; Jahangiri, 2007; Omrani et al., 2008; Sherafat et al.,

2012; Maanijou et al., 2013; Yeganehfar et al., 2013; Azizi et al.

, 2014; Honarmand et al., 2014) are also reported for comparison (see

text for further details). Abbreviations for rock names (in black): A = andesite; B = basalt; bA = basaltic andesite; D = dacite; L = latite;
P =phonolite; pTep = phonotephrite; R = rhyolite; T = trachyte; tB = trachybasalt; tbA = trachybasaltic andesite; tepP = tephriphonolite.

can be envisaged for Sc and V only, well consistent with
the trend defined by the UDMA “orogenic” rocks. On the
other hand, Rb, Sr (very scattered), Ba, Zr and Nb define
a trend of broad increase with increasing differentiation,
while Y is mostly constant except from a few outliers.
Among the evolved rocks, sample F1-46 generally plots

close to a group of literature dacitic samples due to its
relatively high Sr (506 ppm), Ba (866 ppm), Th (23
ppm), Cr and Ni (respectively 40 and 20 ppm; Figure
S1), and low Y (8 ppm). It is interesting to note that many
incompatible trace elements remain roughly constant or
even record some slight decrease in the transition from
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the evolved to the strongly evolved samples (e.g., Sr, Ba,
Y, Zr and Nb).

Chondrite-normalized Rare Earth Elements patterns

The Rare Earth Elements (REE) concentrations of the
investigated Tafresh rocks have been normalized to CI
chondrite average estimate in Figure 8. The patterns for
the least evolved samples are slightly enriched in Light
REE (LREE; Lap/Luy 1.91-5.12, N for normalized
abundances) and nearly flat in Middle and Heavy REE
(MREE and HREE; Dyy/Luy 1.07-1.13), with normalized
abundances for the most enriched REE at 28-83 times
chondrite abundances (xCI; Figure 8a). Some small
troughs at Eu are also observed, with Eu/Eu* [Euy/

(Smy*Gdy)?] in the range of 0.83-0.93. No substantial
differences can be observed in rocks with different degree
of preservation, with the slightly more enriched patterns
of the relatively fresh samples possibly only reflecting
their slightly more evolved character. Literature data for
the Tafresh area and UDMA “orogenic” rocks with similar
degrees of differentiation are in line with the present data,
although three “anomalous” basaltic samples from Tafresh
are also evidenced (samples T7, T19 and T2; Figure 8a).
Intermediate samples display very homogeneous patterns
that are on the whole similar to the weakly evolved ones,
reaching also slightly more enriched compositions with
the highest normalized abundances in the range of 46-103
xCI, Lay/Luy 3.31-6.53, Dyn/Luy 0.95-1.14 and Ew/Eu*
=0.70-0.90 (Figure 8b). Tafresh andesitic rocks from the
literature are mostly overlapping, although some slightly
less enriched samples are also present. As for the evolved
samples, two rocks display nearly identical patterns
that are very similar to those for the intermediate rocks,
(Figure 8c). On the other hand, the spoiled sample F1-
46 has not only the highest LREE (up to ~175 xCI), but
also strong LREE/HREE (Lay/Luy 49.4), LREE/MREE
(Lan/Smy 6.53) and even MREE/HREE (Dyy/Luy 1.78),
coupled with Eu/Eu*=0.95. The pattern of this sample
matches perfectly with the available literature data for
Tafresh dacitic rocks.

Finally, the strongly evolved rocks have very
homogeneous and peculiar REE patterns with no
counterparts in the Tafresh literature. Indeed, these
display slight LREE/HREE enrichment (Lay/Luy 5.27-
5.99), MREE/HREE depletion (Dyy/Luy 0.84-0.92,
except for one sample with 1.00), strong Eu troughs (Eu/
Eu*=0.59-0.82), and normalized abundances up to 76-89
xCI (Figure 8c).

Primitive mantle-normalized multielemental patterns

In primitive mantle-normalized (hereafter PM-
normalized)multielemental diagrams, the Tafresh least
evolved rocks display some spiky patterns with major
scattering for the most incompatible elements. This is
likely due to their mobility in aqueous fluids, as observable
from the differences of the patterns for spoiled and altered
samples (Figure 9a). The remaining least incompatible
elements show significantly lower scattering, with marked
enrichment in LILE (Large Ion Lithophile Elements) with
respect to the HFSE (High Field Strength Elements),
peaks at K and Pb, as well as troughs at Nb, Ta and Ti.
These strongly resemble the patterns for average upper
crustal rocks (e.g., Rudnick and Gao, 2014), the average
composition ofthe Global Subducting Sediments (GLOSS;
Plank, 2014), and the typical subduction-related magmas
(e.g., Zheng, 2019). Literature rocks from the Tafresh
area and the UDMA with similar degree of differentiation
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show similar patterns, again excluding the three outliers,
previously defined as “anomalous” basaltic samples
(see previous section). As observed for Cl-normalized
patterns, PM-normalized patterns for the intermediate
rocks are extremely homogeneous (except for some
scattering in the most incompatible fluid-mobile elements;
Figure 9b). Overall, a strong similarity can be envisaged
with patterns for the weakly evolved rocks, although
some general displacement to slightly higher abundances
and a faint to moderate peak at Zr-Hf are also observed.
Tafresh andesitic rocks from the literature are perfectly in
line with these patterns, with some few exceptions (e.g.,
higher K, Pb peak and Zr-Hf depletion). Evolved Tafresh
rocks define two distinctive groups of rocks with peculiar
PM-normalized patterns, both characterized by the overall
LILE/HFSE enrichment observed for the weakly evolved
and intermediate samples (Figure 9c). Sample F1-46 and
dacitic rocks from the literature have the strongest LILE
enrichment of the entire dataset, coupled with a marked
depletion for MREE, Y and HREE and a small but evident
peak at Sr. On the other hand, the remaining two evolved
samples display a pattern virtually identical to that of the
most enriched intermediate rocks. The patterns for the
strongly evolved Tafresh rocks is also very similar, except
for having smaller Pb peaks and a marked depletion at Sr
and P.

DISCUSSION

The investigated rocks from the Tafresh area include
a relatively large variety of lithotypes, covering the
entire compositional spectrum for a typical subduction-
related “orogenic” subalkaline to mildly alkaline series.
Intermediate compositions are by far the most represented,
with much rarer weakly evolved and evolved lithotypes
and some strongly evolved leucocratic compositions.
Field and petrographic evidence suggest that the
outcropping rocks were emplaced not only in a “volcanic”
environment, but also at various depths within the crust
(e.g., textures including both porphyritic, possibly
with glassy groundmass, as well as holocrystalline
medium- to coarse-grained hypidiomorphic and fine- to
medium-grained intergranular “dolerite-like” types).
Notwithstanding the overall poor preservation due the
alteration processes, geochemical data define on the
whole some generally coherent trends that, at least at
a first level of investigation, support the existence of
some genetic relation linking them. However, several
observations suggest that additional processes other than
simple closed-system fractional crystallization were also
active: 1) presence of possibly xenocrystic large crystals
in textural disequilibrium; 2) presence of large amphibole
oikocrysts (with plagioclase inclusions), likely cumulitic
in origin; 3) presence of xenoliths in the strongly evolved
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rocks; 4) observation of some sparse ‘“‘anomalous”
geochemical features (e.g., sample F1-46, incompatible
element contents not linearly increasing with the degree of
differentiation) that do not seem to be related to alteration
processes only.

It is therefore evident that reconstructing the
petrogenetic processes operating together in the Tafresh
area could be a particularly hard task, with numerous
processes possibly acting together and thus overlapping
their effects. In the following sections, a qualitative/semi-
quantitative treatment of such processes in tentatively
undertaken, with the aim of shedding some light on the
petrogenesis of the outcropping rocks and making some
inferences in the larger framework of the geodynamic
evolution of the UDMA.

Magmatic lineages and differentiation processes in the Tafresh
area

Assessing whether the investigated Tafresh rocks
represent a single liquid line of descent or rather include
two or more independent magmatic lineages is greatly
complicated by the aforementioned bad preservation state
that generally characterizes them. Alteration processes
not only variably (and rather unpredictably) modified
original rock compositions, but also significantly
obscured the primary paragenesis, thus making also the
proposed lithological distinction not completely reliable.
Consequently, the recognized rock types should not be
considered as coherent, homogeneous groupings, and
some overlap between rocks with similar degrees of
evolution should be expected.

Bearing this in mind, a quite regular evolutionary trend
seems to be recognizable from the weakly evolved to
the intermediate rocks based on both variation and CI-
and PM-normalized diagrams. The main fractionating
phases are likely represented by ferromagnesian minerals
(mostly clinopyroxene and olivine) and plagioclase,
then followed by an assemblage made up of plagioclase,
amphibole and minor clinopyroxene (e.g., CaO being
roughly constant up to ~53 wt% SiO,, then firmly
decreasing), in broad good accordance with petrography.
This trend possibly extends also to the evolved rock
samples (with a decrease in fractionating amphibole and
the onset of alkali feldspar fractionation), with the only
exception of sample F1-46, which has been observed to
display some rather “anomalous” features. This sample,
collected in a different location, ~20 km N from the
main sampling area, is characterized by high Sr, low
Y, coupled with high LREE/HREE, LREE/MREE and
MREE/HREE ratios, typical of adakitic magmas (as well
as for tonalite-trondhjemite-granodiorite “TTG” suites,
widespread during the Archean; e.g., Martin et al. 2005;
Palin et al., 2016). The occurrence of such compositions

is widely recognized in the literature for both the Tafresh
area (“dacitic” rocks; Ghorbani and Bezenjani, 2011;
Ghorbani et al., 2014) and the entire UDMA (Jahangiri,
2007; Khodami et al., 2009; Omrani et al., 2008; Sherafat
et al., 2012; Yeganehfar et al., 2013; Azizi et al., 2014,
2019; Ghorbani et al., 2014; Pang et al., 2016; Alirezaei
et al., 2017; Torkian et al., 2018; Kheirkhah et al., 2020).
The genesis of these peculiar rock compositions will be
considered in a following section.

Numerous lines of evidence suggest that Tafresh
strongly evolved rocks are not genetically linked with
the main products cropping out in the area. The large
compositional gap of ~5 wt% SiO, separating them from
the evolved rocks (not taking into account the rocks with
adakitic signature) suggests the absence of a continuous
spectrum of magma compositions. In addition, the
transition from the two lithotypes is not characterized by
a clear decrease in elements that are strongly partitioned
in feldspars such as Na,O, K,O and Ba (although there is
a decrease in Eu and, less evident, in Sr). For this reason,
a focus on this group of rocks is provided in a further
following section.

We therefore conclude that most of the Tafresh rocks
likely represent the products ofasingle liquidline of descent
with the typical features of a magma series generated
from subduction-modified mantle sources. These include:
1) Al-rich, Fe-poor whole rock compositions, likely
reflecting water-rich and oxidized source regions; 2)
plagioclase-phyric, olivine-poor hydrous mineral-bearing
paragenesis; 3) LILE-enriched and HFSE-depleted PM-
normalized patterns; 4) predominance of intermediate
“andesitic” lithotypes; 5) scarcity (or even complete lack)
of primitive lithotypes. Based on the latter, it is clear
that no specific inferences can be made on the nature of
the mantle source(s), which can be only approximately
assumed to be represented by a metasomatized peridotite
in the spinel stability field (as indicated by the flat HREE
PM-normalized pattern of the least evolved Tafresh rocks).
Primitive melts were likely hydrous, as also confirmed
by presence of abundant amphibole in the intermediate
rocks, which also suggests that differentiation processes
occurred at shallow to moderate depths. Following
experimental results for “orogenic” magmas, the observed
crystallisation sequence with plagioclase appearing on the
liquidus before amphibole requires that primitive melts
were not particularly rich in H,O [<4.5 wt%, based on
the phase diagrams of Melekhova et al. (2015) for a high-
MgO basalt] and that these evolved at ~4 kbar [see the
phase diagram of Pichavant et al. (2002) for a basaltic
andesite with ~6 wt% H,0].

Genesis of the strongly evolved rocks from the Tafresh area
The genesis of strongly evolved rocks is likely
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unrelated to that of the main magmatic suite emplaced in
the Tafresh area. The frankly peraluminous nature of such
rocks [A/CNK=Al/(Ca+Na+K)=1.16-1.22, compared to
the 1.22-1.45 range in literature samples] makes them
more akin to melts generated from crustal anatexis of
metaigneous or metasedimentary protoliths (e.g., I- and
S-type granites; e.g., Clemens et al., 2011; Chappell et
al., 2012), rather than to typically highly fractionated
melts from metaluminous parental magma (e.g., M-type
granites). The latter could be also weakly peraluminous,
if substantial fractionation of metaluminous phases such
amphibole occurs (Chappell et al., 2012), but this does not
seem the case of Tafresh strongly evolved rocks, in which
amphibole remains as a subordinate phase. This is also
supported by the lack of a marked MREE depletion that
would be expected if significant amphibole fractionation
had occurred, given the high amphibolemelip oo (e.g.,
Nandedkar et al., 2016). Therefore, the Tafresh strongly
evolved rocks can be related either to partial melting of
Al-rich (meta-) igneous or sedimentary rocks from the
local crust, (e.g., the Neoproterozoic and Paleozoic and
Mesozoic basement rocks; Bagheri and Stampfli, 2008;
Horton et al., 2008) or to interaction of metaluminous
evolved magmas with Al-rich crustal rocks.

The first hypothesis (crustal anatexis) is somewhat
more in line with the leucocratic nature of such rocks,
indicating a composition that is possibly close to that of
the granite minimum in the petrogeny’s residua system.
However, a discrimination between a meta-igneous or
meta-sedimentary source seems not so straightforward,
as high-SiO, melts from these two sources share many
similarities (e.g., Chappell, 1999; Chappell and White,
2001; Clemens and Stevens, 2012; Jagoutz and Klein,
2018). The very low CaO/FeO (0.61-0.86, plus one
literature sample with 1.18) and low Sr (47-137 ppm) of
Tafresh strongly evolved rocks is more consistent with a
sedimentary source. On the other hand, the quite regular
major and trace element variation trends and the linear
decline of P,Os at increasing SiO, would rather suggest a
metaigneous source rock. In addition, other geochemical
parameters reveal some evident differences between
strongly evolved samples from this study and the two
literature samples from Khademi et al. (2019). The latter
have low Na,O (1.94-2.86 wt%) and Al,O;/TiO, (25.2-
35.8), very low Rb/Sr (0.25) and Rb/Ba (0.02-0.03) and
relatively high CaO/Na,O (0.29-0.68), suggestive of
a (relatively) plagioclase-rich, clay-poor source (e.g.,
Sylvester, 1998). On the other hand, the strongly evolved
Tafresh rocks reported here have relatively high Na,O
(3.26-4.20 wt%), Rb/Sr (0.55-1.03) and Rb/Ba (0.11-
0.16), plus slightly higher Al,O5/TiO, and generally
lower CaO/Na,O (0.14-0.41), more in line with a meta-
pelitic source rock. On such basis, it could be tentatively

proposed that Tafresh strongly evolved rocks originated
from the melting of a heterogeneous metasedimentary
source consisting of both meta-pelitic and (relatively)
plagioclase-rich meta-greywacke components.

As an alternative, a process of interaction between
a metaluminous melt with upper crustal Si-Al-rich
lithologies is also viable, provided that some phase
in which MREE are preferentially partitioned is
simultaneously fractionating, in order to produce the
observed slight MREE depletion. This could be obtained
through both some limited amphibole fractionation (see
above), or fractionation of accessory phases such as
apatite and titanite, which also preferentially host MREE
with respect to LREE and HREE (e.g., Prowatke and
Klemme, 2006 a,b).

Genesis of the Tafresh area evolved rocks with adakitic geochemical
fingerprint

As highlighted in a previous section, Tafresh evolved
rocks include products resembling adakitic compositions
that deserve additional considerations. The supposed
adakitic signature can reflect primary features or rather
it could be acquired due to alteration processes. For this
reason, we decided to compare their overall geochemistry
with those of adakitic/TTG magmas as reported by Martin
et al. (2005). With respect to the latter, Tafresh rocks have:
1) slightly lower SiO, (61.4-63.8 wt%, vs mostly >64
wt%); 2) relatively low Na,O (i.e., 3.7-4.9 wt% vs 3.0-7.0
wt%); 3) higher K,0/Na,O (0.4-0.8 vs <0.5); 4) higher sum
of ferromagnesian elements (Fe,05,,+MgO+MnO+TiO,
=7.5-8.3 wt% vs <5.0 wt%); 5) Layn/Yby only moderately
high (34-49 vs up to 150). Finally, when plotted in the
classical adakite discrimination diagrams (Figure 10)
these rocks plot well within the field for adakitic melts
(along with numerous other UDMA occurrences from
the existing literature). It is therefore concluded that such
evolved rocks should be actually considered as adakites,
and some of the above small deviations from the typical
adakite geochemical fingerprint might be due to secondary
mobilization of some major elements during alteration.

Adakitic melts are classically interpreted to represent
the product of slab melting in active and hot subduction
zones, with variable extents of interaction with the
peridotitic matrix (e.g., Defant and Drummond, 1990;
Drummond and Defant, 1990; Martin et al., 2005;
Moyen, 2009; Castillo, 2012; Ma et al., 2012; Breitfeld
et al., 2019; Liu et al., 2019). Adakite occurrences have
also been reported for subduction-unrelated geological
settings, supporting alternative models involving, e.g.,
melting of the lower crust (e.g., Chung et al., 2003; Wang
et al., 2006; Ma et al., 2012). Finally, more recent models
proposed to produce the high Sr/Y and La/Yb “adakitic”
signature (e.g., Macpherson et al., 2006; Rodriguez et al.,
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Figure 10.a) Sr/'Y vs Y and b) La/Yb vs Yb diagrams [ Drummond
and Defant (1990), modified after Richards and Kerrich (2007)],
used to distinguish adakites from “normal” arc andesite, dacite
and rhyolite (ADR), for the Tafresh area samples (this work and
literature) and for selected literature data for the UDMA rocks
with “orogenic” affinity. Symbols and sources of bibliographic
data as in Figure 4.

2007; Kamei et al., 2009; Moyen, 2009; Castillo, 2012;
Ribeiro et al., 2016; Bellver-Baca et al., 2020), point
to different mechanisms, including melting of a high
Sr/Y crustal source at 5-10 kbar, fractionation of Sr-rich
and Y-poor amphibole (+ apatite) at shallow depths, or
fractionation of garnet and Mg-rich amphibole at high
pressure.

In the genesis of Tafresh adakites, garnet and amphibole
seem to have both played some role. As for the first,
the crucial observation is the depletion in HREE with
respect to both LREE and MREE, given the well known
preferential partitioning of HREE within garnet lattice

(i.e., gamevmelp o e >60; e.g., Taylor et al., 2015). On
the other hand, the depletion of MREE, which are
preferentially partitioned in amphibole (see previous
section), with respect to LREE, is the best evidence for
the latter. Although the common presence of amphibole
in the intermediate Tafresh rocks renders fractionation
of this phase a likely process, no evidence has ever been
reported for garnet fractionation. This suggests that
Tafresh adakites originated from the melting of a mafic
source rock with residual garnet and amphibole, possibly
represented by the metamorphosed subducted slab or by
the lower continental crust. Since there is no geochemical
parameter that could help to unequivocally assess which
of the above two sources could be the most likely, some
clues in this sense could be tentatively retrieved by taking
into account the overall geodynamic setting in which
Tafresh rocks have been emplaced. This is discussed more
in detail in the following section.

Geodynamicimplications

The investigated rocks from the Tafresh area display
a large variety of petrographic and geochemical features
attesting for numerous magmatic processes, including
genesis and differentiation of “normal” subduction-
related subalkaline series (from a variably metasomatized
peridotite mantle source), genesis of subordinate magmas
with adakitic signature and of crustal anatectic strongly
evolved magmas. Such large variability is common
in post-collisional geodynamic settings (e.g., Prelevi¢
and Seghedi, 2013; Couzini¢ et al., 2016; Fedele et al.,
2016), which is thus the most likely scenario for the
emplacement of the studied rocks. This is also in line with
geochronological data for the onset of continent collision
in NW/central UDMA around 22-16 Ma, although the
range of ages obtained for the rocks from the Tafresh
area (~57-15 Ma) suggests that magmatism developed
also during pre-collisional stages. Within this framework,
of particularly interest is the occurrence of rocks with
adakitic signature throughout the UDMA. The genesis of
such magmas is classically retained to mark the final stages
of the subduction process or even the stages immediately
following the onset of continental collision, being thus
ascribed to melting of the subducted oceanic lithosphere
during a post-collisional phase (adakites from Tabriz,
Marand and Jolfa, NW UDMA, Isfahan, central UDMA,
Dehaj, SE UDMA; Jahangiri, 2007; Khodami et al., 2009;
Shaker Ardakani, 2016), a slab break-off (Anar, central/
SW UDMA; Omrani et al., 2008) or a slab roll-back event
(Tafresh and Nain, central/ NW UDMA,; Ghorbani and
Bezenjani, 2011; Yeganehfar et al., 2013; Ghorbani et
al., 2014). A few reports of rocks with adakitic signatures
related to deep-level fractionation have been also
documented for NW (Sanandaj, Upper Miocene; Azizi et
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al., 2014), central (Yazd Province, Pliocene-Quaternary;
Sherafat et al., 2012) and SE UDMA (Kerman, Middle
Miocene; Alirezaei et al., 2017).

More recently, Pang et al. (2016) questioned the slab
melting models, proposing that Pleistocene Anar adakites
are the product of the melting of lower crustal cumulates
(metamorphosed to eclogite-facies rocks). These mafic
lithologies were possibly induced to partially melt by the
thermal perturbations associated with the post-collisional
magmatism of Iran. The increase of the geothermal
gradient was ascribed either to asthenospheric upwelling
associated to the formation of a slab window or to
lithospheric thickening during collision. Such alternative
model, which was also proposed by Torkian et al. (2018)
and by Kheirkhah (2020) for the genesis of the Miocene
adakites from NW UDMA (Sheyda volcano) and of the
adakites from Dehaj (SE UDMA), respectively, seems
consistent with the collisional setting in which the studied
Tafresh adakites were likely emplaced.

Nevertheless, since post-Eocene igneous rocks from
the Tafresh area have been emplaced during a time lapse
from pre- to post-collisional stages, the slab break-off
and slab roll-back hypotheses could not be definitively
rejected. This is even more evident in the light of the very
recent recognition of pre-collisional (Paleocene, ~58-56
Ma) granitoids with adakitic signature in NW UDMA
(Saqqgez-Takab), which Azizi et al. (2019) ascribed
to the partial melting of lower crustal rocks due to the
asthenospheric upwelling related with slab roll-back (or
even to deep-level amphibole fractionation of “normal”
calcalkaline magmas). In the light of the previously
recalled progressive inception of the continental collision
moving from NW to SE, it could be also reasonable to
hypothesize that more than just a single kind of process
could have been active to produce the UDMA adakites.
Further studies on these rocks are thus needed, including
detailed petrochemical characterization and accurate
absolute age data.

CONCLUSIONS

Igneous rocks from the Tafresh area of the UDMA
testify for widespread Cenozoic magmatism resulting
in a large spectrum of rock types, variably affected by
secondary processes. Most of the investigated igneous
products, ranging in composition from weakly evolved to
evolved lithotypes (with intermediate andesitic rock types
being the most common) likely belong to a calcalkaline
suite with orogenic affinity.

Primitive magmas (not represented in the geological
record) likely originated from a peridotite mantle source,
previously metasomatized by addition of subduction-
related fluids (as indicated by the typical LILE-enriched
and HFSE-depleted geochemical signature), which

melted in the spinel stability field. Differentiation
processes were mainly driven by fractional crystallization
of 1) ferromagnesian minerals (mostly clinopyroxene and
olivine) and plagioclase, 2) plagioclase and amphibole,
and finally 3) plagioclase and alkali feldspars, in good
accordance with both petrographic and whole-rock
geochemical evidence.

Additional rock types include rarer evolved rocks with
adakitic geochemical fingerprint (Sr-enriched and Y- and
HREE-depleted) and leucocratic peraluminous strongly
evolved rocks. The first are ascribed to melting of a
meta-mafic source rock (either the subducting oceanic
slab or the lower continental crust) leaving a garnet and
amphibole-bearing residue, while the second are likely
the product of the anatexis of a mixed meta-sedimentary
(i.e., including both pelitic and greywacke lithologies)
crustal source.

The association of such a large variety of magma types
in a relatively narrow area is consistent with a post-
collisional geodynamic setting, although additional more
detailed petrological investigations are still considered
necessary in order to unequivocally elucidate the complex
geodynamic scenario of the investigated area.
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