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Abstract

Vast and geochemically diverse volcanic rocks from the western Alborz Magmatic Assemblage (AMA) represent the back-
arc of the central Iran Neotethyan arc (Urumieh—Dokhtar Magmatic Assemblage; UDMA). Volcanic rocks of the west AMA
record valuable information on the timing, source region(s) and geodynamic setting of magmatism. Over 30 days of field
study and sampling, investigation of 170 thin sections, 30 whole-rock geochemical analyses, 13 whole-rock Sr—Nd isotopic
ratios and U-Pb age dating of zircon separates from 7 samples furnished the present study data. Eocene (38.5 Ma) OIB-type
volcanic rocks from South Kaleybar indicate an anorogenic (extensional) setting. This lithospheric-scale extensional event
induced influx of asthenospheric mantle into the sub-arc wedge, of which the partial melts differentiated to produce OIB-type
melts. The OIB-type melts incorporated some inherited zircons in their ascent through the Cadomian crust. A continued
extensional regime led to asthenospheric upwelling and produced mafic melts that produced 27.5-Ma-old subalkaline series
volcanics. The LILE-depleted signature of the South Kaleybar subalkaline volcanic rocks implies that their mantle source
region experienced previous partial melting event(s), probably during OIB-type magmatism in the Eocene. Alkaline vol-
canism (24.4 Ma) and concurrent high-silica adakitic volcanism (24.3 Ma—23.4 Ma) followed subalkaline magmatism. The
alkaline rock signature in the study area range from ‘Nb-Ta depleted’ to ‘plume-type’. This is consistent with lithosphere—
asthenosphere interaction in an arc-related setting. Simultaneous partial melts of delaminated lower crustal rocks reacted
with the asthenosphere and produced adakitic melts. Asthenospheric, lithospheric and crustal contribution to the magmatism
in South Kaleybar express the back-arc signature of magmatism in Eocene to Late Oligocene times.

Keywords West Alborz magmatic assemblage - Neotethyan - Anorogenic - Eocene - Oligocene - OIB-type - Alkaline -
Adakite - Subalkaline - Geochemistry - Back-arc

Introduction

As a segment of the Alpine—-Himalayan Orogen, the west-
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ern part of the Alborz Magmatic Assemblage (west AMA)
that includes the study area, is one of the best represen-
tations of subduction-related, back-arc and collisional
Cenozoic and Quaternary magmatism. The west Alborz
Magmatic Assemblage provides an excellent opportunity
for investigating the contribution of a variety of magmatic
reservoirs including crustal, lithospheric mantle and asthe-
nospheric mantle in the origin and evolution of the mag-
matism in a major convergence setting beneath the Iranian
Plate in Mesozoic—Early Cenozoic times. The study area
is surrounded by three tectonomagmatic units; (a) Lesser
Caucasus, (b) Urumieh—Dokhtar Magmatic Assemblage
(UDMA) and (c) Alborz Magmatic Assemblage towards
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«Fig. 1 a Major tectonomagmatic units and position of the study area
shown on a map of Iran, b Magmatic rocks from NW Iran and ¢ Dis-
tribution of volcanic and plutonic rocks in the study area and adjacent
regions. The tectonomagmatic units are after Alavi (1996) and the
Lesser Caucasus domain is from Rolland (2017)

NW, SW and SE, respectively (Fig. 1). The west Alborz
Magmatic Assemblage is believed by most authors (e.g.,
Asiabanha and Foden 2012; Castro et al. 2013; Nabatian
et al. 2014; Ahmadvand et al. 2021) to represent the back-
arc system of the Central Iranian magmatic belt (i.e., the
UDMA). The Urumieh—Dokhtar Magmatic Assemblage
is the product of Cenozoic magmatism that followed the
northward subduction of Neotethyan oceanic lithosphere
beneath the Iranian Plate. A change in the angle of the sub-
ducting slab from the Paleocene to Oligocene prompted
metasomatized lithospheric mantle wedge (i.e., that over-
lies Neotethyan oceanic slab) to melt. Gradual slab roll-back
triggered asthenospheric mantle influx and an increased con-
tribution to Oligocene—-Miocene magmatism (Berberian and
Berberian 1981; Moinvaziri 1985; Ghorbani 2006; Verdel
et al. 2011; Ghorbani et al. 2014). While the main arc, the
Urumieh—Dokhtar Magmatic Assemblage, is mainly of calc-
alkaline character (Yeganehfar et al. 2013; Babazadeh et al.
2017), the back-arc, the west Alborz Magmatic Assemblage,
contains a wide spectrum of subalkaline and alkaline rocks
(Rabiee et al. 2020; Ahmadvand et al. 2021). Adakitic rocks
are reported from both the Urumieh—Dokhtar Magmatic
Assemblage (Ghorbani and Bezenjani 2011; Omrani et al.
2008) and the west Alborz Magmatic Assemblage (Jahangiri
2007; Ahmadvand et al. 2021). Ahmadvand et al. (2021)
introduced both A-type and high-Nb volcanic rocks from
the west Alborz Magmatic Assemblage; these rocks were
regarded as implying an asthenospheric mantle contribution
in a back-arc, extensional framework.

The aims of present study are to: (a) understand the field
relationship of the rock sequences from the west Alborz
Magmatic Assemblage; (b) study the textural, mineralogi-
cal and geochemical variations of the volcanic rocks from
the west Alborz Magmatic Assemblage; and (c) present a
geodynamic model that explains the formation and evolution
of the magmas from their source regions to the site of their
emplacements.

Geology of the study area

As noted earlier, the west Alborz Magmatic Assemblage
is interpreted to represent a back-arc situation and a north-
east extensional region of the major Neotethyan magmatic
arc (i.e., UDMA; Fig. 1a). Lithospheric thickness decreases
from the Urumieh—Dokhtar Magmatic Assemblage towards
the northeast (Shad Manaman et al. 2011); this attests to

the extension and supports a back-arc position for the west
Albroz Magmatic Assemblage. Two studies have been car-
ried out on the volcanic rocks from the southern (Rabiee
et al. 2020) and western (Lechmann et al. 2018) parts of the
study area (Fig. 1b). Rabiee et al. (2020) investigated the
Mianeh—Hashtrud polyphase magmatism from 45 to 6 Ma.
The polyphase magmatism was found to be dominated by
intermediate to felsic volcanic rocks of calc-alkaline to
shoshonitic affinity which have been derived from the par-
tial melting of underplated mafic rocks. Activation of the
lithospheric boundary was suggested to have triggered this
magmatism. The study of Lechmann et al. (2018) covered a
large area across the western part of the west Alborz Mag-
matic Assemblage and reported two age clusters, at 16.2 Ma
and 5.5 Ma. Shoshonitic alkali basalts to felsic rocks and
low-K to calc-alkaline intermediate to felsic rocks from this
large area have arc-signatures (Nb—Ta negative anomaly)
that were considered as representing heterogeneous metaso-
matized mantle (Lechmann et al. 2018). The Eocene to Mio-
cene volcanic successions south-east of Ahar (i.e., towards
the south of the study area; Fig. 1) include the first A-type
and high-Nb magmatism reported from the west AMA
(Ahmadvand et al. 2021).

The Khankandi, Shivardagh, Youseflu and Mizan plu-
tonic bodies build a significant portion of the Cenozoic mag-
matism in the west Alborz Magmatic Assemblage (Fig. 1c¢).
Previous zircon U-Pb age dating (Aghazadeh et al. 2010,
2011; Castro et al. 2013) and whole-rock geochemical data
of these plutonic bodies revealed dates between 23 and
31 Ma and the existence of granite, granodiorite to monzo-
nite, monzogabbro and gabbro. All these rocks were attrib-
uted to the partial melting of mantle metasomatized by slab
fluids (Aghazadeh et al. 2010, 2011). An adakitic signature
for some of these intrusive bodies have been regarded as
indicating slab melts involvement in metasomatism of the
source mantle (Castro et al. 2013). Nabatian et al. (2014)
believed that melts from the underlying mantle heated the
overlying crustal rocks to produce I-type granitic bodies near
Zanjan.

The investigated area mainly comprises Eocene to Late
Oligocene successions (Figs. 2, Online Resource 1). The
oldest strata that crop out near the study area include Cre-
taceous sedimentary beds and interlayered volcanic strata.
However, the presence of older basement rocks is implied
by the inherited zircons found in the magmatic rocks from
the present study. The crystalline basement is regarded as
part of the Cadomian magmatic arc which resulted from the
subduction of Prototethys beneath the northern margin of
Gondwana (Chiu et al. 2018).

The Eocene to Late Oligocene volcanic successions
from the study area are altered to varying degrees and
appear as isolated outcrops. The outcrops constitute pale
gray to brownish and black volcanic rocks/beds of up to a
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Fig.2 Geological map of the 38°45°
study area in South Kaleybar

(Paydari 2023) with major

modifications after Emami

(2000)

K3-82

ajid abad

Galizeh

K4-27 K4-30 5 km
Fig.3f H _H —
BK4-29

38°30°
47°00°
Quaternary
Oligocene
Late Eocene  [1%< 1"
Cretaceous |:|

few meters thickness. Hence, the field relationships of the
volcanic units are not conclusive. The original volcanic suc-
cessions are only maintained in limited scales in some parts
of the study area (Online resource 1). The Eocene—Oligo-
cene units include basaltic, andesitic, trachyandesitic and
phonotephritic rocks that mainly occur as lavas and trachytic
rocks that mainly occur as dykes and domes. Widespread
hydrothermal alterations are due to the emplacement of mul-
tiple plutonic bodies and volcanic pulses (Fig. 1) of Eocene
to Miocene age in the study area and adjacent regions (e.g.,
Nabatian et al. 2014; Ahmadvand et al. 2021).

Sampling and analytical methods
Sampling

The sampling strategy of the volcanic rock units was based
on the Kaleybar 1:100:000 geological map (Emami 2000).
Endeavors were made to sample all the volcanic lithologies
present. A collection of 220 samples was gathered from the
study area, 170 of which were selected for thin-sectioning.
Measures adopted for sample sectioning were: their degree
of freshness, mineralogical and textural varieties, geographi-
cal distribution and presumed relative ages in the volcanic
succession. See Online Resource 2 for the details of sam-
ples from South Kaleybar selected to obtain the geochemical
data. 30 of the volcanic rocks which show the least alteration
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effects and represent different textural and mineralogical
suites from the study area were selected for whole-rock
major- and trace-element analysis.

Zircon U-Pb geochronology and trace elements

Zircon U-Pb age dating on 7 samples (Online Resource 3)
were carried out on two different occasions. Four samples
(K3-130, K3-113, K3-93 and K4-38) were analyzed at ETH
Zurich, while three samples (K1-19, K3-82 and K4-19) were
analyzed at the University of Santa Barbara, California. Zir-
con separates were prepared using standard crushing, heavy
liquid, and isodynamic separation techniques at the Tarbiat
Modares University, Tehran.

Methods at ETH Zurich: Spatially resolved in situ U-Pb
age and trace-element analyses on zircons were carried out
simultaneously on the same zircon volumes using a 193 nm
S155-LR ASI Resolution Excimer laser ablation system
coupled with a Thermo Scientific Element-XR sector-field
(SF)-ICP-MS. Weighted mean 206pp-238 dated and sub-
stantial uncertainties were calculated using the open-source
online toolbox IsoplotR v4.15 (Ludwig 2012). The weighted
mean 29°Pb—238U dates are reported with two uncertainties;
the first is calculated as the 2o statistical uncertainty from
the weighted mean, and the second with a propagated sys-
tematics external uncertainty of 1.5% (Horstwood et al.
2016). The data reduction followed the approach proposed
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by Vermeesch (2021). Further details can be found in the
Online Resource 4.

Methods at the University of Santa Barbara, California:
Zircon U-Pb geochronology was acquired using a laser abla-
tion ‘split stream’ setup consisting of a Photon Machines
Excimer 193 nm laser ablation unit coupled to a Nu Instru-
ments, ‘Nu Plasma’ multi-collector ICP-MS (Cottle et al.
2011; 2013; Kylander-Clark et al. 2013; with modifications
as described in McKinney et al. 2015). The uncertainty on
the 2’Pb corrected age incorporates uncertainties on the
measured 2°°Pb/**8U and 2°’Pb/**®Pb ratios as well as 1%
uncertainty on the assumed common lead composition.
“91500” zircon (Wiedenbeck et al. 1995) served as the pri-
mary reference material, while GJ-1 zircon (Jackson et al.
2004) was treated as an unknown in order to assess accu-
racy and precision. Weighted mean plots were calculated in
IsoPlot v4.15 (Ludwig 2012) using the 2**U and 23°U decay
constants of Steiger and Jager (1977). Data reduction was
carried out using Iolite v3.5 (Paton et al. 2010). Further
details can be found in the Online Resource 5.

Major-and trace-element analyses

Whole-rock major- and trace-element analyses were carried
out on fused glass beads prepared from starting 35-50 g
pieces of rock samples. Rock pieces were first crushed and
then pulverized in a tungsten carbide vessel using an oscil-
latory mill. The rock powder was then placed in a warm
cabinet overnight at 108 °C to eliminate adsorbed weakly
bound water. Powder aliquot of 1.5 g of each sample was
transferred into ceramic crucibles and heated in an oven at
1050 °C for 2 h to determine the loss on ignition (LOI). LOI
was calculated as the mass difference of the sample before
and after heating. After cooling, aliquots were blended
and homogenized with a fluxer agent mixture of 66% Li-
tetraborate (Li,B,0,) and 34% Li-metaborate (LiBO,) in 1:5
proportion. Alternatively, 100% Li-tetraborate was used in
1:6 proportion for glass bead that fractured repeatedly after
cooling. The homogenized mixtures were placed in Pt—Au
crucibles and loaded into a Panalytical Claisse Eagon 2 fully
automated fusion instrument at 1050 °C for ~ 20 min to pro-
duce fused glass beads.

Major element oxide concentrations were measured using
a Panalytical Axios X-ray fluorescence (XRF) instrument
equipped with a sequential wavelength-dispersive spec-
troscopy (WDS) detector at ETH Zurich, Switzerland. The
XRF instrument was calibrated using 35 internationally
accepted standard powders processed to glass beads. Oper-
ating acceleration voltage of 24-60 kV and electric current
of 40-100 mA was applied.

Trace-element concentrations were analyzed on glass-
bead shards using a 193 nm GeoLas (Coherent, Ger-
many) Excimer laser system coupled to a NexION 2000

(Perkin-Elmer, USA/Canada) fast-scanning quadrupole
inductively coupled-plasma mass spectrometer (ICP-MS) at
ETH Zurich, Switzerland. Each analysis consisted of ~30 s
of gas blank acquisition followed by ~40 s of sample abla-
tion. The carrier gas consisted of high-purity helium (ca.
1 L min™") to which argon (ca. 1 L min™') was admixed
downstream of the ablation cell. NIST SRM 610 served as
the primary reference material for calibration and instru-
mental sensitivity drift correction, while USGS BCR-2 was
used as the secondary reference material for accuracy and
reproducibility control.

Blank glass made of Li-meta-/tetraborate mixture was
analyzed for blank (interference) correction. Standard oper-
ating conditions of the laser system were an energy density
(i.e., fluence) of 10 J cm™2 and a repetition rate of 10 Hz.
Glass-beads from rock samples and BCR-2, and blank glass
were ablated with a 115 pum spot-size applying an accel-
eration voltage of 26 kV. NIST SRM 610 glass beads were
ablated with a 40 pm spot-size applying 24 kV. Reference
materials and glass blank were analyzed in a conventional
standard-sample bracketing procedure at the start and end
of each session, and between each block of five sample
glass beads. Each glass bead was measured three consecu-
tive times. Data reduction, including corrections for time-
dependent instrumental drift, matrix interferences, and rela-
tive sensitivity, and calculation of element concentrations
was done using the MATLAB-based software SILLS (Guil-
long et al. 2008). CaO concentrations measured by XRF
were used as an internal standard except in cases where
Ca0O < 1 wt% for which SiO, was used. Matrix interferences
were corrected with the stoichiometric Li concentration in
Li-tetraborate (80 500 ug g~!) used in the fluxer agent. Data
from three analyses of each sample glass bead were averaged
to obtain the final whole-rock trace-element concentrations
(Table 1).

Sr-Nd isotope analyses

The Sr and Nd isotopic data of 13 samples (Table 2) were
obtained at ETH Zurich, Switzerland. Details of the ana-
lytical techniques, taking into account their accuracy and
precision can be found in von Quadt et al. (1999). Whole-
rock powders of 10-40 mg were digested in HF and HNO;;
Nd and Sr were separated by ion-exchange chromatography
techniques in 100 pl TEP columns (Pin et al. 1994) with
Sr-Spec, TRU-Spec and LnSpec (Eichrom resin®). Sr was
loaded with a Ta emitter on Re filaments; Nd was loaded
with 2 n HCL on Re filaments. Both isotopes were analyzed
on a Thermo Scientific TritonPlus mass spectrometer oper-
ated in static mode measurements. The measured ’Sr/%®Sr
ratios were normalized to an 8’Sr/%6Sr value of 8.37521. The
mean 5’Sr/%%Sr value of the NBS 987 standard obtained dur-
ing the period of measurements was 0.710252 +12 (2 o,
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«Fig.3 a, b Plagioclase and clinopyroxene phenocrysts and micro-
phenocrysts set in a groundmass mainly composed of glass and
minor amounts of plagioclase and opaque (Fe-Ti oxides) in a tra-
chyandesite, ¢, d) Clinopyroxene and olivine pseudomorphs set in
a cryptocrysltalline groundmass composed of feldspar laths, some
clinopyroxene, opaque (Fe—Ti oxides) and glass in a subalkali basalt—
andesite, e Analcime phenocrysts and feldspar microphenocrysts set
in a vitrophyric groundmass mainly composed of glass and some
minute feldspars in an analcime basalt-andesite, f Magnified view of
an analcime crystal that poikilitically encloses feldspar crystals (see
Fig. 3e; general view of this sample) in an analcime basalt—andesite,
g A euhderal analcime phenocryst that poikilitically encloses feldspar
and clinopyroxene crystals in an analcime basalt-andesite. The rock
groundmass consists of glass with minute feldspars and clinopyrox-
ene crystals, h, i Plagioclase and opacitized amphibole phenocrysts
set in a cryptocrystalline groundmass comprising glass, feldspar and
opaques (Fe—Ti oxides) in an amphibole-biotite trachyte. photomicro-
graphs a, ¢, e, g, h are in crossed polarized light (xpl) and b, d, f, i are
in plane polarized light (ppl)

n=18). The measured '**Nd/"**Nd ratios were normalized
to the '*Nd/'*Nd value of 0.7219. The mean '**Nd/'*Nd
value of the Nd Merck standard obtained during the period
of measurements was 0.511730+1 (2 6, n=12).

Results
Rock units

Rock units identified by integrated petrography and geo-
chemical data are presented here based on field relations,
stratigraphy and age analysis (i.e., in the chronological
order). The rock names were determined by a combined
petrography—geochemistry approach.

Trachyandesite

These are moderately porphyritic samples wherein the feld-
spar and clinopyroxene phenocrysts are set in a fine-grained
groundmass composed essentially of the same minerals
(Fig. 3a, b). Rare euhedral amphibole phenocrysts are also
present in a few samples. Opaques, apatite and zircon are
present as subsidiary phases mainly as micro-phenocrysts
or in the groundmass.

Zircons from sample K4-19, a trachyandesite to phonote-
phrite from the OIB-type series are 37.1-42.5 Ma old with
an average of 38.5 Ma (Fig. 4a). Two spots yielded a dis-
tinctly younger 14.7 Ma age. This can be explained by sam-
pling from the contact zone with younger magmatic rocks
which have a similar mineralogy and texture.

Basalts—andesites

These encompass a wide textural variation from almost
vitrophyric volcanic rocks (i.e., lack or include only a few

phenocrysts) to microgranular rocks (i.e., contain a fine to
medium grained groundmass). The basaltic and andesitic
samples are mostly porphyritic with phenocrysts of feld-
spar (Fsp), clinopyroxene (Cpx), orthopyroxene (Opx),
olivine (Ol) and Fe-Ti oxide (Fig. 3c, d). Glass is one of
the common constitutes of the rocks groundmass. Feldspar
laths, Cpx, Ol, Opx, and opaque microcrystals constitute
other components of the groundmass. Feldspar phenocrysts
occur as polysynthetic or zoned plagioclase. Cpx is com-
mon as augite phenocrysts whereas Ol and Opx only rarely
occur. Olivine is represented by pseudomorphs wherein
the original mineral has been replaced by secondary chlo-
rite. Orthopyroxene is partly altered but recognizable by its
straight extinction and low birefringence colors. In some
samples, the proportion and size of microcrystals increase;
with texture of these samples approaching microcrystalline
rocks (see Online Resource 6a, b for further photomicro-
graphs of these rocks).

Zircons extracted from sample K1-19 from the subalka-
line series are 22.1-29.9 Ma old. The zircons form two dis-
tinct age clusters, averaging 23.2 Ma and 27.5 Ma (Fig. 4b).
Zircons from this sample also yielded two younger spot
analyses of 12.7 and 16.0 Ma ages (Online Resource 7).
Once again, these can be explained by sampling from the
contact with younger magmatic rocks, which have a similar
mineralogy and texture.

Analcime basalt-andesite

The presence of analcime in both rocks as phenocrysts and in
the groundmass (Fig. 3e—g) is typical of this rock type. Anal-
cime phenocrysts are large (0.5 mm to 5 mm) and poikiliti-
cally enclose feldspar and clinopyroxene micro-phenocrysts
(Online Resource 6¢, d). Feldspar, clinopyroxene and Fe-Ti
oxides are also present as phenocrysts. The groundmass is
the major constituent of the analcime basalts and andesites
and mostly comprises felsic materials (glass, feldspar and
analcime). Some Cpx and Fe-Ti oxides are also present in
the groundmass. Zircons extracted from sample K3-130, a
trachyandesite from the alkaline series, show restricted mag-
matic ages averaging 24.4 Ma (Fig. 4c).

Amphibole biotite trachyte

These trachytes are weakly porphyritic to almost aphyric
samples composed mainly of fine-grained groundmass
(Fig. 3h, 1). The major phenocryst phase is feldspar, some
of which shows polysynthetic twinning. Most feldspars lack
twinning or zoning. Clinopyroxene rarely occurs as a micro-
phenocryst phase. Opacitized amphibole and biotite phe-
nocrysts are ubiquitous phases in the trachytes (see Online
Resource 6e—h, further photomicrographs of these rocks).
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Fig.4 Zircon U-Pb weighted mean ages obtained from the volcanic rocks of South Kaleybar. These represent the major rock series from the

study area

Zircons extracted from samples K4-38, K3-93 and
K3-113, from the trachytes (i.e., the adakitic series) show
restricted magmatic ages averaging 24.3 Ma, 23.7 Ma and
23.4 Ma, respectively (Fig. 4d—f). The age dated volcanic

rocks from

@ Springer

across the study area also contain inherited

zircons. The inherited zircons span a wide age range from
Proterozoic (i.e., 1800 Ma, 700 Ma and 546 Ma), Cambrian
(541-539 Ma) Silurian (444-424 Ma), late Devonian—Car-
boniferous (362-317 Ma), Triassic (223-204 Ma), Jurassic
(172-160 Ma) to Cretaceous (108—66 Ma) (see Discussion).
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Zircon trace elements

Rare earth element (REE) patterns of the zircons show sig-
nificant depletion in La, enrichment in heavy rare earth ele-
ments (HREE), moderate negative Eu anomalies and posi-
tive Ce anomalies (Online Resource 8). These are considered
to be magmatic signatures (Belousova et al. 2002; Hanchar
and Van Western 2007). No zircon from the study area plot-
ted in the hydrothermal zircon domain on the normalized
REE diagrams (Online Resource 8§).

Whole-rock major-and trace-element geochemistry

Based on the major-element oxides versus silica (Harker)
diagrams, the volcanic rocks from the study area can be
classified into two major series; subalkaline and alkaline
(Fig. 5). The major-element oxides were recalculated on an
anhydrous basis (see Discussion for details). The subalkaline
series is characterized by lower K and marginally higher Mg,
Fe and Ti as compared to the alkaline series (Fig. 6). The
subalkaline series includes a higher number of samples than
the alkaline series (i.e., 12 versus 7). However, except for
one sample with higher silica, these two series cover almost
the same silica range (i.e., 48-58 wt% SiO,). The subalka-
line series contains lower lithophile element (K, Rb, Sr, Ba
and Th) abundances and higher high field strength elements
(HFSE) and HREE (e.g., Nb, Yb and Y).

Based on the trace-element abundances, some of the
intermediate volcanic rocks from the study area show devi-
ations from this bimodal classification. Five samples are
exceptionally enriched in REE, especially La and Ce, and
HFSE such as Nb (Fig. 6). These are also enriched in litho-
phile elements and may therefore be called OIB-type series
(i.e., the third series from the study area). The trace-element
patterns of OIB-type rock series show positive anomalies
for Th—U and Pb and negative anomalies for Ba, Ta, Ce, P
and Ti (Fig. 7a).

Samples from the subalkaline series show smooth and
relatively depleted trace-element patterns (Fig. 7b). More
basic members of the subalkaline series show strong nega-
tive anomalies for Rb and K, and are alternatively called
incompatible element depleted subalkaline basalts. The
trace-element patterns of samples from the alkaline series
are characterized by very distinctly negative Nb—Ta anoma-
lies. These negative anomalies are more pronounced in the
samples with higher alkalis and incompatible elements. The
alkaline series rocks are notably depleted in HREE (Fig. 7c)
but are not adakites. Only six samples are depleted enough
in HREE to be called/considered as adakitic series (i.e., the
fourth series from the study area; Figs. 6 and 7d).

Whole-rock Sr-Nd isotopes

Sr and Nd isotopic data obtained from the South Kaleybar
region include samples from different compositional affini-
ties (Table 2) as follows; subalkali series rocks (four sam-
ples), alkali series rocks (five samples), OIB-type rocks (one
sample) and adakitic rocks (three samples). These thirteen
samples were selected as they contained the least alteration
effects (see Fig. 3e—g and Online Resource 6¢—h for photo-
micrographs of these rocks). The initial St/ *Sr and **Nd/
1%4Nd isotopic composition of these samples were calcu-
lated based on their ages obtained by zircon U-Pb dating
(Fig. 4). The initial Sr isotopic ratios vary from 0.704187 to
0.706048, the initial Nd isotopic ratios vary from 0.512417
to 0.512745, which correspond to initial éNd values of -3.65
and +2.70, respectively (Fig. 8).

Most volcanic rocks from the study area plot in the mantle
array, close to the bulk silica Earth (BSE). The subalkaline
series has some of the lowest Sr; and € Nd values and plot
in the position between the OIB and EMI (i.e., the OIB and
EMI array). However, rocks from the alkali series and the
adakite series deviate towards significantly higher Sr; values,
approaching the EMI component (Fig. 8).

Fig.5 Total alkalis versus SiO, 16
(TAS) plOt for South Kaleybar Trachytes (adakitic series) +
1 . ks. The di . 14 Analcime basalts (alkaline series) X
V;) CaEIC];OC S 1 el 918216gram 1s Basalts-andesites (subalkline series)
after Le Bas et al. ( ) 12 Trachyandesites (OIB-type series) A
9 A
E 10 i A 12
(@) 1"
X A+
!N 81 é ++ < 10
+ X &
Q o E
5 6 ]
2 + < e
S 3
4 A ® s 7
6
2 4
5
0 T T : 4 4+ | . . . .
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Fig.6 SiO, versus major- and

selected trace—element plots

for the volcanic rocks from the
study area. Encircled samples

contain > 5 wt% LOI
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Fig.7 Primitive-mantle normal-
ized trace—element patterns for
the South Kaleybar volcanic
rocks. a OIB-type series, b sub-
alkaline series, ¢ alkaline series,
and d adakite series. Normaliz-
ing values are after Sun and Mc
Donough (1989). On diagram
‘c’ the lease alkaline sample is
shown in black and the samples
with high LOI (i.e.,>5 wt%
LOI) are shown in gray (see
Discussionfor details)
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Fig.8 Initial Sr-Nd isotopic ratios are shown for representative
volcanic rocks from South Kaleybar. eNd () values are also shown.
MORB: mid-ocean ridge basalt; DM: depleted mantle; and OIB:
ocean-island basalt are after Zindler and Hart (1986). Data for the
Cadomian upper and lower crustal rocks are from Shafaii Moghadam
et al. (2015). Encircled samples contain > 5 wt% LOI

Discussion
Alteration and trace-element mobility

The mineralogy and volatile contents are the most prominent
measures that determine whether the igneous rocks have
maintained their primary magmatic geochemical character-
istics or not. The development of secondary minerals in the
volcanic rocks from the study area is strictly limited to a
few pseudomorphs after primitive Ol and Opx (see petrog-
raphy). Four samples from the alkaline series with higher
LOI contents (i.e.,> 5 wt% LOI) show similar trace-element
patterns as the other eight samples from this series (i.e.,
with <4.58 wt% LOI). This indicates that although a sig-
nificant portion of the LOI may have been added by altera-
tion, the original compositional signatures of the volcanic
rocks have not been significantly modified by post-magmatic
processes (e.g., Xie et al. 2018; Yuan et al. 2016). Funda-
mentally different but coherent trace-element patterns of the
South Kaleybar alkaline and subalkaline series rocks, most
of which have similar, and relatively high volatile contents
(i.e.,>5 wt% LOI), confirms that the primary magmatic
signatures are preserved (Polat and Hofmann 2003). The
HFSE are considered immobile during post-magmatic alter-
ation and are, therefore, used to monitor element mobility
(Pearce et al. 1992). Samples from the study area exhibit
a systematic variation of incompatible elements with Nb
(Online Resource 9), evidence of the relative immobility of
the incompatible elements. This confirms that the volcanic
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rocks from the study area have preserved their original mag-
matic geochemical signatures.

Basement of the west Alborz magmatic assemblage

As mentioned above, the volcanic rocks from the study area
contain inherited zircons with ages ranging from Proterozoic
(1800 Ma) to Cretaceous (66 Ma). The presence of these
inherited zircons furnishes proof for substantial crustal
contamination in the petrogenesis of the investigated vol-
canic rocks. The oldest dated crystalline rocks in Iran are
typically granitoids and metamorphic rocks that are exposed
throughout most parts of Iran including the central Iranian
microcontinent, Urumieh—Dokhtar Magmatic Assemblage,
Sanandaj—Sirjan and Alborz zones. These rocks provide
crystallization ages from the Late Neoproterozoic to Cam-
brian (Hassanzadeh et al. 2008; Shafaii Moghadam et al.
2018; Sepidbar et al. 2020). Studies conducted on the base-
ment rocks revealed that they contain zircons reworked form
older crustal materials (Hassanzadeh et al. 2008). The oldest
age yielded from inherited zircons extracted from volcanic
rocks of the study area (i.e., 1800 Ma) is younger than the
ages of the oldest zircon cores and inherited zircons reported
from the basement rocks of Iran (e.g., Nutman et al. 2014;
Shakerardakani et al. 2019; Chaharlang and Ghorbani 2019).

OIB-type series (38.5 Ma)

Some mafic-intermediate volcanic rocks from the study area
are highly alkaline and enriched in immobile trace elements
(e.g., REE and HFSE). One may consider these as repre-
senting a rare mafic A-type magmatic rock signature (Azizi
et al. 2017; Karsli et al. 2018), particularly so, because they
are highly alkaline and contain high abundances of highly
incompatible elements (Nb, Ta, Hf and Rb). However, this
consideration does not stand close scrutiny most importantly
due to: (1) the lack of high Ga/Al ratios; (2) absence of
sodic affinity; and (3) lack of any anhydrous compositions
(Whalen et al. 1987; Eby and Kochhar 1990). Contrary to
the extreme feldspar fractionation that develops high Ga/Al
ratios in A-type rocks (Bonin 2007), it appears that instead,
clinopyroxene + feldspar fractionation was responsible for
the high Al and K in the OIB-type series from the study area.

Three lines of evidence indicate a dominant astheno-
spheric mantle source for the OIB-type rocks from the study
area. First, the OIB affinity of the trace-element patterns
(Fig. 7a). Second, the position of OIB-type rocks from South
Kaleybar on the Sr—Nd isotopic ratios diagram wherein they
distinctly plot in the mantle array (Fig. 8). Third, the pres-
ence of a wide range of inherited zircons in these rocks (i.e.,
210-550 Ma; Online Resource 3). The latter also implies
the involvement of crustal materials in the magmatic evolu-
tion of the OIB-type rocks. However, these rocks show no
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significant deviation towards the crustal component on the
Sr—Nd isotopic plot (Fig. 8). This might be mainly due to the
dominance of Mesozoic ages for the inherited zircons (i.e.,
the crustal component is not old enough).

The age dated OIB-type rocks from South Kaleybar sug-
gest that the parental asthenospheric mantle melts found
their way beneath the study area at 38.5 Ma. The magma
batches were limited in volume, trapped in the lower crust,
and have mainly undergone fractional crystallization pro-
cesses to produce the OIB-type melts.

Subalkaline series (27.5 Ma)

The vitrophyric or slightly porphyritic nature of the basic
subalkaline rocks from the study area along with their undif-
ferentiated, OIB-type patterns are an important testimony to
their rather primitive nature. The absence of negative Nb-Ta
anomalies and overall trace-element enrichment suggests
that they originated from an asthenospheric mantle.

It is noted that an extensional regime, probably a slab
roll-back, at 38.5 Ma (i.e., age of the oldest OIB-type rocks)
prompted an asthenospheric mantle upwelling and melting
beneath the study area (see above). The asthenospheric
magma batches evolved by fractional crystallization to pro-
duce the OIB-type melts. However, the influx of astheno-
spheric mantle melts seems to have increased through time,
so that they finally emerged/erupted as subalkaline mafic
melts. An extension-induced origin for the South Kaley-
bar subalkaline (and OIB-type) series is further confirmed
by the sedimentary and magmatic records of the regional
geology. The development of shallow marine Oligocene
deposits, The Lower Red and Qom Formations, across Iran
(Vaziri and Sfidari 2012; Karevan et al. 2015) supports
the findings of the present study that infers an extensional
framework for the Late Eocene to Oligocene magmatism in
South Kaleybar. A transition from geochemical signatures of
Eocene subduction-related magmatism to Oligocene plume-
type magmatic rocks in the neighboring Urumieh—Dokhtar
Magmatic Assemblage are regarded as implying a domi-
nant extensional setting in the Late Eocene—Oligocene
(Verdel et al. 2011; Ghorbani et al. 2014). A rather wide
magmatic age range of 22.1-29.9 Ma (Online Resource 3)
for the subalkaline rocks from the study area indicates that
this occurred contemporaneously with the alkaline magma-
tism (i.e., of 24.4 Ma age). In fact, zircon ages from sample
K1-19 exhibit a bimodal age distribution with mean ages of
23.2 Ma and 27.5 Ma. The older ages are likely to represent
zircons crystallized from the earlier subalkaline melts or
they may alternatively be xenocrysts. A similar association
of OIB-type and subduction-related alkaline magmatism has
been reported from some other magmatic arcs worldwide
(Hastie et al. 2011).

Subalkaline volcanic rocks from the study area, however,
do not have typical OIB trace-element patterns. A signifi-
cant depletion in incompatible trace elements that include
both mobile and immobile elements Cs and Ta is notable
in the subalkaline rocks. Negative anomalies for Rb and K
are particularly noticeable. The incompatible trace-element-
depleted signature of the subalkaline basalts from the study
area is likely to record an earlier partial melting event in
their asthenospheric mantle source. Residual amphibole in
the mantle source of the subalkaline series helps to explain
the K and Rb negative anomalies. The occurrence of OIB-
type rocks at 38.5 Ma in the study area with intraplate geo-
chemical signatures (i.e., Fig. 7a) might be the consequence
of this earlier partial melting event in the asthenospheric
mantle. Samples from the subalkaline series are offset
towards less radiogenic Sr isotopic signatures (i.e., towards
lower Sr isotopic ratios as compared to the other samples;
Fig. 8). This offset is in line with the depleted signature of
its mantle source implied by the lithophile element negative
anomalies noted on the trace-element patterns of the sub-
alkaline samples. Deviation of one sample from this series
towards higher Sr and lower Nd isotopic ratios is regarded as
indicating crustal assimilation. This sample with 60.83 wt.
% silica is the most differentiated sample from the subalka-
line series. It is, therefore, likely to have undergone a larger
degree of assimilation fractional crystallization (AFC). The
presence of 550 Ma inherited zircons in the subalkaline
series rocks from the study area supports contamination by
the Cadomian basement rocks.

Two subalkaline rocks from the study area show an
adakitic affinity (Fig. 9a, b). One of these (K3-82) does not
meet the low-Y requirement of adakites. The rather high Sr
content of this sample is likely to be due to the assimilation
of some feldspar cumulates. The comparatively high alkaline
and lithophile elements in this sample confirm this scenario.
The other sample (K1-19) appears to be a genuine adakite
(see below; Adakitic series).

Alkaline series (24.4 Ma)

Samples from the alkaline series show strongly negative
Nb-Ta anomalies that characterizes typical subduction-
related magmatism (White and Patchett 1984; Wilson 1989).
The volcanic rocks of alkaline affinity from the study area
include a wide compositional range. On the total alkali ver-
sus silica diagram, these embrace mildly alkaline to highly
alkaline varieties. As the abundances of alkali elements
decrease in the alkali series rocks from South Kaleybar,
their Nb—Ta abundances increase, so that the trace-element
pattern of one sample approaches OIB (i.e., pattern shown
in black in Fig. 7c).

Three mechanisms have likely contributed to the com-
positional spectrum of the South Kaleyber alkaline series
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Fig.9 Adakitic rocks from South Kaleybar are shown on (a) Sr/Y
versus Y diagram (domains are after Defant et al. (1991); Defant and
Drummond (1990) and Martin et al. (2005); b La/Yb y, versus Yb
diagram (after Martin 1999)

rocks as follows: (1) Fluid flux: fluids released from the
subducting slab are rich in lithophile elements and poor
in HFSE, so their contribution to the mantle partial melts
increase the LILE/HFSE ratio; (2) Asthenosphere-litho-
sphere interactions: trace-element patterns of the alkaline
series rocks vary between two end-members, one showing
negative Nb—Ta anomalies and the other lacking significant
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negative Nb—Ta anomalies (i.e., they approach the OIB or
plume-type pattern). This implies the involvement of two
mantle end-members in the evolution of the alkaline series
in the study area, lithospheric mantle and asthenospheric
mantle, respectively. Asthenosphere—lithosphere interactions
are cited as responsible for the wide compositional spectrum
of magmatic rocks in arc settings worldwide (e.g., Ma et al.
2013; Deng et al. 2015); (3) Contribution of slab melts: slab
partial melts are rich in a wide spectrum of highly incompat-
ible trace elements including LILE and HFSE. This might
be the reason as to why the samples from South Kaleybar
alkaline series rocks plot near the adakitic domain on the
St/Y versus Y plot (Fig. 9a, b).

Samples from the alkaline series are mostly nepheline
normative (Table 1). The alkaline series samples that plot in
the highly alkaline domain on the TAS diagram (i.e., teph-
rite, tephrite basanite, phonotephrite, tephriphonolite) con-
tain large analcime phenocrysts, whereas those that plot in
the mid-alkaline domain on the TAS diagram (i.e., trachyba-
salt, trachyandesite) lack analcime. Whether analcime occurs
as a primary or secondary mineral is highly controversial
(Deer et al. 2013). The following three reasons suggest a
primary origin for analcime present in the South Kaleybar
volcanic rocks: (1) no case of analcime replacing former
minerals has been observed; (2) the analcime crystals are
euhedral in shape; and (3) some analcime embraces con-
centric zoned feldspar and clinopyroxene crystals (Fig. 3).
However, it is widely believed that analcime usually replaces
former primary minerals such as leucite and nepheline as a
result of alteration or subsolidus reactions (Gupta and Fyfe
1975; Wilkinson 1977). It is noted above (see the Alteration
and trace-element mobility) that the highly alkaline sam-
ples maintained their primitive geochemical characteristics.
These along with the strongly negative Nb—Ta anomalies
for the trace-element patterns of the highly alkaline rocks
indicate a typical metasomatized lithospheric mantle source.
Alternatively, hydrous melting of metasomatized astheno-
sphere above the slab could be the source region. Particu-
larly, because of the higher temperature in the asthenosphere
that makes partial melting more likely to occur. However,
due to the strongly depleted Nb—Ta signature of the alka-
line series the involvement of the lithospheric mantle is
inevitable.

The alkaline series covers a significant area across the
mantle array on the Sr—Nd isotopic plot. This likely implies
mantle end-member interactions. Deviation of the alkaline
series rocks data points towards higher Sr and lower Nd
isotopic ratios (Fig. 8) might alternatively be regarded as
indicating assimilation of crustal rocks. Additionally, the
presence of 550-Ma-old inherited zircons in the alkaline
series rocks (Online Resource 3) from the study area sup-
ports contamination by the Cadomian basement rocks.
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Adakitic series (24.3-23.4 Ma)

These rocks plot in the trachyandesite and trachyte fields.
They are characterized by rather low Y and HREE and
higher Sr and LREE as compared to the normal calc-
alkaline igneous rocks so that they plot in the adakite
field (Fig. 9a-b). Most adakites plot in the dacite and
rhyolite fields; however, some adakites show trachytic
compositions (Azizi et al. 2014; Ji et al. 2021; Khalat-
bari et al. 2020). Adakites were initially defined as the
product of partial melting of subducted young, hot, flat
oceanic slabs (Defant and Drummond 1990). Martin et al.
(2005) classified the adakites into high silica (HSA) and
low silica (LSA) varieties. The HSA were considered
to represent melts of subducted oceanic crust that have
reacted with mantle peridotites as they ascended through
the mantle wedge. The LSA were interpreted to have
formed by partial melting of mantle wedge peridotites
whose composition were modified by reaction with slab-
derived melts. The LSA and HSA share a sodic affin-
ity but are distinguished from each other by lower SiO,,
higher MgO and CaO + Na,O contents for the LSA, com-
pared to high HSA. The adakitic samples from South of
Kaleybar differ from both HSA and LSA by having higher
K,0. K,0/Na,O ratios for these rocks are ~1, while the
corresponding ratio for the oceanic slab-related adakites
is ~0.42 (Martin et al. 2005). Moreover by having a rather
enriched isotopic signature (Sr; =0.704506—0.704951),
these rocks are distinct from slab-derived adakites (typi-
cally <0.7040). High-K adakitic rocks (also known as
C-type or potassic adakites) are believed to be generated
by different petrogenetic processes such as (1) high-pres-
sure fractional crystallization from a mafic melt derived
from mantle wedge peridotites (e.g., Macpherson et al.
2006; Li et al. 2013; Ribeiro et al. 2016); (2) melting
of thickened mafic lower crust underplated by hot basic
magmas (e.g., Zhang et al. 2001; Hou et al. 2004); (3)
melting of delaminated lower crust (e.g., Xiao and Cle-
mens 2007; Xu et al. 2002). It has been proven than frac-
tionation of amphibole from parental basaltic magmas
could efficiently deplete the melts in HREE and Y and
elevate their Sr/Y ratio producing the adakitic signature
(Davidson et al. 2007; Du et al. 2017). Despite the pres-
ence of amphibole phenocrysts in the adakites from South
Kaleybar, an amphibole-dominated fractional crystalliza-
tion model for their petrogenesis is not supported by the
Dy/Yb versus SiO, diagram (not shown). Moreover, the
lack of correlation between the St/Y ratio and SiO, con-
tent in the adakites rules out such a scenario. In addition,
high Cr and Ni contents of the adakites argues against
their generation by extensive fractional crystallization
from a non-adakitic parental melt.

Involvement of the continental crust in genesis of the
adakites from South Kaleybar is indicated by the pres-
ence of inherited zircons. However, some trace and
geochemical characteristics of the adakites are not in
line with a crustal origin. As mentioned above, adak-
ites in the present study exhibit high Cr and Ni contents
(40.94-108.1 and 11.57-83.2 ppm, respectively). These
high abundances of compatible trace elements are incon-
sistent with those of lower crust partial melts (e.g., Deng
et al. 2018). On the Sr-Nd isotopic plot, the samples do
not fall in the crustal-derived melts domain but instead,
their Sr—Nd ratios suggest a mantle origin. One adakitic
rock plots in the mantle array. The two other adakites
show higher initial 8’Sr/®6Sr ratios. The isotopic data can
best be explained by a binary mixture of two isotopically
distinct sources (i.e., crustal and mantle sources). The
high content of compatible trace elements and the pres-
ence of inherited zircons also confirms this model for
adakites from South Kaleybar.

Considering a significant contribution by the asthe-
nospheric mantle to the magmatism in the study area,
it is likely that asthenospheric ascent prompted thermal
erosion of the overlying lithosphere and led to the delami-
nation of eclogitic lower continental crust. Detachment
and sinking of the lower crust slivers into the mantle led
to the generation of hybrid adakitic melts that interacted
with the mantle. The melts en route to the surface were
probably contaminated by the Cadomian basement and
captured inherited zircons.

One subalkaline intermediate rock (K1-19) from the
study area shows an adakitic affinity. This sample plots
close to the boundary between the high-silica adakite and
low-silica adakite fields. Low-silica adakites are regarded
as the product of a mantle metasomatized by slab melts.
The rolled-back slab might have locally ruptured to
furnish limited slab melt that ascended along with and
reacted with the rising asthenospheric melt.

Conclusions

The present study provides a detailed account of the
origin and petrogenesis of Tertiary volcanic rocks from
South Kaleybar and classifies these into four major
series: I—intermediate (alkaline) OIB-type series, II—
mafic to intermediate subalkaline series, III—mafic alka-
line series, and IV—intermediate adakitic series. Listed
below are the major findings of the present study.

I- Anorogenic, asthenospheric mantle contribution to

the South Kaleybar magmatism is implied by the pres-
ence of both 38.5 Ma intermediate OIB-type rocks and
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27.5 Ma subalkaline rocks. On the other hand, subduc-
tion related inputs, dominantly metasomatized lith-
ospheric mantle (+ asthenospheric mantle) contribution
to the magmatism is indicated by the 24.4 Ma alkaline
affinity rocks along with 24.3 Ma-23.4 Ma adakitic vol-
canism.

—38.5-Ma-old OIB-type rocks indicate the partial
melting of an asthenospheric mantle influx beneath
the study area that was triggered by a slab roll-
back due to an anorogenic (i.e., extensional) setting
(Fig. 10). The partial melt underwent Cpx + Fsp frac-
tionation.

—27.5-Ma-old subalkaline mafic volcanic rocks from
South Kaleybar, bear a plume-type asthenospheric
mantle signature, and plot in the OIB-EMI array on
the Sr—Nd isotope diagram. The highly incompatible
element depleted signature of the subalkaline series
probably developed as a consequence of former
derivation of OIB-type partial melts in the Eocene
(38.5 Ma). Other incompatible trace elements are not
depleted to the same extent as Rb and K. This is likely
due to the presence of residual amphibole in the man-
tle source.

The OIB-type series rocks contain some inherited
zircons that have been incorporated when their melts
ascended through the Cadomian crust.
—24.4-Ma-old alkaline (i.e., highly to mid-alkaline)
mafic volcanic rocks from South Kaleybar are sug-
gested to have been derived mainly from the meta-
somatized lithospheric mantle as suggested by their
negative Nb—Ta anomalies, which have undergone
some degrees of interaction with the asthenospheric
mantle (Fig. 10).

—24.3-23.4-Ma-old adakitic rocks from the study area
show high K/Na and low Ca/Al ratios, signatures of
extension-induced delaminated crustal partial melts.
Rather high compatible elements in the adakites and
adakitic affinity of one subalkaline intermediate rock
from South Kaleybar indicate that the partial melts
of delaminated crustal rocks were exposed to and
reacted with the asthenospheric melt.

Deviation of Sr—Nd isotopic data points towards
higher Sr and lower Nd isotopic ratios in the alkaline
and adakite series rocks indicate that their parental
melts have undergone crustal contamination. Inher-
ited zircons of 540 Ma age found in these rocks sup-
port the contamination by Cadomian crustal materi-
als.
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