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Abstract:
Cretaceous volcanic rocks are extensively developed in the Alborz structural zone, located in northern Iran.
The petrogenesis and evolution of the northern Alborz basalts and other volcanic rocks have been studied
before, but various theories have been proposed regarding their petrogenesis and geodynamic settings. To
further explore their petrogenesis, we are conducting a study featuring three different regions of the northern
Alborz dominated by extensive outcrops of Cretaceous volcanic rocks. The study area consists of the southern
part of Amol city, JavaherDasht village in the east of Gilan province, and south of Lahijan in NarenjLengeh
village in the west of Gilan province. Petrographic examination of the studied rocks shows evidence of
primary magma, indicating the presence of alkaline magma in the region. Feldspathoids such as nepheline
and nosean dominate most samples, providing evidence of alkaline magmatism. All analyzed samples from
these three regions fall within the alkaline series. Geochemical studies point to a rift tectonic with significant
crustal contamination. In a spider diagram of incompatible elements, an increase in the Nb/La ratio indicates
crustal contamination, which is generally observed in continental rifts. All samples exhibit depletion of
Y, confirming intraplate magmatism within the region. Chondrite-normalized rare-earth-element (REEs)
patterns show a notable enrichment in light REEs (LREEs) relative to heavy REEs (HREEs). Our study
suggests a rift tectonic setting for the northern Alborz rocks with prevalent alkaline magmatism during the
Cretaceous.

Keywords: Northern Alborz; Alkaline magmatism; Continental rift; Crustal contamination

Cite this article: Arghaee R., Ghorbani M. & Santos J. F. (2026). ”The Petrogenesis of Cretaceous Volcanic Rocks in the Northern
Alborz According to Petrographic and Geochemical Studies.” Iranian Journal of Earth Science, 18(1), 97-115. https://doi.org/10.57647/
j.ijes.2025.16895

1. Introduction
The studied areas are located in the northern Alborz,
which is part of the Central Alborz zone. The dynamic
evolution of the northern Alborz basalts and other vol-
canic rocks has been extensively studied, with various
tectonic settings proposed. Some theories associate
these basalts with ophiolite complexes (Arjmandzadeh
et al., 2017; Kananian et al., 2004; Salavati, 2008;
Salavati et al., 2009; Salavati & Samadissofi, 2008;
Zaeimnia et al., 2008), while others suggest back-arc
basins and supra-subduction zones (Akmali et al., 2019;
Monsef et al., 2022; Rezaei et al., 2020; 2023; Vasigh

et al., 2014; Verdel et al., 2011). However, most re-
ports in our study areas indicate that Cretaceous vol-
canic rocks in the northern Alborz are characteristic of
continental intraplate alkaline volcanism, spatially and
temporally associated with extensional tectonics and
rifting events (Abdi et al., 2014; Aghazadeh, 2002; Ak-
mali, 2016; Amani et al., 2020; 2021; Arghaee, 2017;
2025; Arghaee & Ghorbani, 2021; 2022a; Dabiri et
al., 2018b; Delavari et al., 2018; Doroozi et al., 2016;
2015; Haghani & Taki, 2012; Haghnazar, 2009; 2011;
Haghnazar &Malakotian, 2009; Haghnazar et al., 2011;
2008a; 2015; 2016; 2008b; Jafari Sough et al., 2018;
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Moradi, 2017; Nazari et al., 2023; Taki, 2017; Yazdi et
al., 2016; 2022) In his PhD thesis, (Haghnazar, 2009)
investigated JavaherDasht area basalts, finding isotopic
ratios 143Nd/144Nd and 87Sr/86Sr, indicative of intra-
continental rift magmatism. Additionally, some re-
searchers posit that the abundant Late-Cretaceous vol-
canism in the northern Alborz may be linked to signif-
icant mantle thermal perturbations, potentially associ-
ated with asthenospheric upwelling and plume activity
(Arghaee, 2017; 2024; Arghaee et al., 2024; Dabiri et
al., 2018a; Delavari et al., 2018; Mollai et al., 2021;
Namvar, 2018; Ousta et al., 2024).

Consequently, this study aims to bridge this knowl-
edge gap to achieve a single goal in petrogenesis by in-
vestigating three distinct regions in the northern Alborz
with extensive outcrops of Cretaceous volcanic rocks.
Analyzing the chemical compositions and thin sections
of these volcanic rocks serves as a crucial method for
elucidating the connections between magma sources,
eruptive processes, and plate tectonics in the area. 60
thin sections of Cretaceous basalts and associated vol-
canic rocks have been examined. Additionally, 24 sam-
ples of Cretaceous volcanic rocks in northern Alborz
have been analyzed for major and trace elements using
ICP-MS. This analysis aims to determine their origin
and formation mechanism.

2. Materials and Methods
A total of 100 samples were selected from the Creta-
ceous basalts and associated volcanic rocks across three
regions of the northern Alborz. These samples were
collected from outcrops, with 60 designated for thin-
section analysis. Some thin sections were examined at
the University of Aveiro in Portugal, while others were
analyzed at Shahid Beheshti University in Iran. Ad-
ditionally, 24 whole-rock samples underwent ICP-MS
analysis. The major oxide and trace elements data for
these whole rocks were obtained at ”Zarazma Mineral
Studies Co. of Iran” using the MMS-01 (Rock) ICP-MS
method (Table 1-Table 3).

3. Geological Background
The Alborz Mountain range extends from Azerbaijan in
the northwest to Khorasan in the northeast (Jackson et
al., 2002; Malaekeh et al., 2021; Zanchi et al., 2006;
2009). Alborz’s structural zone is classified as Western,
Central, and Eastern, which is limited to thewest-central
and eastern Alborz Mountains. The studied areas are lo-
cated in the northern Alborz, which is part of the Cen-
tral Alborz zone. This zone is the main part of the Al-
borzMountains of northern Iran, determined as a part of
the Alpine-Himalayan orogenic belt’s northern margin
(Ghasempour et al., 2014; Malaekeh et al., 2021; Zanchi
et al., 2006).
The Alborz Mountains as the main section of the Al-
borz structural zone have an important role in metallic
ore mineralization. It hosts many Pb, Zn, Ba, Fe, and
rare earth elements (REE) ore deposits (Malaekeh et al.,

2021; Rajabi et al., 2013). In the Central Alborz, there
are two types of mineralization: epigenetic mineraliza-
tion hosted in Triassic rocks (Elika Formation) or Per-
mian rocks (Ruteh Formation)(Ghorbani, 2013). Given
that the mineralization is epigenetic, it is younger than
the host rocks, forming high-grade veins within them.
As both mineralization types are epithermal, it is likely
that these epithermal solutions are associated with Cre-
taceous volcanism (basalts of the studied area), since
there has been no recorded volcanism in the Central
Alborz zone during the Cenozoic or any period post-
Triassic other than the Cretaceous.
Comprising mainly platform-type lithofacies from the
Neoproterozoic to Quaternary periods, the Alborz range
is bordered by the Caspian depression in the north and
Central Iran in the south (Ghorbani, 2021). During
the Ordovician to Silurian periods, the Alborz sepa-
rated fromGondwana and finally collided with the Eura-
sia plate in the Triassic (Alavi, 1991; Stampfli, 1996).
Therefore, the Alborz can be considered an active moun-
tain belt, resulting from the Gondwana and Eurasia plate
collision in the Triassic (Berberian &King, 1981; Guest
et al., 2006; Sengor, 1990; Sengor et al., 1988; Stampfli
et al., 1991; Stocklin, 1974a). The Alborz is character-
ized by the dominance of platform-type sediments, in-
cluding limestone, and clastic rocks. Rock units from
Precambrian to Quaternary have been identified, with
some hiatuses and unconformities in the Paleozoic and
Mesozoic (Ghorbani, 2013). In the early Mesozoic, car-
bonate sediments were deposited in the central and the
northern Alborz followed by the Shemshak Formation
in the late Triassic (Berberian et al., 1982; Nazari et
al., 2004). Volcanic activity during the Paleozoic and
early Mesozoic was minimal (Stocklin, 1974b); how-
ever, upper Cretaceous volcanic rocks are widespread in
the northern Alborz (Aghanabati, 2004). Notably, sig-
nificant submarine volcanic eruptions occurred locally
in the northern Alborz during the Cretaceous period
(Arghaee, 2024; Arghaee et al., 2024; Moradi, 2017;
Stocklin, 1974b), including basaltic eruptions in the late
Cretaceous (Akmali, 2016; Allen et al., 2003; Delavari
et al., 2018; Haghnazar, 2012; Moradi, 2017).

3.1 Geological Setting
Cretaceous volcanic rocks are extensively developed in
two structural zones of Iran: the Sanandaj-Sirjan struc-
tural zone (Khan Nasr Esfahani, 2012) and the Alborz
structural zone in the north of Iran (Ghorbani, 2021) The
study samples are situated within the Alborz structural
zone (Figure 1(a)). This article will examine three differ-
ent regions in the northern Alborz, each with significant
outcrops of Cretaceous volcanic rocks. The three study
areas are as follows (Figure 1(a)):

1) The Cretaceous basalts and associated volcanic
rocks south of Amol, located 20 kilometers to the
southern part of the city on the Amol geological
map (Vahdati Daneshmand, 1991) (Figure 1(b)). A
part of the sandstone and shale of the Shemshak
formation (Lower Jurassic) could be seen after the
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Siah-Bisheh tunnel in the region. Generally, the
Cretaceous basaltic and trachytic lavas that we stud-
ied were placed on the top of this formation. The
basaltic lavas collected from this area, are located
in the deposits of the Tizkoh formation and belong
to the Early Cretaceous.

2) The basalts in the JavaherDasht area (a village in
Siahkalrud Rural District) with extensive outcrops
in the northern part of the Alborz mountains, east
of Gilan province, depicted on the Javaherdeh map
(Baharfiruzi & Shafeii, 2003) (Figure 1(c)). Creta-
ceous basalts in this region are generally observed
along the river and on the Shemshak formation.

3) The volcanic rocks in the south of Lahijan in Naren-
jLengeh village, west of Gilan province in the
northern Alborz, marked on the Qazvin-Rasht ge-
ological map (Annells et al., 1975) (Figure 1(d)).
The basaltic lavas collected from this area are
placed on the deposits of the Tizkoh formation,
which clearly shows the characteristics of the ma-
rine environment.

4. Results
4.1 Petrography
4.1.1 South of Amol
The diversity of rocks observed in thin sections from
the south of the Amol region, based on petrographic
and geochemical data, includes AlkaliBasalts (Basanite,
Tephrite), Trachybasalt, Trachyte, Phonolite, and Dia-
base.

In most studied trachyte thin sections, a microlitic tex-
ture is prevalent, with microlites typically oriented in
one direction (Johannsen, 1931), suggesting lava flow
on the surface. Trachybasalts exhibit a fine-grained tex-
ture without phenocrysts, indicating rapid eruption and
a lack of residence in a magma chamber. In contrast,
trachytes show a trachytic texture with abundant phe-
nocrysts, implying a longer residence time in a magma
chamber (Figure 2(a)). Plagioclase in trachytes is sub-
hedral and exhibits corrosion, possibly due to increased
magma temperature from lava flows in the Amol area.

Basanite samples display an amygdaloidal texture,
with cavities filled by calcite and iron oxide. In basan-
ites, olivine and pyroxene have altered to iddingsite,
a process initiated at the crystal rim and progressing
inward, likely due to high magma temperatures and
increased oxygen fugacity (Figure 2(b)) (Middlemost,
1972).

Phonolites in Amol are green in hand specimens and
emit a bell-like sound when struck, indicative of phono-
lites (Nelson &Montana, 1992). They have a microlitic
texture with calcite-filled amygdaloids prevalent in the
samples. Some plagioclase in these phonolites exhibits
sieve texture, characterized by numerous small inclu-
sions and a spongy appearance, which develops during
decompression.

Diabases in this region show diabasic and interser-
tal textures with plagioclase phenocrysts surrounded

by clinopyroxene and green chlorite. Plagioclase has
altered to saussurite, pyroxenes to chlorite, and most
olivine phenocrysts have altered to iddingsite.

4.1.2 JavaherDasht
Rocks in the thin sections from the JavaherDasht region,
as determined by petrographic and geochemical data, in-
clude Basalt, Tephrite, Hawaiite, Gabbro, Trachybasalt,
and Tuff.

Basalts in JavaherDasht contain clinopyroxene, pla-
gioclase, and olivine, with epidote present as a sec-
ondary mineral from plagioclase alteration. The preva-
lent texture is porphyritic, with microlites and glass, and
idiomorphic phenocrysts of clinopyroxene and olivine
(Figure 2(c)). Some pyroxenes exhibit a purple-brown
outer rim due to Al and Ti enrichment from pressure
reduction and depth.

Tephrites show a trachytic texture, with a partially
flowing matrix and fine-grained nepheline. Comb tex-
ture is present in sample Jd5, characterized by skele-
tal plagioclase and parallel needle-shaped clinopyrox-
ene crystals. Nosean is found in some alkali basalts (Fig-
ure 2(d)), indicating an alkaline parent magma.

Hawaiite and trachybasalt share similar characteris-
tics, with trachytic texture prevailing. Some trachy-
basalt samples contain amygdaloids filled with zeolite
(Figure 2(e)).

The gabbro samples from JavaherDasht exhibit an
intergranular texture with spaces between plagioclase
crystals. Haghnazar (Haghnazar, 2012; Haghnazar et
al., 2011) suggests that these gabbros, which are Creta-
ceous in age, share an origin with the basalts in the area.

The tuff matrix in this region primarily consists of
flow microlites of sanidine and glass, indicative of a
rapid and explosive release of rhyolites in the southern
part of the study area (Haghnazar, 2009).

4.1.3 South of Lahijan in NarenjLengeh village
The thin section samples from the south of Lahijan in
NarenjLengeh village, based on petrographic and geo-
chemical data, include Alkali basalt (Basanite), Basaltic
trachyandesites, Amygdaloidal Basanite, Pillow Basalt,
Hawaiite, Basaltic andesites, and Lamprophyre.

In this region in basaltic trachyandesites, the predomi-
nant textures are trachytic or microlitic. Rapid eruption
and cooling prevented complete phenocryst formation
(Figure 2(f)). Automorphic clinopyroxene, often con-
verted to iron oxide, is present. Increased iron oxide
suggests high oxygen levels in the magma, while the ab-
sence of phenocrysts indicates rapid magma ejection at
high temperatures. These samples exhibit extensive al-
teration with secondary carbonate and chlorite mineral-
ization (Figure 2(f)). Epidote appears as a secondary
mineral from plagioclase alteration. High magma tem-
peratures and increased oxygen have altered olivine and
pyroxene in basaltic trachyandesites to iddingsite (a red
pseudo mineral containing trivalent iron oxide) (Morse,
1980).

The dominant texture of alkali basalts (basanite) in
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this region is an intersertal texture. The space between
the plagioclase crystals is filled by the secondary min-
erals chlorite and calcite in these samples. In this ma-
trix, pyroxene minerals with different interference col-
ors, especially purple (purple clinopyroxene, indicative
of titanaugite), and olivine can be seen. Most of the
basanite samples are filled with the secondary mineral
calcite, which may be responsible for resistance in the
magma chamber. In the alkali basalts, a glomeropor-
phyritic texture is observed, indicating the accumulation
of some phenocrysts such as pyroxene and plagioclase,
which could be signs of crystal fractionation. Addition-
ally, nosean, which can be evidence of alkaline magma,
is present in the basanite samples from NarenjLengeh
(Figure 2(h)).

In vesicular basanite in this area, the texture is similar
to other basalts in this region, but this sample has many
vesicles. These vesicles generally contain the secondary
mineral (Bucher & Grapes, 2011) chlorite, which is
dominant in some marine basalt (Figure 2(g)).

The pillow basalt core taken from this section re-
vealed interesting points. The difference between the
core of pillow lava and its shell is mainly related to the
amount of gas bubbles present (Juteau & Maury, 1999).
The pillows in this region have a distinct and coherent
core that crystallizes without bubbles, indicating a low
presence of gas bubbles. Basaltic pillows formed at
great ocean depths have fewer and smaller cavities com-
pared to those formed at shallower depths, or they may
lack them altogether, even though the total amount of
volatile substances in the magma that forms both types
of lavas is the same (Best, 2003). It appears that, consid-
ering the absence of vesicles in our pillow samples, the
water depth was not very shallow, suggesting that these
pillow lavas flowed in deep water. The dominant tex-
ture of pillow basalts in the region is intersertal, where
plagioclases intersect, and the irregular spaces between
them are filled with pyroxene and olivine minerals (Fig-
ure 2(i)). The samples contain a high amount of sec-
ondary carbonate, and propylitic alteration observed as
an indicator. Magmatic or hydrothermal solutions rich
in magnesium, iron, calcium, sodium, or bicarbonate
cause the formation of minerals such as epidote, chlo-
rite, zoisite, or albite in igneous rocks.

Hawaiites in this region contain sanidine feldspar and
exhibit a trachytic texture.

The presence of kaersutite, a common amphibole in
alkaline intermediate rocks, is one of the important char-
acteristics of lamprophyres in NarenjLengeh (Arghaee
&Ghorbani, 2022b). Kaersutite forms elongated prisms
with axes that mineralize with delays. Idiomorphic crys-
tals, which have less surface area, are more stable. In a
fully equilibrated state, a crystal is allowed to grow un-
restrictedly in all dimensions. Most amphibole crystals
in our samples appear to have reached this stable condi-
tion, indicating a slow growth rate (Best, 2003). Biotite
is also clearly visible in these rocks. The potential petro-
genesis of lamprophyre in the region is thought to be de-
rived from hydrous basanitic or tephrite magmas, which

have evolved in crustal dome regions and may have been
emplaced during the early stages of continental rifting.

4.2 Geochemical Study
24whole-rock sampleswere analyzed using the ICP-MS
method and the major and trace element compositions
are presented in Table 1-Table 3.

The volcanic rock samples were classified based on
the SiO2 vs. K2O + Na2O classification diagram (TAS)
by Le Bas (Le Bas et al., 1986) as trachybasalt, basaltic
trachyandesites, basaltic andesites, phonotephrites, tra-
chytes, alkali basalt, and basalt (Figure 3(a)). Although
numerous diagrams were studied (Arghaee, 2025), not
all are included here; however, they consistently indi-
cate alkaline seriesmagmatism, as evidenced in the TAS
diagram (Figure 3(a)).

In the Na2O vs. K2O diagram (Figure 3(b)) (Wil-
son et al., 1995), the samples from the three regions
were all in the alkaline-sodic series (Similar changes
have been observed in the Alasht basalts of the north-
ern Alborz (Arian et al., 2016), except for the Amol
trachytes. It seems that crustal contamination caused an
increase in K in these Amol samples, leading them to-
wards the potassic series. In continental crust, increased
crustal contamination causes a rise in K2O. The sodic
series evolves through hawaiite or nepheline-hawaiite,
mugearite to trachyte or phonolite, such as our region
(Philpotts & Ague, 2009).

4.2.1 Examining the incompatible elements diagrams
(Spider Diagram)
4.2.1.1 South of Amol
Trachyte (SA4-SA14-SA15): The enrichment of Ta
and Nb in trachytes of Amol, (Figure 3(c)) suggests a
derivation from an enrichedmantle source. The absence
of a sharp negative anomaly in these two elements in
Amol is characteristic of continental intraplate (Ballever
et al., 2001).

The positive peak in Rb concentration may result
from high absorption by plagioclase, or it could reflect
a compensatory increase in Rb or because of fractional
crystallization (Chatterjee & Bhattacharji, 2008). Alter-
natively, it might be due to Rb being one of the incom-
patible elements typically observed in continental rifts,
possibly arising from crustal contamination (Ballever et
al., 2001).

Depletion of Sr in the trachyte of Amol could be at-
tributed to two reasons: 1) its mantle origin, and 2)
the high mobility of Sr due to the alkaline nature of
the primary magma, which is related to the crystalliza-
tion of plagioclase (Rollinson & Pease, 2021). Trachyte
exhibits more depletion of Sr compared to the alkali
basalts of Amol, suggesting that the process of crustal
contamination in trachytes was more significant than
in alkali basalts, possibly due to their longer residence
time in the magma chamber. Additionally, Sr depletion
might be associated with the fractional crystallization of
feldspars in continental rifts (Lan et al., 2022).

The depletion of Ti in the mantle likely occurred dur-
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Figure 1. (a) Location of the studied area (1,2,3) on the simplified structural map of Iran (modified from the structural map of the National Geoscience
Database of Iran, NGDIR; http://www.ngdir.ir modified by (Teknik & Ghods, 2017)) (b) The Cretaceous basalts and associated volcanic rocks in the
simplified geological map of the South of Amol (1) (Based on the Amol 1:250,000 geological map by (Vahdati Daneshmand, 1991)) (c) Basaltic rocks in
the JavaherDasht region (2). Simplified geological map of JavaherDasht (Based on the Javaherdeh 1:100,000 geological map by (Baharfiruzi & Shafeii,
2003)) (d) Simplified geological map of the South of Lahijan (3) (modified from the 1:250,000 geological map of Ghazvin-Rasht by (Annells et al.,
1975))

Table 1. Whole-rock major oxide data (in wt%) for basaltic and trachyte rocks in the study area

Sample SiO2 Al2O3 BaO CaO Fe2O3 K2O MgO MnO Na2O P2O5 SO3 TiO2 LOI SrO
Jd-1 46.79 18.00 0.07 7.25 10.23 2.80 5.87 0.15 2.89 0.26 0.06 1.38 4.17 0.09
Jd-2 47.08 17.49 < 8.60 13.37 1.54 4.17 0.15 4.04 0.26 1.23 1.54 0.54 <
Jd-5 46.49 15.76 0.06 9.50 12.42 2.08 6.73 0.20 2.55 0.26 < 1.28 2.59 0.08
Jd-6 50.77 15.00 0.10 7.29 10.88 2.10 5.67 0.22 4.46 0.28 < 1.19 1.96 0.07
Jd-8 45.94 15.87 < 9.87 12.10 1.80 5.85 0.19 3.03 0.31 < 1.34 3.64 0.07
Jd-10 48.22 15.49 0.07 10.21 11.31 2.37 5.55 0.16 2.89 0.25 < 1.19 2.20 0.09
Jd-12 48.79 17.76 0.05 8.54 9.33 1.70 3.34 0.17 3.44 0.24 < 1.23 5.30 0.12
Jd-13 46.31 15.69 < 8.17 9.65 1.19 5.51 0.16 3.33 0.22 < 1.14 8.53 0.09
SA-1 52.22 16.03 0.05 3.38 11.67 1.29 2.19 0.13 6.86 0.89 < 2.48 2.80 <
SA-2 44.61 14.89 < 6.22 15.15 1.38 1.79 0.21 6.51 0.53 < 3.30 5.41 <
SA-4 59.71 17.56 < 1.73 6.26 4.97 0.39 0.14 6.35 0.06 < 0.50 2.28 <
SA-12 48.31 16.00 0.05 6.95 9.88 1.53 1.70 0.17 6.51 0.87 < 2.39 5.65 <
SA-14 60.27 16.90 < 0.82 7.73 5.94 0.17 0.24 5.81 < < 0.40 1.59 <
SA-15 60.22 16.86 < 0.23 9.12 6.94 0.10 0.13 5.12 < < 0.46 0.73 <
NL-1 51.45 15.08 0.05 6.10 8.63 2.21 3.91 0.14 4.23 0.22 0.09 1.05 6.83 <
NL-4 47.01 14.80 0.15 8.51 11.70 1.47 5.68 0.17 4.36 0.40 0.36 2.50 2.83 0.07
NL-5 46.21 14.67 0.15 9.08 11.94 0.83 5.88 0.15 4.29 0.36 0.34 2.58 3.45 0.07
NL-7 48.53 13.93 0.08 7.29 11.39 1.21 6.10 0.15 4.85 0.31 0.27 2.45 3.39 0.07
NL-8 45.42 14.33 < 9.26 12.17 1.17 5.64 0.20 4.27 0.40 0.26 2.75 4.02 0.09
NL-13 28.06 11.22 < 17.32 12.95 0.42 7.15 0.93 1.39 0.59 0.31 2.32 17.15 0.07
NL-14 30.51 12.13 < 17.16 11.65 0.53 6.83 0.82 1.71 0.66 0.31 2.51 15.00 0.08
NL-15 44.94 13.83 < 8.83 12.94 1.20 6.54 0.13 2.78 0.56 0.29 3.70 4.19 0.07
NL-18 50.16 14.14 0.05 7.50 10.28 1.34 4.78 0.08 3.27 0.59 < 2.94 4.77 0.10
NL-20 49.83 14.12 0.05 7.47 10.83 1.12 4.39 0.10 3.22 0.57 0.08 2.92 5.18 0.10
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Figure 2. (a) Nepheline and sanidine in the trachytes of Amol (b) Iddingsite in the tephrite matrix of Amol (only we can see a trace of clinopyroxene)
(c) Idiomorphic clinopyroxene observed in the basalt of a JavaherDasht sample (d) Nosean in tephrite from the JavaherDasht region (e) Amygdules filled
with secondary zeolite in trachybasalt of JavaherDasht (f) Microlitic texture in trachybasalt from south of Lahijan (NarenjLengeh) (sample NL1) (g)
Amygdaloidal basanite from NarenjLengeh filled with carbonate and chlorite (h) In PPL, nosean crystal with alteration develops along fracture planes.
The difference in relief between the nosean remains and the alteration minerals are observed (i) Intersertal texture is the dominant texture of pillow basalts
in the NarenjLengeh region where plagioclase intersects and the irregular spaces between them are filled with clinopyroxene and olivine minerals. Strong
propylitic alteration, characteristic of secondary chlorites, is evident in this sample

Figure 3. (a) SiO2 vs. K2O + Na2O classification (TAS) diagram of Cretaceous basalts and associated volcanic rocks in the three studied areas (Le Bas
et al., 1986) (b) Differentiation of potassic series from sodic series (Wilson et al., 1995) (c) Spider diagram illustrating the distribution of incompatible
elements in the studied areas (McDonough & Sun, 1995) (d) Chondrite normalized rare-earth-element (REE) plots for the volcanic rock samples from
the northern Alborz (Anders & Grevesse, 1989)
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Table 2. Whole-rock trace and major element data (in ppm) for basaltic and trachyte rocks in the study area

Sample Ag Al As Ba Be Bi Ca Cd Ce Co Cr Cs Cu Dy
Jd-1 0.1 94881 4.4 476 1.3 <0.1 40447 0.1 43 26 33 0.6 58 4.2
Jd-2 0.2 91174 6.6 260 1.5 <0.1 47302 0.1 36 51.4 15 1.4 297 4.2
Jd-5 0.1 84852 1.8 472 1.4 <0.1 53799 0.1 43 37.2 51 1.7 83 4.2
Jd-6 0.3 79016 1.9 754 1.7 <0.1 41037 0.1 39 25.9 44 1.4 1 4.9
Jd-8 0.2 81575 1.9 267 1.5 <0.1 55220 0.1 40 34.3 72 <0.5 119 4.8
Jd-10 0.2 80075 1.1 491 1.4 <0.1 57164 0.1 42 34.9 89 0.7 158 4.3
Jd-12 0.3 90519 0.8 344 1.4 <0.1 46130 0.1 46 21.4 15 0.8 56 3.9
Jd-13 0.1 82439 3.1 235 1.2 <0.1 46058 0.1 34 30.7 75 5.7 39 3.2
SA-1 0.8 78666 3.9 311 1.9 <0.1 18932 0.1 111 21.6 68 0.6 7 5.6
SA-2 0.4 77480 0.5 192 1.8 <0.1 34773 0.1 55 36.7 9 <0.5 11 4
SA-4 1.2 75356 5.1 56 3.7 <0.1 9533 0.1 121 2.2 9 1.3 8 6.2
SA-12 0.8 80524 7.3 313 1.7 <0.1 38683 0.1 119 18.8 12 0.6 25 6.9
SA-14 1.1 79194 10 11 4.5 <0.1 4743 0.1 226 2.4 13 0.8 18 7.3
SA-15 0.7 73867 5.6 11 3.7 <0.1 1400 0.1 111 3 16 <0.5 174 4.2
NL-1 0.3 82808 2.8 415 1.6 <0.1 34669 0.1 57 23.3 22 <0.5 30 5
NL-4 0.6 76427 4.8 1032 1.2 <0.1 46555 0.1 44 34.9 132 1.5 85 5
NL-5 0.4 78265 1.8 1641 1.2 <0.1 50650 0.1 48 35 164 2.6 71 5.5
NL-7 0.5 75064 2.8 568 1.3 <0.1 41412 0.2 39 37.3 117 1.5 78 5.2
NL-8 0.5 74178 4.2 256 1.3 <0.1 50399 0.1 49 34.5 138 1.7 85 4.8
NL-13 0.6 58207 42.4 226 1.3 <0.1 95701 0.2 52 68.6 373 <0.5 72 5.1
NL-14 0.8 61288 11.6 214 1.3 <0.1 92703 0.1 51 63.2 297 <0.5 75 4.4
NL-15 0.5 70081 0.6 276 1.3 <0.1 48420 0.2 56 40.2 55 <0.5 27 5.1
NL-18 0.5 74046 2.5 354 2.3 <0.1 41787 0.1 85 31.4 107 <0.5 42 7.1
NL-20 0.8 73565 <0.5 384 2.2 <0.1 41789 0.1 87 27.8 114 <0.5 33 6.7

Sample Er Eu Fe Gd Hf In K La Li Lu Mg Mn Mo Na
Jd-1 2.1 2.08 58189 3.57 3.3 <0.5 22880 19 42 0.4 >2% 1056 0.5 19448
Jd-2 2.5 2.42 74239 3.66 1.5 <0.5 13219 18 20 0.4 17686 1058 1.1 27465
Jd-5 2.4 2.07 69864 3.8 2.9 <0.5 16736 20 12 0.3 >2% 1506 <0.5 17811
Jd-6 2.7 1.94 61273 3.96 3.2 <0.5 17463 17 38 0.4 >2% 1625 0.5 29957
Jd-8 2.8 1.87 66235 3.83 3 <0.5 15101 18 22 0.4 >2% 1340 <0.5 20550
Jd-10 2.3 2.04 63709 3.79 2.9 <0.5 19460 18 7 0.3 >2% 1132 <0.5 19940
Jd-12 2.3 1.82 52649 3.51 3.4 <0.5 13704 20 6 0.4 14367 1209 <0.5 22618
Jd-13 1.8 1.43 55414 2.84 2.8 <0.5 9722 15 6 0.3 >2% 1165 0.6 22940
SA-1 3.1 2.65 64890 5.88 5.6 <0.5 10557 47 13 0.5 10810 978 <0.5 45469
SA-2 2 2.28 76649 4.16 2.3 <0.5 11502 26 11 0.3 8894 1533 <0.5 44112
SA-4 3.4 1.47 36499 5.39 9.1 <0.5 38616 42 5 0.5 1802 1030 2.7 39992
SA-12 4 2.98 56444 6.49 6.7 <0.5 12822 50 9 0.6 8413 1289 1 43256
SA-14 3.4 1.89 45286 9.27 7 <0.5 45487 110 2 0.4 930 1750 1.6 35873
SA-15 2.3 0.99 52489 4.88 5.9 <0.5 49968 45 3 0.3 469 919 1.4 31970
NL-1 2.7 1.94 52754 4.26 3.2 <0.5 19250 25 37 0.4 17452 1086 <0.5 29448
NL-4 2.6 3.27 64814 3.96 3.6 <0.5 11979 20 22 0.4 >2% 1152 0.6 29179
NL-5 2.8 4.04 67604 4.16 4 <0.5 7641 21 47 0.4 >2% 1112 0.8 30214
NL-7 2.8 3.02 65475 3.76 3.4 <0.5 10501 18 28 0.3 >2% 1115 <0.5 34246
NL-8 2.4 2.3 67191 3.75 4.2 <0.5 9788 22 21 0.3 >2% 1449 0.5 28883
NL-13 2.6 2.79 69250 4.5 3.8 <0.5 3653 26 60 0.3 >2% 6306 <0.5 10050
NL-14 2.2 2.43 61449 3.69 3.4 <0.5 4500 24 41 0.3 >2% 5445 1.2 11842
NL-15 2.4 2.55 69946 4.15 4.5 <0.5 9997 24 13 0.3 >2% 964 0.7 19423
NL-18 3.3 4.02 59090 6.09 6.7 <0.5 11290 40 10 0.4 19701 593 0.9 22582
NL-20 2.8 3.91 61513 5.65 8.1 <0.5 9442 38 11 0.3 18551 739 1.3 22436
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Table 3. (Continued) Whole-rock trace and major element data (in ppm) for basaltic and trachyte rocks in the study area

Sample Nb Nd Ni P Pb Pr Rb S Sb Sc Se Sm Sn Sr
Jd-1 17.5 25.4 18 1279 <1 5.74 45 309 <0.5 19.5 <0.5 4.6 1 606.8
Jd-2 11 24.6 20 1153 1 5.22 33 4822 0.5 21.6 <0.5 4.2 2.2 416.7
Jd-5 8.4 27.6 26 1235 <1 5.56 40 214 3.4 28.8 <0.5 5.1 0.4 561.2
Jd-6 8.4 28.1 41 1296 <1 6.01 58 100 1.4 22.2 <0.5 6.4 1.1 492.4
Jd-8 8.1 28 46 1407 <1 5.74 47 260 6.2 23 <0.5 5.2 0.7 502.2
Jd-10 8.3 28.2 32 1163 8 5.77 40 148 14.2 25.4 <0.5 4.9 1.2 621.1
Jd-12 6.6 26.6 10 1249 2 5.68 24 65 4.7 17 <0.5 4.2 0.7 803.2
Jd-13 7.8 21 19 1046 <1 4.1 8 92 <0.5 25.3 <0.5 2.8 0.8 657.2
SA-1 12.4 55.6 7 4037 1 12.32 2 <50 <0.5 10.6 <0.5 8.5 2.2 388.5
SA-2 2.7 35.5 16 1854 6 7.91 5 68 <0.5 14 <0.5 5.2 0.7 385.6
SA-4 65 52.4 5 389 2 12.41 44 216 0.5 3 <0.5 7.5 2.7 69.1
SA-12 50.4 60.7 16 4075 3 13.82 14 114 0.6 10.3 <0.5 10.1 3.1 406.7
SA-14 98.1 105.6 4 132 8 25.78 79 60 <0.5 1 <0.5 14.8 6.2 40
SA-15 96.6 57 6 147 8 13.59 80 68 3.8 1.2 <0.5 7.9 5.1 43.9
NL-1 16.3 35.6 11 1163 3 8.26 45 697 3.5 19.6 <0.5 6.2 1.3 427.3
NL-4 5.1 28.6 55 1553 3 6.2 12 1371 3.3 22.2 <0.5 6.2 0.8 458.9
NL-5 5.7 32.1 59 1746 9 6.45 2 1307 18.1 22.4 <0.5 8 1.2 503
NL-7 2.6 28.2 58 1331 <1 5.6 7 753 54.8 23.9 <0.5 5.9 1 466
NL-8 13.5 29 67 1676 <1 5.98 3 1125 11.6 22.1 <0.5 5 1.2 626.3
NL-13 14.5 36.8 279 2617 <1 7.55 <1 1360 6.2 20.6 <0.5 6.2 0.8 463.7
NL-14 10.5 32.1 270 2820 <1 6.38 <1 1443 0.9 19.6 <0.5 5.4 0.7 557.6
NL-15 11.4 32 46 2547 1 6.76 <1 1637 <0.5 20 <0.5 6.4 1.7 506.1
NL-18 3.7 52.8 123 2382 <1 10.89 <1 236 <0.5 13.8 <0.5 10.5 2.4 711.8
NL-20 6.3 53.2 68 2489 1 10.52 2 269 <0.5 13.8 <0.5 10.1 2.6 754.3

Sample Ta Tb Te Th Ti Tl Tm U V W Y Yb Zn Zr
Jd-1 1.4 0.6 <0.5 2.7 8138 0.2 0.3 0.9 217 <1 15.6 2.03 76 92
Jd-2 1.1 0.6 <0.5 3.1 9314 0.3 0.3 0.7 349 <1 18 2.45 68 32
Jd-5 0.9 0.6 <0.5 2.9 7746 0.2 0.3 0.9 270 <1 17 2.24 96 75
Jd-6 0.8 0.7 <0.5 3.3 6989 0.4 0.3 1.3 266 <1 17.4 2.21 60 75
Jd-8 0.9 0.7 <0.5 2.2 7820 0.3 0.4 0.9 273 <1 22.3 2.49 89 75
Jd-10 0.8 0.6 <0.5 3 7123 0.3 0.4 1.2 272 <1 18.8 2.41 60 80
Jd-12 0.6 0.6 1.1 3.1 7075 0.2 0.3 0.9 218 <1 17.3 2.18 82 104
Jd-13 0.8 0.5 <0.5 2.3 6862 0.1 0.3 0.8 239 <1 13.9 1.98 65 72
SA-1 0.8 0.9 <0.5 3.8 12565 0.1 0.4 2.3 116 <1 26 2.49 86 210
SA-2 0.2 0.7 <0.5 2.1 7882 0.1 0.3 1.1 93 <1 13.3 1.62 63 58
SA-4 5 0.9 0.7 4.6 2925 0.2 0.5 0.9 2 <1 24.8 2.27 116 338
SA-12 3 1.1 <0.5 5.5 13633 0.2 0.5 2.1 87 1.1 32.1 3.13 69 257
SA-14 6.2 1.2 0.6 8.4 2499 0.2 0.4 1.4 1 <1 26.8 1.95 167 281
SA-15 6 0.7 <0.5 4.5 2704 0.3 0.3 1 3 1.2 13.5 1.46 74 218
NL-1 0.9 0.7 <0.5 4.5 6340 0.3 0.3 1.5 213 <1 22.7 2.56 79 92
NL-4 0.6 0.7 <0.5 2.2 12718 0.1 0.3 0.7 186 <1 18.3 1.93 96 100
NL-5 0.4 0.7 <0.5 2.2 14525 0.1 0.3 0.8 202 <1 19.4 2.07 98 115
NL-7 0.3 0.7 <0.5 1.8 12791 <0.1 0.3 0.7 184 <1 21.9 1.97 94 98
NL-8 1.1 0.7 <0.5 2.3 14531 0.1 0.3 0.8 203 <1 19.9 2.1 93 128
NL-13 1.1 0.7 <0.5 2.5 12771 0.1 0.4 0.7 158 <1 17.1 1.76 87 98
NL-14 0.8 0.7 <0.5 2 13663 <0.1 0.3 0.7 165 <1 16.8 1.73 95 105
NL-15 0.9 0.8 <0.5 2.1 19935 0.2 0.3 0.7 226 <1 19.7 2.05 105 142
NL-18 0.4 1.1 <0.5 4 14739 0.1 0.4 1.2 107 <1 32.1 2.02 127 263
NL-20 0.4 1 <0.5 4 14823 0.1 0.4 1.2 107 <1 25.6 1.95 124 296
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ing the fractional crystallization as Ti was absorbed by
pyroxenes (Ghorbani, 2012). According to (Wilson,
1989), the TiO2 content is a sensitive indicator of crustal
contamination. The Ti depletion in Amol, considering
the relatively low degree of partial melting, is likely a
result of crustal contamination.

The depletion of P can be attributed to either crustal
contamination (Bellieni et al., 1984) or reduction, pos-
sibly due to apatite crystallization in the parent magma
(Nkouathio et al., 2008; Pearce & Parkinson, 1993).

The depletion of Ba in the trachyte group of this re-
gion is likely due to the higher percentage of Na2O com-
pared to K2O in this rock group (Figure 3(b)). Ba, which
readily reacts with potassium, is not retained in the rock
due to the low K2O content. Ba may have been removed
from the environment through hydrothermal solutions
(Arghaee, 2017).

The significant depletion of Sr in the trachytes of
Amol indicates substantial rock fractionation, possibly
due to the crystal fractionation of feldspars in the rift
zone (Arghaee, 2017; 2025). It is important to note that
fractional crystallization might also lead to the displace-
ment of data points into incorrect ranges (Rollinson &
Pease, 2021).
Alkalibasalt (SA1-SA2-SA12): Intraplate basalts typ-
ically exhibit a high Zr/Y range (Rollinson & Pease,
2021). An absence of the Y element, as observed in the
alkalibasalt samples of Amol, is indicative of intraplate
magmatism (Rollinson & Pease, 2021).

The depletion of Nb in alkali basalts is likely a conse-
quence of crustal contamination. As with the trachytes
mentioned earlier, the depletion of Sr in alkali basalts
can be attributed to the alkaline nature of the primary
magma and is related to the crystallization of plagio-
clase. It is important to note that fractional crystalliza-
tion can result in the misplacement of data points on di-
agrams (Arghaee, 2025; Rollinson & Pease, 2021)

Fractional crystallization of most silicate minerals
leads to the depletion of Ta and Hf from the melt, while
the remaining liquid tends to have high concentrations
of Th. Given the significant role of fractional crystal-
lization in the Amol region, Ta depletion is evident in
this area (Arghaee, 2017). Ti depletion in alkali basalts
of Amol occurs because Ti is easily incorporated into
the fractionated phases of basalts, specifically titano-
magnetite and pyroxene (Rollinson & Pease, 2021).

4.2.1.2 JavaherDasht
The enrichment of Rb, commonly observed in continen-
tal rifts, is generally attributed to crustal contamination.
The negative Nb anomaly present in many continental
rifts and flood basalts can be attributed to two factors: 1)
Crustal contamination, and 2) The existence of a resid-
ual Nb phase at the source (Cox & Hawkesworth, 1985).
A negative anomaly in Nb-Ta (Figure 3(c)) coupled with
a positive anomaly in Ba indicates the involvement of
crustal elements in the magmatic evolution of these
rocks (Taylor & McLennan, 1985).

Studies by (Haghnazar et al., 2008a) suggest that Java-

herDasht basalts experienced contamination from the
continental crust, demonstrating a significant elemental
balance with the lower and middle crust. They argued
that the rising magma, originating from the mantle and
interacting with the crustal layer, underwent modifi-
cation, resulting in geochemical changes that falsely
mimic the appearance of subduction zones.

4.2.1.3 South of Lahijan in NarenjLengeh village
The noticeable increase in the Nb/La ratio observed in
these samples is indicative of crustal contamination in
the NarenjLengeh basalts, a phenomenon commonly ob-
served in continental rifts and continental flood basalts
(Wilson, 1989). A negative Nb anomaly further sup-
ports the idea of crustal involvement in the magmatic
processes (Rollinson & Pease, 2021).

The depletion of Nb in the continental crust may be at-
tributed to two factors: 1) Nb, like Ti, typically remains
in titanite and amphibole minerals within the subducted
crust, hindering its entry into themelt during subsequent
crustal processes (Hofmann, 1997); 2) Nb is transported
primarily by silicate melts and not by subduction solu-
tions (Pearce & Peat, 1995). The rate of Rb depletion in
this diagram suggests that crustal contamination in this
context differs from that observed in subduction zones,
further confirming that this location was not a subduc-
tion zone (Figure 3(c)).

The depletion of Nb, P, and Ti indicates that the
magma was contaminated by the crust (Li et al., 2016).
Meanwhile, there is a rapid decrease from Ce to Lu in
the spider diagram (Figure 3(c)), showing some charac-
teristics of rift volcanics (Li et al., 2016; Wang et al.,
2006).

Some elements (e.g., Zr, TiO2, Y, Sc, Ce, and Nb)
are largely immobile during the alteration of volcanic
rocks owing to metamorphism, hydrothermal events
and, weathering (Dagva-Ochira et al., 2020; Floyd &
Winchester, 1975). The characteristics of large ion
lithophile elements and high field strength elements (Li
et al., 2016) of the Cretaceous volcanic rocks in the
northern Alborz suggest an affinity to the rift environ-
ment.

Continental crust is characterized by enrichment in
La rather than Nb (Rezaei et al., 2023; Rudnick & Gao,
2003) and, apart from contributions by lithospheric and
asthenospheric mantle, low Nb/La suggest contribu-
tions by a crustal contaminant during the evolution of
the magma.

4.2.2 The chondrite-normalized Rare-Earth-Element
(REE)
The chondrite-normalized rare-earth-element (REE)
plots for the volcanic rock samples from the northern
Alborz exhibit a significant enrichment in light REEs
(LREEs) and depletion in heavy REEs (HREEs) (Fig-
ure 3(d)).

Notably, a negative Eu anomaly observed in the Amol
trachytes indicates the fractional crystallization of pla-
gioclase crystals. In other samples, positive Eu anoma-
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lies are due to the accumulation of igneous plagioclase
during the fractionation of magma in the lower crust
(Arghaee, 2025; Rudnick, 1992) or because mantle-
derived basalts do not possess a negative Eu anomaly
(Tang et al., 2015). The depletion of Sr and Eu can
be attributed to the crystalline fractionation of feldspars
in rift areas (Ghorbani, 2012). The trace element pat-
tern observed in this diagram closely resembles that ob-
served in alkaline rocks associated with continental rift
environments (Beccaluva et al., 2009).

5. Discussions
Many researchers have studied the dynamic evolution
of the northern Alborz basalts and other volcanic rocks.
According to most reports from our study areas, Cre-
taceous volcanic rocks in the northern Alborz belong
to continental intraplate alkaline volcanism and are as-
sociated in space and time with extensional tectonics,
specifically with rifting events (Aghazadeh, 2002; Ak-
mali, 2016; Amani et al., 2020; 2021; Arghaee, 2017;
2025; Arghaee et al., 2024; Arghaee & Ghorbani, 2021;
2022a; Delavari et al., 2018; Doroozi et al., 2016; 2015;
Haghani & Taki, 2012; Haghnazar, 2009; 2012; Hagh-
nazar & Malakotian, 2009; Haghnazar et al., 2008a;
2015; 2016; 2008b; Jafari Sough et al., 2018; Masoudi
& Doroozi, 2014; Moradi, 2017; Taki, 2017). Addition-
ally, some researchers believe that the high volume of
Late-Cretaceous volcanic rocks in the northern Alborz
is probably related to a significant mantle thermal per-
turbation associated with asthenosphere upwelling and
plume activity (Arghaee, 2017; 2025; Delavari et al.,
2018; Namvar, 2018).
Alkaline magmatism is generally associated, in space
and time, with extensional tectonics and, more specif-
ically, with rifting events (Fourel et al., 2013; Pirajno,
2015). The petrographic examination of the studied
rocks provides evidence of primary magma, indicating
the presence of alkaline magma in the region. This evi-
dence was examined in our samples, which include:

A. Alkaline rocks are poor in silica and rich in alkaline
elements and rare earth elements, with feldspar and
feldspathoid dominating most sections.

B. The presence of stable olivine without corrosion,
a characteristic of alkaline series rocks, was ob-
served in our sections.

C. The presence of feldspathoid, such as nepheline
and nosean, which are indicators of the alkaline se-
ries (Vallipour & Ghodsi, 2009), is present in our
samples.

D. In the presence of feldspathoids, orthopyroxene is
not formed; therefore, the absence of orthopyrox-
ene in our samples and the presence of clinopyrox-
ene are indicators of the alkaline series, observed
in these sections.

E. Due to the rapid eruption of alkaline magma, phe-
nocrysts usually do not have a chance to form.

Thus, olivine and feldspathoid are often identified
based on the calculation of their norm and are
not observed in samples (Ghorbani, 2012). Our
samples in the south of Amol often show evi-
dence of rapid magmatism with a lack of phe-
nocrysts (Arghaee, 2017; 2025; Arghaee & Ghor-
bani, 2021). Normative quartz was not present in
the normative mineralogy.

5.1 Interpretation of some geochemical diagrams
In the geochemical studies of CRZ magmas (Conti-
nental Rift Zone), the influence of continental crustal
contamination must be taken into consideration, as it
should in all intraplate magmatic environments (Mor-
gan, 1983).

5.1.1 Zr/Nb and Y/Nb diagram
In the Zr/Nb and Y/Nb diagram, the ratios of High Field
Strength (HFS) elements, such as Nb and Zr, are crucial
indicators. The content of incompatible elements under-
goes changes due to fractional crystallization processes,
but the ratio between two similar incompatible elements
remains constant during fractional crystallization (Jung,
2003). The Zr/Nb ratio has been plotted for the three
regions (Figure 5(a)). The graph indicates that the trend
of the Zr/Nb ratio is not constant, and there is dispersion
in some samples, suggesting that crustal contamination
plays a significant role in the studied areas (Wilson,
1989).

However, in south Amol samples, the two groups of
alkali basalt and trachyte exhibit a relatively constant
ratio (around 5.5 in most samples). This observation
suggests that the trachyte magma in Amol was formed
through the crystallization of alkali basalt magma.

The high ratio of Zr/Nb and Y/Nb indicates a de-
pleted mantle of Mid-Ocean Ridge Basalt (MORB) ori-
gin, whereas a low ratio suggests an origin from an en-
riched mantle (McDonough & Sun, 1995; Sun & Mc-
Donough, 1989) High Zr/Nb ratios, averaging between
5 and 30, indicate derivation from a depleted mantle
of P-MORB origin (Sun & McDonough, 1989). The
Zr/Nb ratio in NarenjLengeh is 23.96, initially suggest-
ing a tendency towards the depleted mantle. However,
in many continental rifts, such as Ethiopia and the Rio
Grande, the origin is from a depleted mantle P-MORB.
Conversely, a decrease in Zr/Nb indicates an enriched
mantle. The average Zr/Nb value in enriched areas of
Ocean Island Basalt (OIB) is about 5.8 (Macdonald,
1968; Sun & McDonough, 1989). Amol, with an aver-
age of 5.70, indicates an enriched mantle. Specifically,
Amol trachytes, with an average of 2.8, show the highest
tendency towards an enrichedmantle source, while Java-
herDasht (8.93) is more inclined towards the enriched
mantle source where crustal contamination has played a
significant role. The Zr/Nb and Nb/La ratios of mantle-
derived melts are 6.3-7.6 and <1.0, respectively; in con-
trast, those for the crustal-derived melts are 22-25 and
<0.46, respectively (Alizadeh et al., 2023; McDonough
et al., 1992; Morata et al., 2005).

In enriched OIB samples, the average Y/Nb ratio is
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about 0.6 (Sun & McDonough, 1989). The average
Y/Nb ratio in the depleted mantle is about 12. How-
ever, none of the regions reach this number, and their
averages include: Amol alkali basalts (1.6), Amol tra-
chytes (0.3), JavaherDasht (1.90), and NarengLengeh
(3.5) (Figure 5(b)). Amol trachyte samples with an av-
erage Y/Nb of about 0.3 and Zr/Nb of about 5.7 suggest
a higher origin from an enriched mantle. Eby (Eby,
1992) proposed that Y/Nb ratios <1.2 and >1.2 indicate
mantle and crustal melts, respectively (Alizadeh et al.,
2023).

5.1.2 The Zr/Y and Ti/Y variables diagram
This diagram is used to distinguish within-plate basalts,
especially alkaline types, from other basalt types based
on the Zr/Y and Ti/Y variables (Pearce & Gale, 1977).
It utilizes the enrichment of Ti and Zr in within-plate
basalts (Rollinson & Pease, 2021). Samples from the
studied areas fall within the range of within-plate basalts
(Figure 5(c)). Within-plate basalts have high Zr/Y ratios,
with one of the key indicators of within-plate continen-
tal magma being the low enrichment of Y.

5.1.3 Zr/Nb vs. Y/Nb diagram
The observed trend, similar to the basalts of the Taos
Volcanic Plain in the RioGrande, indicates increased
crustal contamination (Dungan et al., 1986) towards the
trachytes of Amol, which is consistent with the idea
that crustal processes have played a role in influencing
the geochemistry of the studied regions (trachytes are
shown with dark red in the diagram) (Figure 5(d)).

5.1.4 Th/Hf diagram and the Zr/Y ratio, plotted against
the Zr index
The tectonic setting of the volcanic rocks in the region,
based on the Ta/Hf vs. Th/Hf diagram (Schandl & Gor-
ton, 2002), is related to the within-plate volcanic zone
(Figure 4(a)). The Zr/Y ratio, plotted against the Zr
index, is an effective tool for distinguishing between
Island-arc basalts, Mid-Ocean Ridge Basalts (MORB),
and within-plate basalts (Pearce & Norry, 1979). In
this diagram, all three studied regions are identified as
within-plate basalts (Figure 4(b)). Within-plate basalts
typically exhibit high Zr/Y ratios (Rollinson & Pease,
2021).

5.2 Cretaceous Magmatism in the Northern Al-
borz

Alkaline magmatism and alkali pyroclastic rocks, asso-
ciated with Jurassic turbidite facies, indicate the onset
of a rift system during this period, reaching its peak
in the Cretaceous with the emergence of layers of al-
kaline volcanoes in Northwestern Alborz (Aghanabati,
2004). Our study suggests that this rift likely began
east of Alborz in the southern Amol, characterized by
alkaline magmatism during the early Cretaceous. Sub-
sequently, this rift expanded further into the northern
Alborz. After the deposition of the Tizkoh Formation,
pillow lavas were exposed, indicating the formation of

the ocean floor post-Tizkoh Formation deposition (Ab-
dolahadi et al., 2025; Akmali, 2016; Arghaee, 2025;
Arghaee & Ghorbani, 2022b; Haghnazar et al., 2015;
Moradi, 2017; Salehpour et al., 2025). Traces of pil-
low lavas are visible in the south of Lahijan (Akmali,
2016; Delavari et al., 2018; Moradi, 2017), extending
eastward to the south of Chalus (Mousavi, 2003) and
Velasht Lake. The geological features continue and are
subsequently covered by a large thrust north of Alborz
(Hakimi Asiabar et al., 2011).

Upper Cretaceous magmatic activity exhibiting alka-
line features and indicative of intraplate tectonics has
been extensively documented, particularly in the vicin-
ity of Chalus in western Mazandaran and JavaherDasht
regions (Arghaee, 2025; Delavari et al., 2018; Hagh-
nazar, 2009). The peak extensional system occurred in
the Late Cretaceous with the substantial development
of alkaline volcanic layers (associated with continental
rifts) in the western-northern Alborz region (Arghaee &
Ghorbani, 2022a; Berberian et al., 1982).

After Campanian, magmatism ceased in Alborz, as
evidenced by the absence of normal faults concurrent
with sedimentation in these deposits (Arghaee, 2024;
Shahidi et al., 2011). These sediments indicate an in-
crease in the depth of sedimentary basins, accompanied
by the expansion of marl facies, replacing carbonate
facies (Moradi, 2017; Shahidi et al., 2011). Finally,
this continental rift was closed by Laramide orogeny
(Arghaee, 2025; Doroozi et al., 2015; Masoudi &
Doroozi, 2014).

6. Conclusion
In the south of Amol, there is no evidence of magmatic
mixing, and the trachytes in this region have formed
through the fractional crystallization of parent alkali
basaltic magma. Additionally, petrographic evidence in
the south of Amol indicates signs of high-temperature,
fast-moving lava that originated from depth and exhibits
a high oxygen fugacity. Petrographic studies in Javaher-
Dasht and the south of Lahijan, in NarenjLengeh village,
reveal evidence of alkaline magmatism due to the pres-
ence of nepheline and nosean in trachybasalts and alkali
basalts. The presence of lamprophyre dikes with kaersu-
tite hornblende also indicates a primary alkaline magma
source in NarenjLengeh.

All geochemical studies are consistent with the petro-
graphic results. In all three studied regions, the analyzed
samples fall within the alkaline series, related to the
within-plate volcanic zone in the Cretaceous northern
Alborz. Geochemical studies, along with a summary of
previous studies and field evidence from these areas, re-
veal a rift system with significant crustal contamination.
The consequences of crustal contamination have led to
the depletion of TiO2, Nb, and Zr, altering the interpre-
tation of spider diagrams. Depletion in Nb and Ta is
evident in JavaherDasht and NarenjLengeh, as well as
in the alkali basalts of Amol. While negative anomalies
of Nb and Ti are characteristic of subduction zones, pos-
itive anomalies indicate divergent and rift zones. Tran-
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Figure 4. (a) Tectonic setting of the volcanic rocks in the region based on the Ta/Hf vs. Th/Hf diagram (Schandl & Gorton, 2002) (b) Zr/Y ratio plotted
against Zr, indicating that all three studied regions are characterized as within-plate basalts (Pearce & Norry, 1979)

Figure 5. (a) Zr/Nb ratios plotted for the three regions (Wilson, 1989) (b) Y/Nb ratios plotted for the three regions (Sun & McDonough, 1989) (c) The
Zr/Y and Ti/Y variables diagram (Pearce & Gale, 1977) (d) Zr/Nb vs Y/Nb diagram (Wilson, 1989)

 10.57647/j.ijes.2025.16895

http://doi.org/10.57647/j.ijes.2025.16895


Arghaee et al., Iran J. Earth Sci. 18 (1) 2026 109

sitional basalts of rift zones, such as the northern Al-
borz, also exhibit negative anomalies of Ti, Nb, and Ta.
Continental crustal contamination can influence these
misleading patterns. Fractional crystallization, possibly
combined with crustal contamination, is an important
process in controlling the geochemical evolution of the
region’s rift magmas within continental plates.

There is no evidence, such as high K, indicating a
subduction environment in the northern Alborz. Specif-
ically, the trachytes of Amol, with their high levels of Nb
and Ta, indicate enriched mantle sources. One crucial
piece of evidence for intraplate magmatism is the deple-
tion of Y. This characteristic is consistently observed
in all studied samples, confirming the intraplate magma
origin of the region.

Chondrite-normalized rare-earth-element (REE)
plots reveal a notable enrichment in light REEs (LREEs)
and depletion in heavy REEs (HREEs). The trace el-
ement patterns observed in these diagrams closely re-
semble those found in alkaline rocks associated with
continental rifts. However, it is important to note that
there is no evidence of ophiolite complexes in the ge-
ological field of this area, and the pillow lava in the
NarenjLengeh region is located atop the Shemshak For-
mation. Considering the absence of vesicles in these
samples, it is likely that the depth of water was sig-
nificant, suggesting that this pillow lava flowed in a
deep-water environment in the west of the northern
Alborz.
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