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Abstract 
        Middle-Upper Eocene volcanic and volcano-sedimentary rocks of the Torud region have been formed by the sequences of basic-

intermediate lavas, pyroclastic rocks, and sedimentary layers (e.g., siltstone, sandstone, and nummulite-bearing limestone) within a 

shallow marine basin. According to microscopic studies, the volcanic rocks of the region include basalt, basaltic andesite, 

trachyandesite, andesite, and dacite. These rocks have originated from the differential crystallization processes and occasionally calc-

alkaline contamination geochemical properties. Generally, they contain olivine, clinopyroxene, and plagioclase ± amphibole 

minerals. Porphyritic to megaporphyritic textures with microlithic and flow matrixes are observed in these rocks. Studying the main 

and rare elements of these rocks indicates that reducing MgO content is accompanied by an increase in Al2O3, K2O, Na2O, and SiO2 

and a decrease in Fe2O3 and CaO concentrations. These rocks are mainly enriched in LIL and LREE elements but depleted of HFS 

elements. The prominent features of these rocks are the presence of positive anomalies in the K, Sr, Rb, and Ba elements, the 

depletion of some samples of Nb and Ta, and their depletion of Ti and P. This result reveals the crustal contamination of the mantle 

mafic magma constructing these rocks. According to the geochemical data, magmatic pollution has not been an effective process in 

the formation of these rocks. In addition, the relatively higher levels of Cr, Ni, and MgO in the alkali basalts of the region indicate 

that these rocks are originated from partial melting (5 to 10%) of a spinel-garnet peridotite. Overall, they have no subduction-

dependent rock characteristics and mainly represent characteristics of alkali basaltic magmas of the preliminary back-arc basin 

(BAB). These features, attributed to their calc-alkaline nature, represent the formation of these rocks in a tectonic back-arc setting in 

the Middle-Upper Eocene. 
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1. Introduction 
In Iran, Paleogene volcanic rocks crop out in three 

general regions (Fig 1). The first is along an NW‐SE 

belt that extends about 1500 km across the central part 

of the country. This belt terminates rather abruptly to the 

southeast near the Pakistan border and merges with 

volcanic rocks in the Lesser Caucasus and Alborz 

Mountains to the northwest. The belt is subparallel to 

and approximately 175-200 km northeast of the Main 

Zagros reverse fault. However, Neogene NE‐SW 

shortening within the Sanandaj‐Sirjan zone may have 

lessened this gap since the time of active subduction 

(Berberian and Berberian 1981). The Lesser 

Caucasus/Alborz belt extends southeast to near Semnan, 

wherein it becomes discontinuous and extends into 

eastern Iran. The third region is a large area of Tertiary 

volcanic rocks in the Lut block of eastern Iran (Jung et 

al. 1984). Paleogene magmatism and extension were 

driven by an episode of slab retreat or slab rollback 

following a Cretaceous period of flat slab subduction, 

analogous to the Laramide and post‐Laramide evolution 

of the western United States (Verdel et al. 2011). The 

study region with an area of 70 km2 is located 120 km 

south of Shahroud city and 70 km southeast of Semnan  
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(Iran) at 54° 30′ to 55° 00′E and 35 ° 15′ to 35´N within 

the northern part of the Central Iran zone. The area has 

been investigated by several researchers such as, Reuter 

et al. (2007), Kasmin and Tikhonova (2008), Verdel 

(2009 and 2011), and Bin and Meiyin (2010). In these 

studies, the tectonic setting of Torud Basin has been 

considered a preliminary immature back-arc tensile 

basin with an age of the Oligocene-Miocene period in 

the main magmatic back arc of Urmia-Dokhtar (Fig 1). 

 

2. Study Method 
A total of 175 samples were collected from the igneous 

rocks of the Torud complex. Next, 150 thin sections 

were prepared from these samples and studied by a 

polarized microscope. Afterward, 20 representative 

samples were selected for whole-rock chemical analysis 

(Table 1 and 2). Samples weighed between 1 and 1.5 kg 

before crushing and powdering. Whole-rock major 

elements were determined by an X-Ray fluorescence 

(XRF) spectrometer. Finally, trace and rare earth 

elements (REEs) were determined by lithium 

metaborate fusion ICP-MS at the GSI laboratory in 

Tehran, Iran. 
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Fig 1. a) The study area in the map of structural zones in Iran (Gile et al. 2006); b) The location of the studied area in the Central 

Iran zone in 1:100000 map of Torud (Hooshmandzadeh et al. 1978). 

 

3. Geological setting 

The Central Iranian Plateau is located northeast of the 

Zagros-Makran Neo-Tethyan suture and its subparallel 

Cenozoic magmatic arc between the convergent Arabian 

and Eurasian plates. Thus, due to the collision setting, 

continuous continental deformation processes affect 

Central Iran. This plateau was a stable platform during 

Paleozoic times, but late Triassic movements caused the 

creation of horsts and grabens. Central Iran comprises 

three major crustal domains: the Lut Block, the Kerman-

Tabas Block, and the Yazd Block. The plateau is 

surrounded by faults and fold-and-thrust belts and 

Upper Cretaceous to Lower Eocene ophiolite and 

ophiolitic mélange (Davoudzadeh 1997). Adjacent fault-

separated areas and tectonic units are the Alborz and 

Kopeh-Dagh region (which ranges to the north), Makran 

and Zagros (which ranges to the west and south), and 

the East Iran Ranges (which borders this plateau to the 

east). The structural components (Lut Block, Kerman-

Tabas, and Yazd) of the Central Iranian Plateau are 

characterized by distinct horst (e.g., Lut block) and 

graben (e.g., Kerman-Tabas region) structures. The 

grabens are characterized by fillings of thick Jurassic 

sediments. However, the stratified cover rocks are 

largely correlatable among these blocks, but with locally 

significant facies and thickness variations across the 

block boundaries. The blocks are characterized by an 

individual deformation style and seismicity, making 

them distinguishable from the adjacent regions 

(Berberian and King 1981). Central Iran has undergone 

severe changes during the Mesozoic and Tertiary 

periods. These movements were accompanied by 

folding, uplift processes, metamorphism, and 

magmatism (Aghanabati 2004; Yazdi et al. 2016). The 

magmatic activities in central Iran have occurred in 

several main stages, including Upper Eocene-Oligocene, 

Oligocene-Miocene, and Pliocene (Eshraghi 2006). 

Magmatic activities in the Moaleman-Torud occurred 
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during the Upper Eocene stage. After orogenesis in the 

Late Cretaceous, a large amount of basalt, andesite 

(Figs. 3a and 3b), dacite, and rhyolite were deposited in 

the Eocene period. These depositions were accompanied 

by pyroclastic and clastic sediments in the Karaj 

formation in central Iran and Alborz. 

 

3.1. Petrographic studies 

Based on the study of 135 prepared samples, the 

volcanic rocks in the study area, according to mineral 

assemblages, can be divided into five sub-groups: (I) 

Olivine basalt with grey to greyish brown colors, which 

displays vitrophyric, porphyritic, and intersertal 

textures. Plagioclase, olivine, and clinopyroxene have 

formed the main phenocryst phases in these basaltic 

rocks. The microcrystalline matrix is dominated by 

plagioclase, clinopyroxene, and olivine (Figs. 3c and 

3d). (II) The second subgroup includes olivine 

trachybasalt to trachybasalt with porphyritic and 

trachytic textures. These samples contain plagioclase, 

clinopyroxene, biotite, and olivine. Their groundmass 

consists of plagioclase, pyroxene, apatite, and opaque 

minerals. (III) The third subgroup includes 

trachyandesites, which are dark grey to black and have 

trachytic, porphyritic, and microlithic textures. 

Plagioclase, clinopyroxene, and biotite are ubiquitous 

phenocrysts. The groundmass consists of plagioclase 

and biotite microliths with minor clinopyroxene. (IV) 

The fourth subgroup includes pyroxene andesites to 

hyalo pyroxene andesite with porphyritic and flow, 

glomeroporphyritic, and sieve texture. These samples 

contain plagioclase and clinopyroxene. In andesitic 

rooks, plagioclase is often decomposed into sericite, 

chlorite, and clay minerals. Secondary quartz is also in 

the form of fine granules in the matrix and sometimes 

filler of rock drills. In andesitic rocks, magnetite and 

titanomagnetite (opaque minerals) are accessory 

minerals, and apatite is the secondary mineral (Figs. 2e 

and 2f). (V), finally, the fifth subgroup includes dacites 

with pink to gray colors, which display spherulitic, 

porphyritic, and flow textures. These samples contain 

plagioclase, alkali feldspar, biotite, and quartz with 

accessory zircon, opaques minerals, and apatite. 

Chlorite, sericite, and clay minerals are the alteration 

products of the original minerals. 

Based on petrographic features, there are three types of 

plagioclases in the volcanic rocks of the area:  

1. Without sieve texture mostly lacking zoning with a 

clear border with the rock background 

2. With sieve texture at the center and with a growing 

ring of intact and clear plagioclase  

3. With solubility margins and a relatively intact 

crystal center (Fig 3) 

The existence of non-equilibrium textures in plagioclase 

suggests the physicochemical changes of magma during 

cooling (Vernon 2004). 

Sieve textures have formed due to two major causes:  

 

First, during the pressure reduction processes (Nelson 

and Montana 1992): During this process, when the 

magma is saturated with high velocity climbs into lower 

depths, the vapor pressure of the system increases. The 

stability of the plagioclase crystals decreases, and 

crystalline dissolution filled with molten cavities occurs 

(Blundy and Cashman 2005). After crystallization of the 

crystalline crystallization, these cavities are enclosed 

within the crystal, and the sieve texture is formed in the 

crystal. Sieve texture resulting from this process is of 

large size (Nelson and Montana 1992). Large coagulants 

are observed in the center of plagioclase phenocrysts. 

Stewart and Pierce (2004) argue that the instability of 

plagioclase crystals during the fast upward movement of 

magma causes the formation of sieve texture in them. 

Due to partial melting in some parts of the plagioclase, 

the melting products inside the crystal begin to 

crystallize. Whether the temperature decline is rapid or 

slow, these products crystallize in the form of a glass or 

new plagioclase inside the primary plagioclase, leading 

to the emergence of sieve texture.  

Second, magmatic mixing or reaction with high-

temperature calcium-rich molten magmatic stores 

occurs at lower depths. Therefore, the phenocrysts 

tolerate dissolution in interaction with high-calcium 

molten liquid (Ghaffari et al. 2013 and 2015). After the 

dissolution, the crystals react in a new condition to 

stabilize the molten state and recrystallize. The size of 

the sieve produced by this process is small. In this 

respect, studies have shown that anorthite-rich 

plagioclase crystals form in high temperature, low 

pressure, and high- Ca/Al, Al/Si, Ca/Na low water 

content (Nelson and Montana 1992; Blundy and 

Cashman 2005). 

Zoning is one of the other non-equilibrium textures 

observed in the plagioclase is in the rocks of the region 

(Fig 3). This structure is attributed to two main causes: 

1) crystallization of plagioclase from a melt undergoing 

continuous variations in temperature, water vapor 

pressure, and composition (Humphreys et al. 2006) and 

2) increasing the growth rate of the crystalline-molten 

joint in response to equilibrium conditions (Ginibre et 

al. 2002). In a magma reservoir, magma is affected by 

dynamic activities such as convective flows or the entry 

of very hot calcium-rich magma, or both. Following the 

effect of these processes, textures such as small sieve, 

zoning, and dissolution have formed, and the facial 

shape is either in the margin of the previous crystals 

(Singer et al. 1995; Yazdi et al. 2019). In the long term, 

the crystal inside the molten is usually balanced between 

plagioclase and magma composition with no zoning. 

Conversely, the presence of a zoning structure indicates 

a slowdown in the speed of equilibrium with respect to 

the crystallization rate (Shelly 1993). Therefore, the 

presence of zoning in plagioclase seems to be due to the 

rapid cooling of the mass margin and possibly due to 

rapid temperature changes. 
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Fig 2. a) The presence of andesitic rocks in the southwest of Torud village; b) The volcanic rocks in the west of Torud; c) 

Accumulation of olivine and clinopyroxene crystals in olivine-basalts and formation of glomeroporphyritic textures in olivine-basalt; 

d) The bay corrosion, sieve, and skeletal textures in plagioclase crystals in trachy basalt; e) The altered plagioclase phenocryst and 

calcite-filled amygdaloid cavity in pyroxene andesite; f) The plagioclase phenocrysts, opaque amphiboles, and chlorite filling the 

voids in trachyandesite. 

 

3.2. Geochemical studies of volcanic rocks in the area 

Investigating the main elements of volcanic rocks in the 

west of Torud indicates that these rocks are within a 

range of intermediate basic volcanic rocks (Table 1 and 

2). The SiO2 contents in these rocks range from 48 to 

65% (Table 2). According to the TAS diagram shown in 

Fig 3, they can be classified into 4 groups of basalts, 

trachyandesite andesitic basalts, trachyandesites, and 

dacite. Also, based on the geochemical classification 

diagrams shown in Figs. 3a and 3b, the composition of 

the studied samples is in the range of sub-alkaline 

basalt, alkaline basalt and andesite, trachyandesite, and 

dacite, which is in good consistency with petrographic 

studies. In the (Na2O + K2O)-SiO2 diagram (Irvine and 

Baragar 1971), the samples are in the sub-alkaline 

range, while in the diagram of Hastie et al. (2007), they 

mainly fall in the shoshonitic to the calc-alkaline zone. 

The shoshonites are divided into three categories of 

basic (SiO2 < 53 wt.%), intermediate (SiO2 = 53-63), 

and acidic (SiO2 > 63 wt.%) (Morrison 1980). These 

rocks are mainly found in subduction-related tectonic 

environments. 
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Fig 3. a) The location of the samples in the diagram of SiO2 versus K2O + Na2O (Lebas et al., 1986); b) The Middelmost’s diagram 

(1994); c) The (Na2O+K2O)- SiO2 diagram of Irvine and Baragar (1971); d) The diagram of Th-Co rare elements (Hastie et al. 2007) 

to separate the Tholeiitic and calc-alkaline ranges and the position of the samples in the area; basalt: B, basalt-andesite: BA/A and 

dacite and rhyolite: D/R. 

Basalt:  Andesite:  Trachy andesite:  Dacite:   

 

The shoshonites are the products of magmatic activity 

above subduction zones in continental arcs, post-

collisional arcs, or in oceanic-arc settings where potassic 

rocks are related to the melting of phlogopite-bearing 

mantle wedge (Morrison 1980, Peccerillo 1992, Müller 

and Groves 1997).  

A slight tendency toward the alkaline nature in basalts 

may be due to contamination with crustal materials or 

materials with a back-arc basin origin (Figs. 3b and 

3c).The variations of the main elements against MgO 

are represented in Fig 4. As can be seen, the contents of 

the main elements, i.e., Al2O3 and SiO2, increase by 

decreasing MgO during magmatic subtraction. 

However, the main elements such as CaO and Fe2O3 

reduce by decreasing MgO levels. This declining trend 

of Al2O3 and SiO2 concentrations against MgO indicates 

the fractional crystallization of preliminary olivine 

compared to plagioclase crystallization in the liquidus 

phase. Increasing MgO by CaO and Fe2O3 (t) denotes 

the importance of pyroxene crystallization in rocks in 

the area. The diagram of rare element changes against 

Zr and Th is an appropriate tool to interpret the 

magmatic evolution trend. Zr is a proper element for use 

in change diagrams because of its very low mobility 

during alteration and wide changes in basalts (Le Roex 

et al. 1983; Widdowson 1991; Widdowson et al. 2000; 

Talusani 2010; Meng et al. 2012). In addition, this 

element displays completely incompatible geochemical 

behavior during partial melting and differential 

crystallization in basaltic melts (Talusani 2010) and has 

a strong tendency to enter and remain in the melt phase. 

As seen in Fig 4, the correlation between Th and Zr is 

linearly positive; however, Sm relative to Zr is 

somewhat scattered and positive. The Ni toward Zr 

trend is scattered but negative, and Th against Hf is 

relatively scattered and positive. The trends observed in 

these diagrams represent the relationship of the rocks in 

the region and suggest an origin magma for them with 

almost similar geochemical properties. Besides, the 

main petrological control of these rocks is related to the 

crystallization process in the basaltic magma of the area. 

Nevertheless, their scattering is attributed to the 

abundance of mafic phenocrysts and plagioclases. 
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Fig 4. The trend of main elements changes against MgO and rare elements against each other 
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The samples studied in the normalized diagrams to 

chondrite (Nakamura 1974) and preliminary mantle 

(Sun and McDonough 1989) (Figs. 5a and 5d) have 

relatively high concentrations of incompatible elements, 

large ion lithophile elements (LILE), and light rare earth 

elements (LREE) and relatively low concentrations of 

heavy rare earth elements (HREE) and high field 

strength elements (HFSE), especially Ta, Nb, and Ti. 

Therefore, they might have a subduction-related magma 

origin (Goss and Kay 2009; Kovalenko et al. 2010). The 

parallelism of the distribution pattern of REEs, their 

almost constant changes, and the slope of the 

distribution pattern of rare earth elements are attributed 

to the fractional crystallization in the formation of 

various basic to moderate rocks. Sub-alkaline basaltic 

magma can also be originated from 15 to 30% partial 

melting of upper mantle peridotites (Green 1973; Green 

and Ringwood 1986) since melting at less than 10% can 

lead to the formation of alkaline basaltic magma 

(Hirschmann et al. 1999). In fact, due to the greater 

sensitivity of more incompatible elements to partial 

melting degrees, the REE pattern reduces by increasing 

the partial melting degrees. The parallel earth element 

diagrams of the rocks reveal the control of fractional 

crystallization and differentiation on the basaltic melt. 

The moderate rocks (andesitic-trachyandesite) mainly 

have a higher enrichment level than the continental 

elements, with a more dominant distinction between 

LREE and HREE. Severe positive anomalies of Pb and 

Ba indicate continental crustal contamination, and a 

positive Sr anomaly represents the existence of 

phenocryst plagioclase in the rock. 

In the tectonic environment differentiation diagrams, 

these rocks are located in the back-arc basin (Figs. 6a 

and 6b). Further detailed studies represent the formation 

of these magmatic belt rocks in a shallow marine basin 

of the back-arc basin of Central Iran’s main magmatic 

back-arc (Sarem et al. 2021). This environment is 

located in the main magmatic back arc of Urmia-

Dokhtar (Berberian and king, 1981). The presence of the 

northern part of the Central Iran structural zone in the 

study area may suggest that the magmatic strip of 

Davarzan-Kahak-Abbasabad-Torud and its continuation 

to the south of Damghan-Semnan-Garmsar-Varamin-

Qom-Saveh have all been formed in this back-arc basin. 

The lower La/Sm ratio is the characteristic of mantle-

derived magmas (Sun and McDonough 1989), while the 

upper crust is characterized by a high ratio of about 6.7 

(Taylor and McLennan 1981). The ratio of these 

elements in the basalts of the area (a mean of 4.12) 

indicates the lower impact of the upper crust on the 

evolution of these rocks. 

The Sm/Yb ratio is applied to identify the origin 

mineralogy. The partial melting of a garnet-containing 

origin produces a melt with Sm/Yb > 2.5 relative to the 

origin (Aldanmaz et al. 2000). Thus, the ratios of these 

elements can reveal well the presence or absence of 

garnet in the magma’s origin. Since the studied samples 

have Sm/Yb ratios of higher than 2.5, the presence of 

garnet in the basalt origin area is confirmed. Nb-Zr 

diagrams (Fig 6b) by Abu-Hamatteh (2005) were used 

to recognize the enrichment or non-enrichment of the 

origin of the studied rocks. These ratios in the 

preliminary mantle are about Nb/Zr = 15.71 and Y/Zr = 

2.46 (Sun and McDonough, 1989). Considering the 

average of these ratios in the studied basaltic olivine 

rocks as 14.54 and 1.95, respectively, the basaltic rocks 

are located in the enriched mantles range on the 

diagrams. 

The amount of crustal contamination and its role in the 

evolution of magmas forming the rocks in the area were 

determined using the trends presented by He et al. 

(2010) and the ratios of rare elements provided by Hart 

et al. (1989). The trend of analyzed samples on the 

diagram of Th/Nb changes versus SiO2 represents the 

role of differential crystallization and the involvement 

of crustal contamination in the evolution of the rocks 

(Fig 7c). Moreover, according to Hart et al. (1989), the 

La/Nb > 1.5 and La/Ta > 22 ratios indicate magma 

contamination with crustal compounds. As in this 

diagram, the most important factor in basaltic rocks is 

fractional crystallization (FC). However, by the 

cessation of magma in the subsurface cells and the 

occurrence of moderate rocks  

with the cessation of magma in the subsurface chambers 

and the occurrence of intermediate rocks (andesite and 

trachyandesite), crustal contamination has also been 

effective in addition to differentiation. 

Tchameni et al. (2006) used the diagram of Rb/Th 

changes against Rb to recognize differential 

crystallization, crustal contamination, and assimilation-

differential crystallization in the rocks. In this diagram, 

the studied samples represent an almost ascending trend 

indicating the process of assimilation-fractional 

crystallization (AFC) in the magmatic evolution of the 

studied rocks. This diagram is more controlled by FC in 

the basaltic melts. However, by the cessation of magma 

and differentiation, crustal contamination has also been 

possible (Fig 7d). The trends marked on the figures 

include CC: crustal contamination, AFC: assimilation-

differential crystallization, and FC: Differential 

crystallization. 

 Experimental data indicate that the K-rich magma could 

not form by low-degree (2-2.5%) partial melting of 

lherzolite at less than 2-3 GPa (70-100 km). The 

explanation is that it can only yield basanitic magma 

with SiO2 contents inconsistent with the criteria for 

shoshonites (Wang et al. 1991). The enrichment of the 

mantle wedge in incompatible elements can be related to 

the following factors (Rock 1991): (1) involvement of 

an anomalous, metasomatized potassium-rich 

lithospheric mantle domain and (2) recycling of a crustal 

component in subduction zones (e.g., Tatsumi and 

Eggins, 1995; Jahn et al. 1999). 
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Fig 5. a) The normalized multi-element spider diagrams of andesite and trachy-andesite samples relative to the original mantle (Sun 

and McDonough 1989); b) The chondrite-normalized diagrams of the studied andesite and trachy-andesite samples (Nakamura 

1974); c) The normalized multi-element spider diagrams of the basalt samples relative to the preliminary mantle (Sun and 

McDonough 1989); d) The chondrite-normalized diagram of the studied basaltic samples (Nakamura 1974). 

 

  

  

Fig 6. a) The diagram of determining the tectonic setting of basalts (Woodhead et al. 1993); b) The diagram of determining the 

tectonic setting of basalts and location of studied samples within the back-arc volcanic rocks (Floyd et al. 1991); c) The diagram of 

TiO2-FeO/MgO (Shutoa et al. 2004); d) The diagram of Varekamp et al. (2010). 
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Fig 7. a) The diagram of Ce/Yb versus Sm/Yb ratios (Coban 2007); b) The diagram Nb against Zr (Abu-Hamatteh 2005); c) The 

graph of Th/Nb changes vis. SiO2 to determine the amount of crustal contamination and its role in the evolution of magmas forming 

rocks in the area, the trends presented by He et al. (2010); d) The diagram of Rb/Th ratio changes vs. Rb (Tchameni et al. 2006). 

 

3.2.1. Diagrams of La/Sm changes vs. Sm/Yb and Sm 

vs. Sm/Yb (Green 2006) 

In these two diagrams (Figs 9a and 9b), the depleted 

MORB mantle is represented as DMM (Mckenzie and 

O’Nions 1995) and the preliminary mantle as PM. The 

melting curve (line) for spinel lherzolite (Ol53 + Opx27 

+ Cpx17 + sp11) and garnet peridotite (Ol60 + Opx20 + 

Cpx10 + GT10) was determined for both DMM and PM 

origins (after Aldanmaz et al. 2000). The circles on the 

melting curve refer to the degree of partial melting of 

the mantle origin. Moreover, N-MORB and E-MORB 

(Sun and McDonough 1989) are also represented in the 

figures. 

3.2.2. The Zr/Nb versus La/Yb (Aldanmaz et al. 2000) 

The Zr/Nb versus La/Yb diagram (Fig 9c) represents the 

N-MORB and E-MORB (Sun and McDonough, 1989) 

and MORB compounds (Niu et al. 2001). Fig 9c also 

shows the integrated melting process of DMM and PM. 

The thick lines (line) represent the partial melting 

degree in this figure. 

Based on the presented diagrams, the basalts fall in the 

range of enriched mantles in line with the spinel-garnet 

origin of the lherzolite with the partial melting of 5 to 

10%. 

3.3. Tectonomagmatic pattern of formation of 

studied igneous rock  

In the active continental margin, subduction and the 

completion of the oceanic crust leads to the collision of 

two continental plates and the initiation of an orogenic 

cycle. The post-collision basin normally includes a 

complex course. 

Various tectonic models have been used to justify post-

collision tension, including fracture and detachment of 

the subduction plate (VonBlanckenburg and Davies 

1995), lithosphere scaling (Bird 1979), regression or 

slab rollback (Lonergan and White 1997), and local 

tensile strengths (Keray and Vine 1996; Einsele 2000). 

High-slope subduction is one of the causes of rollback 

that create a tensile environment. According to the 

experimental research, rollback and tensile basins are 

formed when the subduction rate is higher than the 

convergence rate (Schellart et al. 2002). In this case, the 

collision and shear stresses between the two subducting 

and the overriding plates are small, expanding in the 

surface plate of the tensile basin (Jarrard 1986; Northrup 

et al. 1995; Mollai et al. 2021). The main structures and 

forces trends in a subduction system are presented in Fig 

9. Heuret and Lallemand (2005) assessed several factors 

controlling the formation of rollback (Fig 10). 

According to the “slab rollback model”, it can be stated 

that: (1) seaward trench motion should be a ubiquitous 

feature of oceanic subduction zones; (2) the older and 

colder a slab is, the harder it should pull down on the 

hinge and the faster it should rollback; and (3) back-arc 

extension should be associated preferentially with old 

slabs (Heuret and Lallemand. 2005). 
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Fig 8. a) and b) The diagrams of La/Sm changes vs. Sm/Yb and Sm vs. Sm/Yb; c) The diagrams of Zr/Nb vs. La/Yb 

 

Fig. 9. a) Structural pattern of subduction zones. Vup: upper plate absolute motion, Vt: trench absolute motion, Vd: back-arc 

deformation rate. Grey and black arrows, respectively, refer to positive and negative velocities. b) Trench-normal components of 

motion estimate (Vup, Vt, or Vd) 

V: rate and V (n): trench-normal component of the rate. 

 

 

 
Fig 10. The formation of a rollback (Heuret and Lallemand 2005) (Abbreviations: Vup: upper sheet velocity; FSP: Compressive 

force of the section; Mb: bend flexural motion; Vt: lower sheet velocity A: sheet age; Δρ: density difference between sheet and 

mantle; L: Sheet length, K: Fixed) 
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Niu (2014), using the laws and physical relations, 

schematically examined the subduction of a young sheet 

with a low angle (ΒT 1 at time T1), in which the 

subduction angle increases over time (e.g., from time T1 

to T2 and to T3) toward vertical under gravity.  

For conceptual clarity, this research assumed the 

overriding plate as being “fixed”, but this is not the case 

in practice (see Fig 12). This author also emphasized the 

concept and assumed the overriding plate to be 

continental plate/lithosphere. 

Fig 12 illustrates the evolution of a subduction system 

from time T1 to T2 and to T3, during which the slab 

rolls back (Fig 11). The concept of trench retreat 

indicates the migration of trench seaward with time 

because of the gravity (dashed line in Fig 12).  

The importance of the trench retreat here is the induced 

trench suction force (Forsyth and Uyeda 1975), as 

illustrated by the inset in Fig 12, which sucks/drives the 

overriding continental plate/lithosphere to follow the 

retreating trench passively (see yellow arrows in Fig 

12). 

The passive migration of the overriding continental 

plate/lithosphere in response to trench retreat/suction is 

the very mechanism of continental drift, whose ultimate 

driving force is seafloor subduction (Niu 2014). 

 

 

 
Fig 11. a) By the Stein and Stein, 1996  parameters and by 

considering the volume of the lithosphere of 1 m thickness 

defined by the triangular cross area beneath the fault plane can 

physical consequences of the incipient sinking of the  

parameters used are from Stein and Stein (1996). The physical 

consequences of the incipient sinking of the NOL areevaluated 

by considering the volume of the lithosphere of 1 m thickness 

defined by the triangular cross area beneath the fault plane. 

b) Calculated forces and stresses as a function of the dip angle 

β of the fault plane across a plate of 95 km thick. Potential 

negative buoyancy forces (or body force; FB) at all practical 

dip angles of 20-45° is similar to or significantly greater than 

ridge push forces (~4 x 1012 N/m), which by itself reduces 

normal stress by ~15 to 30 MPa. As a result, it opens the fault 

plane and creates resistance-free sliding) Niu 2014). 

 
 

Fig 12. This picture illustrates the cause of slab rollback. Figs. 

11a and 11b show that FB is the principal force for subduction 

initiation and is inversely related to the dip angle (i.e., FB ∝ -

β). It means that a smaller dip angle β favors subduction 

initiation. Once subduction begins, the slab tends to rotate 

vertically under gravity (βT3 > βT2 > βT1) (Niu 2014).  

 

Cartoon illustrating trench retreat and continental drift. 

Under gravity, slab will roll back (Fig 12), and 

subduction zone will necessarily move seawards or 

retreat. Trenches are surface expressions of subduction 

zones. 

Cartoon illustrating trench retreat and continental drift. 

Under gravity, slab will roll back and importantly, 

subduction zone will necessarily move seawards or 

retreat, which is often described as “trench retreating” 

because the trenches are surface expressions of 

subduction zones (Fig 12). 

The dashed line indicates the newer position of the 

trench/subduction zone with time: T1→ T2→ T3. 

Importantly, the overriding continental plate will 

passively follow the retreating trench, which may be 

termed as the result of trench suction (Forsyth and 

Uyeda 1975). Thus, continental drift is a passive 

response to subduction, and the drifting overriding 

continental plate is under extension. 

According to Verdel (2009), the subduction of the 

Neotethys oceanic lithosphere with a steep slope relative 

to the beneath the southern edge of central Iran has 

played a key role in the formation of back-arc tensile 

basins of central Iran. Among the important 

characteristics of magmas related to post-collision 

environments are features similar to that of subduction 

environments magmas. These features are reflected in 

some geodynamic diagrams of the region. The 

geochemical properties similar to subduction 

environments result from pre-collision metasomatism of 

the mantle wedge and the penetration of fluids released 

from the subduction edge (Pearce et al. 1990; Plat and 

England 1994). Various mechanisms have been 

proposed for mantle metasomatism. The enrichment 

mantle wedge over the subduction zone may be caused 

by the aqueous fluids derived from the dehydration 

process of the altered oceanic crust (Tatsumi et al. 1986; 

Hawkesworth et al. 1993, 1997a,b). It might also be 

metasomatized by partial or whole melting of subducted 

sediments or even the oceanic crust (Elliott et al. 1997; 

Foden et al. 2002). These two origins can be 

distinguished by some geochemical features. For 
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instance, rocks originating from fluids-metasomatized 

mantle have high values of Ba/Th, U/Th, and Sr/Th 

(Hawkesworth et al. 1993; Turner et al. 2005). 

However, magmas originating from metasomatized 

mantles by subducted sediments or partial or complete 

melts have high Th/Ce, Sr87/Sr86, and Th ratios 

(Hawkesworth et al. 1997 a,b,c). 

A key feature of subduction-related mantle 

metasomatism is the formation of hydrous mineral 

phase(s) phlogopite and amphibole. The presence of 

phlogopite or pargasite hornblende in the source can 

lead to the formation of K-rich magmas (Zhang et al. 

2008). Beccaluva et al. (2004) proposed that 

subduction-related mantle metasomatism is due to the 

formation of hydrous mineral phase(s) phlogopite and 

amphibole. The melting of a phlogopite bearing 

peridotite may produce potassium-rich parent magma 

(Müller and Groves 1997). 

The melts in source with phlogopite show high Rb/Sr (> 

0.1) and low Ba/Rb (< 20) (Furman and Graham 1999). 

Meanwhile, Ba is partitioned into phlogopite to a greater 

extent than Rb (Ionov et al. 1997(. On the other hand, 

significant removal of phlogopite from the residue by 

(higher degree) partial melting of the veins will increase 

the Ba/Rb ratios (Kurt et al. 2008). The high-K samples 

from the Torud intermediate-basic rocks show low 

Ba/Rb and variably high Rb/Sr ratios, which support a 

low-degree partial melting of phlogopite-bearing veined 

lithospheric mantle source. Moreover, the studied 

samples have constantly high Yb concentrations 

exceeding 2.5 ppm and thus do not support amphibole 

as a residual mineral phase in the mantle source (Guo et 

al. 2005). However, the degree of enrichment of middle 

REE relative to heavy REE such as Yb depends mainly 

on garnet existence as a residual phase during melting 

because HREEs are preferentially retained by this 

mineral (Zhang et al. 2008).  

According to geochemical data, the Eocene volcanism  

(Like continental arc basins) may have continued to a 

limited extent by the Oligocene basaltic volcanism, 

which is specific to back-arc basins (Verdel 2009). The 

formation of back-arc basins is related to the tension 

caused by the subduction of the oceanic plate beneath 

the continental lithosphere. Thus, the rocks of these 

areas are expected to acquire the geochemical properties 

of continental arc rocks. Verdel (2009) interprets this 

event as a modification of central Iran's origin area of 

the arc basalts. The resultant magmas have ascended 

along deep faults in the tensile zone while undergoing 

various petrological processes such as differential 

crystallization along with assimilation and crustal 

contamination (Fig 13). Existing calc-alkaline magmas 

could erupt as lava in a shallow sedimentary 

environment and the late Eocene-Ogocene and into red 

marl sediments or penetrate the lower red formation as 

several semi-deep masses (Fig 13).  

 

 

 
 

Fig 13. The schematic of the formation of alkaline magmas forming of Torud’s olivine basalts to the penetration of semi-deep 

gabbro-diorite masses of Torud (inspired by the design of Temizel and Arslan 2008) 
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Table 1. Trace element concentrations of the volcanic rocks (ppm). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sampl. E12 E21 E23 E27 E31 E42 E43 E47 E74 E3 

Ag 0.1 0.1 0.2 0.1 0.1 0.3 0.2 0.2 0.3 0.2 

As 8.4 1 0.1 11.5 1 1 1 5.8 1 1 

B 9.5 8.4 11.2 10.3 10.6 11.3 9.5 8.9 11.5 8 

Ba 560.8 683 641 641.4 635.7 771 764.3 602.3 1003 647.1 

Be 1.9 2.3 3 1.6 1.7 1.5 1.5 2 2.8 2.5 

Bi 2 2 1 0.8 2.2 1.9 2.9 2 1.8 1.5 

Cd 0.1 0.2 0.2 0.1 0.4 0.1 0.2 0.4 0.4 0.1 

Ce 60.4 100.3 60.6 84.6 35.3 40.8 31.6 51.3 76.4 52.5 

Co 24.9 24.4 6 11.5 29.1 20.7 27.6 24.8 18 20.6 

Cr 25.6 60.4 30 51.4 81.7 38.1 24.5 53.5 62.3 62.1 

Cu 88.6 19.2 21.1 38.7 109.1 81.5 150.9 31.7 284 30.7 

Dy 3.3 5.3 2.9 3.8 6.7 1.8 5.4 4.4 5.4 5.2 

Er 2.1 2.2 1.2 1.8 1.5 1.6 2.5 2.6 1.5 2.1 

Eu 1.1 1.5 2.7 1.3 1 1.5 1.8 1.5 1.2 1.2 

Ga 21 23.2 20.8 24.4 23.9 18.8 24.6 22.4 22.3 18.4 

Gd 9.7 8.8 4.3 3.6 10.8 10.2 12 9 8.7 7.7 

Ge 2 2 1.1 1.9 2.1 2 2.7 1.9 2.7 1.7 

Hf 11.9 21.2 10.2 13.5 6.8 11.5 8.1 10.7 24.1 26.8 

Hg 0.07 0.05 0.07 0.1 0.13 0.1 0.03 0.12 0.12 0.09 

Ho 1.2 1 1.1 1.1 1 1.2 1.3 1.3 1 1 

La 32.2 32.4 30.2 41.7 23.9 18.9 18.4 27.6 38.3 26.8 

Li 42.3 42.9 14.7 12.9 22.5 33.8 27.1 22.2 17.4 31.7 

Lu 0.5 0.5 0.2 0.2 0.6 0.5 0.6 0.5 0.5 0.4 

Mn  1059 998.2 258 1284 2022 1301 1982 806.6 1176 681.5 

Mo 145.4 47.1 30.5 24.5 57.6 16 28.7 58.5 134.9 66.5 

Nb 17 17.1 14.6 19.9 21.3 9.8 18 18.4 21 17.2 

Nd 42.7 36.7 23.5 40.9 37.2 18.2 20 18.4 33.4 24.8 

Ni 14.1 21.4 2.1 18.5 22.3 9.9 12.9 19.3 19 14.8 

P 1417.6 1288.7 909.6 2808.8 1294.4 1090.2 1309.7 1254.5 1702 1179.2 

Pb 22.2 39.4 32.7 43.1 369 31.9 25.5 27.2 31.1 24.8 

Pr 11.7 10.5 5.4 4.6 10.9 12.1 12.7 10.9 10.4 9.1 

Rb 250.6 197.5 131.1 363.4 232.1 212.6 157.8 163.1 227.4 152.4 

S 208 213.7 178.4 2357.2 201.9 281.4 249.4 199.6 171 177.7 

Sb 4 1 0.1 4 2.6 3.4 5.2 0.8 1 0.9 

Sc 15.6 20.9 9.7 15.3 27.2 13 24.1 19.5 19.7 17.7 

Se 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.2 0.1 0.1 

Sm 4.7 5.7 3.8 5.5 4.3 2.5 4.8 7.5 7.1 6.3 

Sn 4.4 4.9 1.9 2.9 5.2 3.9 5.8 4 4.3 3.8 

Sr 798.8 663.5 516.3 889.8 695.4 684.5 592.2 605.7 728 588.8 

Ta 3.1 2.7 0.1 2 4.2 3.5 2.3 1.7 2.9 2.2 

Tb 0.7 1 0.8 1.1 1 0.6 0.8 1 0.9 0.9 

Ti  4641 6137 4085 6413 6011 3104 4799 5497 5422 5451 

Th 16.4 30.2 17.3 24.8 21.3 14.8 20.7 23.2 24.1 24.7 

Tl 0.7 0.9 1.3 0.9 0.9 0.8 1.2 0.9 0.8 0.8 

Tm 0.7 0.7 0.3 0.3 0.8 0.8 0.9 0.7 0.7 0.6 

U 10 11 3.7 3.8 12.4 12.3 12.3 8.5 9.8 6.7 

V 216.1 234.8 105.4 189.8 303.6 167.5 320.3 219 244.8 191.3 

Y  20.6 27 23.3 18.3 23.6 14.2 27.1 25.9 23.8 25.9 

Yb 2.7 3.1 2.6 2.2 2.9 1.9 3.5 3.1 2.7 3 

Zn 79.4 84.5 48.9 44.7 173.9 79.1 105.7 73.9 77.6 66.6 

Zr 229.5 337.5 357.2 239.8 167.5 146.2 174.1 335 253.6 356.3 
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Table 1. Continued 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sampl. E9 E25 E28 E38 E50 E65 E36 E55 E58 E79 

Ag 0.1 0.1 0.1 0.2 0.2 0.1 0.1 0.2 0.2 0.2 

As 6 1 69.2 14.1 1 4.7 1.8 11 8.9 3.2 

B 13 8.1 8.9 11.2 13.4 8.6 9.9 8.8 9.4 14.3 

Ba 690.1 628.5 871.4 1001.7 1311.9 850.9 684.1 1551.8 701.3 786.1 

Be 2.5 1.8 1.8 1.6 1.4 2 3 1.5 1.4 3.2 

Bi 2.2 2.3 1.5 1.5 2.6 1.8 0.7 1.4 1 0.5 

Cd 0.2 0.1 1 0.5 0.3 0.1 0.2 0.5 0.3 0.1 

Ce 56.8 70.3 62.4 72 44.8 71 63.5 40.5 35.2 55.6 

Co 26.9 25.2 25 24.2 28.9 12.1 3 16.3 13.8 6.6 

Cr 49.9 62 58.6 62.9 23.5 28.1 65.2 64.7 51.5 69.5 

Cu 30.5 34.1 32.8 19.9 60.7 54 32.1 77.4 286.4 418.4 

Dy 4.1 4.3 5.7 6.3 4 2 4 1.1 1.6 2.5 

Er 2.6 2.8 2.1 2 1.8 0.9 2 1.4 1.2 1.8 

Eu 1.6 1.6 1.7 1.6 1.5 1.1 1.9 1.4 2.1 1.1 

Ga 22.3 24 24.9 22.2 26.5 24.2 19.8 19.7 22.3 20.6 

Gd 10.2 10.6 6.6 7.6 11.6 8.6 2.8 6 6.1 3.2 

Ge 1.7 2.1 2.1 2.1 2.3 2.2 0.9 1.6 2.4 2.6 

Hf 16.6 18.5 9.7 23.5 18.6 18.5 3.2 21 13.2 8.8 

Hg 0.11 0.12 0.1 0.09 0.08 0.08 0.12 0.12 0.06 0.08 

Ho 1.4 1.4 0.9 1 1.2 1.1 1 0.9 1 0.5 

La 30 27.2 27 29.3 20.2 27.3 32 30.1 20.1 33.4 

Li 35.4 32.1 57.3 90.7 48.7 11.5 15.9 25.5 20.1 15 

Lu 0.6 0.6 0.3 0.4 0.6 0.5 0.1 0.3 0.3 0.2 

Mn 1033.3 1282.3 1801 1312.4 1737.4 1421.3 801.8 1417.5 878.8 426.9 

Mo 81.4 78.5 36.3 69.3 93.7 53.2 89.5 32.2 52.1 244 

Nb 20 15.6 20.6 24.1 17.5 9.9 8.9 11.3 15.6 10.1 

Nd 25.1 23.2 26.5 29.7 22.4 31.5 32.2 28.1 17.7 24.3 

Ni 15.6 21.6 27.9 25.6 12 11.8 1.7 23.7 24.9 1.9 

P 1430.8 1296.1 1328.2 1336.3 1241 1768.6 704 1178.5 1174.5 518.6 

Pb 39.7 44.4 30.6 30.6 40.6 37.4 19.8 27.2 25.1 27.6 

Pr 12.2 12.8 8 9.1 12 8.3 3.9 7.5 7.6 3.5 

Rb 166.9 227.9 302.7 439.8 366.8 295.2 45.6 140.5 114.8 117.7 

S 205.6 237.3 142.2 148.9 286.5 312.4 303.3 356.6 184.2 205.2 

Sb 2.5 1.4 6.9 2.6 6.2 5.3 1.7 1.7 2.8 0.6 

Sc 17.7 22 26.3 29 20.3 12.5 9.3 10.9 10.1 9.4 

Se 0.1 0.1 0.1 0.2 0.2 0.1 0.2 0.1 0.1 0.1 

Sm 6 5.2 5.9 5.1 4.1 5.4 5.8 3.8 3 3.9 

Sn 3.5 4.9 5.8 5.7 5.7 4.7 1.8 2.9 2.6 1.6 

Sr 619.5 698.6 836 959.8 995.6 761.9 175 538.3 453.7 460.1 

Ta 2.6 3.5 3.3 3.1 2.8 2.6 1.9 2.5 0.9 1.1 

Tb 1 1.1 1 1.1 0.8 0.7 0.6 0.6 0.5 0.6 

Ti 5701.6 5651.3 6357.7 6583.3 4360.8 3877.4 3169.3 2960.1 2814.6 3052.3 

Th 21 24.3 23.2 28.3 24 21.6 13.9 11.9 6 11.7 

Tl 1.2 0.9 0.8 0.8 1 1 0.7 1 0.9 1 

Tm 0.8 0.8 0.5 0.6 0.9 0.7 0.2 0.5 0.5 0.3 

U 10.8 11.3 6.6 9.2 12.9 9.4 3.5 5.6 6.3 3.2 

V 194.5 281.7 321.5 356.7 273.8 168.5 45.4 130.3 115.6 44.1 

Y 25.8 23.3 24.4 27.3 18.5 19.4 23.3 11.4 9.3 21.1 

Yb 2.9 2.9 3 3.3 2.4 2.4 2.3 1.4 1.2 2.2 

Zn 114.2 113.6 102.9 94.5 100.9 98.4 30.4 134 99.5 36.5 

Zr 323.9 240.6 207.3 239.8 151.2 202 171.4 113.6 106 211.8 
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Table 2: Continued. Results of ICP-AES analysis for main elements of the volcanic rocks (wt %) 

 

4. Conclusions 
Based on petrographic and geochemical data from the 

Eocene rocks of the Torud area, the following 

conclusions were reached: 

- The volcanic rocks of Torud can be subdivided into 

two groups: intermediate (andesite, trachyandesite, and 

dacitic) and basic (Alkali basalts and basalt to 

trachybasalt). 

- The fractional crystallization (FC) process may be 

responsible for geochemical variations within individual 

suites. 

- The intermediate–basic rocks have a calk-alkaline and 

shoshonitic nature. The high Rb/Sr with low Ba/Rb 

ratios suggest that their parental magma originated by 

partial melting of a phlogopite-bearing enriched mantle. 

- Primitive mantle-normalized trace and REE patterns; 

higher La/Nb, Ba/Nb, and Th/La ratios; and lower 

Nb/La, Ba/La, and Nb/U ratios of both suites indicate 

that they originated from a mantle source enriched by 

subduction-related fluids or melts. 

- The volcanic rocks of Torud formed during subduction 

of the Neotethyan oceanic lithosphere beneath the 

Central Iran Continent.  

- Alkali basalts were derived from a spinel-garnet 

peridotite mantle source via a small degree (5-10%) of 

partial melting. 
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